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chromosome segregation and daughter cell
separation in Staphylococcus aureus
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Abstract

Unregulated cell cycle progression may have lethal consequences
and therefore, bacteria have various mechanisms in place for the
precise spatiotemporal control of cell cycle events. We have uncov-
ered a new link between chromosome replication/segregation and
splitting of the division septum. We show that the DNA translocase
domain-containing divisome protein FtsK regulates cellular levels
of a peptidoglycan hydrolase Slel, which is involved in cell
separation in the bacterial pathogen Staphylococcus aureus. FtsK
interacts with a chaperone (trigger factor, TF) and establishes a
FtsK-dependent TF concentration gradient that is higher in the
septal region. Trigger factor binds Slel and promotes its preferen-
tial export at the septal region, while also preventing Slel degra-
dation by the ClpXP proteolytic machinery. Upon conditions that
lead to paused septum synthesis, such as DNA damage or impaired
DNA replication/segregation, TF gradient is dissipated and Slel
levels are reduced, thus halting premature septum splitting.
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Introduction

During the cell cycle, bacterial cells double their mass, replicate and
segregate their chromosome, and synthesize the division septum,
which is then split to generate two daughter cells. While several check-
points are well-studied in the eukaryotic cell cycle, much less is known
about the cell cycle regulation in bacteria. One exception is the well-
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studied SOS response, which is triggered upon DNA damage and leads
to cell cycle arrest via inhibition of polymerization of the cell division
protein FtsZ (Mukherjee et al, 1998) or targeting of later divisome pro-
teins, including FtsW (Modell et al, 2011; Bojer et al, 2019). FtsZ is one
of the early divisome members that assemble at the future division site
to form the so-called Z-ring and recruit later divisome proteins, includ-
ing proteins required for peptidoglycan synthesis, to enable septum for-
mation (Bi & Lutkenhaus, 1991; den Blaauwen et al, 2017). In some
bacteria, such as Escherichia coli, septum synthesis is concomitant with
septum splitting, leading to invagination at the division site during
cytokinesis (Goehring & Beckwith, 2005). In other bacteria, such as
Bacillus subtilis or Staphylococcus aureus, synthesis of the septum is
completed prior to initiation of septum splitting, required for daughter
cell separation (Goehring & Beckwith, 2005). The activity of peptido-
glycan hydrolases that promote septum splitting has to be under tight
spatiotemporal regulation, to avoid lysis-inducing breaches in the pep-
tidoglycan network. One strategy adopted by different bacterial species
is to recruit specific peptidoglycan hydrolases, or their activators, to
the division septum, restricting their activity to septal peptidoglycan
(Vollmer et al, 2008; Uehara et al, 2010; Sham et al, 2011; Bartual
et al, 2014; Egan et al, 2020).

In the bacterial pathogen S. aureus, septum splitting is extremely
fast, occurring in less than 2 ms (Monteiro et al, 2015; Zhou
et al, 2015). It is therefore probable that initiation of daughter cell sep-
aration is highly controlled, to avoid premature splitting of the divi-
sion septum before its completion. This is likely to be particularly
important in bacterial pathogens that require numerous cell surface
virulence factors that contribute to immune evasion, such as the cap-
sular polysaccharide or cell wall-anchored surface proteins. Premature
septum splitting could expose an immature cell surface, leading to
clearance of bacterial cells from the infected host.

We and others have previously shown that the peptidoglycan
hydrolase Slel, an N-acetylmuramyl-L-alanine amidase that removes
pentapeptides from glycan strands, is critical for daughter cell splitting
in S. aureus, as its absence results in the formation of clusters of cells
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(Kajimura et al, 2005; Monteiro et al, 2015). However, the mechanisms
for its precise regulation in time and space remain unknown. Here, we
screened for regulators of the autolysin Slel to identify a possible
checkpoint in the S. aureus cell cycle controlling daughter cell separa-
tion. We found that the DNA translocase and divisome protein FtsK
(Sherratt et al, 2010; Crozat et al, 2014; Veiga & Pinho, 2017) is
required for the correct and timely localization of Slel peptidoglycan
hydrolase at the division septum, delaying daughter cell separation
upon DNA damage. This represents an additional level of regulation of
the bacterial cell cycle, linking an early event, DNA replication and seg-
regation, to the latest event, the separation of the two daughter cells.

Results
FtsK is required for Slel presence at the cell surface

The peptidoglycan hydrolase Slel is critical for the process of septum
splitting in S. aureus, and its absence leads to a delay in cell cycle pro-
gression (Monteiro et al, 2015). Slel is active on the outer surface of
cells, to where it is targeted via its three peptidoglycan-binding LysM
domains (Frankel & Schneewind, 2012). In agreement with its role in
septum splitting, immunofluorescence microscopy of intact S. aureus
cells showed that surface Slel is enriched at midcell, including at
recently split septa (Appendix Fig S1). To identify regulators of septum
splitting, we looked for mutants lacking Slel at the outer surface of the
cell. For this, we constructed a translational fusion between Slel and
the S. aureus PhoB alkaline phosphatase, lacking its native export sig-
nal peptide, and expressed the fusion in the background of a S. aureus
phoB deletion mutant, from the slel locus. PhoB is enzymatically
active only when it has been transported across the cellular membrane,
and alkaline phosphatase fusions have been used to study the topology
of transmembrane proteins or to identify secreted proteins in various
bacteria (Manoil et al, 1990; Gibson & Caparon, 2002; Liu et al, 2015).
PhoB-active colonies can be visually detected as blue colonies on
plates containing the chromogenic alkaline phosphatase substrate 5-
Bromo-4-chloro-3-indolyl phosphate (BCIP), while PhoB-inactive colo-
nies appear as white. We generated mutants in the background of the
COLAphoB Slel-PhoB strain using a phage-based mariner transposition
system (Wang et al, 2011). Screening of 12,000 colonies identified 15
white or pale blue colonies that likely lacked cell wall attached Slel-
PhoB. Sequencing of the transposon insertion site in these mutants
showed that four had a transposon insertion in the sleI-phoB gene, val-
idating the screen. Six additional mutants had transposon insertions in
secDF, indicating that Slel is likely exported via the Sec system, in
agreement with the fact that Slel has a canonical Sec signal peptide
(Heilmann et al, 2005; Kajimura et al, 2005; Crane & Randall, 2017).
Surprisingly, the other five mutants all had a transposon insertion in
the ftsK gene (Fig 1A). FtsK is one of the two staphylococcal proteins
with a DNA translocase domain, the other one being SpollIE, which
are required for correct chromosome segregation (Veiga &
Pinho, 2017). In E. coli, FtsK is a large 1,329-amino-acid protein,
recruited to the divisome soon after FtsZ, which couples the last stages
of chromosome segregation and cell division (Sherratt et al, 2010;
Crozat et al, 2014; Levin & Janakiraman, 2021). Its N-terminal trans-
membrane domain is required for cell division as it interacts with other
divisome proteins and is connected, via a long linker, to the C-terminal
domain that has DNA translocase activity (Sherratt et al, 2010; Stouf
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et al, 2013; Crozat et al, 2014). This activity is particularly important in
cells that contain chromosome dimers or catenates, where FtsK acti-
vates XerCD-mediated recombination to resolve the chromosome
dimers and allow chromosome segregation into the daughter cells to
be successfully completed (Aussel et al, 2002).

Staphylococcus aureus FtsK, similarly to B. subtilis SftA (Biller &
Burkholder, 2009; Kaimer et al, 2009; Saaki et al, 2022), does not
have membrane-spanning domains, but localizes as a ring at the
leading edge of the division septum, similarly to other divisome pro-
teins (Veiga & Pinho, 2017). Its N-terminal domain has an unknown
function that is independent of its DNA translocase domain, as dele-
tion of the complete ftsK gene results in severe morphological and
cell division defects, including the presence of clusters of cells,
which are not observed in a mutant lacking only the C-terminal
domain (Veiga & Pinho, 2017).

FtsK and Slel mutants share similar phenotypes

The cell cycle of S. aureus has been described as divided in three
phases (Monteiro et al, 2015): phase 1 cells have not initiated septum
synthesis; phase 2 cells are undergoing septum synthesis; and phase 3
cells have a complete septum undergoing maturation prior to splitting
to generate two identical daughter cells. The delay in cell splitting in an
Slel mutant has previously been shown to impair the progression of
the cell cycle, resulting in an increase in the frequency of cells in phase
3, equating to a longer time spent in this phase (Monteiro et al, 2015).
Consistent with a possible role of FtsK in Slel regulation, null mutants
lacking ftsK, constructed in the background of two different S. aureus
strains (8325-4AftsK and COLAftsK), had similar phenotypes to slel
mutants (8325-4Aslel and COLAslel), namely cell splitting defects,
with the presence of tetrads of cells, and a longer phase 3 (Fig 1B and
C, and Appendix Fig S2). This indicates impairment in the transition
from phase 3 to phase 1, which requires septum splitting. This is not
due to lack of the FtsK DNA translocase domain, as deletion of the C-
terminal domain of FtsK or inactivation of the DNA motor by mutation
of a conserved lysine of the Walker A motif (K971A; Bigot et al, 2004;
Kaimer et al, 2009; Veiga & Pinho, 2017) did not result in any obvious
morphological defects (Appendix Fig S3), in agreement with our previ-
ous data (Veiga & Pinho, 2017). Moreover, addition of purified Slel
protein to either 8325-4AftsK or 8325-4Aslel, or to the equivalent COL
mutants, reduced the frequency of tetrads and the frequency of phase
3 cells, although the latter remained higher than in the parental strain
NCTC8325-4 (Fig 1C and D, and Appendix Fig S2), indicating that cell
splitting defects of the FtsK mutant are mediated by lack of Slel at the
external surface of bacteria, but that external addition of Slel does not
result in normal cell cycle progression.

Electron microscopy images of both the FtsK and Slel mutants
showed pairs of cells connected by a complete septum, each under-
going a second round of division (Fig 1E), confirming that the
observed tetrads result from delayed splitting of daughter cells,
allowing a second round of division to initiate before separation of
the previous pair of daughter cells.

Slel is absent from all cellular compartments in the absence of
FtsK

The results from the screening mentioned above suggest that Slel is
not present on the outer surface of an FtsK mutant. We confirmed
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Figure 1. Lack of S. aureus FtsK results in the absence of Slel at the cell surface, impairing cell splitting.

A

Schematic representation of S. aureus ftsk gene, with regions that encode FtsK N-terminal, Linker and C-terminal domains. A screening for Slel regulators identified
five ftsK transposon mutants lacking surface Sle1-PhoB, whose transposon insertion sites are indicated in dark yellow.

Structured Illumination Microscopy (SIM) images of S. aureus cells labeled with the membrane dye Nile Red. White arrowheads point to tetrads of cells that result
from deficient cell splitting. Scale bars, 1 pum.

