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Summary

The opportunistic pathogen Staphylococcus aureus is a major contributor to a range
of different infections in human and animals that have become difficult to treat
because of the rise of antibiotic resistant strains. New antibacterial strategies are
therefore needed. Processes related to bacterial multiplication and cell integrity are
attractive therapeutic targets since these involves proteins and mechanisms that are
essential for the bacterium. Detailed understanding of such processes, as well as
genetic tools to study them, is therefore needed to facilitate development of new
combat strategies. The work in this thesis contributed (i) to identify and elucidate the
role and importance of novel cell division factors in spherical-shaped S. aureus (ii) to
understanding the functional conservation of these cell division factors in bacterial
species with other cell shapes (oval-shaped Streptococcus pneumoniae and rod-
shaped Lactobacillus plantarum) and (iii) to develop CRISPR interference (CRISPRi)
systems for controlled knockdown of essential genes in S. aureus and Lactobacillus

plantarum.

In Paper I and II, the membrane proteins CozEa and CozEDb in S. aureus were studied.
CozEa and CozEb were identified as putative cell division factors in Paper I due to
their homology to the S. pneumoniae elongation factor CozE (coordinator of zonal
elongation). Staphylococcal cells do not elongate in the same manner, so we were
encouraged to investigate their function in spherical S. aureus. Since a double deletion
mutant of the CozE proteins was lethal, we developed and utilized a CRISPRi tool to
show that the CozE proteins mediate cell division control, possibly through
interactions with the early cell division protein EzrA. We also showed that the CozE-
EzrA interaction was conserved in S. pneumoniae and that the staphylococcal CozE
proteins could complement the cozE deletion phenotype of S. pneumoniae. By further
investigating the functions of these proteins in Paper II, we found that the CozE
proteins have a functional link to the biosynthesis of staphylococcal lipoteichoic acids
(LTA), and that CozEb is involved in control of LTA polymer length. Defects in the LTA
biosynthesis pathway and altered LTA length have previously been shown to produce
enlarged cells and septum formation abnormalities in S. aureus. Together, the results
in Paper I and II, demonstrate that the CozE proteins affect this interplay between

LTA biosynthesis and cell division.

In Paper III, we performed a subcellular localization- and gene knockdown screen of

essential staphylococcal proteins with unknown function in an attempt to identify

\



novel factors affecting the cell cycle of S. aureus. A gene with locus tag
SAOUHSC_01908 was selected for further studies based on its observed subcellular
localization and cell division defects upon depletion. This protein, named
staphylococcal morphology determinant A (SmdA), was shown to be essential for
proper cell morphology maintenance during cell division, by affecting several stages
of the cell division process. Notably, the knockdown of the protein also increased the
sensitivity of resistant S. aureus to cell wall targeting antibiotics, and in particular §3-

lactams.

Finally, in Paper 1V, L. plantarum was developed as a model to study cell division
factors in rod-shaped, Gram-positive bacteria. L. plantarum has been extensively
studied for its potential as a probiotic, and as a delivery vehicle of antigens and other
therapeutic molecules, but increased knowledge about essential processes in this
bacterium is needed for further strain improvements. A CRISPRi system was
constructed as a new genetic tool for studies of essential genes. By using this CRISPRi
system, phenotypes resulting from knockdown of established cell cycle factors (dna4,
ezrA, acm2) were reported and used to demonstrate the functionality of the system.
We show that the CozE homologs in L. plantarum are non-essential and not involved
in cell elongation or -division in this species. On the other hand, the recently
discovered pneumococcal EloR and KhpA proteins are important for cell elongation

in this bacterium.
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Sammendrag

Den opportunistiske patogene bakterien Staphylococcus aureus forarsaker en rekke
ulike infeksjoner i mennesker og dyr som har blitt vanskelige 4 behandle pa grunn av
spredningen av antibiotikaresistente stammer. Det er derfor et behov for nye
antibakterielle strategier. Proteiner og mekanismer som pavirker celledeling og
celleintegritet er essensielle for at bakterien skal overleve, og er derfor attraktive
angrepspunkter for antibiotika. Detaljert forstaelse av slike prosesser, sa vel som
genetiske verktgy for 4 studere dem, er derfor ngdvendig for a tilrettelegge for
utviklingen av nye strategier. Arbeidet i denne oppgaven har bidratt med (i) a
identifisere og belyse funksjonen til nye celledelingsfaktorer i den kokkformede
bakterien S. aureus, (ii) a forsta hvordan funksjonen til disse celledelingsfaktorene er
konservert i bakteriearter med andre fasonger (den ovalformede Streptococcus
pneumoniae og den stavformede Lactobacillus plantarum), og (iii) & utvikle CRISPR
interferens (CRISPRi)-systemer for kontrollert nedregulering av essensielle generi S.

aureus og L. plantarum.

[ Artikkel I og Il ble membranproteinene CozEa og CozEb studerti S. aureus. CozEa og
CozEb ble identifisert som antatte celledelingsfaktorer i Artikkel I pa grunn av deres
homologi til S. pneumoniae sin elongeringsfaktor CozE («coordinator of zonal
elongation», koordinator av lateral forlengelse av cellen). Siden stafylokokkceller er
runde, forlenger de seg ikke pd samme mate som ovalformede streptokokkceller, sa
vi gnsket derfor & undersgke hvilken funksjon CozE har i S. aureus. Det var ikke mulig
a fjerne begge cozE genene samtidig i S. aureus. Derfor utviklet vi et CRISPRi-verktgy
og brukte dette til 4 vise at CozE-proteinene er involvert i kontroll av celledelingen i
S. aureus. Dette skjer muligens via interaksjoner med det tidlige celledelingsproteinet
EzrA. Vi viser ogsa at denne CozE-EzrA interaksjonen er konservert i S. pneumoniae,
og at CozE-proteinene fra stafylokokker kan komplementere cozE
delesjonsfenotypen i S. pneumoniae. Ved a videre undersgke funksjonene av disse
proteinene i Artikkel II, fant vi ut at CozE-proteinene har en funksjonell kobling til
biosyntesen av stafylokokker sin lipoteikoinsyre («lipoteichoic acids», LTA, anionisk
overflatepolymer som er festet i membranen). Spesifikt ble det vist at CozEb er
involvert i lengdekontroll av LTA-polymerene. Defekter i biosyntesen av LTA, samt
forandringer i lengden av LTA, har tidligere blitt vist a fgre til forstgrrede celler og
unormale septumdannelser i S. aureus. Til sammen viser resultatene i Artikkel I og 11
at CozE-proteinene pavirker dette samspillet mellom biosyntesen av LTA og

celledeling.
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I Artikkel III utfgrte vi en subcelluleer lokaliserings- og nedreguleringsscreen av
essensielle stafylokokkproteiner med ukjent funksjon, i et forsgk pa a identifisere nye
faktorer som pavirker cellesyklusen til S. aureus. Et gen, med lokusnavn
SAOUHSC_01908, ble valgt ut til videre studier fordi dette proteinet lokaliserte til
septum av cellen, og klare celledelingsdefekter ble observert ved nedregulering av
genuttrykket. Dette proteinet, som vi her kaller SmdA («staphylococcal morphology
determinant A»), ble vist & veere essensielt for riktig cellemorfologi gjennom
pavirkning av flere steg i celledelingsprosessen. Szrlig interessant var det at
nedregulering av dette proteinet medfgrte gkt sensitivitet mot antibiotika som
angriper celleveggen i S. aureus. Spesielt ble methicillinresistente stafylokokker vist
a bli mer sensitive for betalaktamer.

Til slutt, i Artikkel IV, ble L. plantarum utviklet som en modell for & studere
celledelingsfaktorer i stavformede, Gram-positive bakterier. L. plantarum har blitt
forsket mye pa for dens potensial som probiotikum og som leveringsvektor for
antigener og andre terapeutiske molekyler. Likevel vil gkt kunnskap om essensielle
prosesser i denne bakterien vezere viktig for videre forbedring av aktuelle
bakteriestammer. Et CRISPRi-system ble konstruert som et nytt genetisk verktgy for
studier av essensielle gener i denne bakterien. Ved a bruke dette systemet viste vi
fenotyper fra nedregulering av kjente cellesyklusfaktorer (dnad, ezrA, acmz2), for a
demonstrere funksjonaliteten av nedreguleringssystemet. Vi viste ogsa at CozE-
homologene i L. plantarum ikke er essensielle eller involvert i celleforlengelse eller -
deling i denne bakteriearten. Derimot ble to andre nylig karakteriserte
elongeringsfaktorer hos S. pneumoniae, EloR og KhpA, vist & vere viktige for

celleforlengelse i denne bakterien ogsa.
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Introduction

1. Introduction

Antibiotics target essential processes and structures in bacteria to kill the cells or stop
their multiplication. Most pathogenic bacteria multiply by binary fission, although the
exact mechanisms of division vary due to differences in cell morphologies between
species. Some of the conserved cell cycle processes, such as DNA replication and
synthesis of peptidoglycan in the bacterial cell wall, are well established targets for
commonly used antibiotics. For example, fluoroquinolones inhibit DNA synthesis,
while B-lactams, such as penicillin, stops synthesis of peptidoglycan. However, with
the development and spread of antibiotic resistance, there is an urgent need to
explore novel therapeutic targets in antibiotic resistant pathogens. In this context,
there are still processes critical for bacterial cell division, morphology maintenance
and cell integrity, which are potentially excellent, but yet underexploited antibiotic
targets. This include for example proteins involved in the early stages of cell division
(Sass & Brotz-Oesterhelt, 2013) and teichoic acid biosynthesis (Pasquina et al., 2013).
In order to fully appreciate the repertoire of potential antibiotic targets in the
bacterial cell cycle, it is of critical importance to understand how the proteins
involved work and how different processes are functionally linked. By studying such
essential processes, new possible targets for future therapeutics can appear, as well

as new knowledge that represent unknown values in the future.

In the work of this thesis, essential, yet unstudied proteins and processes important
for maintaining cell morphology and integrity during cell division in the priority
pathogen Staphylococcus aureus (Tacconelli et al., 2018) have been identified and
investigated. In addition, some of the same proteins have also been studied in bacteria
with other shapes and modes of division to understand their functional conservation
across different bacteria. In the following sections, a general background on
important structures and processes involved in the cell cycle of the spherical
bacterium S. aureus are given, as well as some details on cell division factors in oval-

shaped Streptococcus pneumoniae and rod-shaped Lactobacillus plantarum.



Introduction

1.1. Staphylococcus aureus — an antibiotic
resistant opportunistic pathogen

Staphylococcus aureus is a Gram-positive, spherical bacterium belonging to the
Firmicutes. It is an opportunistic pathogen in human and animals, and 20-30 % of the
human population is persistent nasal carriers (Kluytmans et al, 1997; Sakr et al,,
2018). Infections can manifest in different ways, ranging from superficial skin
infections to invasive, life-threatening infections like sepsis, endocarditis, or
meningitis. S. aureus infections are commonly treated with antibiotics from the (3-
lactam class, such as oxacillin or cephalosporins, or with the glycopeptide
vancomycin, depending on the antibiotic susceptibility profile of the infectious strain
(David & Daum, 2017). However, the emergence of antimicrobial resistant strains has
made staphylococcal infections more difficult to treat. As mentioned above, a
common feature of antibiotics is that they target essential processes that the bacterial
cells rely on to be able to divide and survive. These targeted processes can be the
synthesis of the cell wall, the integrity of the cell membrane, DNA transcription or
protein translation (Etebu & Arikekpar, 2016). Bacteria have, however, an incredible
ability to adapt to external changes, such as antibiotic exposure, and S. aureus is no
exception. For instance, while -lactams target cell wall synthesis by binding to the
so-called penicillin binding proteins (PBP), the problematic methicillin-resistant S.
aureus (MRSA) acquired a gene, mec4, encoding an additional PBP (PBP2A) that has
lower affinity for B-lactams. PBPs are essential in the synthesis of peptidoglycan, the
major constituent of the cell wall, and by expressing PBP2A, MRSA can continue this
vital process even in the presence of 3-lactam antibiotics (Hartman & Tomasz, 1984;
Rossi et al, 1985; Ubukata et al, 1985). Similarly, the equally problematic
vancomycin-resistant S. aureus (VRSA) has acquired vancomycin resistance genes
from enterococci to alter the target for this class of antibiotics (McGuinness et al.,
2017).

1.2. Surrounding the staphylococcal cell

A bacterial cell is surrounded by several layers of polymeric structures. These are
critical for cell integrity and shape, as well as for protection and communication with
the external environment. A simplified overview of the cell envelope layers of S.
aureus is given in Fig. 1. In the outermost layer, facing the environment, is a

polysaccharide capsule. The capsule, which helps S. aureus avoid the immune system
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and phagocytic engulfment, can vary greatly both in thickness and composition.
Eleven different serotypes of capsular polysaccharides have so far been identified,
and the level of expression is highly variable and dependent on environmental
conditions (O'Riordan & Lee, 2004; Sompolinsky et al., 1985). Under this capsule, the
staphylococcal cell wall is located. This structure encloses the cell membrane and
provides structural support against the high internal turgor pressure and
maintenance of cell shape. The main component of the cell wall is peptidoglycan, a
macromolecule that serves as an anchor for polysaccharides, proteins, and wall
teichoic acids (Section 1.2.1. and 1.2.2.). Finally, the cytoplasmic membrane,
consisting of a bilayer of phospholipids as well as conjugated lipids, glycolipids and
lipoteichoic acids (Section 1.2.2), represents a selective permeability barrier
between the inside and outside of the cell. It also consists of integrated membrane
proteins and building blocks for the extracytoplasmic cell wall structures, that needs

to be translocated across the membrane at some point during cell wall synthesis.

Wall teichoic acid  Lipoteichoic acid Lipoprotein

Capsule

> Peptidoglycan

Cytoplasmic
membrane

i
|
\ Proteins

Fig. 1. Schematic overview of the surrounding layers of a staphylococcal cell. The layers

consist of the cytoplasmic membrane, peptidoglycan, and a capsule. Proteins, lipoproteins,
lipoteichoic acids and wall teichoic acids attached to the cell wall or membrane are indicated.

Figure created with BioRender.com.
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1.2.1. Structure of staphylococcal peptidoglycan

The cell wall of S. aureus is about 20 nm (Pasquina-Lemonche et al., 2020) where the
main component is a mesh of peptidoglycan (PG). The core unit of PG is a B-1>4
linked N-acetylglucosamine (GlcNAc)-N-acetylmuramic acid (MurNAc) disaccharide,
where a stem peptide is attached to MurNAc (Ghuysen, 1968; Giesbrecht et al., 1998).
The PG mesh is composed of glycan chains of alternating GlcNAc and MurNAc
residues, with an average length of approximately 10 disaccharides (Sidow et al,,
1990), linked together by peptide bridges between the stem peptides (Fig. 2). The
stem peptides, consisting of L-alanine, D-glutamine, L-lysine, and two D-alanine
residues, are connected between the L-lysine of one stem peptide to the fourth D-
alanine of another stem peptide by a pentaglycine cross-bridge (a process which
result in loss of the terminal D-alanine; Fig. 2). It is estimated that about 90 % of the
stem peptides form such bridges to connect the glycan chains (Labischinski, 1992).

This results in a high degree of crosslinking, a characteristic trait of S. aureus.

@@ Disaccharide
@ GlcNAC
@ MurNAc

® L-Ala

: [ ] ® DGlu
® L-Lys

® D-Ala

(Gly)s

Fig. 2. Crosslinking of glycan chains. A stem peptide, attached to MurNAc of the disaccharide
backbone, forms a pentaglycine bridge through its L-lysine with D-alanine of another stem
peptide. Figure created with BioRender.com.

1.2.2. Teichoic acids

Teichoic acids are anionic glycopolymers usually made of glycerol-phosphate (GroP)
or ribitol-phosphate (RboP). Itis believed that teichoic acids compensate for the outer
membrane found in Gram-negative bacteria which are absent in Gram-positives.
Collectively, the PG and teichoic acids are responsible for, among other things,
molecule trafficking, regulation of hydrolases, cation homeostasis and protection
against environmental stress factors. Additionally, they represent an anchor site for

extracellular proteins and function as important virulence factors (Neuhaus &
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Baddiley, 2003; Swoboda et al., 2010; Xia et al.,, 2010a). Teichoic acids are either
covalently linked to the PG and called wall teichoic acid (WTA), or linked to the
membrane and hence called lipoteichoic acid (LTA). In wild-type cells, it is possible
to knock out WTA production, but not simultaneously as LTA synthesis is
compromised (Oku et al., 2009). On the other hand, LTA synthase mutants usually
obtain suppressor mutations, and LTA is thus more essential for staphylococcal
viability than WTA (Hesser et al., 2020a).

1.2.2.1.  Structure of wall teichoic acids (WTA)

The structure of WTA can vary between bacterial species, but WTA of S. aureus mainly
consist of polyribitol phosphate (poly-RboP) (Fig. 3). WTA is linked to MurNAc in the

PG via a linkage unit consisting of a GIcNAc-1-P and N-acetylmannosamine (ManNAc)

disaccharide with two GroP units linked to ManNAc. The main chain consists of 11-
40 RboP units (Neuhaus & Baddiley, 2003; Swoboda et al.,, 2010; Xia et al., 2010a)
(Fig. 3). The phosphate groups are negatively charged, but WTA are usually
decorated with D-alanine residues that have a positive charge through the free amino
group (Baddiley et al., 1962; Xia et al., 2010a). Additionally, WTA are glycosylated by
addition of GlcNAc to the RboP units through a- or $-O-linkages (Sanderson et al,,
1962; Winstel et al., 2014). The substitution patterns (addition of D-alanine and a-
and/or -0 linked GlcNACc) are different among S. aureus strains and have been shown
to vary in response to environmental conditions. Furthermore, these modifications
are important for the bacterial physiology, for instance regarding resistance to
harmful molecules, as well as nasal colonization and pathogenesis (Mistretta et al.,
2019; Swoboda et al., 2010; Winstel et al,, 2015). A recent study by Du et al. (2021),
for example, demonstrated that Staphylococcus epidermidis changed from WTA
consisting of GroP to RboP (S. aureus type) when switching from a commensal to
pathogenic lifestyle. This emphasize the role of WTA in the physiology and
pathogenesis of S. aureus. A further description of WTA biosynthesis is given in
Section 1.3.3.2.

1.2.2.2.  Structure of lipoteichoic acids (LTA)

The structure of staphylococcal LTA is less diverse between strains than that of WTA.

LTA consists of chains of poly-GroP attached to the plasma membrane through a
diglucosyl-diacylglycerol (GlczDAG) lipid anchor (Fig. 3). LTA and Glc2DAG constitute
approximately 5 % and 7 % of the lipids in the S. aureus membrane, respectively,
while the remaining constituents are non-glycosylated DAG (20 %) and

phospholipids (primarily phosphatidylglycerol) (Koch et al., 1984). LTA is believed to
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not extend through the whole PG and thus not be surface exposed (Fig. 1)
(Reichmann et al., 2014). As WTA, LTA is also decorated with D-alanyl esters at the
GroP units, modulating their charge and properties (Reichmann & Griindling, 2011;
Xia et al,, 2010a), and can be glycosylated with GlcNAc (Rismondo et al,, 2021). A
further description of the LTA synthesis pathway is given in Section 1.3.3.3.

WTA o
g @
O o
> T
o > 3
= o 0
3 -P-GlcNAc-ManNAc{-P-Glycerol |
>
) 4
é\ x2J x 40
(2]
§ Linkage unit
(1]
LTA  Fatty acid- @ E
Fatty acid - E )
8 -Glc-GlctP-Glycerol
x 18-50

Fig. 3. Schematic representation of the structures of staphylococcal teichoic acids.
Structure of wall teichoic acid (WTA) is shown at the top, and the structure of lipoteichoic acid
(LTA) is shown at the bottom. The figure is reprinted from Xia et al. (2010a) with permission
from Elsevier.

1.3. The cell cycle of S. aureus

Division of a bacterial cell into two daughter cells is a vital process for survival and
growth. The time between each division is defined as a cell cycle. During such a cycle,
the bacterial cell needs to replicate the DNA and segregate the chromosomes,
synthesize new cell wall, and eventually divide and split. Proteins and protein
complexes involved in these processes have to exert their functions in a timely and
spatially coordinated manner to ensure that one cell in the end splits into two equal
daughter cells, each consisting of a fully segregated nucleoid protected by the
surrounding layers (Fig. 1). Malfunctions in one of the cell cycle processes will be
detrimental to the integrity, morphology and eventually survival of the cells. Such
malfunctions may be due to incorrect levels or activities of enzymes involved, or

inaccurate timing and/or -subcellular localization of the processes.
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1.3.1. Chromosome replication and segregation

Replication of the circular chromosomal DNA is initiated by binding of the replication
initiation factor DnaA to AT-rich sequences within the single origin of replication,
oriC. DNA is unwinded and the replication machinery, also known as the replisome,
assembles. The replisomes synthesize new DNA bi-directionally from oriC until they
meet the replication terminus, ter. Here, the replisome dissolves and the cell now

holds two sets of sister chromosomes (Hajduk et al., 2016; Katayama et al., 2010).

Next, the two sister chromosomes need to be segregated into two sister cell
compartments within the cell. Several processes, primarily studied in other bacteria,
have also been shown to be important to ensure proper chromosome segregation in
S. aureus. The structural maintenance of chromosomes (SMC) complex and
ParB/Spo0] (Chan et al,, 2020; Yu et al, 2010) are two proteins with connected
functions. ParB/Spo0] is a DNA-binding protein which binds to specific parS
sequences in the oriC-proximal region (Chan et al., 2020; Gruber & Errington, 2009).
The SMC protein is a condensin that has an important role in packing and
organization of the chromosome (Britton et al, 1998). SMC has been shown to
interact with ParB/Spo0Q] (Sullivan et al., 2009) and Chan et al. (2020) demonstrated
that SpoOJ and SMC work together for maintaining proper chromosome segregation
in S. aureus: correct localization of SMC was dependent on SpoO], and deletion of
spo0J and smc simultaneously increased the number of cells with segregation defects,

although the viability of S. aureus was not severely affected.

Furthermore, DNA translocases, which act as DNA pumps, that move the
chromosomes into the two daughter cells at the very end of septum formation, are
important in the last steps of chromosome segregation. It has been shown that S.
aureus requires either the DNA translocase SpolllE or FtsK to obtain normal
chromosome segregation (Veiga & G Pinho, 2016). By examining cells with almost
completed septum, Veiga and G Pinho (2016) observed that SpolllE concentrated in
foci inside the septum opening in 50 % of the cells, where SpollIE is thought to
actively pump DNA away from being bisected by the septum.

Neither the SMC/SpoO] system nor SpolllE/FtsK translocases are essential, although
deletion of both SMC and SpoO] simultaneously, or SpollIE and FtsK simultaneously,
results in an increase of chromosome management defects (Chan et al., 2020; Veiga
& G Pinho, 2016). To my knowledge, it is not investigated if deletion of SMC/SpoO]
and SpollIE/FtsK is lethal or if cells still would be viable. Nonetheless, it seems likely

7
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that S. aureus has several systems, partially overlapping, to ensure efficient
chromosome segregation. Furthermore, the lack of essentiality of these proteins have
been proposed to be a result of the involvement of additional passive processes
affecting the nucleoid in chromosome segregation, such as DNA replication, DNA
transcription and entropy, as concluded from studies in other bacteria and by
computer modeling (Dworkin & Losick, 2002; Jun & Mulder, 2006; Lemon &
Grossman, 2001; Pinho et al, 2013). While the studies so far render the
abovementioned proteins as important for proper chromosome segregation in S.
aureus, they also support the existence of additional systems contributing to this
essential process.

1.3.2. Selection of division plane, assembly of the Z ring and the
divisome
To coordinate cell division and cell wall synthesis with chromosome segregation,
correct selection of division plane is crucial. Up until recently, staphylococcal cells
were thought to be fully spherical with an intricate geometry of division site selection
in which cell division occurred in three consecutive, perpendicular planes. Recent
research have, however, shed new light on details underlying staphylococcal division.
Monteiro et al. (2015) utilized super-resolution microscopy to demonstrate that S.
aureus in fact does elongate slightly during growth, and Reichmann et al. (2019)
showed that S. aureus harbour both septal and lateral PG synthesis machineries
(Section 1.3.3.1.). Saraiva et al. (2020) finally demonstrated that division in fact does
not necessarily happen in three consecutive, perpendicular planes, as previously

thought, although the division plane is always perpendicular to the previous.

In bacteria, division site selection is controlled at the level of division ring (also
known as Z ring) assembly, where the initial cell division protein FtsZ polymerizes
and forms a scaffold for other proteins involved. Two well-established systems for
division site selection exist; the Min- and nucleoid occlusion (Noc) system, but only
the latter is present in S. aureus. The Noc protein binds DNA, presumably all over the
chromosome but with concentrated levels near oriC, and inhibits polymerization of
FtsZ and hence formation of the Z ring. As segregation of the chromosomes
progresses, less Noc will be present at midcell. Consequently, the Z ring assembly can
start at this Noc-free location and the division plane is determined (Veiga etal., 2011).

Noc is, additionally, shown to be a regulator of DNA replication initiation, and thus
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represent the tight relationship and interplay between the processes of chromosome
biology and cell division (Pang et al., 2017). Another protein linking these processes
is CcrZ, a recently discovered conserved cell cycle regulator in Firmicutes, which

couples Z ring formation to initiation of DNA replication by DnaA (Gallay et al., 2021).

As mentioned, cell division initiates by polymerization of FtsZ into the Z ring (Begg &
Donachie, 1985; Bi & Lutkenhaus, 1991). FtsZ is a cytoplasmic tubulin homologue,
that assembles into dynamic filaments in a GTP-dependent manner (De Boer et al.,
1992). Attachment of FtsZ to the inner surface of the cytoplasmic membrane is
achieved by FtsA. FtsZ is a highly conserved protein among bacteria, and the Z ring
act as a scaffold for the recruitment of the other conserved cell division proteins,
which together establish a large complex of proteins called the divisome (Adams &
Errington, 2009). Proteins that have been identified as regulators of Z ring formation
and part of the divisome include EzrA, SepF and GpsB. EzrA was first identified in
Bacillus subtilis as a negative regulator of Z ring assembly (Levin et al., 1999), and has
been shown in S. aureus to be important for cell size homeostasis and for linking late
cell wall synthesis proteins (extracellular processes) with the intracellular division
ring (Jorge et al., 2011; Steele et al.,, 2011). EzrA interacts with many cell division
proteins, and both GpsBs and PBP2s septal localization is dependent on EzrA (Steele
et al, 2011). Using super-resolution microscopy, Lund et al. (2018) showed that
inhibition of division ring assembly (targeting FtsZ) caused both FtsZ, EzrA and PG
synthesis to delocalize (leading to morphogenic shape-changes and thick cell wall),
and that PG synthesis (see Section 1.3.3.1.) followed the localization of FtsZ and
EzrA.

When the Z ring is assembled, recruitment of the other proteins which constitutes the
divisome starts. The main early division proteins (after FtsZ) are already mentioned,
FtsA and EzrA, while SepF, GpsB, FtsL, DivIB and DivIC are proteins commonly
referred to as late division proteins. Additionally, the PG synthesizing proteins PBP1,
PBP2, PBP3, PBP4, RodA and FtsW are also members of the divisome. All the proteins
constituting the divisome either have an active role in synthesis of new PG or in
coordination of these processes related to cell division (Booth & Lewis, 2019; Pinho
et al.,, 2013). Recent developments have shown that the Z ring and the divisome do
not constitute a fixed ring-structure, but rather moves dynamically around as patches
in the division plane due to polymerization and depolymerization of FtsZ (Bisson-

Filho et al, 2017). This dynamic movement, called treadmilling, is particularly
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important for the early phase of cell division (Monteiro et al., 2018; Whitley et al,,
2021).

1.3.3. Synthesis of new cell wall

In order to maintain cell morphology and integrity during cell growth and division,
new cell wall needs to be synthesized for incorporation into the existing PG mesh and
for making the septal cross wall. In Section 1.2.1. and 1.2.2,, the structures of the

main parts constituting the cell wall were explained.

1.3.3.1.  The biosynthetic pathway of peptidoglycan production
The synthesis of PG (see structure in Section 1.2.1.) is a multistep process which

starts in the cytoplasm, continues at the inner membrane leaflet before the final
polymerization steps occur at the outside of the cell membrane (overview in Fig. 4).
Initially, the uridine diphosphate (UDP)-linked sugar precursors are made in the
cytoplasm. UDP-N-acetylglucosamine (UDP-GIcNAc) is synthesized first from
fructose-6-phosphate, catalyzed by the enzymes GImSMU (Barreteau et al., 2008).
The enzymes MurA and MurB uses UDP-GIcNAc to produce UDP-MurNAc, before the
amino acids, constituting the stem peptide, are attached consecutively by the
enzymes MurCDEF, to make UDP-MurNAc-pentapeptide (Barreteau et al., 2008).
Next, the membrane protein MraY catalyzes the linking of the MurNAc-pentapeptide
to the transport lipid undecaprenyl phosphate (Css-P, also known as bactoprenol),
making lipid I. Lipid II is then formed by MurG, which adds GIcNAc to lipid I (Bouhss
etal., 2007). Still at the inner surface of the plasma membrane, the pentaglycine chain
(Glys) is added to the third amino acid in the stem peptide, L-lysine, by a process
catalyzed by FemABX (Rohrer & Berger-Bachi, 2003). At this point, Lipid II-Glys is
flipped to the outer side of the plasma membrane by Mur] (Sham et al, 2014).
Importantly, Mur] seems to be the protein responsible for directing peptidoglycan
synthesis to the septum (Monteiro et al.,, 2018), and the last steps of PG synthesis
takes place by transglycosylation (polymerization of subunits from lipid II to form the

glycan chain) and transpeptidation (crosslinking of stem peptides).
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Penicillin binding proteins (PBPs) are the main proteins involved in this final stage of
peptidoglycan synthesis. These proteins are grouped into low molecular mass (LMM)
PBPs and high molecular mass (HMM) PBPs, and the group of HMM PBPs is further
divided into class A PBPs (aPBPs), which are bifunctional with both transglycosylase
and transpeptidase activity, and class B PBPs (bPBPs), which only have
transpeptidase activity (Goffin & Ghuysen, 1998). S. aureus encodes four penicillin
binding proteins (PBP1-4) with variable essentiality; the essential PBP2 belongs to
class A, the essential PBP1 and non-essential PBP3 belongs to class B, while PBP4 is a
non-essential LMM PBP. PBPs are the target for the B-lactam antibiotics such as
penicillin. The MRSA strains encode a fifth PBP, namely the transpeptidase PBP2A,
with low affinity to B-lactams, thus being responsible for the B-lactam resistant
phenotype of these bacteria (Section 1.1.).

Exciting findings recent years have assigned specific functions to several
staphylococcal PBPs. It started when the functionality of RodA, a protein belonging to
the family of shape, elongation, division and sporulation (SEDS) proteins, was
elucidated in the rod-shaped B. subtilis (Meeske et al.,, 2016). SEDS proteins were
identified as a new family of PG polymerases, harboring transglycosylase activity.
They were shown to work together with bPBPs and thus act as transglycosylase and
transpeptidase pairs, where RodA and FtsW together with their cognate bPBP
polymerizes lateral and septal PG, respectively, in these cells (Cho et al., 2016; Emami
et al,, 2017; Taguchi et al.,, 2019). Rods and ovococci, like B. subtilis, E. coli and S.
pneumoniae, contains between 6 and 16 PBPs (Sauvage et al., 2008). These elongating
species hold two cell division machineries, namely the divisome and the elongasome,
where the latter is responsible for the lateral PG synthesis and elongation of the cells
(Den Blaauwen et al., 2008; Stamsas et al., 2017). Coccus-shaped S. aureus, on the
other hand, has been recognized as a simple model organism because it contains only
four PBPs which mainly synthesize PG in one machinery at septum (Pinho &
Errington, 2003; Reed et al,, 2015). On this basis, the presence of the SEDS members
RodA and FtsW in S. aureus raised the question on what role they exhibited in this
round-shaped bacterium. However, as it was shown that S. aureus elongate slightly
(Monteiro et al., 2015), these cells in fact also have an elongation-specific complex.
Specifically, RodA works in pair with PBP3 and FtsW works in pair with PBP1 to
perform the transglycosylation and transpeptidation reactions needed for elongation
and septal PG synthesis, respectively. The coordinated activity of these machineries
is therefore responsible for obtaining the coccoid cell morphology (Reichmann et al,,
2019).
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The only bifunctional PBP in S. aureus is PBP2. This protein has a septum-enriched
localization (Monteiro et al, 2018; Pinho & Errington, 2005), and while being
essential, the exact function is not known. It has been suggested that aPBPs in bacteria
are not involved in the primary PG synthesis, but instead being important for repair
and maintenance of the PG mesh (Straume et al., 2021). Whether this is true for S.
aureus awaits further studies. Finally, the LMM PBP4 of S. aureus function as a
secondary transpeptidase, responsible for the high degree of cross-linking found in S.
aureus (Atilano et al,, 2010; Wyke et al., 1981). PBP4 is additionally proven to be an
important contributor for 3-lactam resistance (Da Costa et al., 2018; Hamilton et al,,
2017; Henze & Berger-Bachi, 1995; Hill et al,, 2019; Memmi et al., 2008).

1.3.3.2.  Biosynthesis of wall teichoic acids
WTA of S. aureus primarily consists of RboP (Section 1.2.2.1. and Fig. 3), and the

genes involved in WTA biosynthesis in S. aureus are named tar for teichoic acid ribitol
(Sewell & Brown, 2014). A schematic presentation of WTA biosynthesis is found in
Fig. 5. The synthesis starts in the cytoplasm, where the linkage unit (GroP1-2-ManNAc-
GIcNAc-P, Fig. 3) is initially attached to the lipid carrier Css-P (bactoprenol) (Kojima
et al., 1983), which is the same lipid carrier used for the biosynthesis of PG (Section
1.3.3.1.). The first two enzymes, TarO and TarA, moves GIcNAc-1-P from UDP-GIcNAc
to Css-P (Soldo et al,, 2002) and attaches ManNAc, respectively, to make ManNAc-
GIcNAc-Css-P. The linkage unit is finalized by addition of two GroP units, attached
consecutively by TarB and TarF (Ginsberg et al, 2006; Sewell & Brown, 2014).
Subsequently, TarL catalyze the polymerization of RboP to produce WTA consisting
of poly-RboP (Brown etal.,, 2008). TarD and TarI] are the enzymes producing the WTA
precursors cytidine diphosphate (CDP)-Gro and CDP-Rbo, respectively (Badurina et
al, 2003; Pereira & Brown, 2004). While still intracellular, TarM and TarS are
responsible for, respectively, adding a- or -0 linked GlcNAc modifications (Brown et
al,, 2012; Xia et al., 2010b), before the TarGH ABC transport system exports the poly-
RboP across the membrane (Lazarevic & Karamata, 1995). Here, the DItABCD
proteins can further modify the molecules by decorating the poly-RboP by D-
alanylation (Neuhaus & Baddiley, 2003). The LytR-CpsA-Psr (LCP) proteins MsrR
(LcpA) and SA0908 (LcpB) are suggested to be responsible for the anchoring of poly-
RboP to the PG, as a deletion mutant (Alcp) was demonstrated to release WTA to the
culture medium (Chan et al., 2013; Dengler et al., 2012; Stefanovic¢ et al., 2021).
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Interestingly, it has been shown that the early biosynthetic genes tarO and tarA are
not essential, while the genes whose product functions later in the biosynthetic
pathway, like tarB, tarD, tarF, tarlL, tarl] and tarG, are essential. The essentiality of
these genes is however lost if tarO or tarA is deleted simultaneously, which indicates
that accumulation of intermediate products are toxic for the cells (D'Elia et al., 2006;
D'Elia et al., 2009; Meredith et al., 2008).

1.3.3.3.  Biosynthesis of lipoteichoic acids
LTA is linked to the cytoplasmic membrane via the Glc2DAG anchor, with a chain

consisting of D-alanylated poly-GroP (Section 1.2.2.2. and Fig. 3.). The biosynthesis
of LTA (Fig. 6) also starts in the cytoplasm with the glycosyltransferase UgtP (also
called YpfP), producing the Glc2DAG anchor. Specifically, UgtP catalyzes the transfer
of two glucose units, derived from UDP-Glc, to DAG (Jorasch et al., 2000; Kiriukhin et
al, 2001). LtaA is then responsible for transporting the Glc2DAG anchor across the
membrane (Griindling & Schneewind, 2007a), and on the extracellular side of the
cytoplasmic membrane, LtaS polymerize the GroP chain by utilizing
phosphatidylglycerol (Ptd-Gro) as source for the GroP units (Emdur & Chiu, 1975;
Glaser & Lindsay, 1974; Griindling & Schneewind, 2007b). DAG on the extracellular
side is a byproduct from this reaction and is probably recycled back into Ptd-Gro
(Jergaetal, 2007). The DItABCD is, as mentioned, responsible for D-alanylation of TA.
Intracellularly, DItA charges DItC with a D-alanine, which then will bind to the
membrane-bound channel protein DItB. It is not fully established how the next steps
continues, but it is believed to involve either a direct transfer of the D-alanine from
DItB to DItD, and subsequently to LTA, or with an intermediate step where DItB
transfers the D-alanine to a lipid carrier, before it moves to DItD and finally LTA (Ma
et al,, 2018; Rismondo et al,, 2021; Wood et al., 2018). Additionally, LTA can also be
glycosylated, and the glycosyltransferase CsbB, the flippase GtcA and the
glycosyltransferase YfhO are together responsible for attachment of GlcNAc onto LTA
(Kho & Meredith, 2018; Rismondo et al.,, 2021).
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@ glucose (Glc)
LTA diacylglycerol (DAG)
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Fig. 6. LTA biosynthesis in S. aureus. UgtP attaches two glucose (Glc) units (from uridine
diphosphate (UDP)-Glc) to diacylglycerol (DAG), creating Glc2DAG. LtaA translocate the anchor
to the extracellular side, and LtaS subsequently synthesize LTA by moving glycerolphosphate
(GroP) from phosphatidylglycerol (Ptd-Gro) to the growing chain. Figure created with
BioRender.com.

Deletion mutants of ugtP still produces LTA, but instead of being anchored via
Glcz2DAG, LTA is polymerized directly on Ptd-Gro (Kiriukhin et al., 2001). Similarly,
deletion mutants of Ita4 also have LTA, but exhibit reduced amounts of Glc2DAG-
anchored LTA compared to wild-type, and have a mixture of Glc2DAG- and Ptd-Gro-
anchored LTA (Griindling & Schneewind, 2007a). This implies that a fraction of the
UgtP-produced Glcz2DAG is still translocated over the membrane to some extent in the
absence of LtaA, by a yet unknown mechanism. Additionally, the length of LTA
polymers has proven to vary in relation to which anchor unit that is used, where the
Glc2DAG-anchored polymers are shorter than Ptd-Gro-anchored ones (Griindling &
Schneewind, 2007a; Hesser et al,, 2020a). Importantly, LTA length influences both
fitness and stress responses, where the shorter Glc2DAG-anchored LTA is preferable
(Hesser et al,, 2020a). Hesser et al. (2020b) demonstrated that LtaS has an inherent
capacity of controlling the LTA length based on the identity and concentration of the
starter units - the lipid anchors GlczDAG or Ptd-Gro, and that AugtP strains acquired
suppressor mutations in [/taS which rescued the abnormal long LTA phenotype. S.
aureus with deletion of either ugtP or ItaA is, as explained, still viable, but their
absence cause morphogenic changes in form of enlarged cells with both misplaced
and multiple septa (Hesser et al., 2020a; Kiriukhin et al., 2001). Deletion of the
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synthase [taS results in cells without LTA that are only able to grow at high sucrose-
or sodium chloride concentrations and exhibit highly aberrant cell morphologies
(Corrigan et al., 2011; Griindling & Schneewind, 2007b; Oku et al.,, 2009). These
deletion phenotypes, and results from protein-protein interaction studies between
LTA biosynthesis proteins and divisome proteins (Reichmann et al., 2014), strongly

suggest a tight link between LTA biosynthesis and coordination of cell division.

1.3.4. Cell splitting and hydrolases

After new PG is fully synthesized by the divisome, so that a septal wall physically
separates the two daughter cell compartments, splitting of the mother cell is needed.
The actual splitting process happens fast and is over within milliseconds (Monteiro
et al,, 2015; Zhou et al,, 2015). Hydrolases play an important role in cell splitting,
though, they are not believed to degrade the whole septal wall. Instead, these
enzymes initiate the splitting process by hydrolyzing the peripheral wall bridge that
connects the daughter cells (Fig. 7), and this, together with mechanical factors, results
in a sudden crack that separate the cells (Matias & Beveridge, 2007; Zhou et al,, 2015).

Daugther cell

Daugther cell

Fig. 7. Cell splitting. A simple, schematic illustration of where hydrolases act during splitting
of a cell. The enzymes do not hydrolyze the entire septal wall, but rather the peripheral wall
bridge that connects the two daughter cells. Grey; peptidoglycan, blue; cytoplasmic membrane,
yellow; low density zones, which both separates each daughter cells new cell wall and

corresponds to the periplasmic space between the membrane and the cell wall.

Bacterial hydrolases have different roles regarding what kind of bond in the
peptidoglycan they hydrolyze (Fig. 8). Glucosaminidases and muramidases cut bonds

within the glycan chain, amidases cut the bond connecting the stem peptide to the
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glycan chain, endopeptidases cut within the stem peptide, and carboxypeptidases cut

off the terminal amino acid of the stem peptide (Vollmer et al., 2008).

Muramidase Amidase
@ @ Disaccharide

@ GicNAC

& MurNAc
® L-Ala
Glucosamlnldase (] ® D-Glu
©® L-Lys
Carboxypeptidase -’3 ® ‘ Endopeptidase  ® D-Ala
(Gly)s

Fig. 8. Target point of different hydrolases. The figure illustrates which bonds in the
peptidoglycan that are cleaved by the different groups of hydrolyses. Glucosaminidases and
muramidases cleaves the glycosylic bonds in the glycan chain, while amidases cleaves off the
entire stem peptide, endopeptidases cuts within the stem peptide, and carboxypeptidases cuts

off the terminal amino acid of a stem peptide. Figure created with BioRender.com.

S. aureus holds many different hydrolases, whose roles are important for both
remodeling of PG and for cell splitting. The major hydrolase of S. aureus, and the best
characterized one, is Atl. This is a bi-functional hydrolase that contains two functional
domains; an amidase (AmiA) and a glucosaminidase (GlcA) that are released upon
proteolytic processing of Atl (Oshida et al.,, 1995). AmiA cleaves off the stem peptide,
the linkage between MurNAc and L-alanine (Biswas et al., 2006), while GIcA cleaves
in the glycan chain (Fig. 8). Recent research by Nega et al. (2020) demonstrated that
GlcA was dependent on AmiA’s activity to first strip off the stem peptides, and that
GlcA acted on naked glycan chains only, where it worked as an exoenzyme to release
MurNAc-GlcNAc disaccharides (Fig. 2). Two other important hydrolases involved in
cell splitting of S. aureus are Slel (Kajimura et al.,, 2005) and LytN (Frankel et al,,
2011), which both contains a catalytic CHAP domain and PG-binding LysM domain(s).
Slel is an amidase, while LytN both functions as an amidase and an endopeptidase
cutting the D-Ala-glycine bond (Fig. 8) (Frankel et al.,, 2011; Kajimura et al., 2005).
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To allow insertion of new PG during growth and to achieve correct separation of
daughter cells, but at the same time avoid uncontrolled lytic activity, it is important
that the activity of hydrolases are properly regulated at different levels. The essential
two-component regulatory system, WalK/WalR (previously called YycG/YycF), has
been demonstrated to be an important regulator of autolytic activity in S. aureus
(Dubrac & Msadek, 2004; Dubrac et al., 2007), as well as other bacteria (Dobihal et
al,, 2019; Dubrac et al.,, 2008). WalKR is a two-component regulatory system where a
transmembrane histidine kinase, WalK, senses an extracellular signal, and activates
the response regulator, WalR, which in turn acts as a transcriptional regulator of
hydrolase genes and thus controls cell wall homeostasis (Fabret & Hoch, 1998; Fabret
et al,, 1999). The signal sensed by WalK is not known, but recent evidence from B.
subtilis suggest that they may sense cleaved products from different hydrolases as
proxy for the maturity of the cell wall (Dobihal etal., 2019). Several other mechanisms
are also described as regulators of hydrolases in different bacteria, including
proteolysis (Section 1.3.5.), direct inhibitors and activators, and localization control
(Do etal., 2020). The enzymes involved in cell splitting need to localize to the septum.
Teichoic acids have, for example, been shown to be critical for recruitment of Atl and
other hydrolases to septum. The abundance of maturated WTA is probably lower in
septum compared to the old cell wall surrounding the cell, and has been suggested to
repel Atl-derived enzymes, and thereby direct this activity to the septum (Schlag et
al,, 2010). The septal localization of Sle1 and LytN is also dependent on WTA, as a tarO
deletion strain or tunicamycin-treated (inhibiting TarO) cells failed to achieve the
septal localization of the LysM-containing cell splitting hydrolases (Frankel &
Schneewind, 2012). Additionally, Zoll et al. (2012) found that Atl binds to LTA, and
that it failed to localize at the septal region in an LTA depleted strain.