Frequency of cells in each cell cycle phase (see main text for description of phases) in wild-type strain NCTC8325-4 and knockout mutants 8325-4Aslel and 8325-
4AftsK, incubated with or without purified HisTag-Slel_sp. Note that accuracy in the quantification of cell cycle phases of the Ftsk mutant in the background of strain
NCTC8325-4 is impaired by overall agglomeration of cells. 2.7% of 8325-4AftsK cells had abnormal morphologies and were not included in the graph. Data from three
biological replicates of NCTC8325-4 (Niotal = 728), 8325-4Aslel (Niora = 690), 8325-4Aslel + HisTag-Slel sp (Nioral = 671), 8325-4AftsK (Nioral = 671); 8325-

4AftsK + HisTag-Slel sp (Nyoral = 689). Data presented in a stacked bars graph with each colored bar representing the mean percentage of cells in each cell cycle
phase.

SIM images of 8325-4Aslel and 8325-4AftsK S. aureus cells incubated with purified HisTag-Slel sp. External addition of the protein split the tetrads observed in slel
and ftsk knock-out strains. Scale bars, 1 pm.

Transmission electron microscopy (TEM) images of 8325-4Aslel or 8325-4AftsK cells showing a tetrad with a non-split septum from a first division, while a second
round of division is already in progress. Scale bars, 500 nm.

this by purifying extracts containing surface proteins including auto- extracted from cell pellets with SDS. Analysis of these autolytic
lysins (autolytic extracts) of 8325-4AftsK and 8325-4Asle]l mutants, extracts by Western blotting showed that Slel was absent from the
in which noncovalently bound cell wall interacting proteins were cell surface of both mutants (Fig 2A). We also prepared cell wall
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extracts by digesting the peptidoglycan with lysostaphin in the pres-
ence of sucrose, generating protoplasts and releasing to the superna-
tant peptidoglycan fragments and attached proteins. Slel was not
present in the supernatant cell wall extracts of the 8325-4AftsK
mutant (Fig 2A).

Lack of Slel at the cell surface could be due to defects in any step
of the Slel life cycle, from transcription, translation, export, to bind-
ing to the cell wall. Given that FtsK is a cytoplasmic protein lacking
transmembrane domains, and with a DNA interacting C-terminal
domain, we initially thought that FtsK could act as a transcriptional
regulator of slel. However, RNA sequencing showed that the levels
of slel transcript in 8325-4AftsK are barely affected when compared
to the parental strain NCTC8325-4 (1.6-fold decrease, P-value 0.14,
not significant, Appendix Table S1).

An alternative hypothesis was that FtsK was required for the
transport of Slel across the membrane and its export to the cell sur-
face. If that was correct, Slel should accumulate in the cytoplasm of
8325-4AftsK cells. However, analysis of protein extracts obtained
from whole cells (total cellular extract) of the FtsK mutant showed
no detectable Slel (Fig 2A). This was confirmed with total proteome
analysis by mass spectrometry of the 8325-4AftsK mutant, which
verified the absence of FtsK and also showed no detectable Slel
(Appendix Table S2), indicating that lack of FtsK was not impairing
Slel transport and leading to its intracellular accumulation.

We then tested whether, in the absence of FtsK, Slel was pro-
duced and exported, but released to the growth medium instead of

Helena Veiga et al

being targeted to the cell wall. For that, we collected and filtered the
spent medium of cultures of 8325-4AftsK and precipitated proteins
with trichloroacetic acid (TCA). We could not detect any Slel pro-
tein in the spent medium of 8325-4AftsK mutant either (Fig 2A).

Together these results show that 8325-4AftsK mutant cells lack
detectable levels of Slel in all cellular compartments.

FtsK-dependent Slel depletion requires the ClpXP proteolytic
complex

After eliminating transcription, export, and attachment to the cell
wall as the targets of FtsK-mediated Slel regulation, we questioned
whether it could occur at the level of protein degradation. The first
clue in this direction came from the selection of suppressor mutants
in the 8325-4AftsK background. While constructing this mutant, we
inspected various of the obtained clones under the microscope and
noticed that some lacked the daughter cell separation defects char-
acteristic of the lack of FtsK. Whole genome sequencing of one of
these clones, 8325-4AftsK*, identified three SNPs, one in the gene
encoding the quinol oxidase polypeptide II QoxA (E273D), one in
the gene encoding the Ribonuclease HII (A279V), and one which
encoded a R95C substitution in the clpX gene. ClpX is an ATPase
molecular chaperone that unfolds and translocates specific protein
substrates, including Slel, for degradation by ClpP proteolytic com-
plexes (Frees et al, 2007; Olivares et al, 2016; Jensen et al, 2019).
We showed that CleR9SC is a loss-of-function mutation, as it causes
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Figure 2. Slel is absent from all cellular compartments of FtsK mutant cells.

A Absence of Slel in (from top to bottom) autolytic, cell wall or total cellular extracts and spent medium of 8325-4Aslel and 8325-4Aftsk mutants, but not in the paren-
tal strain NCTC8325-4, was confirmed by Western blot analysis using an anti-Slel antibody. All western blot experiments were performed with three biological repli-

cates and representative images are shown.

B Quantification of Slel total cellular levels, detected by western blot (representative gel on the bottom) in S. aureus mutant 8325-4Aftsk and ClpX inactivated mutants
8325-4 CIpX"®*C and 8325-4Aftsk ClpXR%C showing that ClpX inactivation restores the presence of Slel in the ftsk deletion mutant.

C Quantification of Slel total cellular levels, detected by western blot (representative gel on the bottom) in Ftsk C-terminal deletion (8325-4AftsKc) or inactivated (8325-
4Ftsk*7™ mutants showing that Slel levels increase in the absence of Ftsk DNA translocase activity.

Data information: Graphs show ratio between Slel amount in different samples versus the amount in parental strain NCTC8325-4 indicated by dashed line. Data repre-
sented in scatter dot plot column graphs, where column height represents mean, and error bars are the standard deviation. Data from at least four biological replicates.

Source data are available online for this figure.
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cold sensitivity and decreased extracellular proteolytic activity, pre-
viously described for S. aureus ClpX mutants (Frees et al, 2003;
Appendix Fig S4A). Inactivation of ClpX should result in increased
levels of Slel, which was confirmed by Western blot analysis of
total protein extracts of NCTC8325-4 and of 8325-4 CIpX®°¢, a
mutant where the R95C-encoding mutation was introduced de novo
in a clean NCTC8325-4 background (Fig 2B). We then compared
Slel levels in 8325-4AftsK (where Slel is undetectable) and 8325-
4AftsK ClpX®?*C and observed that Slel is present in this double
mutant (Fig 2B), explaining why ClpX®®°C acts as a suppressor
mutation for deletion of ftsK and why 8325-4AftsK ClpX®9>C cells do
not form tetrads (Appendix Fig S4B). However, 8325-4AftsK
CIpXR°C cells are impaired in cell cycle progression as they have a
longer phase 3 (Appendix Fig S4C). This suggests that (i) FtsK acts
on Slel levels by directly or indirectly impairing its degradation by
the CIpXP proteolytic machine and (ii) that the presence Slel is not
sufficient to ensure normal cell cycle progression in the absence of
FtsK.

Interestingly, both the walker A mutant 8325-4FtsK"°7'#, with an
inactivated DNA translocase domain, and the FtsK C-terminal dele-
tion mutant 8325-4AftsKc, which completely lacks the DNA translo-
case domain, show increased Slel levels (Fig 2C), similar to those
observed in the ClpX mutants. Therefore, while the absence of FtsK
leads to a disappearance of cellular Slel, lack or inactivation of the
DNA translocase domain leads to increased Slel levels, pointing to
an important function of FtsK in the control of Slel levels.

In the presence of FtsK, trigger factor favors Slel export in the
septal region, instead of degradation by ClpXP

A possible mechanism for the role of FtsK in preventing Slel degra-
dation by ClpXP was a direct inhibition of CIpXP activity. However,
this does not seem to be the case, because proteome analysis
showed that the protein levels of 18 of 20 well-established CIpXP
substrates (Feng et al, 2013) that were detected in the proteome of
NCTC8325-4, were not appreciably altered (less than 1.5-fold) in
8325-4AftsK (Appendix Table S2).

An alternative could be that FtsK interacted with Slel, leading to
its protection from degradation by CIpXP. We expressed a Slel-
FLAG fusion and performed immunoprecipitation, followed by mass
spectrometry analysis to identify proteins interacting with Slel. This
approach did not detect FtsK as a possible Slel interaction partner.
As it was possible that a FtsK-Slel interaction was mediated by a
third protein, we decided to further analyze the list of proteins that
co-immunoprecipitated with Slel (Appendix Table S3). Given that
Slel is exported via the Sec pathway, it most likely has an unfolded
conformation while in the cytoplasm. We therefore scanned the top
50 hits for chaperones involved in the Sec pathway and identified
the trigger factor (TF) protein, encoded by the tig gene (Appendix
Table S3). Trigger factor is a ubiquitous bacterial ribosome-docked
chaperone that mediates the export of specific Sec-pathway sub-
strates. We confirmed that Slel interacts with TF by performing co-
immunoprecipitation assays using S. aureus extracts from strain
8325-4 TF-GFP expressing a green fluorescent protein (GFP) fusion
to TF (Fig 3A).

We then tested whether TF interacted not only with Slel, but
also with FtsK. A bacterial two-hybrid assay, performed in E. coli,
suggested that this interaction may take place and that it occurs via

© 2023 The Authors
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the N-terminal and/or linker domain of FtsK (Appendix Fig S5). An
interaction between TF and FtsK was further confirmed in a co-
immunoprecipitation assay (Fig 3B). More importantly, TF cellular
localization in S. aureus cells was found to be dependent on the
presence of FtsK: a GFP fusion to TF is distributed nonhomogen-
ously in the cytoplasm of staphylococcal cells, forming a gradient
that has higher concentrations in the septal region (Fig 4A and B,
top). This gradient was maintained when TF-GFP was expressed in
strain 8325-4AftsKc that lacks the C-terminal domain of FtsK (Fig 4A
and B, bottom) in agreement with the hypothesis that TF-FtsK inter-
action is mediated by FtsK N-terminal and/or linker domains. Strik-
ingly, the TF-GFP gradient was lost in the absence of FtsK (Fig 4A
and B, middle). We confirmed that this delocalization does not
result from TF-GFP degradation (Appendix Fig S6). This suggests
that TF can act as a chaperone that brings Slel to the septal region
where FtsK is present, enriching Slel transport across the membrane
in this region.

In the absence of TF, Slel protein is still present in the cell
(Fig 5A). However, it is not exported at the correct location, as it
can be seen more dispersed over the cell surface instead of mostly
at midcell (Fig 5B). The Sec system is distributed over the entire cell
membrane (Fig 5C), so in the absence of a specific localization
mechanism, it is likely that Slel is exported by any Sec machinery,
instead of being exported preferentially by those present at the sep-
tum. As a consequence, TF mutant 8325-4Atig cells have a delayed
cell cycle phase 3, that is, cells take longer to split the division sep-
tum (Fig 5D). This shows that the tripartite interaction between
Slel, TF and FtsK is crucial for accurate spatial and possibly tempo-
ral control of Slel activity and consequently for timely completion
of the cell cycle.

Slel levels are controlled in response to perturbations in
chromosome replication/segregation

Why does FtsK, which has a major role in the early cell cycle pro-
cess of chromosome segregation, control the levels of Slel, a pepti-
doglycan hydrolase involved in the late cell cycle event of septum
splitting? If cytokinesis was impaired due to a delay in chromosome
segregation caused by the presence of chromosome dimers or DNA
damage, but splitting of the division septum continued, then split-
ting of an incomplete septum would occur (Appendix Fig S7 ii). It is
therefore possible that FtsK is involved in licensing initiation of sep-
tum splitting, so that this process is blocked if DNA replication/seg-
regation is compromised (Appendix Fig S7 iii).

We tested whether Slel levels were decreased in conditions that
cause DNA replication defects or DNA damage. For this, we grew
cells in the presence of the DNA-damaging agent mitomycin C, or
nalidixic acid, a fluoroquinolone antibiotic that targets DNA gyrase
and topoisomerase 1V, causing replication arrest. Western blot anal-
ysis of S. aureus cells grown in the presence of either compound
showed that Slel levels are reduced to less than half when com-
pared to cells grown in the absence of any antibiotic (Fig 6A). Fur-
thermore, a delay in cell cycle phase 3 and the appearance of cell
tetrads, phenotypes associated with impaired Slel function, were
observed when bacteria were propagated in the presence of nalidixic
acid (Fig 6B). The regulation of Slel levels is not mediated by the
SOS response, as it still occurs in a mutant expressing the nonclea-
vable S130A LexA variant (Appendix Fig S8). This mutant is unable
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Figure 3. Trigger Factor (TF) interacts with Slel and FtsK.

A Total protein extracts of strains NCTC8325-4, 8325-4 TF-GFP, 8325-4 MurC-GFP and 8325-4 TF-GFP Slelr, (the latter lacking Slel) were immunoprecipitated with GFP-
Trap Magnetic Particles. Western blot analysis of the pulled-downed fractions using antibodies against Slel and GFP shows that Slel is pulled down with TF-GFP but
not with negative control MurC-GFP, suggesting a specific interaction between TF and Slel.

B Total protein extracts of strains 8325-4 TF-3XFLAG, 8325-4 GFP-FtsK TF-3XFLAG, 8325-4qgfp-ftsk and 8325-4 TF-3XFLAG GFP-HU (Input extracts, bottom panel) were
immunoprecipitated with DYKDDDDK Fab-Trap Agarose that binds FLAG-tagged proteins. Western blot analysis of the pulled-downed fractions (top panels) using
antibodies against FLAG and GFP shows that GFP-FtsK, but not the negative control GFP-HU, is pulled down with TF-3XFLAG, suggesting an interaction between TF
and FtsK. For each assay, a representative image of three independent biological replicates is shown.

Source data are available online for this figure.

to induce the SOS response, as that requires autoproteolysis of the
LexA repressor to derepress genes that are part of the SOS global
regulatory network (Cirz et al, 2007).

We do not have direct evidence for a role of FtsK in the regula-
tion of Slel levels in the presence of DNA-targeting agents. How-
ever, we noticed that the TF-GFP gradient, which leads to septal
enrichment of TF and its Slel cargo, is lost in the presence of nali-
dixic acid (Fig 6C). Given that TF gradient is dependent on the pres-
ence of FtsK, one possible explanation for these results is that the
interaction between FtsK and TF is impaired in these conditions,
which would lead to loss of preferential export of Slel at the septal
region, facilitating its degradation by ClpX.

Discussion

In E. coli, like in most Gram-negative bacteria, synthesis and
splitting of the division septum take place in close succession,
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resulting in a gradual, coordinated, midcell constriction of all
three envelope layers, the inner membrane, the peptidoglycan,
and the outer membrane, during cytokinesis (Goehring & Beck-
with, 2005). S. aureus, as well as other Gram-positive bacteria
including the model organism B. subtilis, synthesize a complete
septum before peptidoglycan hydrolases initiate septum splitting
(Goehring & Beckwith, 2005). In some conditions, such as upon
DNA damage or impaired chromosome replication/segregation,
bacterial cells halt division to allow for repair while avoiding
bisection of the nucleoid by a growing septum. The best studied
mechanism mediating this process is the SOS response, which
leads to inhibition of Z-ring formation or of later division pro-
teins, allowing time for repair of damaged DNA (Mizusawa
et al, 1983; Mukherjee et al, 1998; Modell et al, 2011; Bojer
et al, 2019). It is conceivable that upon DNA damage, bacteria
such as S. aureus have to halt not only septum synthesis, but
also septum splitting. Failing to do so could lead to premature
splitting of the septum, possibly exposing an immature cell

© 2023 The Authors
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Figure 4. Trigger Factor (TF) localization pattern is dependent on septal FtskK.
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A SIM images of cells expressing TF-GFP labeled with membrane dye FM5-95. TF-GFP forms a gradient towards the septum in the background of parental strain
NCTC8325-4 (8325-4 TF-GFP, top panels). This localization pattern is lost in cells lacking FtsK (8325-4Aftsk TF-GFP, middle panels), but not in 8325-4Aftskc TF-GFP
mutant, expressing FtsK without its C-terminal domain (bottom panels). Scale bars, 1 pm.

B Heatmap representation of TF-GFP average localization pattern in cells in phase 2 of the cell cycle (N = 50 for each strain). The color scale depicts the average nor-
malized TF-GFP fluorescence signal in each pixel, ranging between 0 and 1. The fraction of the area of each cell model where the normalized signal intensity is above
70% of the maximum signal is 0.47, 0.68 and 0.48 for 8325-4 TF-GFP, 8325-4AftsK TF-GFP and 8325-4Aftskc TF-GFP, respectively, confirming that TF-GFP is enriched
at midcell in the presence of FtsK and more dispersed over the cytoplasm in its absence.

surface, lacking surface proteins and glycopolymers that are
essential virulence factors (Appendix Fig S7).

In this work, we have identified a mechanism for this newly rec-
ognized level of regulation, through which levels of the S. aureus
peptidoglycan hydrolase Slel, involved in septum splitting, are con-
trolled by the key divisome protein FtsK. Notably, Slel becomes
completely absent (undetectable by mass spectrometry) from
S. aureus FtsK null mutant cells, due to degradation by the ClpXP
proteolytic machinery. Protection of Slel degradation by FtsK is not
mediated by direct interaction between the two proteins. We have
shown that Slel interacts with TF, a chaperone that mediates the
export of specific Sec-pathway substrates. TF, in turn, interacts with
FtsK and becomes distributed in the cell in a gradient with higher
concentrations near the septal region. Therefore, the concentration
of TF’s cargo, Slel, will be higher near the Sec machineries present

© 2023 The Authors

in the septal region and lower near those at the peripheral mem-
brane, leading to preferential export of Slel near the septum, where
its activity is specifically required (Fig 6D, left). In the absence of
FtsK, the TF gradient is dissipated, Slel is no longer preferentially
exported at the septal region and becomes available for degradation
by the CIpXP proteolytic machinery, leading to Slel depletion from
the cell and delaying septum splitting (Fig 6D, right).

In E. coli, TF was shown to directly interact with ClpXP and to
be the only chaperone capable of enhancing the degradation of
some CIpXP substrates (Rizzolo et al, 2021). Phylogenetic and
genome analyses showed that tig (encoding TF) is almost always
located next to clpX, throughout the bacterial kingdom, including in
Staphylococcaceae (Rizzolo et al, 2021), suggesting that a functional
association between TF and ClpXP extends beyond E. coli (Rizzolo
et al, 2021). We tried to detect an interaction between TF and ClpX
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Figure 5. Absence of Trigger Factor (TF) alters Slel localization pattern, leading to impaired cell cycle progression.

A Quantification of Slel total cellular levels, detected by western blot, in S. aureus deletion mutants 8325-4Aftsk and 8325-4Atig and Slel surface levels in tig deletion

mutant, showing that Slel is present at the cell surface in the absence of TF. Graph shows ratio between Slel amount in different samples versus the amount in
parental strain NCTC8325-4 indicated by dashed line. Data represented in a scatter dot plot column graph, where column height represents mean, and error bars are
the standard deviation. Data from at least three biological replicates.

Deconvolved epifluorescence images of live cells of parental strain 8325-4 Sle1-3XFLAG Aspa and TF deletion mutant 8325-4 Sle1-3XFLAG Aspa Atig, producing Slel-
3XFLAG as the sole Slel copy in the cell. Normal localization pattern of Slel (enriched at midcell, top panel) is altered in the absence of TF (bottom panel) with the
protein becoming more dispersed over the cell surface. See Appendix Fig S1 for more images of Sle1-3XFLAG surface localization in the parental strain and the nega-
tive control of the immunofluorescence assay. Cells were incubated with fluorescent D-amino acid HADA, which is incorporated into peptidoglycan, for cell wall visu-
alization (colored blue). Cell surface Sle1-3XFLAG was detected with Anti-FLAG Monoclonal Antibody-Alexa Fluor 488 (colored green, projection of a 33 slices Z-stack
shown). Scale bars, 1 pum.

The machinery for Sec-mediated export is distributed over the entire cytoplasmic membrane. SIM image of the localization of SecDF-GFP functional fusion protein,
expressed from secDF locus as the only SecDF copy in the cell, in strain 8325-4 SecDF-GFP. Scale bar, 1 um.

Frequency of cells in each cell cycle phase (see main text for description of phases) in the TF knockout mutant 8325-4Atig and NCTC8325-4 parental strain, showing
that the TF mutant is delayed in cell cycle phase 3, taking longer to split the division septum. Data from three biological replicates of NCTC8325-4 (Nioral = 728) and

8325-4Atig (Nyoral = 699). Data represented in column graphs where column height represents mean and error bars are the standard deviation.

in S. aureus, by bacterial two hybrid and co-immunoprecipitation,
but were not successful. STRING analysis of protein—protein interac-
tion networks (Szklarczyk et al, 2019) in S. aureus suggested that
TF-ClpX interaction may be mediated by GroL or GroS chaperones.
We therefore speculate that TF may have a double role in Slel regu-
lation, preferentially bringing Slel to the septal region for localized
export when a TF-FtsK interaction is established, and favoring Slel
degradation by the CIpXP proteolytic machinery when the TF-FtsK
interaction is lost.

8 of 19 The EMBO Journal ~ 42: e112140 | 2023

This TF-FtsK-mediated mechanism to promote preferential
export of Slel in the septal region is critical for normal progression
of the cell cycle, as a mutant lacking TF, in which surface Slel is no
longer enriched at the septum but is present over the cell surface
(see Fig 5B), is impaired in cell cycle progression due to a delay in
septum splitting.

In cells growing without antibiotics, a single-point mutation in
the walker A motif of the C-terminal domain of FtsK, which abol-
ishes its DNA translocase activity, as well as the deletion of the entire

© 2023 The Authors
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Figure 6. Slel levels are regulated in response to impaired chromosome replication/segregation.