1.3.5. Other processes affecting cell cycle and cell morphology
of S. aureus

As mentioned above, cell cycle processes are highly intertwined and need to be
regulated and coordinated by different mechanisms to allow proper cell integrity.
Proteins involved need to be maintained at proper levels and at the correct
subcellular localization during the cell cycle. Control mechanisms thus include, but is
not limited to, transcriptional regulation, for example by WalKR, and localization
control via a myriad of dynamic protein-protein interactions, as well as interaction

with other structures. Several examples of this are given above. Additionally, more
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general processes such as secretion and translocation of proteins and molecules
across the membrane play important roles. Molecules need to move across the
membrane leaflets and proteins involved in the latter steps of cell wall synthesis
execute their function on the cell surface. For example, the secretion-associated
proteins SecDF have been shown to be important for virulence and antibiotic
resistance and, notably, for performing normal cell division, thus highly affecting the

cell morphology (Quiblier et al., 2011).

Another level of regulation is controlled protein folding and degradation by
chaperones and proteolytic enzymes with different targets. For example, PBP2A, the
B-lactam resistance determinant in MRSA, has been shown to require the chaperones
PrsA and HtrAl for proper folding extracellularly (Roch et al, 2019). Another
example is the ClpP protease that can associate with the chaperone ClpX to create a
proteolytic complex (Frees et al., 2003). ClpX has been assigned a regulative function
in the cell cycle, especially during cold-stress, by controlling cell splitting of daughter
cells. Jensen et al. (2019) suggested a model where AclpX cause Slel to conduct
premature cell splitting, and that inhibitors of PG- and WTA biosynthesis (-lactams
or TarO inhibitors) indirectly affect the activity of Sle1 (presumably due to the role of
WTA in localization of Sle1, Section 1.3.4.).

1.4. Cell biology and novel cell cycle factors of non-
spherical Firmicutes

Although most pathogens divide by binary fission, genus-related differences in cell
cycle mechanisms occur. These differences can often be attributed different shapes.
To investigate the functional conservation and genus-related differences for some of
the cell division factors across bacteria with different cellular shapes, this thesis also
includes results from both the rod-shaped beneficial bacterium L. plantarum and the
oval-shaped pathogen S. pneumoniae. Understanding essential processes, such as the
cell cycle, in these bacteria is needed to exploit the full potential of the beneficial

bacterial strains and for finding new antimicrobial targets in pathogens.
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1.4.1. The rod-shaped Lactobacillus plantarum

Lactobacillus plantarum is an important bacterium within aspects related to food and
health. It has been utilized for food preservation due to its production of bacteriocins
(Cleveland et al.,, 2001), implicated as a probiotic (Alander et al., 1999; de Vries et al.,
2006; Niedzielin et al., 2001; Qin et al., 2021; Zago et al.,, 2011) and exploited for its
potential as a delivery vector of therapeutic molecules (Bermudez-Humaran et al,,
2011; Kuczkowska et al,, 2016; Kuczkowska et al., 2017; Wells & Mercenier, 2008).
Knowledge about bacterial cell cycle processes is thus important to allow further
improvement of strains for utilization in health aspects; by enhancing protein
secretion (therapeutic purpose) or improve properties involved in host cell

interactions (as probiotics).

However, the cell cycle processes of L. plantarum have been very little studied, both
due to research regarding this bacterium has generally had a different focus (food and
health), and that molecular tools for exploring such processes have been scarce. In
this work we used (and developed) L. plantarum as another model for cell cycle
studies in rod-shaped Firmicutes bacteria. While many of the cell cycle factors
described above for S. aureus are also conserved in L. plantarum, the knowledge about
cell division in L. plantarum may generally be inferred from similarities to the rod-
shaped, Gram-positive model organism B. subtilis, as both are members of the class
Bacilli in the phylum Firmicutes. Many of the details found about the cell cycle in B.
subtilis (Errington & Wu, 2017) most likely also applies for L. plantarum. For example,
L. plantarum has an MreB cytoskeletal protein which directs cell wall synthesis along
the lateral axis, in addition to FtsZ, which dictates septal axis also in these bacteria.
However, there are also major differences in the cell biology of these two species. For
instance, B. subtilis has, in contrast to lactobacilli, the ability to make endospores as
part of their life cycle. Furthermore, the PG composition is different between the two,
since L. plantarum synthesize PG precursors resulting in terminal D-alanine-D-lactate
instead of D-alanine-D-alanine in the stem peptides - which provides natural
resistance to vancomycin (Ferain et al., 1996). It is therefore important to study these
processes specifically in L. plantarum. Some research groups have contributed with
information regarding L. plantarum-specific cell cycle factors and morphology
determinants. For example, the Hols’ lab investigates the functional role of the 12
hydrolases in L. plantarum. They showed that the glucosaminidase Acm?2 is crucial for
cell separation, that the endopeptidase LytA was important for morphogenesis
(Rolain et al., 2012) and that LytB is involved in correct placement of the division
plane (Duchéne et al., 2019).
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1.4.2. The oval-shaped Streptococcus pneumoniae

S. pneumoniae is another important human pathogen which is responsible for a range
of different infections. In contrast to S. aureus and L. plantarum, S. pneumoniae cells
have an oval shape. Many of the proteins involved in cell division and PG synthesis
discussed above are conserved also in this species, including FtsZ, FtsA, FtsW, EzrA
and GpsB (Section 1.3.2.) (Ducret & Grangeasse, 2021; Pinho etal,, 2013; Xiang et al,,
2019). Although these cells clearly elongate, they lack the rod-shape determining
factor MreB present in B. subtilis and L. plantarum. Somewhat similar to S. aureus, cell
wall synthesis occurs in the midcell area of these cells, where a divisome and
elongasome complex consisting of dedicated PG synthesis proteins are responsible

for septal and peripheral synthesis, respectively.

Exactly how the coordination of elongation and septal synthesis in these ovococcal
cells is accomplished, is not fully understood. However, several cell division factors
have been identified in S. pneumoniae recently which have shed light on the questions
which comprises regulation of streptococcal elongation. Among these, a protein
called MapZ is shown to arrive to midcell prior to FtsZ, thus defining the division site.
Additionally, MapZ leaves early from this location, creating two ring structures that
moves laterally in different directions towards the future division site of the daughter
cells (Fleurie et al., 2014; Holeckova et al., 2014). This protein is mainly conserved
among the Streptococcaceae, and is thus an example of a key cell division factor which

is not conserved across different bacterial phyla.

Furthermore, another factor involved in elongation, called CozE (for coordinator of
zonal elongation), was identified in this bacterium by Fenton et al. (2016). CozE
proteins are conserved across different bacterial phyla. As a member of the MreCD
complex, it was shown to control the midcell localization of the bifunctional class A
PBP1a and thereby promote elongation and streptococcal morphology. Interaction
studies confirmed association to both MreC and PBP1a, it was showed that CozE
localization was dependent on MreC and that deletion of cozE resulted in PG synthesis
defects (Ducret & Grangeasse, 2017; Fenton et al., 2016). A CozE homolog was very
recently identified in the same species, namely CozEb (Stamsas et al., 2020). This
protein is less important for viability and has an opposite effect on cell size
homeostasis compared to CozE, as AcozEb mutant cells were smaller than wild-type
cells. CozED is part of the same protein complex as CozE and PBP1a, but CozEb was
not required for PBP1a localization. A double deletion mutant of both cozE genes

resulted in severe effects on morphology and hampered growth. CozEb was
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additionally shown to be able to partially compensate for the loss of CozE -
demonstrating an overlapping function and that, together, both CozE proteins are

important for shape and size (Stamsas et al.,, 2020).

Finally, the RNA-binding proteins EloR (Stamsa3s et al., 2017) and KhpA (Zheng et al,,
2017) are two other recently identified elongation factors in S. pneumoniae. These
two proteins form a heterocomplex, that is likely recruited to midcell by MItG, a lytic
transglycosylase important for lateral PG synthesis (Tsui et al., 2016; Winther et al.,
2021). The absence of either EloR or KhpA leads to both smaller and shorter cells
(Stamsas et al., 2017; Zheng et al., 2017). EloR and KhpA are conserved in different
oval- and rod-shaped bacteria (including L. plantarum), but homologs are not found

in S. aureus.
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2. Aims of the study

Understanding the molecular details underlying essential cell cycle processes in
bacteria can contribute with valuable knowledge for development of new
antibacterial strategies to overcome the growing problem of antibiotic resistant
pathogens, as well as for optimization of bacterial strains for beneficial food- and

health related bacteria.

In this light, the main aim of this thesis was to identify and get functional insights into
hitherto unknown, essential cell division factors in S. aureus, and study whether their
functions were conserved in other bacterial species with different cell shapes. To

achieve this, three sub-goals were set up.

1. With the currently available genetic tools in S. aureus and L. plantarum,
studies of essential genes are time-consuming and methodologically
challenging. The aim here was to establish CRISPR interference systems to
allow for functional studies of essential cell cycle genes in these bacteria
(Paper I and IV).

2. A CozE protein was identified as a coordinator of zonal elongation in S.
pneumoniae (Fenton et al., 2016). This proposed elongation factor is present
in bacteria with both spherical and elongated shapes. The aim here was to
understand the function and importance of CozE-homologs in spherical S.
aureus and perform comparative studies of the function of these in the
ovococcal S. pneumoniae, as well as in the rod-shaped L. plantarum (Paper |,
11, IV).

3. It is still not fully established how the different processes are coordinated
during the staphylococcal cell cycle, and yet unidentified cell cycle factors are
likely to exist. By starting from a phenotypic screen of essential proteins with
unknown functions, we here aimed to identify and functionally characterize

novel factors contributing to cell cycle regulation in S. aureus (Paper III).
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3. Summary of papers

Paper |

CozEa and CozEb play overlapping and essential roles in controlling cell

division in Staphylococcus aureus

Stamsas, G. A.*, Myrbraten, L. S.*, Straume, D., Salehian, Z., Veening, ]. W., Havarstein,
L.S. & Kjos, M. (2018). Molecular Microbiology, 109(5): 615-632.
*These authors contributed equally.

A protein called coordinator of zonal elongation, CozE, was identified in S.
pneumoniae as an important elongation regulator (Fenton et al,, 2016). In contrast to
the oval-shaped S. pneumoniae, round-shaped S. aureus synthesize new cell wall only
in the septal area. Nevertheless, two homologs of the pneumococcal cozE were found
in the staphylococcal genome: SAOUHSC_00948 and SAOUHSC_01358. We therefore
investigated the role of these proteins in S. aureus SH1000. The two membrane
proteins were named CozEa and CozEb, respectively, and showed 31 % and 30 %
identity to the pneumococcal CozE. It was possible to delete one of the staphylococcal
cozE genes at a time, but a double knockout was lethal. We developed a CRISPRi
system to enable phenotyping of a double CozE-deprived strain (e.g., depletion of
CozEa in a AcozEb strain). Absence of both CozE proteins highly affected the
morphology of S. aureus, as demonstrated by cells displaying both thicker septa and
problems with initiation of septum formation, and disturbances in the chromosome
biology observed by abnormal staining patterns of the nucleoids. We showed that
CozEa and CozEDb interacted with the early cell division protein EzrA, and that lack of
the CozE proteins seemed to affect the localization pattern of EzrA. This interaction
and its impact on localization pattern were conserved in S. pneumoniae. Additionally,
we demonstrated that the staphylococcal cozEa and cozEb could complement a cozE
deletion in S. pneumoniae: it was possible to delete the essential streptococcal cozE
when the staphylococcal cozEa and cozEb were expressed, and that the phenotype of
S. pneumoniae CozE-deprivation was partially rescued with expression of the
staphylococcal CozE proteins. Thus, CozEa and CozEb together perform an essential
function in controlling cell division in S. aureus, possibly by interacting with EzrA, and

this function seem to be conserved also in S. pneumoniae.
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Paper Il

The function of CozE proteins in linked to lipoteichoic acid biosynthesis in

Staphylococcus aureus

Barbuti, M. D., Myrbraten, I. S., Stamsas, G. A.,, Heggenhougen, M. V., Straume, D. &
Kjos, M. Manuscript.

By further investigation of the CozEa and CozEb functionality in S. aureus, we initially
demonstrated that the synthetic lethal and overlapping functions were conserved
among different strains, including methicillin-sensitive S. aureus (MSSA) and MRSA.
By examining the cell cycle phases in CozE-deprived cells, it became evident that an
overrepresentation of the population had delayed initiation of septum formation,
fully in line with the results from a different MSSA strain in Paper I. Based on
phenotype-similarity between CozE-depleted cells and cells lacking lipoteichoic acids
(LTA) (Hesser et al, 2020a), and that deletion of ItaS (essential LTA synthase)
resulted in suppressor mutations in cozEb (Corrigan et al., 2011), we looked for and
identified links between LTA biosynthesis and the CozE proteins. By utilizing the
CRISPRi system, we found that removal of cozEb rescued the growth reduction
observed in LtaS depleted cells. Intriguingly, the opposite was observed in AcozEa;
here LtaS depletion resulted in increased growth reduction compared to a strain
depleted of LtaS alone. Furthermore, we show that UgtP (glycosyltransferase making
the Glc2DAG-anchor) and LtaA (LTA flippase) were modulating the essentiality of the
CozE proteins in opposite directions: the significant growth reduction observed in
cells depleted of both CozEa and CozEb were alleviated in a AltaA genetic background,
but aggravated in a AugtP background. Lastly, a unique role of CozEb in controlling
the length of LTA was discovered. This study clearly demonstrates a link between
CozE proteins and LTA biosynthesis in S. aureus, but the exact mechanism explaining

this relationship needs further investigation.
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Paper Il

SmdA is a novel cell morphology determinant in Staphylococcus aureus

Myrbraten, L. S., Stamsas, G. A., Chan, H., Morales Angeles, D., Knutsen, T. M., Salehian,
Z., Shapaval, V., Straume, D. & Kjos, M. Manuscript.

From an initial subcellular localization- and gene knockdown screen of essential,
hypothetical genes in S. aureus, we identified a membrane protein with septal-
enriched localization. The established CRISPRi system was used to knock down gene
expression, and the observed phenotype with irregular morphology, recognized by
abnormal septum formation and cell splitting problems, implied a role in cell division.
The protein, with locus tag SAOUHSC_01908 and here named staphylococcal
morphology determinant A (SmdA), was by sequence alignments shown to be fully
conserved in the Staphylococcaceae family. It has a predicted N-terminal membrane-
spanning helix, with a large intracellularly part harboring partial homology to an un-
characterized, nuclease-related domain (NERD). By overexpression and mutagenesis,
we identified residues that are critical for the function of SmdA, located near the C-
terminus and within the NERD. Pulldown experiments and bacterial two-hybrid
assays revealed that SmdA interacts with many proteins, including cell division
factors such as EzrA, PBPs and Atl. We show that S. aureus require balanced amounts
of membrane-attached SmdA to coordinate cell division and cell splitting to maintain
the staphylococcal morphology, as both its depletion, overexpression and
overexpression without the transmembrane helix results in major morphology
defects. Notably, knockdown of SmdA results in increased sensitivity to cell wall
targeting antibiotics, including re-sensitization to 3-lactams in MRSA, which makes

SmdA a potential candidate as a future antimicrobial target.
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Paper IV

CRISPR interference for rapid knockdown of essential cell cycle genes in

Lactobacillus plantarum

Myrbraten, L. S., Wiull, K., Salehian, Z., Havarstein, L. S., Straume, D., Mathiesen, G. &
Kjos, M. (2019). mSphere, 4(2): e00007-19.

Cell cycle processes in the important food- and health related bacterium L. plantarum,
represents a scarce research field. Yet, detailed information about the involved
processes represents valuable potential for strain improvements. We established a
CRISPRI system as a genetic tool in this bacterium, allowing for easy and rapid gene
knockdown studies of almost any gene of interest, including essential genes. We
demonstrated that the depletion system was functional by knocking down the
glucosaminidase Acmz2, the DNA replication initiator DnaA and the early cell division
protein EzrA, leading to, respectively, pronounced cell chaining, anucleate and
abnormal nucleoid morphology, and elongated cells (probably due to delayed cell
division). We further investigated the role of cell division proteins characterized in
round-shaped S. aureus and the ovococci S. pneumoniae, which had not yet been
studied in rod-shaped bacteria. The two CozE homologs found in L. plantarum did not
seem to be important for elongation, as in S. pneumoniae (Fenton et al., 2016; Straume
etal,, 2017) or for coordination of cell division, as in S. aureus (Paper I and II). Two
RNA-binding proteins, EloR and KhpA, that were recently shown to be involved in
regulation of cell elongation in S. pneumoniae (Stamsas et al., 2017; Winther et al.,
2019; Zheng et al., 2017) were shown to be important for proper cell elongation in

rod-shaped L. plantarum as well.
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4. Main results and discussion

The results from this thesis have both contributed with new genetic tools in S. aureus
and L. plantarum (Paper I and IV), and with new insights into novel cell division
factors, mainly in S. aureus (Paper I, [l and III), but also in S. pneumoniae (Paper I) and
L. plantarum (Paper 1V). Two different approaches were used for identification of
novel morphology- and cell division factors in S. aureus: a homology-based approach
where the candidate proteins showed homology to a newly identified cell division
factor in another bacterium (Paper I and II), and a “starting-from-scratch” approach
with an initial screen to select a candidate protein to be subjected for further

functional studies (Paper III).

4.1. Methodological considerations

41.1. Why and how study essential genes — the CRISPRI
approach

As emphasized earlier, essential genes, including those involved in the bacterial cell
cycle, are common targets by antibiotics, as bacteria depends on these genes for
survival and growth. Bacteria are surpassing us in the evolutionary perspective. With
their minimal generation time of about 20-30 minutes and great ability of adapting to
external changes, they will most likely develop resistance to most current and new
antibiotics as well. To keep up with their evolutionary traits and avoid being put 100
years back in time - medically speaking, it is important to learn more about the
essential processes to allow development of new combat strategies. In that light,
essential genes represent a pool for new, potential antimicrobial targets. Additionally,
learning such details about beneficial bacterial species, like L. plantarum, can provide

a basis for new strain improvements and further utilization in different applications.

Hence, functional studies of essential processes in bacteria can provide great benefits,
however, such studies encounter methodological hurdles. A normal approach for
investigating the function of unknown genes is by construction, and phenotyping, of
inactivation- or deletion mutants. This approach is, however, solely applicable with
non-essential genes, as deleting essential genes by definition render a bacterium non-

viable. To circumvent this issue, systems to knock down gene expression can be used.
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In this work, CRISPR interference (CRISPRi) systems for knockdown in S. aureus and
L. plantarum (Paper I and 1V) were successfully developed and implemented. This
allowed for investigation of many essential genes and processes in these species

where construction of mutants is otherwise rather laborious (Paper I-1V).

Great strides have been made in the field of molecular tools for genome editing and
gene silencing since the functional description of Type II CRISPR-Cas systems by Jinek
etal. (2012), a discovery that led Jennifer Doudna and Emmanuelle Charpentier to be
awarded the Nobel Prize in Chemistry of 2020. This has revolutionized the molecular
toolbox within genome editing and gene depletion systems in bacteria (Bikard et al.,
2013; Jiang et al., 2013; Jinek et al., 2012; Larson et al., 2013; Liu et al., 2017; Qi et al,,
2013) (Paper I and Paper 1V). The CRISPR-Cas Type II system is simple and consists
of the endonuclease Cas9 (from Streptococcus pyogenes) and a chimeric single guide
RNA, which is required for guiding Cas9 to a specific DNA target sequence (by
homology and recognition of a so-called protospacer-adjacent motif, PAM, 5’-NGG-3’
for the Cas9 used here). CRISPRI utilize a catalytical inactive, “dead” Cas9 (dCas9),
which still binds DNA but has lost its endonuclease activity. Expression of both dCas9
and sgRNA simultaneously results in transcriptional blockage of the target gene by
dCas9, guided to the target sequence (protospacer) by sgRNA (Bikard et al., 2013; Qi
et al,, 2013). The specificity and relative simplicity of this CRISPR/(d)Cas9 system
allows for easy target exchange and clear rules for design of new sgRNAs. CRISPRi
systems are thus increasingly established in different bacterial species and
represents a powerful tool for efficient and specific knockdown of gene expression,
as demonstrated for the S. aureus and L. plantarum CRISPRi systems developed in this
thesis (Paper I-1V). CRISPRIi can be said to have exceeded the potential ever harbored
by alternative approaches, such as antisense RNA techniques, and this is attributed
higher stability and predictability of the CRISPRi system (Song et al., 2015; Tian et al.,
2017).

Our work also demonstrated some of the inherent limitations of CRISPRi. Most
importantly, since CRISPRi functions as a transcriptional roadblock, it results in polar
effects on transcription of genes on the same transcriptional unit. One interesting
example of this is the knockdown of the bicistronic ugtP-ItaA in S. aureus (Paper II).
When knocking down this operon in wild-type and in a strain lacking CozE-proteins,
we initially observed that the CozE-mediated growth defect was partially rescued,
suggesting a functional link between UgtP/LtaA and CozE-proteins. Interestingly,

further experiments in fact demonstrated that the two encoded proteins, UgtP and
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LtaA, had completely opposite effects on growth in the genetic background lacking
CozE (for details, see Paper II and discussion in Section 4.2.2.). Such a result would
not have been possible to obtain using CRISPRi alone, and polar effects must thus
always be taken into consideration when interpreting results from these

experiments.

Furthermore, one should also be aware of potential off-targets and toxic effects of the
CRISPRi system itself, as previously demonstrated in E. coli (Cui et al., 2018). To avoid
off-target effects and sgRNA toxicity, the sgRNAs used here were carefully designed
to bind close to the first PAM-proximal downstream of the start codon of the gene of
interest (thus inside the target gene, but as close to the 5’ end of the gene as possible),
without any potential binding sites other places in the genome. RNA-seq data with
strains carrying the S. aureus CRISPRi system (data not shown) has verified the
specificity of this system. Related to this, the CRISPRi systems implemented here are
carried on plasmids, which may potentially impact the strains. We did not see any
such effect for the S. aureus system (Paper I-1II), however, in L. plantarum, the strain
carrying both CRISPRi-plasmids displayed somewhat reduced growth compared to
the wild-type control. Furthermore, overexpression of dCas9 also had impact on the
growth rate in this case. It is therefore possible that the CRISPRi system alone affect
cellular processes in L. plantarum, and it is of critical importance to include proper

controls when working with this strain.