A Quantification of Slel total cellular levels, detected by western blot (representative gel on the bottom), in S. aureus cultures of wild-type strain NCTC8325-4 grown in

the presence (1/2 X MIC) or absence of DNA targeting antibiotics mitomycin C and nalidixic acid or protein synthesis inhibitor erythromycin. The results show a
decrease in Slel cellular levels upon DNA replication defects or DNA damage. Graphs show ratio between Slel amount in different samples versus the amount in
parental strain NCTC8325-4 indicated by dashed line. Data represented in scatter dot plot column graphs, where column height represents mean, and error bars are
the standard deviation. Data from four biological replicates. Statistical significance based on a Mann—-Whitney U test, where *P < 0.05.

Frequency of cells in each cell cycle phase (see main text for description of phases) in S. aureus NCTC8325-4 cultures propagated in the presence or absence of nali-
dixic acid. The results show a delay in cell cycle phase 3 and the appearance of cell tetrads. Data from three biological replicates of NCTC8325-4 (Nyoa = 728) and
NCTC8325-4 + nalidixic acid (Niotal = 700). Data represented in column graphs where column height represents mean and error bars are the standard deviation.

SIM image and heat map representation of TF-GFP localization in 8325-4 TF-GFP cells grown in the presence or absence of nalidixic acid, showing the loss of TF-GFP
gradient towards the septum in most cells grown in the presence of the antibiotic. Scale bars, 1 um. Heatmaps represent the average of TF-GFP localization in 50 cells
in phase 2 of the cell cycle. The color scale depicts the average normalized TF-GFP fluorescence signal in each pixel, ranging between 0 and 1. The fraction of the area
of each cell model where the normalized signal intensity is above 70% of the maximum signal is 0.47 and 0.61 in the absence or presence of nalidixic acid, respec-
tively, confirming that TF-GFP becomes more dispersed over the cytoplasm in the presence of the antibiotic.

Schematic representation of Slel regulatory mechanism mediated by the divisome protein FtsK. The secretory chaperone trigger factor binds unfolded Slel produced
in the cytoplasm. In a wild-type strain (left panel), trigger factor interacts with FtsK, which localizes at the septum. This results in the establishment of a trigger factor
concentration gradient towards the septal region (orange background) and favors preferential export of its cargo, Slel, through the septal Sec-channels, in detriment
of other channels positioned throughout the peripheral membrane. Additionally, it prevents Slel degradation by the CIpXP proteolytic machinery. The presence of
folded Slel near septal peptidoglycan is necessary to promote timely daughter cells splitting. In the absence of FtsK (right-panel), the trigger factor gradient is dissi-
pated and all Slel cellular protein is targeted for CIpXP degradation. DNA damage or impairment of chromosome replication/segregation also dissipates the trigger
factor gradient, promoting Slel degradation by CIpXP. The consequent reduction of Slel levels halts septum splitting.

Source data are available online for this figure.
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C-terminal domain, results in an approximately 2.5-fold increase in
cellular Slel (Fig 2C). This is close to the Slel levels observed in the
absence of Slel degradation by ClpX (Fig 2B). We speculate that dur-
ing normal cell division, and in the absence of chromosomal dimers,
translocation of DNA by FtsK ends upon the completion of chromo-
some segregation and that this may be a signal for the cell to initiate
septum splitting, which would be promoted by increased Slel levels,
equivalent to those observed in the 8325-4FtsK*°”!'4 mutant where
DNA translocase activity is abolished.

Hints for a role of FtsK in cell wall remodeling are present in the
literature. FtsK has been proposed to interact with peptidoglycan
synthesis proteins, based on bacterial two hybrid assays or mass
spectrometry analysis, including with E. coli FtsI (PBP3; Di
Lallo, 2003) or PBP1a (Berezuk et al, 2018), or Streptococcus pneu-
moniae FtsW (Maggi et al, 2008). Inactivation of FtsK in E. coli
strains carrying large chromosomal inversions leads to aberrant cell
morphology, reminiscent of defects in cells impaired in peptidogly-
can synthesis (Lesterlin et al, 2008). B. subtilis SpollIE, an FtsK fam-
ily protein, recruits PbpG during the asymmetric division that occurs
when this bacterium undergoes sporulation (Mohamed et al, 2021).
PbpG synthesizes peptidoglycan around the septal pore to counteract
the activity of peptidoglycan hydrolases, contributing to the mainte-
nance of a stabilized pore (Mohamed et al, 2021).

Here, we uncovered a direct role of FtsK in regulation of the levels
of Slel, a peptidoglycan hydrolase whose activity is critical for nor-
mal cell cycle progression in the bacterial pathogen S. aureus, pro-
viding a new link between the early and late steps of the bacterial
cell cycle.

Materials and Methods

Bacterial strains and growth conditions

The bacterial strains and plasmids used in this study are listed in
Appendix Tables S4 and SS, respectively. Staphylococcus aureus
strains were grown in tryptic soy broth (TSB, Difco) or on tryptic soy
agar (TSA, VWR), at 37°C or 30°C with aeration. Escherichia coli
strains were cultured in Luria-Bertani broth (VWR) with aeration, or
Luria—Bertani agar (VWR) at 37°C or 30°C. The growth medium was
supplemented, when required, with 5-bromo-4-chloro-3-indolyl -D-
galactopyranoside (X-gal, 100 pg ml™!, Apollo Scientific), isopropyl
B-D-1-thiogalactopyranoside (IPTG, 0.1 or 0.5 mM, Apollo Scien-
tific), ampicillin (100 ug ml™', Apollo Scientific), erythromycin
(10 ug ml™!, Apollo Scientific), and/or a combination of kanamycin
(50 or 25 pg ml™', Apollo Scientific) with neomycin (50 or
25 pg ml~!, Apollo Scientific).Plasmids were cloned and propagated
in E. coli strains DC10B or DH5a.

Construction of S. aureus mutants

Primers used in this study are listed in Appendix Table S6.

For the deletion of S. aureus-native phoB gene in COL back-
ground, pMAD-AphoB plasmid was constructed. For that, phoB
upstream and downstream regions (~ 1 Kb) were amplified from
COL genome using the primers pairs P2002_phoB_EcoRI-F/
P2003_phoB_OL-R and P2003_phoB_OL-F/P2005_phoB_bamHI-R,
respectively. These two DNA fragments were then joined by overlap
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PCR with primers P2002_phoB_EcoRI-F and P2005_phoB_bamHI-R,
and the resultant PCR product was digested with EcoRI and BamHI
and cloned into pMAD vector, giving rise to pMAD-AphoB. The
insert was sequenced and pMAD-AphoB was electroporated, as pre-
viously described (Veiga & Pinho, 2009), into RN4220 at 30°C (using
erythromycin selection) and subsequently transduced to COL using
phage 80o (Oshida & Tomasz, 1992). Strain COLAphoB was
obtained after a two-step homologous recombination process. In the
first step, recombinants in which the plasmids were integrated into
the chromosome were selected at the nonpermissive temperature of
43°C. In the second step, recombinants in which the integrated plas-
mids (and consequently the lacZ and erm genes) had been excised
were selected at the permissive temperature (30°C) in the absence
of antibiotic selection. The phoB deletion was confirmed by PCR.

To screen for regulators of Slel presence at the cell outer surface,
we constructed strain COLAphoB Slel-phoB, which expresses a slel
fusion to S. aureus native phoB lacking the sequence encoding its
signal peptide, as the only slel copy in the cell and from the native
chromosomal locus, in the background phoB deletion mutant. To
substitute slel for slel-phoB.sp in COLAphoB, we used pMAD-
Sle1PhoB plasmid that was constructed by first amplifying by PCR
three DNA fragments: fragment 1 encompassing slel 678 bp 3’ end
without the STOP codon; fragment 2 containing the sequence
that encodes a 5aa linker and phoB lacking the sequence that
encodes its first 30 amino acids (containing the signal peptide); and
fragment 3 harboring slel 672 bp downstream region. These three
fragments were amplified from NCTC8325-4 genome using, respec-
tively, the primer pairs UP SPslel-sfGFP_P1_BamHI/Sle1PhoB_P2,
Slel1PhoB_P3/Slel1PhoB_P4 and SlelPhoB_P5/DOWN  SPslel-
sfGFP_P6_Smal and then joined by overlap PCR using primers
SPslel-sfGFP_P1_BamHI and DOWN SPslel-sfGFP_P6_Smal. The
final PCR product was digested with BamHI and Smal, cloned into
PMAD to originate pMAD-Sle1PhoB and the insert was sequenced.
This plasmid was electroporated into RN4220 at 30°C (with erythro-
mycin selection), transduced to COLAphoB, followed by double
crossover allelic exchange as described above. Colonies in which
slel was substituted for slel-phoB.sp after pMAD-Sle1PhoB integra-
tion/excision were identified by PCR and named COLAphoB Slel-
phoB.

To construct a spa deletion mutant, the entire spa coding
sequence was replaced by a 19 bp sequence harboring a Notl
restriction site. For that, the 600 bp upstream and downstream
regions of spa gene were amplified from NCTC8325-4 genome using,
respectively, the primer pairs BCBP28/UP spa_Notl_P5 and DOWN
spa_Notl_P6/BCBP29, with UP spa_Notl P5 and DOWN
spa_NotI_P6 introducing the 19 bp sequence mentioned above. The
two amplified fragments were joined by overlap PCR with primers
BCBP28 and BCBP29 and the final product was digested with BamHI
and Ncol and cloned into pMAD vector, giving rise to pMAD-Aspa.
After confirming the correct sequence of the insert fragment, the
plasmid was electroporated into RN4220 (selection with erythromy-
cin, 30°C) and subsequently transduced to NCTC8325-4, using
phage 80a.. The replacement of spa for the 19 bp fragment with Notl
restriction site, was obtained after integration and excision of
PMAD-Aspa, originating 8325-4Aspa.

The CIpX and TF mutants were generated by deleting clpX and
tig complete sequences from S. aureus genome. For that purpose,
the upstream and downstream regions of each gene were amplified
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by PCR, using for clpX the primers pairs ClpX_P1_BamHI/ClpX_P2
and ClpX_P3/ClpX_P4_Smal and for tig the primer pairs Tig_P5_-
BamHI/Tig P2 and Tig P3/Tig_P6_Smal. The two PCR products for
each deletion strategy were purified, joined in a second PCR using
primers ClpX_P1_BamHI/ClpX_P4_Smal for clpX and Tig P5_-
BamHI/Tig P6_Smal for tig and the resulting fragments were
digested with BamHI and Smal and cloned into pMAD. The resulting
plasmids pMAD-AclpX and pMAD-Atig, for clpX and tig deletion,
respectively, were sequenced, electroporated into RN4220 (selection
with erythromycin) and subsequently transduced to NCTC8325-4,
using phage 80a. After an integration/excision process, the deletion
mutants 8325-4AclpX and 8325-4Atig were identified by PCR. Impor-
tantly, deletion of tig from tig-clpX locus did not interfere with the
expression of its downstream gene clpX, as 8325-4Atig mutant is
able to hydrolyse milk’s casein.

Deletion of ftsK gene in COL background was obtained by first
transducing plasmid pBCBHV012 (Veiga & Pinho, 2017) from
RN4220 into COL. The integration of pBCBHV012, a pMAD-based
plasmid containing ftsK up- and downstream regions, into the chro-
mosome and its subsequent excision alongside ftsK, resulted in
strain COLAftsK.