4.1.2. Selection of staphylococcal strains for study of cell
division genes
Although one should think that the mechanisms of cell division should be fully
conserved between different strains within the same species, previous studies in S.
aureus, as well as other species have illustrated that even minor strain specific
variations between typically used model strains can have impact on the results and
importance of different proteins. The choice of model strain may therefore impact the
results. In this thesis, different frequently used model strains for staphylococcal
research were utilized in the various papers. In Paper [, S. aureus SH1000 was used
exclusively, while in Paper II and 11l we expanded this to include NCTC8325-4, HG001,
JE2 and COL. From these, JE2 and COL are MRSA strains, in which the former has the
advantage of an available transposon mutant library (Fey et al.,, 2013). The MSSA
strains used are all closely related to the sepsis isolate NCTC8325; NCTC8325-4 is a
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phage cured version of NCTC835, while SH1000 is a derivative of NCTC8325-4, in
which a deletion in the alternative sigma factor (SigB encoded by rsbU) has been
repaired. Additional SNP between the strains also exists (Baek et al., 2013; O'Neill,
2010). Finally, in HGOO1, mutations in two regulators of NCTC8325 (the already
mentioned rsbU, as well as tcaR) have been repaired (Herbert et al., 2010). While
these differences are mostly thought to influence virulence of S. aureus under
different conditions (Bzk et al., 2013), changes in the SigB-mediated stress response
may also affect pathways related to the cell wall and drug resistance. Since several
different strains were used in this thesis, it was possible to get an insight into the
functional conservation of the studied mechanisms (i.e., related to CozE and SmdA)
across various MRSA and MSSA strains. In general, there were very little strain
variations in the results obtained, showing that the mechanisms are conserved. One
exception to this was in relation to SmdA (Paper I1I), where HGOO01 displayed a more
severe phenotypic change upon SmdA depletion compared to the other strains (see
Section 4.3.2. for discussion). It will potentially be possible to use this difference to

get further insights into the mechanism of SmdA in future studies.

4.2. The CozE proteins

4.2.1. The essentiality and roles of CozE proteins vary between
species
As mentioned in Section 1.4.2., the CozE protein was first identified in the ovococcus
S. pneumoniae as an important contributor to cell elongation and morphology (Fenton
et al, 2016). Interestingly, genes encoding CozE homologs are widely distributed
among bacterial phyla (Fenton et al., 2016), mostly with at least two paralogs per
genome, and in species with various cell shapes, including both cocci such as S. aureus
and rods such as L. plantarum. In Paper I and II, we studied the two encoded CozE
homologs in S. aureus. While single deletions of cozEa and cozEb could readily be
made, they constitute a synthetic lethal pair in both MSSA and MRSA strains, and
depletion of both CozEa and CozEb at the same time resulted in severe growth- and
morphological defects. In Paper 1], it was also demonstrated that CozEa and CozEb in
fact have unique, non-essential functions related to LTA biosynthesis. Together,
results from Paper I and II thus show that in S. aureus, the individual roles of CozEa

and CozED are not essential, but their overlapping functionality is.
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The situation appears to be different in the rod-shaped L. plantarum. In Paper IV, we
show that the two CozE homologs, neither alone or in combination, seem to be
important for growth or cell size in this species. The current results thus suggest no
major role for CozE proteins in viability, cell size homeostasis or morphology in this
bacterium. It may be that the function of CozE proteins are fully non-essential in L.
plantarum, but we cannot rule out that these genes become more important under
different environmental- or nutritional settings, or genetic backgrounds. It is for
example possible that L. plantarum encode non-homologous proteins which

functionally complement the role of the CozE proteins.

A second CozE protein was also recently described in S. pneumoniae (named CozEDb)
(Stamsas et al,, 2020). In this bacterium, the individual cozE and cozEb deletions
behaved somewhat different compared to what we observed in S. aureus and L.
plantarum; deletion of cozE alone results in severe growth- and morphological
defects, and CozE seems to be more important than CozEb. A deletion strain of the
latter displayed a less dramatic phenotype, although growth and cell size control
were affected here as well (Fenton et al., 2016; Stamsas et al., 2020). However, similar
to S. aureus, overlapping functionality between the two CozE-proteins was observed,
as a double deletion strain had further reduced growth and increased morphological
defects compared to single deletions. In addition to that, CozEb could partially
compensate for the loss of CozE (Stamsas et al., 2020). Adding to this, we also found
that overexpression of the staphylococcal CozEa and CozEb in the S. pneumoniae
AcozE mutant, rescued the growth- and morphology defect in this strain (Paper I).
Together, this shows that while the dependence of CozE proteins vary between
species, their functions seem to be conserved (at least between S. aureus and S.

pneumoniae).

4.2.2. The functionality of staphylococcal CozE proteins

But what is the actual function of the conserved CozE proteins? The initial proposed
role of the CozE membrane protein is to localize the class A PBP1a of S. pneumoniae
(an important contributor to cell elongation and morphology) to midcell, via protein-
protein interactions and complex formation with PBP1a, MreC, MreD and DivIVA
(Fenton et al., 2016; Straume et al., 2017). This may indeed by the case, but results
presented in this thesis, suggest that the picture may be more complex (Paper I and
I1). For example, the staphylococcal CozE proteins were not found to interact with any

of the PBPs by using bacterial two-hybrid assays. The only interaction conserved
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between S. aureus and S. pneumoniae in this assay was between CozEa and MreC.
Among the candidates tested, the early cell division EzrA was the only protein found
to interact with both CozEa and CozEb, and the CozE proteins also affected the
subcellular localization of EzrA. Based on EzrA’s role in cell division (Section 1.3.2.),
its delocalization explains the delocalized cell wall synthesis and septum formation
in CozE-deprived S. aureus strains (Paper I and II). The CozE-EzrA relationship was
conserved in S. pneumoniae, as the proteins were shown to interact and depletion of
CozE also resulted in delocalized EzrA in this species (Paper I). These results thus
show that the coordination of cell division and septum formation is influenced by the

combined action of both CozE proteins in S. aureus.

In Paper II we uncovered several synthetic genetic links between cozEa, cozEb and
the biosynthetic genes of LTA; ugtP, ltaA and ItaS, strongly indicating a functional
relationship. The genetic links turned out to be quite complex (partial overview in
Fig. 9). Most interesting; (i) the growth reduction present when LtaS was depleted in
wild-type background, could partially be rescued if cozEb was deleted, while the
growth reduction was more severe in AcozEa. (ii) Simultaneous depletion of CozEa
and CozEDb results in severe fitness- and cell division defects in wild-type background,
which are alleviated in a AltaA background, but aggravated in the AugtP background
(Fig. 9). Translated into functionality; CozEa and CozEb are more essential when no
Glc2DAG LTA-anchor is produced by UgtP. On the other hand, when this anchor is
produced but the flipping of the anchor is inhibited by deletion of LtaA, the combined
role of CozEa and CozED are not essential anymore (see Fig. 6 for schematic overview
of LTA biosynthesis).
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Fig. 9. Synthetic genetic link between the cozE genes and LTA biosynthesis. An overview

showing how absence of different genes and gene combinations affect S. aureus fitness. Figure

created with BioRender.com.

Based on the opposite genetic interactions observed for UgtP and LtaA, and that
AcozEDb, similar to AugtP and AltaA, mutants produce longer LTA polymers than wild-
type (Grindling & Schneewind, 2007a; Hesser et al, 2020a), it is tempting to
speculate that the actual role of the CozE proteins is related to the functionality of
UgtP or LtaA, or the products/substrates from the pathways they are part of (Fig. 6).
Since the intracellular UgtP localize to the membrane by an unknown mechanism in
S. aureus (Reichmann et al, 2014), our first thought was that CozEb might be
responsible for UgtP localization. Although UgtP still displayed a membrane-
localization in a AcozEb mutant in our microscopy setup, the fraction of cells with this
localization was somewhat reduced compared to wild-type background (Paper II).
This potential localization defect should be investigated more thoroughly, for
example by using super-resolution microscopy techniques. In this context, it is
relevant to note that in B. subtilis, the localization of the UgtP homolog has been

shown to depend on its substrate UDP-Glc, as well as nutrient conditions (Weart et
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al,, 2007). Although this does not seem to be the case for S. aureus (Reichmann et al.,
2014), CozEb may influence the synthesis, or membrane localization, of some other

molecule that govern UgtP recruitment to the membrane.

Some other aspects of UgtP in B. subtilis are also interesting to note. This protein has
been suggested to act as a metabolic sensor which controls cell size in this bacterium
(Weart et al., 2007). Specifically, UgtP can inhibit Z ring formation by binding and
sequestering FtsZ. This inhibition of FtsZ is dependent on the levels of UDP-Glc, which
again is reflected by the accessibility to nutrients (nutrient rich conditions gives high
levels of UDP-Glc and promotes binding of UgtP to FtsZ) (Chien et al,, 2012). This
provides a direct link between UgtP and cell division regulation in B. subtilis, which
may also be present in S. aureus. Although highly speculative at this point; if CozE
somehow alter synthesis or flipping of Glc2DAG or other membrane lipids, this would
alter the balance between lipids in the membrane and potentially mediate changes in
LTA (due to different accessibility to starter units) and affect cell division, cell size
homeostasis and septum formation (via UgtP or other protein-protein interactions).
The fact that all the LTA biosynthetic genes have been shown to interact with several
cell division proteins (early and late), including EzrA (Reichmann et al., 2014),
illustrates that there are tight links between these processes which should be
explored further. Therefore, it could be interesting to further investigate if alterations
in LTA synthesis - including the substrates and products of UgtP - affect EzrA
localization, as observed for CozE-deprived cells (Paper I), to see if this possibly could
reveal a cooperative function between CozE proteins and LTA synthesis proteins in

controlling localization of the Z ring and cell wall synthesis.

LTA and WTA play somewhat redundant roles in staphylococcal cell division;
although LTA appears to the most important, the two pathways cannot be deleted
simultaneously and are inversely regulated (Hesser et al., 2020a; Oku et al., 2009).
Another tempting hypothesis related to the overlapping essentiality of CozEa and
CozEDb, is that they are somehow connected to the fact that presence of either WTA or
LTA is essential (Oku et al.,, 2009), and that CozEa may influence WTA synthesis since
CozEb affects LTA (Paper II). This hypothesis needs experimental backup, and for
future experiments, the levels of WTA and LTA should be measured in the different

CozE mutants.
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4.3. SmdA - identified from a dual screening
approach

4.3.1. Subcellular localization- and gene knockdown screens

We hypothesized that it should be possible to identify novel cell cycle factors among
the conserved, essential genes with unknown function present on S. aureus genomes.
The revelation of the novel, staphylococcal morphology determinant, SmdA (Paper
III), was derived from a “starting-from-scratch” study, where a subcellular
localization- and knockdown screen was performed on 27 essential proteins with
unknown function to identify potential novel cell cycle factors. The selection of genes
to be included in the screen was based on their conservation across S. aureus
genomes, gene essentiality information (Chaudhuri et al., 2009; Santiago et al., 2015;
Valentino et al, 2014) and annotation status in the Uniprot- and Patric database.
However, as mentioned in Paper Il], several of the genes included in the screen have
by this time been annotated and studied by other research groups. SmdA was chosen
for further studies because it had a septum-enriched localization and showed
morphological defects upon depletion, which are attributed to proteins with a
potential role in cell division. Still, other genes from the screen exhibited interesting
subcellular localizations and knockdown phenotypes, and their functional roles

should be subjected for further studies.

4.3.2. Phenotyping of strains with altered levels of SmdA
reveals a novel staphylococcal morphology determinant

As being annotated as an essential gene, we expected depletion of SmdA to result in
growth reduction. Indeed, clearly reduced viability was observed upon SmdA
depletion on agar plates. Surprisingly, however, no observable growth defect was
detected in liquid medium, except in strain HGOO1. A possible explanation to this
discrepancy could be that SmdA depleted cells becomes bigger and form clusters, and
that this possibly influences the optical density measurements, thus masking the
difference in population size. Similar effects have been described before as Campbell
etal. (2012) noticed an increased biomass of a targocil-treated culture, which was not
reflected in viable colonies. The somewhat variable essentiality of SmdA between
different S. aureus strains (HG001 seem to be more affected by depletion of SmdA)
could either be due to differences in genetic background, in protein stability or even

efficiency of the CRISPRi depletions between strains. The transcriptional silencing by
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CRISPRi was however confirmed in S. aureus SH1000. After multiple unsuccessful
attempts of making knockout mutants (in different S. aureus strains), we concluded

that the gene indeed was essential for viability under our experimental conditions.

We were not able to pinpoint the exact function of SmdA in this work. The results
obtained in Paper III support a functional role of SmdA, directly or indirectly, affecting
several steps of the cell cycle. Based on both the observed phenotypes in absence of
SmdA (increased sensitivity to cell wall targeting antibiotics, misplaced septum
synthesis and increased resistance to autolysis, overview in Fig. 10) and protein
interactions (SmdA interacts with PBPs, EzrA, Atl among others), a link to placement
of the division ring and PG synthesis, as well as compromised cell splitting, can be
assigned. Additionally, overexpression of full length SmdA and of the intracellular
part only (SmdAATMH), led to similar morphological defects (with a more severe
phenotype for SmdAATMH, in which the membrane localization is lost). Thus,
balanced amounts of membrane-bound SmdA seem to be a requirement of S. aureus
for properly conducting a normal cell cycle and for obtaining its coccoid morphology
(Fig. 10).

SmdA
Increased sensitivity Clustering, cell splitting
to cell wall targeting defects and increased
resistance to autolysis

antibiotics
e - Membrane protein
/ - Septum-enriched localization
Jé - Protein-protein interactions with
cell division- and cell wall
synthesis proteins

f

SmdAdewn SmdA"r SmdAATMHP

Morphology '
defects and NN
defects in septal \\ ~

cross wall
synthesis

Fig. 10. Overview of the resulting effects of different expression levels and -variants of
SmdA. A balanced amount of membrane-attached SmdA is important for division ring
placement, peptidoglycan synthesis, autolytic splitting and susceptibility to cell wall targeting
antibiotics. Superscript “down”/”up” indicates depletion and overexpression, respectively.
Grey box; AlphaFold2-predicted structure of SmdA (Jumper et al, 2021), and other
characteristics with this protein. Figure created with BioRender.com.
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SmdaA is fully conserved in the family Staphylococcaceae. It is predicted that the major
part of the protein is located intracellularly, while being attached to the membrane
through an N-terminal membrane helix. This topology, has however, not been
experimentally confirmed yet. Additionally, SmdA was predicted to harbor a so-called
nuclease-related domain (NERD). To our knowledge, research regarding the
functionality of this domain is scarce, and it is given the name due to distant similarity
to endonucleases, although no nuclease- or nucleic acid-related function has yet been
demonstrated (Grynberg & Godzik, 2004). Our study brings novel insight regarding
such domains, as we identified residues within NERD that was proven to be important
for maintaining protein function (H145, R150 and T151). The AlphaFold2-predicted
(Jumper et al.,, 2021) structure of SmdA suggests that it harbors a long N-terminal
helix and a C-terminal structured region (containing the NERD domain) (Paper III). If
the C-terminal structured domain in fact is a nucleic acid (DNA) interacting domain,
SmdA would then represent a link between DNA and the membrane - and possibly

the nucleoid and cell division. However, this remains highly speculative at this point.

We showed, by pulldowns and bacterial two-hybrid assays, that SmdA interacted
with the cell division proteins PBP1, PBP2, PBP3 and EzrA. Furthermore, proteins
known to be involved in folding, degradation, and export processes were also pulled
down with SmdA, including PrsA and HtrA1l (extracellular chaperones/protease),
ClpB, ClpC and FtsH (ATP-dependent proteolysis complexes), and SpsB and SecD
(signal peptidase and secretion protein). The relevance of these interactions needs to
be investigated further, but it is interesting to note that several characteristics of
these proteins resembles the observed phenotypes of SmdA knockdowns. (i) PrsA
and HtrA1l are extracellular chaperones whose deletion have been shown to re-
sensitized MRSA to B-lactams because they are required for PBP2A folding (Roch et
al,, 2019). (ii) FtsH is a metalloprotease important for virulence and stress resistance
(Lithgow et al., 2004), and has been shown to sensitize MRSA to B-lactams by
degrading UgtP (Yeo et al., 2021). (iii) A SecDF mutant is shown to have increased
sensitivity to B-lactams and have cell separation defects (Quiblier et al., 2011).
Proteins involved in different parts of the cell cycle need to be properly folded and
present in the cell in proper amounts at the correct localization (i.e., proteins need to
be secreted if they exhibit their functions extracellularly). With the obvious effects on
morphology, and with its large number of associated proteins, it is tempting to
suspect a functional role of SmdA as a scaffold protein, for example, by facilitating
interactions between cell cycle proteins or between proteins involved in

folding/turnover, or even as a component important for coordination of these
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processes. Disturbance in such processes could possibly explain the pleiotropic
effects observed with unbalanced amounts of SmdA and expression of a mislocalized
SmdAATMH.

As mentioned, S. aureus strains depleted of SmdA become more susceptible to
antibiotics targeting the cell wall, and most notably, the absence of SmdA sensitizes
the MRSA strain COL to B-lactams. This characteristic of SmdA is rather typical for
proteins involved in different stages of cell division (Roemer et al., 2013). It also
suggests that SmdA could be a potential future, narrow spectrum therapeutic target,
since inhibitors of SmdA (if identified) could act synergistically with B-lactams
against MRSA.
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5. Concluding remarks and future
perspectives

In this work, CRISPRi gene depletion systems were established in S. aureus and L.
plantarum (Paper I and IV). This tool offers a platform for functional studies of
essential genes and possibilities for rapid screening of gene-phenotype relationships
in these bacteria. Further development and improvement of the CRISPRi systems, for
example by chromosomal integration, could further expand their potential for

different purposes.

This work also discloses and provides functional insights into hitherto unknown
factors affecting the cell cycle in S. aureus (Paper I, II and III), namely the CozE
proteins and SmdA. The work also reveal that the CozE proteins vary in their
importance between S. aureus, S. pneumoniae and L. plantarum. The cozE genes
encoded by S. aureus have overlapping and essential roles, but also individual, non-
essential unique functions. The proteins are critical for proper coordination of cell
division and septum formation in this species and links to cell division as well as LTA
biosynthesis are demonstrated. Future research will be needed to fully explain the
relationship between CozE proteins and the biosynthesis of LTA, as well as how this
relates to the already known effects LTA have on cell division and localization of

septum synthesis.

By the work presented in Paper I1I, we show that the hitherto unstudied protein SmdA
is important in the cell division processes and for maintenance of morphology in S.
aureus. Future studies are needed to further investigate the exact role(s) possessed
by SmdA. Furthermore, the ability of SmdA to modulate antibiotic susceptibility,
especially in MRSA, render this protein as an exciting candidate as target for future
narrow spectrum antimicrobial development. The work in Paper III also highlights
the up- and downsides of a “starting-from-scratch” screen-approach as the one used
here (subcellular localization and knockdown phenotype). We were able to identify
candidates and characterized SmdA as a novel factor affecting cell division in S.
aureus, however, as the background knowledge about the potential function of this
protein is almost non-existing, it was challenging to pinpoint any exact functional role

of this protein. Nevertheless, this work forms a basis for further studies to improve
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our knowledge about molecular details responsible for the involvement of SmdA in

the S. aureus cell cycle.

The most significant contribution from the work presented in Paper 1V, is the
establishment of a new genetic tool in L. plantarum. Also, initial insights into putative
cell division genes were revealed. In contrast to results for S. aureus and S.
pneumoniae from Paper I and I, the CozE homologs in L. plantarum did not seem to
play a major role for controlling cell elongation and division. On the other hand, the
newly identified streptococcal elongation factors EloR and KhpA, were demonstrated

to be important for elongation also in this rod-shaped bacterium.
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CozEa and CozEb play overlapping and essential roles in
controlling cell division in Staphylococcus aureus
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Summary

Staphylococcus aureus needs to control the posi-
tion and timing of cell division and cell wall synthe-
sis to maintain its spherical shape. We identified two
membrane proteins, named CozEa and CozEb, which
together are important for proper cell division in
S. aureus. CozEa and CozEb are homologs of the cell
elongation regulator CozESP" of Streptococcus
pneumoniae. While cozEa and cozEb were not essen-
tial individually, the AcozEaAcozEb double mutant
was lethal. To study the functions of cozEa and
cozEb, we constructed a CRISPR interference
(CRISPRI) system for S. aureus, allowing transcrip-
tional knockdown of essential genes. CRISPRI
knockdown of cozEa in the AcozEDb strain (and vice
versa) causes cell morphological defects and aber-
rant nucleoid staining, showing that cozEa and
cozEDb have overlapping functions and are important
for normal cell division. We found that CozEa and
CozEb interact with and possibly influence localiza-
tion of the cell division protein EzrA. Furthermore,
the CozE-EzrA interaction is conserved in S. pneu-
moniae, and cell division is mislocalized in cozE®P"-
depleted S. pneumoniae cells. Together, our results
show that CozE proteins mediate control of cell divi-
sion in S. aureus and S. pneumoniae, likely via inter-
actions with key cell division proteins such as EzrA.
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kjos@nmbu.no; Tel. +47 67232951; Fax +47 64965901.
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Introduction

Bacterial cell division initiates when the tubulin-like protein
FtsZ polymerizes into a ring structure (Z-ring) located at
the future division site. The Z-ring then serves as a scaf-
fold for recruitment of cell division and cell wall synthesis
proteins, forming the multiprotein complex known as the
divisome. Several of the proteins constituting the divi-
some are widely conserved in most bacteria, while oth-
ers are specific for bacterial subgroups or have diverged
significantly (Pinho et al., 2013). Positioning and timing of
Z-ring assembly and cell wall synthesis are dependent on
the shape of the bacterium; and there are large variations
between coccal, ovococcal and rod-shaped bacteria.