Plasmids pMAD-CIpX®°°¢ and pMAD-LexAS'*° were constructed
to introduce points mutations into clpX and lexA genes, respectively.
PMAD-ClpX*°C introduces a C to T alteration that causes a substitu-
tion of ClpX arginine 95 for a cysteine. This plasmid was
constructed by amplifying a 2,281 bp fragment from the genome of
strain  8325-4AftsK* that includes the R95C-encoding mutation
acquired during the process of ftsK deletion and its upstream and
downstream regions. For this PCR, primers ClpX_P1_BamHI and
ClpX R95C_Smal were used, and the amplified fragment was
digested with BamHI and Smal and cloned into pMAD. pMAD-
A5 was designed to introduce an AG=>GC substitution that
causes the alteration of LexA serine 130 to an alanine and was
cloned by Gibson Assembly. For that, two PCR fragments containing
the DNA sequences just upstream and downstream of the lexA point
mutation site were amplified from NCTC8325-4 genome using
primers pairs LexAS130A_P1/LexAS130A_P2 and LexAS130A_P3/
LexAS130A_P4, with overlapping primers LexAS130A_P2 and
LexAS130A_P3 including the desired bases substitution. Smal line-
arized pMAD and the two amplified fragments were then mixed
with Gibson Assembly Master Mix (NEB) and incubated at 50°C for
1 h according to the manufacturer’s instructions, to obtain pMAD-
LexAS3%4 The correct sequence of the inserts in pMAD-ClpXR®>¢
and pMAD-LexAS"** was confirmed, and the plasmids were then
introduced into RN4220 cells (30°C, erythromycin selection). Both
plasmids were transduced into NCTC8325-4 and pMAD-CIpX®?>¢
was also transduced into 8325-4AftsK. The substitution of clpX for
clpX®®¢ and lexA for lexAS'*°4, in the different backgrounds, was
obtained after a two-step homologous recombination process and
was confirmed by sequencing. Final mutants were named 8325-4
CIpXR9°C, 8325-4AftsK ClpX*°°C and 8325-4 LexAS'3%4,

For localization of Slel by immunofluorescence and determina-
tion of Slel interaction partners through immunoprecipitation/mass
spectrometry analysis we constructed strains 8325-4 Slel-3XFLAG
Aspa and 8325-4 Slel1-3XFLAG* Aspa that express Slel C-terminal
fusions to the FLAG tag in the background of the spa deletion
mutant, as the only Slel protein. In 8325-4 Sle1-3XFLAG Aspa, Slel
was fused to a 24 amino acids 3XFLAG peptide with three unaltered

Lex
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sequential FLAG epitopes (DYKDDDDKDYKDDDDKDYKDDDDK). In
8325-4 Slel1-3XFLAG* Aspa, a shorter and altered 3XFLAG peptide
with sequence DYKDHDGDYKDHDIDYKDDDDK was used. For the
construction of these strains, we amplified from NCTC8325-4
genome, the 678 bp region upstream of slel STOP codon and a
675 bp fragment encompassing slel STOP codon and the down-
stream region. These two fragments were amplified by PCR using
primers pairs UP SPslel-sfGFP_P1_BamHI/SlelFLAG_P10 and
SlelFLAG_P11/DOWN SPslel-sfGFP_P6_Smal with SlelFLAG_P10
and SlelFLAG_P11 containing the 3XFLAG sequence, or primers
pairs UPSPslel-sfGFP_P1_BamHI / SPSlel-FLAG_P7 and SPSlel-
FLAG_P8/DOWNSPslel-sfGFP_P6_Smal which contain the coding
sequence for 3XFLAG*. Each of the two pairs of fragments were
then joined by overlap PCR giving rise to fragments slel 3’-3XFLAG-
down slel and slel 3’-3XFLAG*-down slel, that were digested with
BamHI and Smal and cloned into pMAD, giving rise to, respectively,
PMAD-Slel-3XFLAG and pMAD-Slel-3XFLAG*. Sequencing of the
inserted fragments confirmed the correct sequence of slel 3’-
3XFLAG*-down slel and showed that slel 3’ end and 3XFLAG
sequences on slel 3’-3XFLAG-down slel have no alterations. How-
ever, a single nucleotide substitution in a noncoding region, 9 bp
downstream of slel STOP codon, was detected in slel 3’-3XFLAG-
down slel fragment. pMAD-Sle1-3XFLAG and pMAD-Sle1-3XFLAG*
vectors were electroporated into RN4220 (30°C, with erythromycin
selection) and subsequently transduced to spa knockout mutant
8325-4Aspa. The introduction of the tag sequence at slel 3’ end was
obtained after an integration/ excision process, and confirmed by
PCR and sequencing. The final strains were named 8325-4 Slel-
3XFLAG Aspa and 8325-4 Slel1-3XFLAG* Aspa. The localization of
surface Sle1-3XFLAG in the absence of TF was observed by immu-
nofluorescence in strain 8325-4 Slel-3XFLAG Aspa Atig. To con-
struct this strain, the above described pMAD-Atig plasmid was
introduced by transduction into 8325-4 Sle1-3XFLAG Aspa and, fol-
lowing an integration/excision process, mutants with tig deletion
were selected by PCR.

Plasmid pBCBSS135, encoding 3XFLAG-mNeonGreen fusion,
was constructed by first amplifying a DNA fragment encoding
3XFLAG and a 5 aa linker, from complementary hybridized oligonu-
cleotides 3xFLAG_oligol and 3xFLAG_oligo2, using primers RBS-
3xFLAG_Sma_fwd and 5aa-linker-MCS-3xFLAG-rev. This PCR prod-
uct was digested with Smal and Xhol and cloned downstream of
IPTG-inducible Pspac promoter in pBCB13 (Pereira et al, 2010) vec-
tor. mNeonGreen sequence (codon-optimized for S. aureus by
ATUM and synthesized by NZYtech) was then amplified using
primers mNG_ + 4_Sal_fwd and mNG_Eagl_rev, digested with Sall
and Eagl and cloned downstream of 3XFLAG sequence, generating
pBCBSS135. The insert sequence was confirmed and pBCBSS135
was electroporated into RN4220 (30°C, erythromycin selection) and
subsequently transduced to NCTC8325-4, giving rise to 8325-4
3xFLAG-mNG.

To construct S. aureus strains expressing a TF C-terminal FLAG
tagged (DYKDDDDKDYKDDDDKDYKDDDDK) protein as the only
TF in the cell, we constructed plasmid pMAD-TF-3XFLAG. For this,
two DNA fragments encompassing tig 3’ end and tig downstream
region were amplified by PCR from NCTC8325-4 genome using,
respectively, the primer pairs TigFLAG_P1_BamHI/Tig3FLAG_P2
and Tig3FLAG_P3/TigFLAG_P4_Smal, containing the 3XFLAG
sequence. A joint DNA fragment, tig 3’-3XFLAG- down tig, was then

The EMBO journal 42: €112140(2023 11 of 19

5UB0 1] SUOWILLIOD) BAIIES.D) 3]0 dde 81 A PoULEAOD 312 AP 1L YO ‘98N JO 3N 10} ATl 2UIIUO A3 ]I UO (SUO1 PUOD-PUE-SWLBYWI00™/B M ATR1q 1 [BU1[U0//Sd1Y) SUOTIPUOD PUE S | 84} 95 *[£202/60/62] U0 ARRIqIT8UIIUO AS1IA 0GSI 90 BAON 8pEpSAIIN AQ 0¥ TZTTZZ0Z [We/ZGZGT 0T/ 10p/BI0'ssaidoguI mmww//Saiy WwoJj popeojumod ‘T ‘€202 ‘GL0209vT



The EMBO Journal

generated by overlap PCR, digested with BamHI/Smal, cloned into
PMAD and its sequence confirmed by sequencing. pMAD-TF-
3XFLAG vector was electroporated into RN4220 (30°C, with erythro-
mycin selection) and subsequently transduced to wild-type strain
NCTC8325-4 and 8325-4sfgfp-ftsKk (Veiga & Pinho, 2017) that
expresses GFP-FtsK as the only FtsK in the cell. The introduction of
the FLAG tag sequence at tig 3’ end was obtained after an integra-
tion/excision process, confirmed by PCR and sequencing and the
final strains were named, respectively, 8325-4 TF-3XFLAG and
8325-4 GFP-FtsK Slel-3XFLAG.

Strain 8325-4 TF-3XFLAG GFP-HU, expressing, besides the TF
FLAG fusion, a N-terminal sfGFP fusion to the DNA-binding protein
HU, from hup locus and under the control of IPTG inducible pro-
moter Pg,,., was constructed by transducing the suicide vector
pBCBPMO030 (selection with Kanamycin/Neomycin) into the back-
ground of strain 8325-4 TF-3XFLAG.

pBCBPMO030 was constructed by amplifying, from template vec-
tor pTrc99A-P7 (Fisher & DeLisa, 2008) and with primers PPMP1/
PPMP2, an 800 bp DNA fragment encompassing ygfp gene and the
coding sequence for a 10 aa linker (TSGGGGSGGGGS) and, from
NCTC8325-4 genome, a 500 bp DNA fragment containing hup gene,
with primer pair PPMP3/PPMP4. These two fragments were joined
by overlap PCR using primers PPMP1 and PPMP4, digested with
EcoRI/BamHI and cloned into pBCBPMO055.

pBCBPMO55 vector is a derivative of pMUTIN4 plasmid (Vagner
et al, 1998), where the erythromycin resistance gene was replaced
for a kanamycin resistance marker obtained by PCR, from
pBCBPMO017 plasmid (Tan et al, 2012), using primers PPMP5 and
PPMP6, and cloned with restriction enzymes Ncol and BglII.