Staphylococcus aureus often serves as the model
organism for cell division studies in spherical bacteria.
S. aureus is an opportunistic pathogen, which persistently
colonizes around 20% of the human population (Grice
and Segre, 2011), causing both superficial infections on
the skin and invasive, life-threatening sepsis as well as
endocarditis in humans (Foster et al., 2014; Rasigade and
Vandenesch, 2014). Furthermore, S. aureus is an import-
ant pathogen among livestock (causing mastitis and other
infections) and is a problematic food pathogen. Treatment
of S. aureus infections with antibiotics is increasingly
challenging due to the rise of antibiotic resistant strains,
including MRSA (methicillin-resistant S. aureus which are
resistant to p-lactam antibiotics) and VRSA (vancomy-
cin-resistant S. aureus).

Cell division in spherical S. aureus occurs in three
consecutive planes, where every new round of division
is orthogonal to the previous division plane (Pinho et al.,
2013). Many key cell division proteins known from other
model bacteria are conserved in S. aureus, including
FtsZ, FtsA, EzrA, GpsB, DivIB, DivIC, FtsL, MurJ, DivIVA,
MreC and MreD (Pinho and Errington, 2003; Pinho and
Errington, 2004; Steele et al., 2011; Pinho et al., 2013;
Bottomley et al., 2014; Monteiro et al., 2018). These pro-
teins are in different ways involved in formation of the
division ring and for ensuring proper cell wall synthesis
and cell division. For example, EzrA is a key early cell
division protein linking division ring formation and the cell
wall synthesis machinery (Jorge et al., 2011; Steele et al.,
2011). Synthesis of new cell wall in staphylococci mainly
occurs at midcell. The recruitment of cell wall synthesis

© 2018 John Wiley & Sons Ltd
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proteins (i.e. transpeptidases PBP1, PBP3 and PBP4 and
the bi-functional transpeptidase/transglycosylase PBP2
responsible for synthesizing the peptidoglycan saccu-
lus) to midcell was recently shown to be driven by the
putative lipid Il flippase MurJ (Monteiro et al., 2018). The
current models of the S. aureus cell cycle suggest an ini-
tial, gradual increase in cell volume by slight elongation,
followed by recruitment of MurJ and PBPs to the septum,
which drives cross-wall synthesis and cell constriction.
To split the daughter cells, hydrolases perforate the cell
wall before the actual splitting/popping of daughter cells
occurs on a timescale of milliseconds (Monteiro et al.,
2015; Zhou et al., 2015; Lund et al., 2018; Monteiro et
al., 2018).

During each cell cycle, peptidoglycan synthesis and cell
division need to be coordinated with DNA replication and
chromosome segregation. This is to ensure correct cell
size homeostasis and that the two daughter cells each
get one copy of the chromosome in time before the cell
splits. Misregulation would result in daughter cells of vari-
able sizes without DNA or guillotining of the chromosome
by the septal cross-wall. How the timing and localization
of Z-ring assembly and cell wall synthesis are regulated
in S. aureus, given the geometry of cell division in three
consecutive perpendicular planes, is still an unanswered
question. One protein involved in this coordination is prob-
ably Noc (nucleoid occlusion protein) which both controls
DNA replication (Pang et al., 2017) and inhibits Z-ring for-
mation across the nucleoid (Veiga et al., 2011). Recent
results also predict the protein DivIVA to have an import-
ant role in linking chromosome segregation with cell divi-
sion (Bottomley et al., 2017).

The important human pathogen S. pneumoniae is an
ovococcal bacterium, in which both septal (division) and
peripheral (elongation) cell wall synthesis occur in the
mid-cell area (Ducret and Grangeasse, 2017). In these
cells, positioning of the Z-ring at mid-cell has been shown
to depend on several factors, including the chromo-
somal origin of replication (van Raaphorst et al., 2017)
and the peptidoglycan binding protein MapZ (Fleurie et
al., 2014; Holeckova et al., 2014). Most likely, the septal
and peripheral cell wall growth in pneumococcal cells are
mediated by separate protein machineries, whose actions
are tuned by different regulatory proteins such as StkP,
MreCD, GpsB, DivIVA and EloR (Beilharz et al., 2012;
Fleurie et al., 2014; Ducret and Grangeasse, 2017; Rued
et al., 2017; Stamsas et al., 2017; Straume et al., 2017;
Zheng et al., 2017). Another protein involved in regulation
of cell wall synthesis in pneumococci, named CozE (for
coordinator of zonal elongation, SPD_0768 in strain D39
and Spr0777 in strain R6), was recently identified (Fenton
et al., 2016; Straume et al., 2017). CozE, a multi-trans-
membrane spanning protein, was found to be essential
for normal growth, however, its essentiality was abolished

© 2018 John Wiley & Sons Ltd, Molecular Microbiology, 109, 615-632

in the absence of the bifunctional penicillin-binding pro-
tein PBP1a or the cell wall elongation proteins MreC and
MreD (Fenton et al., 2016). In protein-protein interaction
assays, CozE was found to be associated with the same
proteins (PBP1a, MreC, MreD) as well as DivIVA and
PBP2b (Fenton et al., 2016; Straume et al., 2017). CozE
was thus proposed to be a key regulator of cell elonga-
tion in S. pneumoniae by positioning PBP1a via interac-
tions with MreC and MreD (Fenton et al., 2016; Ducret
and Grangeasse, 2017). CozE proteins are widespread
among different bacteria (Fenton et al., 2016). Here we
studied the two homologs of CozE in spherical S. aureus
cells. We show that the CozE proteins are involved in
coordinating cell division in S. aureus and that this func-
tion is conserved also in S. pneumoniae.

As a means to study the functionality of essential genes,
we also develop a CRISPR interference (CRISPRI) sys-
tem for S. aureus. With CRISPRi, the CRISPR/Cas9-
system is harnessed to knock down gene expression of
any gene of interest (Bikard et al., 2013; Qi et al., 2013).
Transcriptional knockdown is achieved by two compo-
nents: a catalytically inactive Cas9 protein (dCas9) and
a single guide RNA (sgRNA). Unlike the Cas9 nuclease,
dCas9 does not cleave DNA, but the DNA-binding capa-
bility is still intact. A single guide RNA (sgRNA), contain-
ing a gene-specific base-pairing region and a structured
region for interaction with dCas9, is designed to target the
gene of interest. Upon co-expression, the dCas9-sgRNA
complex will bind DNA and serve as a transcriptional
roadblock for the RNA polymerase, thereby downregulat-
ing transcription.

Results
The two CozE homologs of S. aureus

The protein CozE (for coordinator of zonal elongation)
was recently identified as an essential cell division protein
in oval shaped pneumococcal cells, where it has been
shown to be involved in regulation of proper cell elonga-
tion (Fenton et al., 2016; Straume et al., 2017). Spherical
S. aureus does not elongate to the same extent as S.
pneumoniae and other rod- or oval-shaped bacteria,
although a short elongation phase has been observed
during the cell cycle (Pinho et al.,, 2013; Monteiro et al.,
2015). Nevertheless, homology searches showed that S.
aureus encodes two proteins homologous to CozE, and
we therefore set out to unravel the function of CozE in
these spherical cells. Sequence comparison of the pneu-
mococcal CozE (hereafter CozESP") with the two CozE-
homologs of S. aureus SH1000, SAOUHSC_00948
(hereafter CozEa) and SAOUHSC_01358 (hereafter
CozEb), shows that they are 31% and 30% identical
to CozESP" respectively (Fig. S1). When compared



with each other, CozEa and CozEb are 30% identical.
Topology predictions suggest that these proteins have
8 or 9 transmembrane segments (Fig. S1). The cozEa
gene is predicted to be monocistronic, while cozEb is
located as the last open reading frame on a three-gene
operon which also encodes a transcription antiterminator
(glcT) and a small, putative membrane spanning protein
(SAOUCHSC_01357) (Fig. 1A).

Using the temperature sensitive vector pMAD (Arnaud
et al., 2004), cozEa and cozEb were deleted individually
in S. aureus SH1000 by allelic exchange with a spec-
tinomycin resistance cassette. The deletion mutants
SAMK24 (AcozEa::spc) and SAMK21 (AcozEb::spc) did
not exhibit any growth defect compared to wild-type (Fig.

A

K:.

SAQUHSC_00948 (cozEa)

Q 0,05
L:.:__ )

g/CSHSG 001387 SAOUHSC_001358 (cozEb)
SAO -

Phase contrast VanFL

AcozEa SH1000

AcozEb

Fig. 1. cozEa and cozEb of S. aureus.
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1B). Analysis of cell sizes showed that the cell diameter of
both mutants, on average, are slightly smaller compared
to the wild-type (Fig. 1C and D). No obvious differences in
cell wall labelling (using fluorescent vancomycin, VanFL)
or nucleoid staining patterns (using DAPI) were observed
between the mutants and wild-type (Fig. 1C).

In order to see whether the two mutant strains,
SAMK21 and SAMK24, had acquired any suppressor
mutations elsewhere in the genome, we resequenced
their genomes and compared it to the SH1000 wild-type
genome. SAMK24 did not contain any additional muta-
tions. In SAMK21, a single conservative SNP was found
in the gene thil (SAOUHSC_01824) encoding a probable
tRNA sulphurtransferase. This SNP (A970T) resulted in

0,54

g a— SH1000
=== AcozEa

e ACOZED

1 1 1 1
0 100 200 300 400 500 600
Minutes

Phase / DAPI
(merged)

0.5 1.0 1.5 2.0
Cell diameter (um)
W SH1000 wild-type

SAMK24 AcozEa
SAMK21 AcozEb

A. Genetic organization of the cozEa (SAOUHSC_00948) and cozEb (SAOUHSC_01358) genetic loci.

B. Growth curves SH1000 wild-type, SAMK24 (AcozEa) and SAMK21 (AcozEDb) in BHI medium at 37°C.

C. Micrographs of SH1000, SAMK21 and SAMK24. Phase contrast (PC) images and staining with fluorescent vancomycin (VanFL) and DAPI
are shown as well as an overlay of the two latter. The scale bars are 2 ym.

D. Histogram of the cell diameters of SH1000, SAMK24 and SAMK21 (>250 cells analyzed per sample) as measured using MicrobeJ (Ducret
et al., 2016). Both SAMK21 and SAMK24 were significantly smaller than SH1000 (P < 0.05, Kolmogorov-Smirnov test).
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a conservative substitution of isoleucine with a phenyl-
alanine (I324F). Our later experiments (see below) show
that this mutation is not important for the functionality of
cozEb (or cozEa) and we therefore conclude that neither
CozEa nor CozEb are essential for normal growth and
cell division in S. aureus SH1000.

Single deletions of cozEa or cozEb both cause a small
reduction in cell size. To investigate the effects of a double
deletion, another pMAD deletion vector (PMAD-cozEa::-
cam) was constructed to delete cozEa in the AcozEb::spc
background. However, despite multiple attempts, we were
unable to obtain the double deletion strain. This suggests
that cozEa and cozEb may have complementary and
essential functions.

Construction of a two-plasmid CRISPR interference
system for S. aureus

Since double deletions of cozEa and cozEb could not be
obtained, we instead wanted to study the phenotypes
of the cells when cozEa or cozEb gene expression was
knocked down in AcozEb or AcozEabackground, respec-
tively. We therefore constructed a CRISPR/dCas9 knock-
down system to allow inducible depletion of essential
genes. The CRISPR interference systems developed for
S. pneumoniae and Bacillus subtilis (Peters et al., 2016;
Liu et al, 2017) were used as models. A dcas9 gene,
encoding a catalytically inactive Cas9, was cloned down-
stream of an IPTG-inducible promoter in the low-copy
number plasmid pLOW (pSK41 minireplicon, Fig. 2A)
(Liew et al, 2011). A single guide RNA (sgRNA) con-
struct, consisting of a 20 nt base-pairing region and a
Cas9-handle region, was inserted downstream of a
synthetic, constitutive promoter in the plasmid pCG248
(replicon T181, Fig. 2A) (Helle et al., 2011). Targeting of
the gene of interest is accomplished by replacing the
20 nt sequence using inverse PCR as described in the
Methods section. Notably, multi-sgRNA plasmids can be
constructed using the Bglll and BamHI restriction sites
located up- and downstream of the sgRNA construct,
as outlined in Fig. S2. A schematic view of the resulting
two-plasmid CRISPRi system is shown in Fig. 2A.

To quantify the efficiency of our CRISPRI system,
we created an RN4220-derivative strain with consti-
tutive expression of a monomeric superfolder GFP
(m(sf)GFP),SAMK56,anddesignedansgRNAtargetingthe
m(sf)gfp gene. As shown in Fig. 2B, GFP expression
could be titrated by increasing the IPTG concentrations.
Maximum depletion was obtained with 2100 uM IPTG. To
investigate how quick GFP expression was switched off
after IPTG induction, SAMK56 was induced with 100 pM
IPTG and samples were taken every 30th min for 3 h. The
GFP fluorescence levels (Fig. 2C) decreased rapidly (sig-
nal reduced by ca. 90% within 60 min), suggesting that
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expression was switched off almost immediately. Specific
transcriptional knockdown was also demonstrated using
gPCR (Fig. S3, see below for details). Note that for some
of our later experiments, we observed a faster depletion
of cell division proteins when increasing the IPTG con-
centration to 400 pM. Furthermore, as a proof of the func-
tionality of the CRISPRI system in targeting essential cell
cycle genes, we created sgRNAs targeting the DNA rep-
lication initiator dnaA (encoded on an operon with dnaN)
and pbp1 (monocistronic) encoding a penicillin-binding
protein. The CRISPRIi strains were analyzed by growth
assays and microscopy (Fig. 2D—F), and the observed
phenotypes were as expected, confirming the suitability
of the CRISPRI system to study the function of essential
genes; compared to the control strain (Fig. 2D), the pbp1
depletion resulted in clustered, larger cells with aberrant
morphologies (Fig. 2E) (Pereira et al., 2007; Pereira et
al., 2009) while dnaA depletion resulted in anucleate cells
with variable sizes and nucleoid morphologies (Fig. 2F).

CozEa and CozEb have overlapping functions and are
important for proper cell cycle progression in S. aureus

We made sgRNA constructs targeting cozEa and cozEb,
and depleted expression of cozEa in the AcozEb back-
ground and vice versa. Note that cozEa is monocistronic,
while cozEb is located as the last gene in the operon, and
the knockdown will therefore have minimal polar effects
(Peters et al., 2016; Liu et al., 2017). No growth reduction
was observed upon knockdown of the individual genes
in wild-type background (as expected from the deletion
mutants) (Fig. 3A and B). We performed RT-gPCR on
these CRISPRIi-strains and verified that transcription of
cozEa and cozEb was specifically knocked down (Fig.
S3). After diluting the cells to OD, of 0.05 with and with-
out 150 uM IPTG and culturing for 2 h, the expression of
cozEa and cozEb was reduced 23-fold and 13-fold in the
respective strains when comparing induced and non-in-
duced conditions.

While no effect on growth was observed by depleting
cozEa or cozEb expression in wild-type background,
knockdown of the other gene in the respective dele-
tion backgrounds caused dramatic reduction in growth
(Fig. 3A and B). The initial doubling time after CRISPRi-
induction is more affected in GS1167 (AcozEa,
sgRNA(cozEDb), t,"%°*® = 52 min and t,"*""%"** = 34 min)
than in GS1163 (AcozEb, sgRNA(cozEa), t,"°*¢ = 38
min and td"°"'i”d“°ed = 35 min). However, after approxi-
mately 300 min of dCas9-induction, the growth is dramati-
cally reduced for both GS1167 and GS1163 (Fig. 3). From
this we conclude that cozEa and cozEb have overlapping
functions in S. aureus.

The phenotypes of the GS1167 (AcozEa::spc, depleted
cozEb) and GS1163 (AcozEb::spc, depleted cozEa)
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Fig. 2. Two-plasmid CRISPR interference system for S. aureus.

A. Schematic representation of the plasmids carrying dCas9 and sgRNA. The sgRNA is constitutively expressed, while the level of dCas9 is
controlled by the inducible P, promoter. Upon addition of IPTG, dCas9 will be expressed and the dCas9-sgRNA-DNA complex formation will
lead to transcription block and knockdown of the target gene.

B-C. Knockdown of GFP expression in a strain constitutively expressing m(sf)gfp (SAMK56).

B. Fluorescence after induction with various IPTG concentrations. The fluorescence values are given relative to the fluorescence of a non-
depleted strain. The experiment was repeated twice with similar results.

C. The temporal dynamics of GFP depletion after addition of 100 uM IPTG. The fluorescence at the time of IPTG addition was set to 1, and
measured at different time points. The experiment was repeated twice with similar results.

D-F. Growth and phenotypic characterization of cells with depletion using CRISPRI. Growth curves in BHI medium at 37°C and micrographs
are shown. The cultures were diluted to ODg, = 0.01 prior to growth analysis. The scale bars are 2 ym.

D. Control cells carrying non-targeting sgRNA. E. Depletion of pbp1. pbp1 depleted cells were significantly larger than wild-type cells (1.78 +
0.38 pm, n = 126 for the pbp1 depletion versus 1.41 + 0.34 pm, n = 250 for the control, P < 0.05, Kolmogorov-Smirnov test).

F. Depletion of dnaA, resulted in formation of anucleate cells (10.2%, n = 234). The arrowhead points to an example of an anucleate cell.
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Fig. 3. Functional redundancy of cozEa and cozEb.

A. Strains carrying sgRNA targeting cozEb in wild-type
background (circles, strain SAMK57) compared to the AcozEa
background (triangles, strain GS1167). Growth curves with (red) or
without (black) induction of dCas9 expression with 150 uM IPTG
are shown.

B. Strains carrying sgRNA targeting cozEa in wild-type
background (circles, strain SAMK60) compared to the AcozEb
strain (triangles, strain GS1163). Growth curves with (red) or
without (black) induction of dCas9 expression with 150 uM IPTG
are shown.

strains were then further investigated by microscopy.
Phase contrast micrographs revealed severely perturbed
cell morphologies when the CRISPRIi system is induced,
displaying both variable cell shapes and sizes as well as
increased clustering of cells (Fig. 4A). Measurements
of the cell diameter of CRISPRi-induced GS1167 and
GS1163 cells show that they have a very wide distribution
compared to the wild type (Fig. 4B). We also made a dou-
ble sgRNA strain allowing knockdown of both cozEa and
cozEb simultaneously with the CRISPRI system (strain
SAMK?75), and as expected this strain displayed similar
phenotype as the GS1167 and GS1163 strains (Fig. S4).

Perturbed morphologies in cells depleted of both cozEa
and cozEb prompted us to further analyze cell division

© 2018 John Wiley & Sons Ltd, Molecular Microbiology, 109, 615-632

placement by transmission electron microscopy (TEM)
(Fig.4C and D and S4 Fig.). In GS1167 cells (AcozEa::spc
with depleted cozEDb) depleted for 4 h, cells could initiate
septum formation in only one of the daughter cells prior
to cell splitting (Fig. 4D, lower panels) and non-perpen-
dicular septum formation resulting in misshaped cells
was also observed (Fig. 4D, top right panel). Spatial and
temporal coordination of cell division thus seem compro-
mised in cells lacking CozEa and CozEb. Empty, lysed
cells were also observed (Fig. 4D). Furthermore, the
cell wall also appeared to be thicker in the mutant cells,
and comparison of septum thickness based on the TEM
images shows that the GS1167 on average has thicker
septal cross-wall compared to wild-type cells (Fig. S6). In
mildly depleted cells (depletion for 1 hour), the phenotype
is less severe, however, uncoordinated initiation of septum
formation and aberrant septa were also observed here
(Fig. S5). Electron micrographs of the individual deletions
showed that AcozEa mutants display both lysed cells
(Fig. S5) and have thicker septa than wild-type (Fig. S6).
These phenotypes were not observed in AcozEb cells
(Fig. S1 and S6).

Notably, nucleoid staining of the cells depleted of both
cozEa and cozEb using DAPI was also abnormal, dis-
playing non-homogeneous staining patterns. A large frac-
tion of the cells appeared to have high intensity or highly
condensed DAPI signals (47.1 % for GS1167, 22.9 % for
GS1163, n > 250) compared to the wild type, and some
cells were also anucleate under these conditions (4.1 %
for GS1167 and 2.0 % for GS1163, n > 250) (Fig. 4A and
zoomed images in Fig. 4E). The chromosome biology of
the cells thus also seems to be perturbed when CozEa
and CozEb are lacking.

CozEa and CozEb do not affect cell wall composition,
but interact with key cell division proteins

TEM images showed that the septal cell wall appeared
different between wild-type and the cozE-deficient cells;
coordination of cell wall synthesis seems to be compro-
mised (Fig. 4) and the septal cell wall is thicker in cells
lacking cozEa (Fig. S5.). In S. pneumoniae, CozESP" has
been shown to interact with the bi-functional penicillin
binding protein PBP1a (Fenton et al,, 2016). To get insight
into whether CozEa and CozEb could influence cell wall
synthesis, we first investigated whether these proteins
could interact with any of the four PBPs of S. aureus
(PBP1, PBP2, PBP3 and PBP4) using bacterial two-hybrid
assays (see Material and Methods for detailed descrip-
tion) (Karimova et al,, 2005). While CozEa and CozEb
both self-interacted and interacted with each other, no
interaction was found with any of the PBPs of S. aureus
(Fig. 5A, Fig. S7). We also tested the methicillin-resistant
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Fig. 4. CozEa/CozEb phenotypes in S. aureus SH1000.

A. Phase contrast micrographs are shown to the left. The cells were also stained with fluorescent vancomycin and DAPI to visualize cell wall
and the nucleoid respectively. Overlay of DAPI and phase contrast images are shown. White arrows point to cells with aberrant nucleoids.
The scale bars are 2 pm. The white squares indicate the area magnified in Fig. 4E.

B. Histogram of cell diameter distribution for wild-type cells (grey) and AcozEa::spc with depleted cozEb (GS1167, orange) cells and
AcozEb::spc with depleted cozEa (GS1163, green) induced with 150 pM IPTG. Both GS1167 and GS1163 are different from wild-type (P <
0.05, Kolmogorov-Smirnov test), with high proportion of the cells with diameters larger than 1.5 pm (7.9% for wild-type compared to 44.2% for
GS1167 and 27.9% for GS1163, n >150 for all strains).

C-D. Transmission electron micrographs of wild-type cells (C, SH1000) and AcozEa:spc with depleted cozEb (D, GS1167) cells. The white
arrow points to a lysed cell. Black arrows point to septum initiation in GS1167 cells. Two different magnifications are shown, as indicated by
the scale bars.

E. Magnified insets from Fig. 4A with overlays of DAPI and phase contrast images, demonstrating the variation in nucleoid staining between
the strains.
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Fig. 5. CozEa and CozEDb interact with EzrA, but do not alter cell wall synthesis.

A. Bacterial two-hybrid analyses of interactions between CozEa and CozEb fused to the T25 domain with proteins fused to the T18. Positive
interactions are observed as blue colonies and marked with brackets. See Fig. S7 for control experiments. All interaction results were
repeated at least five times.

B. Cell wall muropeptide composition of SAMK15 control cells (black) and GS1167 depletion cells (red) induced with 150 mM IPTG for 4
hours as analyzed with UHPLC. See Fig. S7 for control experiments.

C. Bacterial two-hybrid analyses of interactions between CozEa and CozEb fused to the T25 domain with EzrA, MreC and MreD fused to
the T18 domain. Positive interactions are observed as blue colonies and marked with brackets. See Fig. S7 for control experiments. All
interaction results were repeated at least five times.

D. Localization of EzrA-GFP without and with induction of CozEa/CozEb-depletion. The upper panel shows uninduced cells and two lower
panels show representative cells after induction of CRISPRi with 400 uM IPTG. The arrows point to examples of cells where EzrA-GFP
localization seems to be perturbed. The scale bars are 2 pm.

E. Phenotype of ezrA knockdown. Phase contrast micrographs and DAPI signal are shown for SAMK44 (CRISPRIi targeting ezrA) with or
without induction with 300 pM IPTG. The arrows point to cells with aberrant nucleoid staining. The scale bars are 2 um. The lower panel
shows cell diameter histograms of wild-type SH1000 cells as well as induced and non-induced SAMK44 cells. Both induced and non-induced
cells are significantly larger than wild-type cells (Kolmogorov-Smirnov test, P < 0.05), with high proportion of the cells with diameters larger
than 1.5 pm (7.9% for wild-type compared to 43.9% for non-induced and 55.1% for induced, n >100 for all strains).
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PBP2a (MecA) from S. aureus COL, but we could not find
any interactions with the CozE proteins (Fig. 5A). Next, we
analyzed the muropeptide composition of peptidoglycan
derived from strain the GS1167 (AcozEa with depleted
cozEb), to see whether the cell wall architecture was
altered in this mutant. However, the muropeptide com-
position of GS1167 was similar to the wild-type (Fig. 5B).
This suggests that CozEa and CozEb affect positioning
and timing of cell division and cross-wall synthesis, but
that the cell wall synthesis pathway is unaltered.

We further analyzed whether CozEa and CozEb could
interact with a selection of other key cell cycle proteins
using bacterial two-hybrid assays (Fig. 5C, S1 Table, Fig.
S7). CozESP" has been shown to interact with MreCSP",
MreD®P" and DivIVASP" (Fenton et al., 2016; Straume et
al., 2017). We detected an interaction between CozEa
and MreC, however, this was not the case for CozEb. No
interactions with MreD or DivIVA were observed for any
of the combinations (Fig. 5C, S1 Table). The only protein
we could identify that interacted with both CozEa and
CozEb was the early cell division protein EzrA. Among
the other proteins tested, we also found that CozEa and
GpsB interacted, however, not CozEb and GpsB. A full
overview of all tested bacterial two-hybrid interactions are
given in S1 Table.

The positive two-hybrid interactions suggest that CozEa
and CozEb may mediate cell division control via interac-
tions with EzrA. CozEa and CozEb both displayed a mem-
brane localization in S. aureus SH1000, with no apparent
enrichment in the septal region (Fig. S9). Depletion of
cozEa and cozEb expression in cells expressing a chro-
mosomal ezrA-gfp fusion (Lund et al., 2018), indicates
that EzrA-GFP localization may be perturbed in the
absence of CozE proteins (Fig. 5D). Furthermore, knock-
down of ezrA using the CRISPRi system leads to similar
phenotypes as cells lacking CozEa and CozEb (Fig. 5E)
with variable cell sizes and nucleoid staining. This is fully
in line with previous results of ezrA deletions and knock-
down mutants in S. aureus (Jorge et al., 2011; Steele et
al., 2011). Note that the cell size effect is observed also,
but to a lesser extent, when no IPTG is added, reflecting
leaky expression from the P, promoter. Abnormal DAPI
staining pattern was also observed in the cells after IPTG
induction, although this phenotype appear to be less pro-
nounced in the ezrA knockdown cells (5.5 % of cells, n =
200) compared to cells depleted of CozEa and CozEb. It
should also be noted that the growth rate was not severely
affected upon induction of ezrA knockdown (Fig. S6), sug-
gesting that ezrA is not essential for normal growth under
these conditions (Bottomley et al., 2014).
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The division ring is mislocalized in S. pneumoniae cells
depleted of CozESP"

The results above demonstrate that CozEa and CozEb
play functionally overlapping roles in controlling cell divi-
sion in S. aureus, and both genes can be deleted indi-
vidually. As mentioned above, a single protein CozESP"
(SPD_0768 in strain D39 and Spr0777 in strain R6), is
shown to be essential for growth and proper cell mor-
phology in S. pneumoniae (Fenton et al., 2016; Straume
et al., 2017). To investigate whether the EzrA-interactions
detected here were specific for S. aureus or also relevant
in S. pneumoniae, we used bacterial two-hybrid assays
to test the interaction between CozESP" and EzrASP". Just
like the staphylococcal proteins, a strong interaction was
found between the corresponding pneumococcal pro-
teins (Fig. 6A). Strikingly, while EzrA localized to midcell
in wild-type S. pneumoniae (Fig. 6B and C), the protein is
clearly mislocalized in cells where cozE°P" was depleted
(Fig. 6D).

S. aureus cozEa and cozEb can complement the
AcozESP" phenotype of S. pneumoniae

In order to gain further insight into functional conservation
of CozE proteins between S. aureus and S. pneumoniae,
we tested whether CozEa or CozEb could functionally
complement the essential CozESP" in S. pneumoniae.
We created pneumococcal strains in which cozEa and
cozEb were chromosomally integrated downstream
of the ComRS-inducible promoter, P, .. Induction of
P_omx iS achieved by addition of the peptide ComS to the
growth medium; ComS is internalized where it activates
the P,,,.,-binding transcriptional activator ComR (Berg et
al., 2011). Next, we attempted to delete the native cozESP"
by allelic exchange with the Janus cassette (Sung et al.,
2001), with and without presence of the inducer ComS.
A functional complementation with CozEa or CozEb in
the pneumococcus would allow deletion of the cozESP"
gene. Indeed, upon induction of cozEa or cozEb expres-
sion with 2 M ComS, the native cozESP" could readily
be deleted (Table 1). It should be noted that the CozEa
and CozEb probably have a reduced functionality com-
pared to CozESP", as higher inducer concentrations were
required to obtain correct transformants for the non-na-
tive CozE-proteins (Table 1). Additionally, CozEa seemed
to function better than CozEDb, since the number of trans-
formants were higher for the former. Microscopy of the
resulting strains further confirmed that the typical coz-
ESp”-depIetion phenotype in pneumococci, character-
ized by extensive chaining and slight rounding of cells
(seen by reduced length and aspect ratio closer to 1)
(Straume et al., 2017), could be complemented by both
CozEa or CozEb (Fig. S10).

© 2018 John Wiley & Sons Ltd, Molecular Microbiology, 109, 615-632



624 A Stamsisetal. W

A

RH425
EzrA-YFP

(2]

AcozESP
EzrA-YFP
+ ComS

o

AcozESen
P omy-COZESP"
- ComS

EzrA-YFP

Fig. 6. CozESP" controls division ring formation in S. pneumoniae.

EzrA-YFP

heatmap

A. Bacterial two-hybrid assay showing interactions between EzrASP" and different CozE-proteins.

B-D. Localization of EzrA-YFP in S. pneumoniae. Phase contrast and fluorescence are shown individually and merged. The localization of
EzrA-YFP in the cells are also shown as heatmaps, as generated using MicrobedJ. The heatmaps represent the localizations in >650 cells
for each strain. EzrA-YFP localization was analyzed in RH425 wild-type (B) and a strain where the native cozES™" is deleted and instead
expressed from the ComS-inducible promoter P, (Berg et al.,, 2011). The cozE®P"-depletion strain (AcozESP" and Pcumx-cozEep") was

grown with (C) or without (D) inducer peptide ComS. The arrows point to examples of cells with mislocalized EzrA-YFP. The scale bars are 2

pm.

Finally, to get insights into how the staphylococcal pro-
teins CozEa and CozEb could complement CozESP", we
analyzed by bacterial two-hybrid assays whether CozEa
and CozEb could still interact with EzrASP" (Fig. 6A). Both
CozEa and CozEb interact with EzrASP" in this assay.
Thus, conservation of the interaction with EzrA could
thus explain why CozEa and CozEb were functional in S.
pneumoniae.
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Discussion

The membrane protein CozESP was recently identi-
fied as an essential regulator of cell elongation in oval
shaped S. pneumoniae (Fenton et al., 2016; Straume et
al., 2017). CozE proteins are widely conserved and pres-
ent in the genome of bacteria from different phyla and
of different morphologies (Fenton et al., 2016). We here
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Table 1. Complementation of AcozE®™" in S. pneumoniae with CozEa and CozEb.

Colonies/ml/ng?

Complementation 0 pM ComS 0.2 yM ComS 2 uyM ComS
P omyx~COZES" 595 (0/8)° >2000 (8/8) >2000 (8/8)
P omx-COZEa 65 (0/8) 580 (3/8) >2000 (8/8)
P omx-COZED 71 (0/8) 77 (0/8) 45 (6/8)

@number of colonies on the plate after 16 h (per 1 ml transformation mix per ng DNA) when the respective strains were transformed with the
DNA fragment AcozE>P"::P-rpsl-kan (Janus cassette). Transformants were selected with kanamycin. Eight colonies for each transformation
were check by PCR, and the number of true AcozE®"" verified by PCR per 8 colonies are indicated in brackets.

"When transforming with the AcozESP"::P-rpsL-kan cassette, small sized colonies are observed also without complementation. However, these
are not true AcozE™" deletions when checked by PCR. In these colonies, cozE®™" has moved to another chromosomal location (data not
shown) and the strain has probably acquired suppressor mutations as previously observed.

show that the two CozE-homologs of S. aureus, which
we named CozEa and CozEb, play overlapping roles to
control proper cell cycle progression in these spherical
cells.

While the deletion of either cozEa or cozEb has only
minor effects, both genes cannot be deleted at the same
time. To confirm the synthetic relationship between
cozEa and cozEb, we developed a CRISPRi system for
S. aureus to allow knockdown of expression of essential
genes. Recent reports have already shown the suitabil-
ity of using CRISPR/dCas9 for knockdown of genes in S.
aureus (Dong et al., 2017; Zhao et al., 2017). The plas-
mid-based CRISPR/dCas9-derived system we developed
here contains several unique features compared to the
published ones (Dong et al., 2017; Zhao et al., 2017): (i)
Knockdown is inducible by addition of IPTG, since dCas9
expression is driven by the IPTG-inducible promoter. (ii)
The plasmid harbouring the sgRNA construct is relatively
small (5.8 kb), thus allowing easy replacement of target
sequences by inverse PCR. (iii) Multi-sgRNA plasmids,
allowing simultaneous knockdown of several genes, can
be constructed by combining existing sgRNA plasmids
using BglIBrick assembly (Anderson et al., 2010) (Fig. S2).

Using the CRISPRI system, we could construct com-
bined deletion/depletion strains or double-depletion
strains to study cells depleted of CozE proteins. Since all
the different strains depleted of CozE proteins showed the
same phenotypes, we could exclude that the conservative
substitution in the gene thil (detected by whole genome
resequencing, see results) played any functional role.
Low levels of CozEa and CozEb proteins have pleiotropic
effects on the staphylococcal cells, including abnormal
cell size homeostasis and nucleoid staining, frequent lysis
and, most strikingly, the thickened cell wall and compro-
mised timing and positioning of cell division (Fig. 4). Wild-
type S. aureus cells divide in consecutive, perpendicular
planes, i.e. the new septum is formed perpendicular to the
previous and splitting of daughter cells (Monteiro et al.,

2018) (popping) finishes before the next septum is formed
(Pinho et al., 2013; Monteiro et al., 2015; Zhou et al.,
2015). However, cells lacking CozEa and CozEb can ini-
tiate septum formation asynchronously in only one of the
daughter cells before the previous division cycle finishes
and non-perpendicular septa were also observed, result-
ing in elongated cells. This is reminiscent of elongating
staphylococcal FtsZ mutant strains (Fig. 4) (Pereira et al.,
2016) or staphylococci treated with antibiotics targeting
the cell wall or cell division (Pinho et al., 2000, Sieradzki
and Tomasz, 2006; Lund et al., 2018).

Despite having misplaced and thicker septa than wild-
type, the cell wall composition does not appear to be
altered in the CozEa/CozEb-depleted cells and the mem-
brane proteins CozEa or CozEb are not directly interacting
with any of the PBPs of S. aureus. An interaction between
CozEa and MreC was detected, however, neither CozEa
nor CozEb could interact with MreD. Although the CozEa-
MreC interaction may be important for directing peptido-
glycan synthesis, like in S. pneumoniae, it is worth noting
MreC and MreD are non-essential in S. aureus (Tavares
et al., 2015). The significance of the CozEa-MreC interac-
tion thus remains unknown.

CozEa and CozEb might compromise cell division
coordination and autolytic splitting by interfering directly
with key cell division proteins. The detailed mechanism
of action remains to be determined, but we show that
CozEa and CozEb could interact with one of the early
cell division proteins, namely EzrA, in two-hybrid interac-
tion assays. The EzrA-GFP localization in S. aureus cells
lacking CozEa and CozEb also seems to be perturbed
(Fig. 5D). Interaction with EzrA could thus be a plausible
way for CozEa and CozEb to mediate cell division con-
trol. EzrA is one of the first proteins binding to the Z-ring
in the initiation of cell division. EzrA was identified as a
negative regulator of FtsZ formation in B. subtilis (Levin
et al., 1999), and is thought to be important for the switch
between elongation and division growth in B. subtilis via
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protein-protein interactions with penicillin-binding proteins
(Claessen et al., 2008). EzrA plays a similar role in S. pneu-
moniae (Rued et al., 2017). In S. aureus, EzrA is involved
in a large number of protein-protein interactions. Bacterial
two-hybrid interactions have been shown between EzrA
and FtsZ, DivIB, DivIC, FtsA, FtsL, Pbp1-3, SepF, GpsB,
RodA (Steele et al.,, 2011) and DivIVA (Bottomley et al.,
2017). Although some of these interactions may be false
positives, it clearly suggests that EzrA is a central protein
for proper cell cycle progression and cell wall synthesis
in S. aureus. It has indeed been shown that EzrA plays a
key role in staphylococcal cell size homeostasis; different
levels of EzrA in the cells influence the cell size (Jorge
et al., 2011; Steele et al., 2011). We also observed the
same when ezrA was targeted using the CRISPRi system
(Fig. 5). Furthermore, lack of EzrA causes mislocalization
of other key cell division proteins such as FtsZ, GpsB
and PBPs (Jorge et al., 2011; Steele et al., 2011). Thus,
disrupting the localization or functionality of EzrA, which
may be the case in cells lacking CozEa and CozEb, will
therefore likely have large pleiotropic effects on different
cell cycle processes, and is consistent with the results of
the current study. Note, however, that there are conflicting
results in the literature regarding the essentiality of ezrA
(Jorge et al., 2011; Steele et al., 2011). The results from
our CRISPRI depletion suggest that ezrA is non-essential
for growth under our experimental conditions. Thus, it is
likely that CozEa/CozEb have other roles in S. aureus yet
to be identified. Since the CozEa-EzrA and CozEb-EzrA
interactions were found by testing a collection of proteins
in a heterologous bacterial two-hybrid assay, there may
be important CozEa/CozEb interaction partners that we
have not yet identified. It also remains to be determined
whether the abnormal nucleoid-staining pattern is directly
affected by CozEa/CozEDb, or if this is an indirect effect of
the compromised cell division control.

Our results also show that the influence of CozE on
cell division observed in S. aureus was conserved in ovo-
coccal S. pneumoniae. Just like in S. aureus, CozESP"
could interact with EzrASP" in bacterial two-hybrid assays
and depletion of CozESP"in S. pneumoniae caused aber-
rant cell division placement as observed by mislocaliza-
tion of EzrASP™-GFP. In line with this, EzrASP" interacts
with FtsZ5"", GpsBSP" and DivIVASP" and is important for
coordination of septal and peripheral cell wall synthesis
in ovococcal S. pneumoniae cells (Fleurie et al., 2014;
Rued et al., 2017). Depletion of ezrASP" expression in S.
pneumoniae (Fig. 5) also resulted in cells with variable
sizes and nucleoid staining pattern as well as multiple or
misplaced septa (Liu et al., 2017). Notably, both cozEa
and cozEb could complement the AcozE®™ in S. pneu-
moniae, although the functionality of the staphylococcal
proteins were reduced compared to the native CozES™".
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CozESP" was identified as an essential regulator of cell
elongation in S. pneumoniae, working through interactions
with the MreCDSP" and PBP1a°"" (Fenton et al., 2016). S.
aureus also appears to elongate slightly during the cell
cycle, but little is known about this and a machinery for
peripheral peptidoglycan synthesis is lacking (Monteiro et
al., 2015). The results presented here suggest that CozE
proteins in bacteria have additional functionalities to what
was found for CozESP" and that they may act at an earlier
stage of cell division to mediate proper spatial and tem-
poral control. During the bacterial cell cycle, DNA replica-
tion, chromosome segregation, cell division and cell wall
synthesis need to be coordinated spatially and temporally.
The uncontrolled cell division occurring in S. aureus cells
lacking CozEa and CozEb, may thus result in the pleiotro-
pic effects we observed, such as aberrant chromosome
replication/segregation, cell lysis and variable cell sizes.
Future studies are required to unravel in more detail the
molecular mode of action by which CozE proteins work.
The CozE-mediated control of cell division seems to be a
conserved feature between spherical S. aureus and ovo-
coccal S. pneumoniae. Since genes encoding these pro-
teins are widespread and found in bacteria with different
cellular morphologies (Fenton et al., 2016), it will be inter-
esting to unravel how CozE proteins function in bacterial
cells of various shapes.

Experimental procedures
Bacterial strains, growth conditions and transformation

Bacterial strains used in this study are listed in S2 Table.
S. aureus was routinely grown at 37°C in brain-heart-in-
fusion (BHI) broth with shaking or on BHI agar plates at
37°C. When appropriate, 5 pg/ml erythromycin, 10 pg/ml
chloramphenicol or 100 pg/ml spectinomycin was added
for selection. For induction of gene expression, different
concentrations of IPTG was added. S. pneumoniae was
grown in C medium (Lacks and Hotchkiss, 1960) at 37°C
without shaking or on Todd-Hewitt (TH) agar plates at
37°C. When appropriate, 400 pg/ml kanamycin, 200 pg/
ml streptomycin or 100 pg/ml spectinomycin was added
to the growth medium for selection. Escherichia coli was
grown at 37°C in LB medium with shaking or on LA plates
at 37°C with 100 pg/ml ampicillin or 50 pg/ml kanamycin
added for selection.

Transformation of E. coli was performed with a stan-
dard heat shock protocol. S. aureus was transformed
with electroporation using plasmid DNA isolated from E.
coli DC10B (Monk et al., 2012) or IM08B (Monk et al.,
2015). Preparation of electrocompetent cells and electro-
poration were performed essentially as described before
(Lofblom et al., 2007). Constructs were introduced into S.



pneumoniae using natural transformation as described
before (Stamsas et al., 2017).

Construction of plasmids for the CRISPRI system

Construction of plasmid pLOW-dCas9. The dcas9 gene
was amplified from plasmid pJWV102-dcas9 (Liu et al.,
2017) using primers mk41 and mk42. The fragment and
the vector pLOW-ftsZ-m(sf)gfp were both digested with
Sall and Notl and ligated to produce the pLOW-dCas9
construct where dcas9 is placed downstream of an
IPTG-inducible promoter. The ligation was transformed
into E. coli IMO8B with ampicillin selection and correct
construct was verified by PCR and sequencing. All plas-
mids in this study are listed in S3 Table, while all primers
are listed in S4 Table.

Constructions of plasmids expressing single guide
RNA. The single guide RNA (sgRNA) construct, con-
taining a transcriptionally isolated sgRNA (see Fig. 2)
driven by a constitutive promoter, was cut out from vec-
tor pPEPX-sgRNA(/uc) (Liu et al., 2017) using Pstl and
BamHI. The fragment was ligated into the corresponding
sites of vector pCG248 (Helle et al., 2011) (thus remov-
ing the xyl/tet regulatory system from this vector) to pro-
duce pCG248-sgRNA(/uc). The construct was verified by
sequencing.

New sgRNAs were then made by replacing the 20 nt
base-pairing region with an inverse PCR approach; using
the pCG248-sgRNA(/uc) as template, new sgRNA-plas-
mids were amplified using one reverse phosphorylated
primer mk200 annealing immediately upstream of the
sgRNA, combined with a gene-specific forward primer
containing the base-pairing region as overhangs. The
product was treated with Dpnl to remove the template
plasmid and ligated using T4 DNA ligase prior to trans-
formation into E. coli IMO8B with ampicillin selection.
Constructs were verified by sequencing. The result-
ing plasmids were named pCG248-sgRNA(x), where x
denotes the name of the gene to be targeted. Selection
of the gene-specific base pairing region to be used was
done using established criteria (Peters et al., 2016; Liu et
al., 2017).

For construction of the double-sgRNAs targeting
both cozEa and cozEb, the fragment containing the
sgRNA(cozEb) was cut out from the plasmid pCG248-
sgRNA(cozEb) using restriction sites Pstl and BamHI.
The resulting fragment was ligated into the Pstl and Bglll
sites of plasmid pCG248-sgRNA(cozEa). The resulting
plasmid, pCG248-sgRNA(cozEa-cozEDb), expresses two
sgRNAs targeting both cozEa and cozEb. See also Fig. S2.

CRISPR interference. In order to obtain S. aureus
strains for CRISPRI, the plasmid pLOW-dCas9 was first
introduced with erythromycin selection. Then, in a sec-
ond step, the sgRNA-containing plasmid pCG248(x),
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was introduced with combined chloramphenicol and
erythromycin selection (in order to retain both plasmids).
Cells were then grown in the presence of IPTG to induce
expression of dcas9.