To obtain S. aureus strains expressing C-terminal GFP fusions to
MurC, TF and SecDF, plasmids pMAD-MurCGFP, pMAD-TFGFP, and
PMAD-SecDFGFP were constructed. For the construction of pMAD-
MurCGFP, three individual fragments were first amplified by PCR:
fragment 1 encompassing the last 999 bp of murC gene (without
STOP codon) was amplified from NCTC8325-4 genome using primers
murCGFP_P1_BamHI and murCGFP_P2; 711 bp fragment 2, harbor-
ing a 5 aa linker and sfGFP encoding sequences, was amplified from
template vector pTrc99A-P7 (Fisher & DeLisa, 2008) using primers
murCGFP_P3 and murCGFP_P4 and fragment 3 harboring the
990 bp murC downstream region was amplified from NCTC8325-4
genome with primers murCGFP_P5 and murCGFP_P6_Smal. The
three fragments were then joined by overlap PCR, with primers
murCGFP_P1_BamHI and murCGFP_P6_Smal, the final product was
digested with BamHI and Smal and cloned into pMAD vector. Plas-
mids pMAD-TFGFP and pMAD-SecDFGFP were cloned by Gibson
assembly. For the construction of pMAD-TFGFP, a first 1,283 bp
DNA fragment, encompassing tig 3’ end and the coding sequences
for a 7 aa linker and sfGFP, was amplified using primer pair
TigGFP_P1/TigGFP_P2 from pCNX-GFPc-TF plasmid, whose con-
struction is described below and a second fragment, harboring tig
503 bp downstream region (including clpX 5') was amplified from
NCTC8325-4 genome with primers TigGFP_P3 and TigGFP_P4. For
the construction of pMAD-SecDFGFP, a 1,293 bp DNA fragment,
encompassing secDF 3’ end, the coding sequences for a seven amino
acid linker and sfGFP, was amplified using primer pair
SecDFGFP_P1/ SecDFGFP_P2 from pCNX-GFPc-SecDF plasmid,
whose construction is described below and a second fragment, har-
boring secDF 553 bp downstream region was amplified from
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NCTC8325-4 genome with primers SecDFGFP_P3 and SecDFGFP_P4.
A Smal linearized pMAD and two fragments for each construct were
then mixed with Gibson assembly master mix (NEB) and incubated
at 50°C for 1 h according to the manufacturer’s instructions. After
cloning, pMAD-MurCGFP, pMAD-TFGFP, and pMAD-SecDFGFP con-
structs were confirmed by PCR, and the inserted fragments were
sequenced. Plasmids were then introduced into electrocompetent
S. aureus RN4220 cells (30°C, with erythromycin selection) and
phage 80a was used to transduce pMAD-MurCGFP and pMAD-
SecDFGFP into NCTC8325-4 and pMAD-TFGFP into NCTC8325-4,
8325-4AftsK and 8325-4AftsKc. The exchange of murC, secDF and tig
genes for murC-ygfp, secDF-4gfp and tig-4gfp, respectively, was
obtained after an integration/excision process, as described above,
and confirmed by PCR. The final strains were, respectively, named
8325-4 MurC-GFP, 8325-4 SecDF-GFP, 8325-4 TF-GFP, 8325-4AftsK
TF-GFP, and 8325-4AftsKc TF-GFP. Importantly, the substitution of
tig for tig-gfp, did not interfere with the expression of clpX gene,
located just downstream of tig, as S. aureus strains expressing TF-
GFP are still able to hydrolyse milk’s casein.

PCNX-GFPc plasmid was designed to facilitate cloning of GFP C-
terminal fusions. For its construction, the coding sequence for a 5
aa linker and  GFP was amplified from pTrc99A-P7 (Fisher &
DeLisa, 2008) using primers 5aa_sfGFP_Smal and sfGFP STOP_E-
coRI, digested with Smal and EcoRI and cloned into pCNX plasmid.
The insert was sequenced, and this vector served as backbone for
the construction of plasmids pCNX-GFPc-TF and pCNX-GFPc-SecDF.
For that, tig and secDF sequences (without their respective STOP
codons) were amplified from NCTC8325-4 genome using, respec-
tively, primers pairs Tig Fw2_Smal/ Tig Rv2_Smal and
SecDF_C_P1_Sall/SecDF_C_P2_Smal. The tig fragment was digested
with Smal, the secDF fragment was digested with Sall/Smal and the
digested fragments were then cloned into pCNX-GFPc upstream of
gfp. The correct inserts sequences were confirmed.

Control strain 8325-4 TF-GFP Sler,, harboring a bursa aurealis
transposon (Tn) insertion at slel coding sequence, was obtained
through the transduction, using phage 80a, of bursa aurealis Tn
from Nebraska Transposon Mutant Library mutant NE1688 (Fey
et al, 2013) into the background of strain 8325-4 TF-GFP (erythro-
mycin selection).

Transposon mutant library preparation and screening for
mutants lacking Slel at S. aureus outer cell surface

A transposon mutant library was prepared in the background of
strain COLAphoB Slel-PhoB, following the protocol described by
Wang et al (2011). For that, strains COLAphoB Sle1-PhoB pTM378
and COLAphoB Slel-PhoB pTM381, expressing, respectively, an
active or a truncated transposase (control), were first constructed,
by transducing pTM378 or pTM381 plasmids into COLAphoB Slel-
PhoB (25 pg ml™' kanamycin/25 ug ml™' neomycin selection). Lig-
uid cultures of these strains were then grown overnight at 30°C, re-
diluted, and grown the next morning until an ODgyonm Of 2
(~10® cfu ml™'). At this point, 5 ml of cells were centrifuged at
3,000 g for 5 min and resuspended in an equal volume of SGMM
medium (10 mM glucose; 2 mM MgCl,; 3.5 mM CaCl,; 0.1% Casein
hydrolysate; 0.5% NaCl and 10 mM MES buffer pH 6.8). The cul-
tures were infected with a 1:1:1 blend of three @11 lysates carrying
transposon cassettes with different promoters (MOI 2) and
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incubated overnight without shaking at room temperature. Cells
were then centrifuged at 3,000 g for 5 min, resuspended in 5 ml
TSB, and incubated with gentle shaking at 37°C for 2 h. For identifi-
cation of mutants that do not have Slel-PhoB at the outer cell sur-
face, the infected cultures were plated on TSA containing
erythromycin 5 ug ml™' (transposon selection) and PhoB sub-
strate 5-Bromo-4-chloro-3’-indolyl phosphate p-toluidine (BCIP,
100 pg ml™") and incubated for 48 h at 37°C. White colonies were
selected and the transposon insertion sites identified by inverted
PCR.

Structured illumination microscopy (SIM) and cell cycle phases
quantification

SIM imaging was performed using an Elyra PS.1 microscope (Zeiss)
with a Plan-Apochromat 63x/1.4 oil DIC M27 objective. SIM images
were acquired using five grid rotations, with 34 um grating period for
the 561 nm laser (100 mW), 28 pym period for 488 nm laser
(100 mW), and 23 um period for 405 nm laser (50 mW). Images were
captured using a Pco.edge 5.5 camera and reconstructed using ZEN
software (black edition, 2012, version 8.1.0.484) based on a structured
illumination algorithm, using synthetic, channel-specific optical trans-
fer functions and noise filter settings ranging from —6 to —8.

To evaluate S. aureus cells morphology and determine the per-
centage of population in each S. aureus cell cycle phase, cultures of
NCTC8325-4 (in the presence or absence of 40 ug ml™' nalidixic
acid), 8325-4Aslel, 8325-4AftsK, 8325-4AftsKc, 8325-4FtsKKO71A
8325-4AftsK ClpXR%°C, 8325-4Atig, COL, COLAslel, and COLAftsK
were grown at 37°C until ODggonm 0.65. At this point, 1 ml of cul-
ture was incubated for 5 min with the membrane dye Nile Red
(Invitrogen, 2.5 pg ml™'), the cells were harvested, resuspended in
20 pl of phosphate buffer saline (PBS), and placed on a microscope
slide covered with a thin layer of agarose (1% in PBS) for SIM
imaging.

To determine the ability of externally added Slel to complement
Slel or FtsK absence, deletion mutants 8325-4Aslel, 8325-4AftsK
COLAslel, and COLAftsK were grown until ODggonm 0.3, the cultures
were divided and grown with or without 7.5 ug ml™' purified
HisTag-Slel sp for an additional 30 min. The cells were labeled with
Nile Red and prepared for SIM visualization as described above.

Following SIM image reconstruction, cells in each phase of
S. aureus cell cycle were manually quantified. Cell cycle was divided
in three phases: (P1) cells that have not initiated septum synthesis;
(P2) cells undergoing septum synthesis; and (P3) cells with complete
septum undergoing maturation prior to splitting. Cells with a tetrad
phenotype can appear when a phase 3 cell does not complete septum
splitting and a second round of division is initiated in the nonsepa-
rated daughter cells. Mutations that impair septum splitting, like the
deletion of slel or ftsK genes, in the background of fast-growing
strains, like NCTC8425-4, have overall agglomeration of cells that
makes cell cycle phases quantification less accurate. Final data repre-
sent the mean of three biological replicates.

The localization of SecDF-GFP and TF-GFP was visualized by
SIM fluorescence microscopy. Strains 8325-4 SecDF-GFP, 8325-4 TF-
GFP (in the presence or absence of 40 pg ml™! nalidixic acid), 8325-
4AftsK TF-GFP and 8325-44ftsKc TF-GFP were grown at 37°C until
ODgponm 0.65 and, when required, labeled for 5 min with membrane
dye FM5-95 (Invitrogen, 5 ug ml™"). Cells were then resuspended in

© 2023 The Authors

The EMBO Journal

PBS and mounted on an agarose pad for SIM imaging, as described
above.

Heatmaps of TF-GFP localization

The average TF-GFP localization pattern in cell cycle phase 2 cells
of 8325-4 TF-GFP (in the presence or absence of 40 ug ml~' nali-
dixic acid), 8325-4AftsK TF-GFP and 8325-4AftsKc TF-GFP strains
was graphically represented as heatmaps. For that, crops of single
cells in phase 2 (N = 50 for each strain) were generated using FIJI
(Schindelin et al, 2012; Rueden et al, 2017) and, in each crop, pixels
not corresponding to the respective cell were set to 0. A binary mask
of each crop was generated by selecting the pixels only above a
threshold calculated using the isodata algorithm (Velasco, 1980; van
der Walt et al, 2014). The outline of each cell was calculated by
performing binary erosion on the binary image and subtracting the
original binary image by the eroded one. Cells were then aligned by
first performing a Principal Components Analysis (PCA) on the out-
line coordinates to calculate the orientation of the major axis of each
cell. Then, the angle of the major axis was calculated, and each sin-
gle cell crop was rotated so that every cell has its major axis at a 90°
angle. The average height and width of all cells was calculated, and
each cell was resized to those values. The intensities of each cell
image were normalized by setting the intensity range between 0 and
1, with 0 corresponding to the minimum intensity of each single cell
crop and 1 corresponding to the maximum. To generate the average
cell model, the normalized pixel intensities of all crops were aver-
aged for each pixel with the same coordinates in every cell. Heat-
maps were generated by calculating the background threshold using
the isodata algorithm (Velasco, 1980; van der Walt et al, 2014) and
setting the values below the threshold to white. Remaining pixels
were colored by using the coolwarm colormap provided by the
Python library matplotlib (Hunter, 2007), assigning the minimum
and maximum of nonbackground intensity values of the cell models
to the minimum and maximum values of the colormap.

Immunofluorescence of Slel

Surface Slel1-3XFLAG was visualized by immunofluorescence of
live, nonpermeabilized S. aureus cells. For that, strains 8325-4 Slel-
3XFLAG Aspa and 8325-4 Slel-3XFLAG Aspa Atig, producing Slel-
3XFLAG as the sole Slel protein in the cell, and control strain 8325-
4Aspa, were grown until ODggonm 0.6, samples of 200 pl of each cul-
ture were centrifuged at 22,000 g for 1 min and cells were resus-
pended in an equal volume of sterile TSB in PBS solution (1/10).
Fluorescent D-amino acid HADA was added to a final concentration
of 250 uM and cells were incubated at 37°C for 30 min with agita-
tion. A subsequent 5-min incubation with Conjugated DYKDDDDK
Tag Monoclonal Antibody (L5)-Alexa Fluor™ 488 (Thermofisher Cat
No. MA1-142-A488, 1:500 dilution) was performed for FLAG detec-
tion. Cells were then washed with PBS buffer and mounted on a
microscope slide covered with a thin layer of agarose (1% in PBS).
Z-stacks of 33 epifluorescence images with a Z step of 125 nm were
acquired using a DeltaVision OMX SR microscope with an Olympus
60X PlanApo N/1.42 oil objective. The fluorophores were excited
with a 488-nm laser (100 mW) and a 405-nm laser (100 mW). The
software AcquireSRsoftWoRx (GE) was used for image acquisition
and deconvolution.
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Transmission electron microscopy

Cells of 8325-4Aslel and 8325-4AftsK strains were observed by
Transmission electron microscopy (TEM). Exponentially growing
cultures of 8325-4Aslel and 8325-4AftsK were harvested by centrifu-
gation and cells were fixed with primary fixative solution (2.5% glu-
taraldehyde +1% osmium tetroxide in 0.1 M PIPES buffer at pH 7.2)
for 1 h at 4°C, with gentle movement. Cells were then washed five
times with MilliQ H,0 to remove the fixative and suspended in 3—
4% agarose. Small sections of agarose-embedded cells were incu-
bated overnight at 4°C in 0.5% uranyl acetate. The following day,
samples were washed twice with MilliQ H,O and dehydrated using
10-min steps in ethanol (30-100%), anhydrous ice-cold acetone,
and anhydrous room temperature acetone. Samples were gradually
shifted into 100% Spurr’s resin and polymerized for 24 h at 60°C.
Ultrathin sections (90 nm) were mounted on 200 mesh Cu grids and
stained with Reynold’s lead citrate. Excess stain was removed with
degassed water and TEM imaging at 120 kV was performed on a FEI
Tecnai 12 microscope, using a Gatan OneView CMOS camera with
Digital Micrograph 3.0 software, at the Electron Microscopy Facility,
Instituto Gulbenkian de Ciéncia, Oeiras, Portugal.

Isolation of S. aureus protein extracts

Surface proteins extracts (named autolytic extracts) and cell wall
extracts, containing peptidoglycan attached proteins released upon
protoplasts preparation, were obtained from 30 ml NCTC8325-4,
8325-4AftsK, 8325-4Asle]l and 8325-4Atig S. aureus cultures grown
until ODgoonm 0.65. Each culture was centrifuged at 3,000 g, for
15 min at 4°C. For purification of autolytic extracts, the cells were
washed with WB buffer (50 mM Tris—HCI pH 7.5; 150 mM NaCl),
resuspended in 200 pl of SDS 4% and incubated 30 min at 25°C
with agitation. Cells were then harvested at 22,000 g, for 15 min,
and the supernatant containing the autolytic extract was recovered.
For isolation of protein cell wall extracts, cells were washed with
DB buffer (1.2 M Sucrose; 50 mM Tris—HCI pH 7.5; 20 mM MgCl,),
resuspended in DB supplemented with 200 ug ml™' lysostaphin,
and incubated at 37°C for 1 h. Protoplasts were then pelleted at
6,000 g for 20 min, and the supernatant with cell wall proteins was
recovered.

To obtain the spent media protein isolates, 90 ml NCTC832-5,
8325-4AftsK and 8325-4Aslel cultures were grown until ODgoonm
0.65, cells were harvested at 3000 g for 15 min, and the spent media
was collected and filtered through a 0.22 pm pore size filter. The fil-
trate was then incubated overnight at 4°C with Trichloroacetic acid
(TCA; one-tenth of the sample volume). Proteins were pelleted at
17,000 g for 15 min, the pellet was washed twice with ice-cold ace-
tone, air-dried, and finally resuspended in 100 pl PBS buffer.

For the isolation of S. aureus total cellular extracts, 135 ml cul-
tures was grown in TSB until OD ODggonm 0.65. To test the effect of
antibiotics on Slel total cellular levels, NCTC8325-4 was grown in
the presence of 0.4 ug ml~' Mitomycin C, 40 pg ml~' Nalidixic acid
or 0.125 pg ml~' Erythromycin and 8325-4 LexAS'*°% in the pres-
ence of 0.2 pg ml™! Mitomycin C (1/2 MIC). After growth, cells
were harvested at 3,000 g, for 15 min, resuspended in 400 pl PBS
buffer and mechanically broken using a SpeedMill Plus (Bioanalytik
Jena; 3x 1 min cycles). Glass beads and cell debris were removed in
two steps of 1 min 3,400 g centrifugation and the supernatant was
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collected. The total protein content in the extracts was determined
using the Bradford method and bovine serum albumin as a standard
(BCA Protein Assay Kit, Pierce).

Imaging TF-GFP fluorescent protein in-gel

To analyze TF-GFP expression and integrity in strains 8325-4 TF-
GFP and 8325-4AftsK TF-GFP, 22 pg of these strains total protein
cell extracts was loaded in a 12% Mini-Protean TGX pre-cast gel
(Bio-Rad). Following protein separation, TF-GFP signal was detected
using a FujiFilm FLA-5100 Fluorescent Image Analyzer and a
473 nm/LPB filter.

Western blot and quantification of Slel protein signal

Equal amounts of protein extracts were separated in 12% Mini-
Protean TGX pre-cast gels (Bio-Rad) and then transferred to 0.2 um
nitrocellulose membranes using a Trans-Blot Turbo RTA Mini
0.2 pm Nitrocellulose Transfer Kit and Trans-Blot Turbo system
(Bio-Rad). When Slel band quantification in total cell protein
extracts was required, membranes were cut to separate the regions
above and below ~40 KDa, and the bottom membrane (or complete
membrane when only qualitative data were required) was blocked
with 5% nonfat milk and incubated for 16 h with anti-Slel antibody
(1:5,000 dilution). Slel was detected using Goat Anti-Rabbit IgG
StarBright Blue 700 Fluorescent Secondary Antibody (Bio-Rad Cat
No0.12004161; 1:5,000 dilution) and an Invitrogen iBright Imaging
System. To label all high-molecular weight proteins (in the top part
of the cut membrane) or all proteins in each loaded extract, the
membranes were incubated with Sypro-Ruby stain (Invitrogen)
according to the manufacturer’s instructions, and the dye signal was
detected using the iBright Imaging System (Invitrogen). Invitrogen™
iBright™ Analysis Software was used to quantify the intensities of
Slel and total Sypro-Ruby-stained bands. The intensity of each Slel
protein band in a total cell extract was normalized against the total
amount of high-molecular weight proteins in its own loaded extract.
The intensity of Slel bands in the autolytic extracts was normalized
against the total amount of Sypro-Ruby-stained proteins in total cell
protein extracts of the same strain. The determined Slel signal for
each sample was then normalized against the wild-type NCTC8325-
4 Slel signal detected in the same protein membrane. GraphPad
Prism 6 (GraphPad Software) was used to perform the statistical
analysis. The differences in Slel total cellular levels between
S. aureus cells treated with the control antibiotic erythromycin and
cells treated with Mitomycin C or Nalidixic acid were evaluated with
two-tailed Mann—Whitney U test. P-values < 0.05 were considered
significant and were indicated with an asterisk.

Purification of HisTag-Slel.sp and anti-Slel antibody production

To produce a recombinant Slel without its native signal peptide, we
constructed plasmid pET21a-HisTag-Slel sp. This plasmid was
cloned by first amplifying, from the NCTC8325-4 genome, the slel
gene sequence without the first 5 end 75 bp (encoding Slel signal
peptide) using primers HisSlel_pETP4_Ndel and Slel_pETP2_Hin-
dIll, with primer HisSlel_pETP4_Ndel introducing a 6XHis-tag
encoding sequence at slel 5° end. The PCR product was then
digested with Ndel and HindIII and cloned into pET21a vector, using
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E. coli DH5a. The correct sequence of the insert was confirmed and
pET21a-HisTag-Slel sp transformed into competent E. coli BL21
(DE3) cells for protein expression.

A culture of BL21(DE3) pET21a-HisTag-Slel sp was grown at 37°C
with aeration in LB medium containing ampicillin 100 pug ml~'. At
ODggonm 0f 0.7, the culture was supplemented with 0.1 mM IPTG and
grown for three additional hours. Cells were then collected by centri-
fugation at 4°C for 5 min at 13,000 g, the pellet was re-suspended at
4°C in buffer A (50 mM sodium phosphate buffer pH 8; 150 mM
NaCl) supplemented with complete mini protease Inhibitor Cocktail
(Roche) and DNase 10 pg ml™!, and the cells were broken by
performing two runs in a French Press at 1000 psi. The sample was
centrifuged at 16,000 g for 20 min and the pellet containing inclusion
bodies was resuspended in buffer B (50 mM sodium phosphate buffer
pH 8; 300 mM NaCl) supplemented with 8 M urea. The suspension
was incubated at 4°C with agitation until sample was homogeneous.
At this point, an equal volume of buffer B was added to the sample to
dilute urea to 4 M final concentration. After clarifying the sample of
any insoluble debris by centrifugation at 16,000 g for 20 min, the
sample was incubated with a preequilibrated HisTalon™ resin (Clon-
tech) at 4°C with agitation for 30 min. Resin was recovered by spin-
down centrifugation and washed first with Buffer B with 4 M urea
and 10 mM imidazole followed by two washes without urea. The
protein was eluted with Buffer B with 150 mM imidazole in a gravity
flow column and the eluted fraction was dialyzed overnight against
buffer A.

The protein sample was sent to COVALAB (France) for poly-
clonal antibody production in rabbits.

Co-immunoprecipitation/mass spectrometry analysis of Slel
interaction partners

Co-immunoprecipitation was performed in triplicate for strain
8325-4 Slel1-3XFLAG* Aspa and in duplicate for control strain
8325-4 3xFLAG-mNG grown with aeration in 300 ml TSB medium,
until ODggonm 0.6. Cultures of 8325-4 3xFLAG-mNG were supple-
mented with 0.1 mM IPTG. Cells were cooled on ice for 5 min,
centrifuged 10 min at 7,200 g, and resuspended in 2 ml IP buffer
(50 mM Tris pH 7.4; 150 mM NaCl; 5 mM EDTA; 5 mM MgCly;
25 mM sucrose; Complete Mini Protease Inhibitor Cocktail
(Roche)). DNasel (10 ug ml™!, Sigma), RNaseA (20 pg ml™},
Sigma), and lysostaphin (100 pg ml~', Sigma) were added to cell
suspensions followed by incubation at 37°C for 1 h. Cell lysates
were cooled on ice for 5 min and subsequently homogenized for
1 min in a SpeedMill Plus (Bioanalytik Jena). Glass beads and cell
debris were removed in two centrifugation steps (each for 1 min
at 3,400 g). Lysed cells were centrifuged 1 h at 21,000 g, and the
supernatants were transferred to new reaction tubes containing
equal volumes of IP buffer. Samples containing soluble proteins
were incubated with 50 pl prewashed M2 affinity agarose (Sigma)
at 4°C for 16 h with agitation. The resin was collected by centrifu-
gation for 1 min at 5,000 g, washed eight times with 1 ml wash
buffer (50 mM Tris pH 7.4; 150 mM NaCl), and bound proteins
were eluted with 0.1 ml wash buffer containing 150 pg ml™'
3xFLAG peptide (Sigma) for 15 min at room temperature. Western
blot analysis was performed to verify presence of Slel-3XFLAG*
and 3XxFLAG-mNG proteins in elution fractions. A volume 20 pl of
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each fraction was loaded on 12% Mini-Protean TGX pre-cast gels
(Bio-Rad) and gel slices containing co-immunoprecipitated proteins
were isolated for subsequent analysis by mass spectrometry at Pro-
teome Center Tlbingen, Germany.