S. aureus plasmid and strain construction

Construction of strain with constitutive GFP expression. A
fragment containing a spectinomycin resistance gene and
a gene encoding a monomeric superfolder GFP, m(sf)gfp,
was first assembled by overlap extension PCR. The spec-
tinomycin resistance cassette was amplified from pCN55
(Charpentier et al., 2004) using primers mk203 and mk204.
The m(sf)gfp gene was amplified from plasmid pMK17 (Kjos
et al., 2016) using primer im84 and im2. The primers mk204
and im84 contain overlapping sequence, and the spc-m(sf)
gfp fragment could then be assembled in a second amplifi-
cation step with outer primers mk203 and im2. The result-
ing fragment contains EcoRl sites on both ends introduced
by overhangs in the primers. The fragment was digested
with EcoRI and ligated into the corresponding site of plas-
mid pMAD-int2-luc. The ligation was transformed in E. coli
IM08B with ampicillin selection. The resulting construct,
pMAD-int2-luc-spc-gfp, was verified by PCR and sequenc-
ing. The temperature sensitive pMAD-derivative vector
(Arnaud et al., 2004) was transformed in S. aureus RN4220
at 30°C with erythromycin and X-gal selection. Integration of
the plasmid into the chromosome and excision to construct
the integration of P3-luc-spc-gfp in the int-locus (Fagerlund
et al., 2014) was performed as described (Arnaud et al.,
2004) with spectinomycin selection.

Construction of AcozEa::spc and AcozEb::spc. Vectors
for deletion of cozEa and cozEb were made in pMAD.
The constructions cozEa::spc and cozEb::spc were first
assembled by overlap extension PCR as follows: The
spectinomycin resistance cassette (spc) was amplified
from plasmid pCN55 using primers mk188 and mk189.
The cozEa upstream region was amplified with primers
mk182 and mk184 and the downstream fragment with
primers mk185 and mk187. The three fragments were
assembled using overlap extension PCR and amplified
using the outer primers mk183 and mk186. The outer
primers contain restriction sites for Ncol and BamHI, and
the cozEa_up — spc — cozEa_down fragment was ligated
into the Ncol and BamHlI sites of pMAD. The ligation was
transformed into E. coli IMO8B and correct transformants
containing the pMAD-cozEa::spc plasmid were verified by
PCR and sequencing.

pMAD-cozEb::spc plasmid was constructed in a similar
way. The spc fragment was amplified in the same manner
as above. The cozEb up- and downstream regions were
amplified using primers mk190 and mk192, and mk193
and mk195 respectively. The resulting fragments were
fused by overlap extension PCR using primers mk191
and mk194, and the resulting fragment (cozEb_up — spc
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— cozEb_down), was ligated into the Ncol and BamHI
sites of pMAD.

Finally, the pMAD-cozEa::cam plasmid was constructed
by amplifying the upstream region with primers mk183
and mk259 and the downstream region with primers
mk260 and mk186. A chloramphenicol resistance cas-
sette was amplified from plasmid pRAB11 (Helle et al.,
2011), using primers mk257 and mk258. The fragments
were fused by overlap extension PCR and ligated into the
Ncol and BamHI sites of pMAD.

Construction of the deletion strains was done as pre-

viously described for the temperature sensitive pMAD
system (Arnaud et al., 2004). Briefly, the plasmids were
transformed into S. aureus SH1000 with erythromycin
selection with incubation at permissive temperature of
30°C. X-gal was also added to the transformation plates
and blue colonies were re-streaked once at 30°C. One
colony was then picked and grown in medium without
selection at 30°C for 2 h before the tube was transferred
to non-permissive temperature for plasmid replication
(43°C) for 6 h. The culture was then plated on TSA with
spectinomycin and X-gal at 43°C. White colonies, where
double crossover had taken place to replace the gene of
interest with the spectinomycin cassette, were re-streaked
on two separate plates to verify that they were spectino-
mycin resistant and erythromycin sensitive. Correct con-
structs were further verified by PCR and sequencing. The
AcozEa::spc deletion strain was named SAMK24 and the
AcozEb::spc deletion strain SAMK21.
Construction of pLOW-cozEa-m(sf)gfp and pLOW-coz-
Eb-m(sf)gfp. m(sf)gfp, was first inserted into the plas-
mid pLOW-FtsZ-GFP (Liew et al., 2011) (replacing the
gfp gene). The m(sf)gfp gene with linker was amplified
from plasmid pMK17 (Kjos et al., 2016) using primers
im1 and im2 and ligated into the BamHI and EcoRlI sites
of plasmid pLOW-FtsZ-GFP. The resulting construct,
pLOW-ftsZ-m(sf)gfp, was verified by PCR and sequenc-
ing. To construct pLOW-cozEa-m(sf)gfp and pLOW-coz-
Eb-m(sf)gfp, ftsZ was replaced with cozEa or cozEb in
this vector. cozEa was amplified using primers im10 and
im11, while cozEb was amplified using primers im12 and
im13, both using genomic DNA from SH1000 as tem-
plate. The fragments were digested with Sall and BamHI
and ligated into the respective sites of vector pLOW-
ftsZ-m(sf)gfp. The constructs were verified by PCR and
sequencing.

Strain construction for S. pneumoniae

Construction of P,
cozEb and deletion of cozES™. The ectopic P,
cozE>P" construct integrated in the ¢psO-cpnN locus of
S. pneumoniae has been described previously (Straume

et al., 2017).

. pn . .
cozES™", P, -cozEa, P, .
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For construction of P .-cozEa and P, .-cozEb,
primers gs693/gs694 were used to amplify the cozEa
gene and primers GS691/GS692 were used to amplify
the cozEb gene, both using genomic DNA from S. aureus
SH1000 as template. Using strain S. pneumoniae SPH131
as template, the P, . and 800 bp upstream region in
the c¢psO-cpsN locus were amplified with primers khb31/
khb33 and the cpsO-cpsN downstream fragment was
amplified with primers khb34/khb36. The three fragments
contain overlapping sequences introduced in the primers,
and they were assembled by overlap extension PCR to
create P .-cozEa and P_, ,-cozEb. The constructs
were transformed into strain SPH131 (containing a Janus
cassette in the cpsO-cpsN locus) and transformants were
selected on plates with streptomycin. The resulting strains
were named GS1169 and GS1170.

The native pneumococcal cozESP" (spr0777) gene
was replaced with a Janus cassette in strains GS1169,
GS1170 and KHB432 as described before (Straume et
al., 2017). Since spr0777 is essential, different concen-
trations of the transcription inducer ComS (0, 0.2 and 2
uM) were added during all transformation steps to induce
expression of the various cozE genes from the P, pro-
moter. Transformants were selected on plates containing
kanamycin. The number of colonies were counted and
the transformants were screened for the presence of the
pneumococcal cozES™" gene with primers gs337 and
gs338 for each ComS concentration.

Construction of eerSp”-yfp. An ezrA-yfp_spc fragment
was assembled by overlap extension PCR. The ezrA_up
fragment was amplified from S. pneumoniae R6 using
primers mk288 and mk289, while the ezrA_down fragment
was amplified using primers mk292 and mk293. The yfp_
spc fragment was amplified from strain MK123 using prim-
ers mk290 and mk291. Due to overhangs in the primers,
the three fragments could be assembled using outer prim-
ers mk301 and mk302, to produce the ezrA-yfp_spc frag-
ment, which integrates in the pneumococcal chromosome
to replace the native ezrA gene with an ezrA-yfp fusion
gene. The fragment was transformed into S. pneumoniae
and transformants were selected on plates with spectino-
mycin. Correct transformants were verified by PCR.

Total RNA isolation, cDNA synthesis and gPCR

Overnight cultures were diluted to ODgy, = 0.05 in 20
ml BHI containing 10 pg/ml chloramphenicol and 5 pg/
ml erythromycin. There were two cultures of each strain,
one of them was induced with 150 pM IPTG. Cells
were harvested from 10 ml culture at ODg,, = 0.4 by
centrifugation at 4000 x g at 4°C for one minute, and
the pellets were immediately frozen in liquid nitrogen.
The cells were lysed by mechanical disruption in Lysing
Matrix B, 2 mL tubes (MP Biomedicals) by FastPrep®-24



(MP Biomedicals). The disruption was done at maximum
speed for 3 x 20 seconds, with cooling on ice between
the runs. Total RNA was extracted using RNeasy Mini kit
following the manufacturers’ description (Qiagen). Eluted
RNA was treated with DNase | for removal of residual
DNA, following the description of the manufacturer
(Invitrogen). Thereafter, DNase was removed by Phenol-
chloroform extraction. cDNA was synthesized using
Superscript™ Il Reverse Transcriptase (Invitrogen).
Twenty-five ng cDNA was used as template for gPCR
performed with PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems) in a StepOne Plus machine (Applied
Biosystems). The setup included triplicates for each of the
target genes for every sample. Primers im126 and im127
were used to target the reference gene, pta (Valihrach
and Demnerova, 2012). Primers im130 and im131 were
used to target cozEa, and primers im132 and im133 to
target cozEb. The differential expression of cozEa and
cozEDb between non-induced and induced conditions was
calculated according to the Pfaffl-method (Pfaffl, 2001).

Bacterial two-hybrid analysis

Construction of plasmids. Genes of interest were fused
in frame to either 5° end or 3" end of either the T18 or
the T25 domain of adenylate cyclase from Bordetella
pertussis using the four vectors (pKT25, pKNT25,
pUT18, pUT18C) provided by the manufacturer
(Euromedex). Primers used for amplification of the
genes are listed in S4 Table. The amplified fragments
were digested (restriction sites indicated in the S4
Table) and ligated into the corresponding restriction
sites in the vectors. Ligations were transformed into
E. coli XL1-Blue cells, and selected on 1% glucose LA
plates containing either 50 pg/ml kanamycin or 100
pg/ml ampicillin. Correct plasmids were verified by
PCR and sequencing.

Bacterial two-hybrid assays (Karimova et al., 2005)
were performed as described by the manufacturer
(Euromedex). Briefly, two plasmids, one containing
a fusion to the T18 domain and the other a fusion to
the T25 domain, were co-transformed into E. coli
BTH101. The transformants were selected on LA plates
containing 50 pg/ml kanamycin and 100 pg/ml ampicillin
for selection. Five random colonies were picked per
assay and grown in liquid LB containing kanamycin and
ampicillin to ODg,, 0.3, before 2.5 pl of the cell culture
was spotted on LA plates supplemented with 50 pg/
ml kanamycin, 100 pg/ml ampicillin, 40 pg/ml of X-gal
and 0.5 mM IPTG. The plates were incubated protected
from light at 30°C for 20 to 48 h. Positive interactions
are indicated by appearance of blue colonies, while
white colonies indicate no interaction. All interaction
assays were repeated with at least five independent
replicates.
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Isolation of peptidoglycan and HPLC-analysis

Strains GS1167 and SAMK15 were inoculated in 60 ml
BHI containing 10 pg/ml chloramphenicol and 5 pg/mi
erythromycin. At OD, 0.2 these cells were transferred
to 1.5 liters of BHI containing 10 pg/ml chloramphenicol,
5 pg/ml erythromycin and 150 pM IPTG. When reaching
ODg,, = 0.3, cells were harvested at 8000 xg for 10 min.
Peptidoglycan was isolated according to the protocol
described by Vollmer (Vollmer, 2007). The isolated pepti-
doglycan was lyophilized and resuspended in water to a
final concentration of 50 mg/ml.

HPLC analysis of muropeptides was performed as
described by Vollmer (Vollmer, 2007) and Carvalho et
al (Carvalho et al., 2015) with minor changes. Briefly, to
remove cell wall teichoic acids, ten milligrams of purified
peptidoglycan were treated with 1.5 ml 48 % hydroflu-
oric acid (HF) at 4°C for 48 hours with gentle mixing. The
HF-treated peptidoglycan was collected by centrifuga-
tion at 20 000 xg for 30 minutes and washed two times
with 1.5 ml of dH,0, once with 1.5 ml of 50 mM Tris-HCI
(pH 7.4) and finally twice with 1.5 ml of dH,0. One mg
of HF-treated peptidoglycan was digested with 5000
U mutanolysin at 37°C for 18-20 h in a final volume of
100 pl containing 12.5 mM NaH,PO, (pH 5.5). The sam-
ple was boiled for 20 min before insoluble material was
removed by centrifugation at 20 000 xg for 30 min. The
supernatant was added with 0.5 M Na-borate pH 9.0 (1:1
volume) and treated with 1-2 mg of Na-borohydride for
30 min at room temperature to reduce the sugars. The
reaction was stopped by adjusting the pH to 2.0 using
20 % phosphoric acid. Muropeptides were separated on
a C18 column (Vydac 218TP C18 5 mm, Grace Davison
Discovery Sciences) at 52°C using a linear 155-min gradi-
ent of methanol from 5-30 % in 0.1 M NaH,PO, (pH 2.0)
at a flow rate of 0.5 ml/min. Eluted muropeptides were
detected at 206 nm.

Phase contrast and fluorescence microscopy

Microscopy was performed on a Zeiss AxioObserver with
ZEN Blue software. Images were captured with an ORCA-
Flash4.0 V2 Digital CMOS camera (Hamamatsu Photonics)
through a 100x PC objective. For fluorescence microscopy,
HPX 120 llluminator (Zeiss) was used as a light source.
Image analysis was performed using Microbed (Ducret
et al,, 2016) and plotting was done in RStudio.

Transmission electron microscopy

Strains SH1000, SAMK21 and SAMK24 were grown to
ODg,, = 0.4 prior to sample preparation. GS1167 and
SAMK15 were pre-grown to OD600 = 0.1, after which the
cultures were diluted 64-fold in medium with or without
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150 pg/ml IPTG and grown until ODg,, = 0.3. Cells were
fixed by adding a solution of 4 % parafomaldehyd (w/v)
and 5 % glutardialdehyd (w/v) in 1 x PBS pH 7.4 to the
cell culture in a 1:1 ratio. The fixation mix was incubated
1 hour in room temperature and kept overnight at 4°C.
The next day the cells were washed three times in PBS
and three times in cacodylate buffer (CaCo) before being
post-fixed for one hour in 1% OsO,in 0.1 M CaCo. Cells
were washed three times in CaCo buffer, infiltrated in 3%
agarose and washed again three times in CaCo buffer.
The samples were then dehydrated in a gradient series
of 70%, 90%, 96% and 100% ethanol (15 min for each
ethanol concentration). Infiltration in LR White resin was
then performed in multiple steps; LR White resin:EtOH
in a ratio 1:3 was first incubated overnight, then a ratio
of 1:1 for 7 h, a ratio of 3:1 overnight and finally 100% LR
White resin overnight. Then the samples were embed-
ded in 100% LR White resin at 60°C for 72 h. Thin sec-
tions were made and stained with uranyl acetate and
potassium permanganate. The samples were analyzed
in a FEl MORGAGNI 268 electron microscope.

Growth assays

Growth assays were performed in a Synergy H1 Hybrid
Reader (BioTek) microtiter plate reader at 37°C. Five ml
of cell culture were grown to exponential phase, ODg,
= 0.4 before being harvested, resuspended in fresh BHI
medium and diluted to ODg, = 0.05. Appropriate antibiot-
ics were always present. Each well in the microtiter plate
was added 280 pl diluted cell culture. IPTG (150 pM) was
added to the wells when appropriate. Measurements of
ODy,, were taken every 10th min throughout growth.

Genome resequencing and analysis

Genomic DNA was isolated from S. aureus SH1000,
SAMK21 and SAMK24 using the NucleoBond AXG 100
kit (Macherey-Nagel). For S. aureus SH1000, library
for sequencing was created using the Nextera XT DNA
library preparation kit (lllumina), and the sequencing was
performed using an in-house lllumina MiSeq. For SAM21
and SAMK24, PCR-free library preparation and sequenc-
ing (HiSeq4000 PE151) was performed by BGI Hong
Kong. Sequences assembly to the S. aureus NCTC8325
reference genome and SNP detection were done using
Geneious version 10.1 (Kearse et al., 2012).
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Fig. S5. Transmission electron micrographs.

A. Strain GS1167 depleted for 1 hour. The black arrows point to uncoordinated septum initiation.
B. Strain SAMK24 (AcozEa). Lysed cell is marked with a white arrow.

C. Strain SAMK21 (AcozEDb).

D. Strain SAMK15 control cells carrying a non-targeting sgRNA.
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5. pKT25-zip + pUT18C-zip (positive control)

Fig. S7. Control experiment for bacterial two-hybrid assays.
A. Controls related to Fig. SA.

B. Controls related to Fig. 5B.
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Fig. S8. Growth curve of ezr4 depletion strain. Strain SAMK44 containing the ezr4 depletion construct

was grown without (black) or with (red) 300 uM IPTG.
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Fig. S9. Localization of CozEa-m(sf)GFP and CozEb-m(sf)GFP in S. aureus SH1000. Cells were stained

with Nile Red to visualize the cell membrane.
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Fig. S10 Phase contrast images demonstrating complementation of AcozE™" with staphylococcal proteins
CozEa and CozEb. Length and width measurements (+ standard deviation) and the number of cells
measured are indicated below the images. In addition, histograms of the aspect ratio for each strain is plotted
in the right panel.

A. Wild-type S. pneumoniae RH425 cells.



B. Strain GS1196 cells incubated without or with ComS for 4 hours. In the histogram, orange bars represents
cells without ComS and gray bars cells with ComS.

C. Strain GS1195 incubated with or without ComS for 4 hours. In the histogram, orange bars represents
cells without ComS and gray bars cells with ComS.

When ComS is not present (left panel in B and C), the typical cozE-depletion phenotypes with extensive
chaining and occasional rounding of cells (arrowhead) are observed. The scale bars are 2 um. Cell width
(W) and length (L) as measured using Microbel is indicated below the images (% standard deviation) as

well as number of cells calculated (n).



Supporting tables (S1 Table — S4 Table)

Table S1. Overview of bacterial two-hybrid assays performed with CozEa and CozED in this study®.

e < &Q

°S g S g5 &5 &5 &8 324 < 39 4 8 >

4 3 8 3 448 88 88 2 E N8 &8z

F O H O H H H H & = =2 A @ = O = A

T18-CozEa + + _ _ _ B, _ _ _ _ - . - - -
CozEa-T18 ¥ + + _ , _ , _ - - _ - - _ _ _ -
CozEb-T18 n N + |+ _ _ ; _ _ _ - _ . -
T18-PBP1 N - - - 4+ + '+ + 4+ NT NT NT NT NT NT NT NT
T18-PBP2 _ - . . + NT NT NT NT NT NT NT NT NT NT NT NT
T18-PBP2a - - - - % NT NT NT NT NT NT NT NT NT NT NT NT
T18-PBP3 _ - . , + NT NT NT NT NT NT NT NT NT NT NT NT
PBP4-T18 _ - - - + NT NT NT NT NT NT NT NT NT NT NT NT
T18-MreC + - - - '+ NT NT NT NT NT - NT NT NT NT NT NT
T18-MreD - - - - I NT NT NT NT NT + - NT NT NT NT NT NT
MreD-T18 - - - -  NT NT NT NT NT + - NT NT NT NT NT NT
DnaA-T18 - - | - - I NT NT NT NT NT NT NT NT NT NT NT NT NT
FtsZ-T18 - - - - I NT NT NT NT NT NT NT NT NT NT NT NT NT
EzrA-T18 + + + + NT NT NT NT NT NT NT NT NT NT NT NT NT
T18-GpsB - - - -  NT NT NT NT NT NT NT NT NT NT NT NT NT

GpsB-T18 + - - -  NT NT NT NT NT NT NT NT NT NT NT NT NT

2 “+” means positive interaction detected in the two-hybrid assy. “NT” denotes “not tested.”



S2 Table. Strains used in this study

Name | Genotype™” Source
S. aureus
SH1000 rbsU+ derivative of strain NCTC8325-4 (Horsburgh et al.,
2002)
RN4220 | Restriction deficient derivative of NCTC8325-4 (Kreiswirth et al.,
1983)
SAMK13 | SH1000 carrying pLOW-dcas9, ery* This work
SAMKI15 | SH1000 carrying pLOW-dcas9 and pCG248-sgRNA(luc), ery’, cam” This work
SAMK21 | SH1000, AcozEb::spc, spc” This work
SAMK?24 | SH1000, AcozEa::spc, spc” This work
SAMKS56 | RN4220, int2::luc-spc-gfp carrying pLOW-dcas9 and pCG248- This work
sgRNA(m(sf)gfp)
GS.1163 | SH1000, AcozEb::spc carrying pPLOW-dcas9 and pCG248- This work
sgRNA(cozEa), spc’, ery” cam’
GS.1167 | SH1000, AcozEa::spc carrying pPLOW-dcas9, pCG248-sgRNA(cozED), | This work
spc', ery” cam’
SAMK?27 | SH1000 carrying pLOW-dcas9, pCG248-sgRNA(dnaAd), ery’, cam” This work
SAMK20 | SH1000 carrying pLOW-dcas9, pCG248-sgRNA(pbpl) , ery', cam’ This work
SAMK44 | SH1000 carrying pLOW-dcas9, pCG248-sgRNA(ezr4) , ery", cam' This work
SAMKS57 | SH1000 carrying pLOW-dcas9, pCG248-sgRNA(cozEa), ery', cam’ This work
SAMKG60 | SH1000 carrying pLOW-dcas9, pCG248-sgRNA(cozEDb) , ery', cam" This work
SAMK?75 | SH1000, pPLOW-dCas9, sgRNA(cozEa+cozEb), ery', cam' This work
SH4639 SH1000, ezrA-gfp, kan" (Lund et al.,
2018)
MK1443 | SH1000, ezrd-gfp, pPLOW-dCas9, sgRNA(cozEa+cozEb), kan', ery", This work
cam'
IM65 SH1000 carrying pLOW-cozEa-m(sf)gfp, ery" This work
IM66 SH1000 carrying pLOW-cozEb-m(sf)gfp, ery" This work
E. coli
BTH101 | Strain used for BACTH analysis Euromedex
XL1-Blue | Host strain Agilent
IM0OSB DHI10B, Adcm, Preip-hsdMS, Pnos-hsdS (strain expressing the S. aureus | (Monk et al.,
CCS8 specific methylation genes) 2015)
DCI10B DHI10B, Adcm (Monk et al.,
2012)
S. pneumoniae
RH425 R6 defivative, streptomycin resistant, AcomA.:ermAM, ery", sm" (Johnsborg et al.,
2008)
SPH131 AcomA, P1::Peomr::comR, Peomx::Janus, ery’, kan" (Berget al., 2011)
KHB432 | AcomA, P1::Peomr::comR, Peomx::cozEP" (spr0777), ery’, sm" (Straume et al.,

2017), lab
collection




yfp-spc, ery’, kan", spc”

SPH355 AcomA, P1::Peomp::comR, Peomy::cozE™", AcozE™"::DEL, ery’, sm" (Straume et al.,
2017)
GS1169 AcomA, P1::Peomr::comR, Peomx::cozEb (SAOUHC _01358), ery", sm" This work
GS1170 AcomA, P1::Peomr::comR, Peomx::cozEa (SAOUHSC _00948), ery", sm" This work
GS1193 AcomA, P1::Peomr::comR, Peomy::cozEb, AcozE™"::Janus, ery", kan" This work
GS1194 AcomA, P1::Peomr::comR, Peomy::cozEa, AcozE"::Janus, ery", kan" This work
GS1195 AcomA, P1::Pomr::comR, Peomy::cozEb, AcozE™", ery’, sm" This work
GS1196 AcomA, P1::Peomr::comR, Peomy::cozEa, AcozE™", ery’, sm" This work
GS1214 AcomA, Aezra::ezra-yfp-spc, ery', sm', spc” This work
GS1215 AcomA, , P1::Peomr::comR, Peomx::cozE™", AcozE™™::Janus, AezA::ezrA- | This work

* ery; erythromycin, spc; spectinomycin, kan; kanamycin, sm; streptomycin, cam; chloramphenicol
b Janus contains a kan::7psL" cassette (Sung et al., 2001).