Pull-down assays

To test TF-Slel and TF-FtsK interactions, pull-down assays were
performed using, respectively, the ChromoTek GFP-Trap magnetic
agarose to pull-down GFP fusions and ChromoTek DYKDDDDK
Fab-Trap Agarose to pull-down Flag-tagged proteins. Total cellular
extracts of strains NCTC8325-4, 8325-4 TF-GFP, 8325-4 MurC-GFP,
8325-4 TF-GFP Slelr,, 8325-4 TF-3XFLAG, 8325-4 GFP-FtsK TF-
3XFLAG, 8325-4 4gfp-ftsK, and 8325-4 TF-3XFLAG GFP-HU (grown
in the presence of 0.1 mM IPTG) were obtained from 270 ml cul-
tures. For that, cultures were harvested at 3,000 g, for 15 min, the
pellet was resuspended in Lysis buffer (1x TBS buffer pH 7.5;
10 pg ml~' DNasel; 20 pg ml~' RNaseA; 100 ug ml~" lysostaphin;
5 mM MgCl,; Complete Mini Protease Inhibitor Cocktail tablet from
Roche) and incubated with shaking at 37°C for 1 h. Samples were
cooled on ice for 5 min and subsequently homogenized in a Speed-
Mill Plus (Bioanalytik Jena, 3x 1 min cycles). The cells lysates were
then centrifuged for 1 min three times (at 6,000, 13,000 and
18,000 g) to remove glass beads and cell debris. A 500 pl fraction of
each cleared sample was mixed with 50 pl of pre-equilibrated GFP-
Trap magnetic agarose (ChromoTek Cat No. gtma) or DYKDDDDK
Fab-Trap Agarose (ChromoTek Cat No. ffa) and incubated over-
night at 4°C rotating end-over-end. The beads were then washed
twice with Wash buffer (10 mM Tris—HCl pH 7.5; 150 mM NacCl;
0.5 mM EDTA), resuspended in 2x SDS-Sample Buffer (120 mM
Tris—HCI pH 6.8; 20% Glycerol; 4% SDS; 0.04% bromophenol blue;
10% B-mercaptoethanol), and boiled for 5 min. Western blot analy-
sis was performed to verify the presence of GFP fusions in the pull-
downed samples, using pabg GFP antibody rabbit polyclonal (Chro-
motek Cat No0.50430-2-AP, 1:1,000 dilution), TF-3xFLAG protein,
using Monoclonal anti-FLAG M2 mouse antibody (Sigma Cat No.
F1804; 1:2,000 dilution), and Slel using a 1:5,000 dilution of anti-
Slel antibody. For signal detection Goat Anti-Rabbit IgG StarBright
Blue 700 fluorescent secondary antibody (Bio-Rad Cat N0.12004161;
1:5,000 dilution) or Alexa-Fluor 594 goat anti-mouse IgG (H + L)
secondary antibody (Invitrogen, Molecular Probes Cat No.A-11005;
1:2,000 dilution) and an Invitrogen iBright Imaging System, were
used.

ClpX activity tests

ClpX activity in S. aureus strain 8325-4 CIpX®°*C and in the control
strains NCTC8325-4 and 8325-4AclpX was tested by analyzing these
strains sensitivity to cold (30°C) and their ability to hydrolyse milk’s
casein. NCTC8325-4, 8325-4 ClpX®*°C and 8325-4AclpX cultures
were grown at 37°C until ODgpopm 0.2, diluted, spotted on TSA
plates and grown overnight at 30°C or 37°C. Overnight cultures of
NCTC8325-4, 8325-4AclpX and 8325-4 ClpX®?°¢ were diluted 10°-
fold, plated on TSA containing 5% of skimmed milk, and grown
overnight at 37°C. In the presence of an active ClpX, milk’s casein is
hydrolysed, forming a transparent halo around the colonies. Three
independent experiments were performed.
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Proteome analysis

For proteome analysis, strains NCTC8325-4 and 8325-4AftsK were
grown with shaking in 300 ml TSB medium, in triplicates, until the
culture ODgponm reached 0.6. A 50 ml fraction of each culture was
cooled on ice for 5 min, cells were centrifuged for 10 min at
7,200 g, and resuspended in 0.5 ml PBS buffer supplemented with
complete mini protease Inhibitor Cocktail (Roche). Cell suspensions
were transferred to lysis tubes containing glass beads and subjected
to mechanical disruption in a homogenizer SpeedMill Plus (Bioana-
lytik Jena) programed to six 1-min cycles. Glass beads and cell
debris were removed in two steps of centrifugation each for 1 min
at 3,400 g. Protein concentration in whole cell extracts was deter-
mined using Bradford reagent (Thermo Scientific), and 8 pg of total
protein was loaded on 12% Mini-Protean TGX pre-cast gels (Bio-
Rad). Gel slices containing whole cell extracts were isolated and
analyzed by mass spectrometry at Proteome Center Tiibingen, Ger-
many. The MS data from all replicates were processed together
using MaxQuant software suite v.1.5.2.8 (Cox & Mann, 2008). Data-
base search was performed using the Andromeda search engine
(Cox et al, 2011), which is integrated in MaxQuant. MS/MS spectra
were searched against a target-decoy Staphylococcus aureus Uniprot
database consisting of 799 protein entries and 245 commonly
observed contaminants. In database search, full specificity was
required for trypsin digest. Up to two missed cleavages were
allowed. Carbamidomethylation of cysteine was set as fixed modifi-
cation, whereas oxidation of methionine and acetylation of protein
N-terminus were set as variable modifications. Initial mass tolerance
was set to 4.5 parts per million (ppm) for precursor ions and 0.5 dal-
ton (Da) for fragment ions. Peptide, protein, and modification site
identifications were reported at a false discovery rate (FDR) of 0.01,
estimated by the target/decoy approach (Elias & Gygi, 2007). Label-
free algorithm were enabled, as was the “match between runs”
option for samples within one biological replicate (Luber
et al, 2010). Label-free quantification (LFQ) protein intensities from
the MaxQuant data output were used for relative protein quantifica-
tion. Downstream bioinformatic analysis (two-sample t-tests and
Vulcano plots) was performed using the Perseus software package,
version 1.5.0.15. Data were filtered for contaminants, reverse and
only identified by site entries. Two sample tests were performed,
considering P < 0.05 to be statistically significant and setting
SO = 0.

RNA sequencing

To analyze NCTC8325-4 and 8325-4AftsK transcriptomes, we
extracted total RNA samples from three independent replicates of
each of these strains. For that, NCTC8325-4 and 8325-4AftsK cul-
tures were grown until ODgggnm 0.6, cells were harvested, and RNA
was extracted using Qiagen RNA Easy Kit. RNA samples were sent
to CeGaT—Center for Genomics and Transcriptomics, Tuebingen,
Germany, for library preparation and sequencing using an Illumina
HiSeq platform (2 x 100 bp read length). Demultiplexing of the
sequencing reads was performed with Illumina CASAVA (2.17).
Reads quality was analyzed with FastQC (Andrews, 2010). Adapters
were trimmed with Skewer (version 0.1.116; Jiang et al, 2014).
Trimmed raw reads were aligned to NCTC8325 reference genome.
Mapped reads were counted using HTSeq-count (version 0.6.1pl
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with the additional options —i ID and -t gene; Anders et al, 2015).
Analyses of differential expression between NCTC8325-4 and 8325-
4AftsK were performed with DESeq2 in R (Love et al, 2014). DESeq2
uses a negative binomial generalized linear model to test for differ-
ential expression based on gene counts.

Bacterial two hybrid assay

For bacterial adenylate cyclase two hybrid (BACTH) interaction
studies, genes tig, clpX, divIC, ftsK, and the sequence encoding FtsK
N-terminal and linker domains (ftsKy.) were amplified from
NCTC8325-4 genome and cloned into BACTH vectors pKNT25,
pKT25, pUT18, and pUT18C (Karimova et al, 1998). PCR to obtain
clpX, divIC, ftsKyy and ftsK were preformed using, respectively, the
primers pairs ClpX_FW_Xmal/ClpX_BTH4_Sacl, DivICBTH1_1bp-
BamHI/DivICBTH2_Kpnl, FtsKP7/FtsK NL_BTH4_Sacl and FtsKP7/
FtsK_BTH4_Sacl. The obtained clpX, ftsKn. and ftsKk DNA frag-
ments were digested with Xmal/Sacl and fused in-frame to the 5
end of the cyaAr,s gene in pKNT25, giving rise to pClpXT25,
pFtsKT25 and pFtsKy;T25, respectively. The divIC PCR product
was digested with BamHI/Kpnl and cloned in-frame with cyaAr;s
3’ end in pKT25, generating pT25DivIC. Plasmid pFtsKT18 was
also produced by cloning the above described ftsKk DNA fragment
in-frame with cyaAr;s 5° end in pUT18. PCR fragments encom-
passing tig and clpX genes were amplified using, respec-
tively, primers pairs Tig Fw3_1bpXbal/Tig Rvl_Kpnl and
ClpX_BTH1_BamHI/ ClpX_BTH2_Kpnl_STOP and digested with
Xbal/Kpnl or BamHI/Kpnl. The digested fragments were then
cloned into pUT18C, in-frame with cyaAr;s 3’ end, giving rise to,
respectively, pT18TF and pT18ClpX. All inserted fragments were
confirmed by sequencing. The resulting plasmids were initially
obtained and propagated in E. coli DHS5a and then different combi-
nations were co-transformed in the reporter strain BTH101 (Kari-
mova et al, 1998; cya-deficient) that was incubated at 30°C in LA
containing 40 pg ml~' X-Gal, 0.5 mM IPTG, 100 pg ml~' ampicillin
and 50 pgml™' kanamycin. ONPG  (2-Nitrophenyl p-D-
galactopyranoside) was used to assess the B-galactosidase activity
of cell extracts obtained from liquid cultures of each co-
transformed BTH101 strain, using the methodology described pre-
viously by Karimova et al (1998). B-galactosidase activity is
expressed in Miller units where 1 Miller unit is equal to 1,000
[(Ag20nm — 1.75A550nm)/TVAgoonm] Where T is the reaction time in
minutes and V is the volume of culture assayed in milliliters. Data
for each pair of T25 and T18 fused proteins results from 14 inde-
pendent experiments. Statistical analysis was made using the
GraphPad Prism software to calculate the P-values with two-tailed
Mann-Whitney U test. Significant P-values were indicated with
asterisks: **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Data availability
Source code of Python scripts used for the analysis can be found in
https://github.com/BacterialCellBiologyLab/CellAverager.

Strains and plasmids will be made available upon reasonable

request.

Expanded View for this article is available online.
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