S3 Table. Plasmids used in this study

Name Description®” Reference
pLOW Plasmid for IPTG-inducible expression of proteins in S. aureus, (Liew et al.,
amp’, ery" 2011)
pLOW-FtsZ-GFP fisZ-gfp fusion downstream of Pj,c promoter, amp’, ery” (Liew et al.,
2011)
pLOW-ftsZ-m(sf)gfp fisZ-m(sf)gfp fusion downstream of Pj,c promoter, amp®, ery" This work
pLOW-cozEa-m(sf)gfp | cozEa-m(sf)gfp fusion downstream of Pj,c promoter, amp®, ery" This work
pLOW-cozEb-m(sf)gfp | cozEb-m(sf)gfp fusion downstream of Pj,c promoter, amp®, ery" This work

pPMAD

Vector for allelic replacement in Gram-positive bacteria, ampR,

(Arnaud et al.,
2004)

gfp

amp', spc’, ery".

pCG248 E. coli/S. aureus shuttle vector, amp*, cam" (Helle et al.,
2011)

pRABI11 E. coli/S. aureus shuttle vector (Helle et al.,
2011)

pCNS5 E. coli/S. aureus shuttle vector (Charpentier et
al., 2004)

pMK17 bgad’, tet", Pzo-MCS-linker-m(sf)gfp ‘bgaAd (van Raaphorst et
al., 2017)

pMAD-int2-luc-spc- Vector for integrations of constitutively expressed luc-spc-gfp, This work

pJWV102-dcas9

dcas9 (cas9 gene derived from S. pyogenes) downstream of a zinc-
inducible promoter.

(Liu et al., 2017)

pLOW-dcas9 dcas9 downstream of Pj,c promoter This work
pMAD-cozEa::spc Vector for allelic replacement of cozEa This work
pMAD-cozEDb.:spc Vector for allelic replacement of cozEb This work
pMAD-cozEa::cm Vector for allelic replacement of cozEa This work

SgRNA plasmids

pPEPX-sgRNA (Tuc)

Transcriptionally isolated sgRNA(/uc) construct downstream of
constitutive promoter

(Liu et al., 2017)

pCG248-sgRNA(luc) For constitutive expression of sgRNA(/uc), amp’, cam” This work.
pCG248- For constitutive expression of sgRNA(cozEa), amp’, cam" This work
sgRNA(cozEa)

pCG248- For constitutive expression of sgRNA(cozEb), amp’, cam" This work
sgRNA(cozED)

pCG248- For constitutive expression of sgRNA(cozEa and cozEn), amp', This work
sgRNA(cozEa+cozEb) | cam'

pCG248- For constitutive expression of sgRNA(dnaAd), amp*, cam” This work
sgRNA(dnaAd)

pCG248-sgRNA(pbpl) | For constitutive expression of sgRNA(pbpI), amp’, cam" This work
pCG248-sgRNA(ezrd) | For constitutive expression of sgRNA(ezr4), amp’, cam" This work
pCG248-sgRNA(gfp) For constitutive expression of sgRNA(gfp), amp*, cam" This work
Plasmids used for BACTH analysis.

pKT25 Plasmid used for BACTH analyses Euromedex
pKNT25 Plasmid used for BACTH analyses Euromedex
pUT18 Plasmid used for BACTH analyses Euromedex
pUT18C Plasmid used for BACTH analyses Euromedex




pUT18-cozEb pUT18 containing cozEb This work
pKT25-cozEb pKT25 containing cozEb This work
pKNT25-cozEb pKNT25 containing cozEb This work
pUT18C-cozEa pUT18C containing cozEa This work
pUT18-cozEa pUT18 containing cozEa This work
pKT25-cozEa pKT25 containing cozEa This work
pKNT25-cozEa pKNT25 containing cozEa This work
pUT18-ezr4 pUT18 containing ezr4 This work
pKNT25-ezr4 pKNT25 containing ezrd This work
pUT18-dnad pUT18 containing dnaA This work
pKNT25-dnaA pKNT25 containing dnaA This work
pKT25-mreC pKT25 containing mreC This work
pUT18C-mreC pUT18C containing mreC This work
pUT18C-link_mreD pUT18C containing a linker between T18 and mreD This work
pKNT25-link_mreD pKNT25 containing a linker between T25 and and mreD This work
pUT18-link_mreD pUT18 containing a linker between T18 and and mreD This work
pUT18-fisZ pUT18 containing fisZ This work
pKT25-pbpl pKT25 containing pbp ! This work
pUT18C-pbpl pUT18C containing pbp1 This work
pKT25-pbp2 pKT25 containing pbp2 This work
pUTI18C-pbp2 pUT18C containing pbp2 This work
pKT25-pbp2a pKT25 containing pbp2a This work
pUT18C-pbp2a pUT18C containing pbp2a This work
pKT25-pbp3 pKT25 containing pbp3 This work
pUT18C-pbp3 pUT18C containing pbp3 This work
pKNT25-pbp4 pKNT25 containing pbp4 This work
pUT18-pbp4 pUT18 containing pbp4 This work
pKT25-gpsB pKT25 containing gpsB This work
pKNT25-gpsB pKNT25 containing gpsB This work
pUT18-gpsB pUT18 containing gpsB This work
pUT18C-gpsB pUT18C containing gpsB This work
pKT25-diviVA pKT25 containing diviVA4 This work
pKNT25-diviVA pKNT25 containing divIVA This work

* amp; ampicillin, ery; erythromycin, spc; spectinomycin, cam; chloramphenicol
® Janus contains a kan::rpsL* cassette (Sung ef al., 2001).




S4 Table. Primers used in this study.

Name

‘ Sequence 5'-> 3", reference®

Primers for construction of pMAD deletion vectors

mk182 0948 up F check

GCAAATAACGCTGGCACTTC

mk183 0948 up F Ncol

ACGTCCATGGCCATAAATGGTACAACGGCTG

mk184 0948 up R over aad9

GATCCTAGGTGGGCCCAAT TAACATAAACGATGTTCCTCCT

mk185 0948 down F over aad9

CTCGAGCGGCCGCATAGT AGGACTAATTCTGTGGATGTC

mk186 0948 down R _BamHI

ACGTGGATCCTGGGATTAGATATTCTATCCGT

mk187 0948 down R_check

CAAACATTTATCGTTGTAATACGT

mk188 aad9_up_F

ATTGGGCCCACCTAGGATC

mk189 aad9 down R

ACTATGCGGCCGCTCGAG

mk190 1358 up F check

ACTTTCAAGTTAGACATTTCCGA

mk191 1358 up F_Ncol

ACGTCCATGGACAACAATGTCGTAGTATGTAC

mk192 1358 up R _over_aad9

GATCCTAGGTGGGCCCAAT ACTTCATATACCGTGATTCGGT

mk193 1358 down F over aad9

CTCGAGCGGCCGCATAGTGGTGCTTATAATGTTGGGCAG

mk194_1358_down R_BamHI

ACGTGGATCCTCGGGTGGTCTAACCATTGA

mk195 1358 down R_check

GCGTCAACAATTACACCACAG

mk257_cmR_F

ACGAAAATTGGATAAAGTGGGA

mk258 cmR_R

ATTATCTCATATTATAAAAGCCAG

mk259 0948 up R over_cmR

TCCCACTTTATCCAATTTTCGTTAACATAAACGATGTTCCTCCT

mk260_0948_down_F_over cmR

CTGGCTTTTATAATATGAGATAATAGGACTAATTCTGTGGATGTC

Primers for construction of dCas9 construct

mk41_cas9_f Sall Kpnl_Xhol

ACTCCTCGAGTCGACGGTACCAAAGAGGAGAAAGGATCTATG

mk42_cas9_R_Notl_Xhol

GACCCTCGAGCGGCCGCTTATTAGTCACCTCCTAGCTGAC

Primers for construction of sSgRNA constructs

mk200_Phospho-
sgRNA promoter R

TATAGTTATTATACCAGGGGGACAGTGC

mk202_For_dnaA

AGACAACATCAAATAAGATTGCTGTTTAAGAGCTATGCTGGAAA
CAG

mk15_For_pbpl

TCATATATCTTTCCTCGTTCTGTTTAAGAGCTATGCTGGAAACAG

mk205_For_0948

TAATCAGAGCGATGCCAGTTGTTTAAGAGCTATGCTGGAAACAG

mk206_For_1358

AAACTTCATATACCGTGATTGTTTAAGAGCTATGCTGGAAACAG

mk207_For_sfgfp

CCGTCAAGCTCAACGAGAATGTTTAAGAGCTATGCTGGAAACAG

mk210_For_ezrA

TTATGGATTTTTTCTTCCACGTTTAAGAGCTATGCTGGAAACAG

Primers used for construction of constitutive gfp expression in S. aureus

mk203_spc_F_EcoRI

ACGTGAATTCTATATGAACATAATCAACGAGGT

mk204 spcR_over GFP

TTTATTGCTCGAGGTCGACGATAGCCTAATTGAGAGAAGTTTC

im84 m(sf)gfp F Sall Xhol RB
S

ATCGTCGACCTCGAGCAATAAAACTAGGAGGAAATTTAAATGTC
AAAAGGAGAAGAGCTGTTC

im2_m(sf)gfp R Notl EcoRI

AGTGAATTCGCGGCCGCTTACTTATAAAGCTCATCCATGCC

Primers for construction of cozEa- m(sf)gfp and cozEb-m(sf)gfp fusions

iml_ linker-FP_F_BamHI

ATCGGATCCCCGGATCTGGTGGAGAAGCTGCA

im2_m(sf)gfp R Notl EcoRI

AGTGAATTCGCGGCCGCTTACTTATAAAGCTCATCCATGCC

iml0_
SA0948_F_Xhol_Sall_RBS

ATCCTCGAGGTCGACCAATAAAACTAGGAGGAAATTTAAATGTT
AAACAAGGTTTGGTTCC

iml1_SA0948 R BamHI

TCCGGGGATCCAGTCCTTAACATTACTGTTTGCT




iml2_
SA1358_F_Xhol_Sall_RBS

ATCCTCGAGGTCGACCAATAAAACTAGGAGGAAATTTAAATGAA
TGAAAATGAAAAGAATATAAG

iml3_SA1358 R _BamHI

TCCGGGGATCCATTCAACTATTTTATTACTTTCTTTAA

Primers for RT-qPCR

iml126 RT-q pta F

ATCATTGATGGCGAATTCCAAT

iml27 RT-q pta R

GGACCAACTGCATCATATCC

im130 _RT-q_CozEa_F

TACTTGAAAAAGTCGGTTTTCC

iml31 _RT-q CozEa R

TGCTCTGCTTCTTTTTGTAGG

im132 _RT-q_CozEb_F

AAGACGATAGCAGCACCTAT

im133 _RT-q_CozEb_R

TTGCGGTGAATTTTTAACTAAACT

Primers used for insertion of cozEa

and cozEDb from S. aureus behind Pcomx in S. pneumoniae

khb31

ATAACAAATCCAGTAGCTTTGG, (Berg et al.,2011)

khb33 TTTCTAATATGTAACTCTTCCCAAT, (Berget al.,2011)
khb34 CATCGGAACCTATACTCTTTTAG, (Berg et al., 2011)
khb36 TGAACCTCCAATAATAAATATAAAT, (Berg et al., 2011)

gs691_fwd_cozEB

GAATTTATATTTATTATTGGAGGTTCAATGAATGAAAATGAAAAG
AATATAAG

gs692 rev_cozEB

ATTGGGAAGAGTTACATATTAGAAATTATTCAACTATTTTATTAC
TTTCTTT

2s693_fwd_cozEA

GAATTTATATTTATTATTGGAGGTTCAATGTTAAACAAGGTTTGG
TTCCG

25694 rew_cozEA

ATTGGGAAGAGTTACATATTAGAAATTAGTCCTTAACATTACTGT
TTGC

Primers used for deletion of spr0777 in S. pneumoniae

khb482_fwd_upstream_spr0777

ACGATTTTGCGAAGTGTAAATG, (Straume et al., 2017)

khb485_rwd_downstream_spr0777

AAGGAATAATGGAGCCGGTG, (Straume et al., 2017)

2s337_fwd_spr0777

GATCGGATCCCATGTTTCGTAGAAATAAATTATTTTT, (Straume et
al., 2017)

gs338_rev_spr0777

GATCGAATTCGACTTAGCTAATTCTCTTTCTCGT, (Straume et al.,
2017)

Primers for construction of ezrAS-yfp

mk288_ezrAspn_up_F

TACAGGATTTGGAAGCCGGT

mk289 ezrAspn up_R_overlink

TGCAGCTTCTCCACCAGATCCAAAACGAATCGTTTCACGTGTTTT
C

mk290_linker F

GGATCTGGTGGAGAAGCTGCA

mk291_spc R

TCAATTTTTTTATAATTTTTTTAATCTG

mk292 _ezrAspn_dwn_F_overspc

CAGATTAAAAAAATTATAAAAAAATTGAGAAAAAGATTTTATTG
TGTGAGGAG

mk293_ezrAspn_dwn_R

GTGTGTAGGAACGACCTAACTCCT

mk301_ezrAspn_up F in

ATTGAAGCGCGTTTCCACTTG

mk302_ezrAspn_dwn_R_in

TAACAAATTCTCCTGCCTCTG

Primers used for construction of ba

cterial two-hybrid plasmids

mk266_ftsZ for BamHI

GATCGGATCCCTTAGAATTTGAACAAGGATTTAATC

mk267_ftsZ_rev_Kpnl

GATCGGTACCCGACGTCTTGTTCTTCTTGAACGT

mk268_ezrA_for BamHI

GATCGGATCCCGTGTTATATATCATTTTGGCAATA




mk269_ezrA_rev_Kpnl

GATCGGTACCCGTTGCTTAATAACTTCTTCTTCAAT

mk270_dnaA_for BamHI

GATCGGATCCCTCGGAAAAAGAAATTTGGGAAAAAG

mk271 dnaA_rev_Kpnl

GATCGGTACCCGTACATTTCTTATTTCTTTTTCAAGA

mk272 1358 for BamHI

GATCGGATCCCAATGAAAATGAAAAGAATATAAGAAAG

mk273_1358 rev_Kpnl

GATCGGTACCCGTTCAACTATTTTATTACTTTCTTTAA

2s649-mreC_fwd Xbal

GATCTICTAGAGCTTAAGTTTTTTAAAAATAACAAATTAATTG

2s650-mreC_rev_EcoR1

GATCGAATTCTTATTTATCCCTGCTTTCATCATC

gs651-mreD fwd Xbal

GATCTCTAGAGATGCGTACACTGTATTATTTTTTG

gs652-mreD_rev_linker EcoR1

GATCGAATTCGAGGTTCCTCCTCCTCCACTTCCTCCTCCTCCCCAT
TGACGACGTTTCATGTC

2s656-cozEB_fwd_BamH1

GATCGGATCCCATGAATGAAAATGAAAAGAATATAAG

gs657-cozEB_rev_EcoR1

GATCGAATTCGATTCAACTATTTTATTACTTTCTTTAATA

2s658-cozEA_fwd_Xbal

GATCTCTAGAGTTAAACAAGGTTTGGTTCCGAAC

2s659-cozEA rev_EcoR1

GATCGAATTCTTTAGTCCTTAACATTACTGTTTGC

gs660-cozEA_rev_EcoR1

GATCGAATTCGATTAGTCCTTAACATTACTGTTTGC

gs661-cozEA_fwd Xbal

GATCICTAGAGATGTTAAACAAGGTTTGGTTCCG

gs662-cozEA rev_EcoR1

GATCGAATTCGAGTCCTTAACATTACTGTTTGCTTT

gs663-pbpl_fwd_Xbal

GATCTCTAGAGGCGAAGCAAAAAATTAAAATTAAAAAAAA

gs664-pbpl_rev_EcoR1

GATCGAATTCTTTAGTCCGACTTATCCTTGTCAG

2s665-pbp2_fwd_pstl

GATCCTGCAGGGACGGAAAACAAAGGATCTTCTC

gs666-pbp2_rev_BamH1

GATCGGATCCTCTTAGTTGAATATACCTGTTAATCC

2s667-pbp2_fwd_pstl

GATCCTGCAGGACGGAAAACAAAGGATCTTCTC

gs668-pbp3_fwd BamH1

GATCGGATCCCTTAAAAAGACTAAAAGAAAAATCAAATG

2s669-pbp3_rev_EcoR1

GATCGAATTCTTTATTTGTCTTTGTCTTTATTTTTATC

gs670-pbp4_fwd Xbal

GATCTCTAGAGATGAAAAATTTAATATCTATTATCATC

gs671-pbp4_rev_EcoR1

GATCGAATTCGATTTTCTTTTTCTAAATAAACGATTG

2s688-mreD_fwd_linker Xbal

GATCTCTAGAGGGAGGAGGAGGAAGTGGAGGAGGAGGAACCAT
GCGTACACTGTATTATTTTTTG

2s689-mreD_rev_EcoR1

GATCGAATTCTCCATTGACGACGTTTCATGTC

2s695-pbp2a_BamHI

GATCGGATCCCAAAAAGATAAAAATTGTTCCACTTATTT

2s696-pbp2a_EcoRI

GATCGAATTCTTATTCATCTATATCGTATTTTTTATTAC

gs711-gpsB_fwd BamH1

GATCGGATCCCTCAGATGTTTCATTGAAATTATCAG

gs712-gpsB_rev_Kpnl

GATCGGTACCCGTTTACCAAATACAGCTTTTTCTAAG

gs713-divIVA_fwd BamH1

GATCGGATCCCCCTTTTACACCAAATGAAATTAAG

gs714-divIVA_rev_Kpnl

GATCGGTACCCGCTTCTTAGTTGTTTCTGAATCATTG

2 No reference is indicated for the primers made for this work
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Abstract

Teichoic acids, and in particular lipoteichoic acids (LTA), found in the cell envelope of
Staphylococcus aureus, are important virulence factors and modulators of antibiotic
susceptibility. These anionic polymers are also critical for cell integrity and proper
cell division. The paralogous membrane proteins CozEa and CozEb have previously
been reported to have overlapping and essential roles during cell division in S. aureus.
By further investigating the CozEa and CozEDb functionality in methicillin-sensitive-
and methicillin-resistant S. aureus (MSSA and MRSA), we here discovered a link
between these proteins and biosynthesis of LTA. We found that deletion of cozEa or
cozEb had opposite effects on the growth of LTA depleted cells. The LTA polymers are
attached to the membrane via glycolipid anchors, and we show that the proteins
involved in synthesis and flipping of the glycolipid anchor modulated the essentiality
of CozE-proteins. While the essentiality of CozE proteins was increased in cells devoid
of glycolipid synthesis (AugtP), the essentiality was alleviated in cells lacking the
flippase activity (AltaA). Furthermore, we found that CozEb had an impact on the
length of LTA is S. aureus. This study clearly demonstrates a link between CozE
proteins and LTA biosynthesis in S. aureus, although the exact mechanism explaining

this relationship needs further investigation.



Introduction

Staphylococcus aureus is a Gram-positive, spherical bacterium that can cause a wide
range of infectious diseases. Among the major factors contributing to its colonisation,
infection, and immune evasion are the anionic teichoic acid (TA) polymers (Rajagopal
& Walker, 2017; Xia et al., 2010). TAs also modulate the susceptibility to antibiotics
in S. aureus, and the TA biosynthesis pathways are therefore attractive as potential
anti-virulence and antibiotic targets (Pasquina et al., 2013; Xia et al., 2010).

Along with peptidoglycan, TAs are the major constituents of the cell wall of S.
aureus. TAs are mainly composed of repeating units of ribitol phosphate (RboP) or
glycerol phosphate (GroP), that are either covalently linked to peptidoglycan (wall
teichoic acids, WTAs) or anchored to the cytoplasmic membrane (LTAs). While LTA
is more important than WTA for cell viability, deletion mutants of genes involved in
either pathways can be made, however, it is not possible to delete both pathways
simultaneously (Oku et al., 2009; Santa Maria et al., 2014).

LTAs in S. aureus consist of poly-GroP chains anchored to the cytoplasmic
membrane via the glycolipid anchor diglucosyl-diacylglycerol (Glc2DAG) (Fig. 2A).
Glc2DAG is synthesized in the cytoplasm by the glycosyltransferase UgtP (also called
YpfP), which transfers two glucose moieties from uridine diphosphate glucose (UDP-
Glc) to DAG (Kiriukhin et al., 2001). Glc2DAG is translocated to the outer membrane
leaflet by the multi-membrane spanning protein LtaA (Grundling & Schneewind,
2007a; Zhang et al., 2020). Lastly, the LTA synthase Lta$, polymerizes the poly-GroP
backbone chain by transferring GroP units, derived from the head group of
phosphatidylglycerol (Ptd-Gro; GroP linked to DAG), to the GlczDAG on the outside
surface of the membrane (Grundling & Schneewind, 2007b), leaving extracellular
DAG as by-product. LTA polymers are often further modified by D-alanylation, by the
action of the DItABCD system, and/or glycosylation, which modulates their properties
and functions (Kho & Meredith, 2018; Rismondo et al., 2021)

The LTA synthase LtaS is considered essential for growth in S. aureus, as
deletions of ItaS, in which LTA synthesis is completely abolished, are associated with
suppressor mutations (Bak et al.,, 2016; Corrigan et al., 2011). Cells with deletions in
the genes required for synthesis and flipping of the glycolipid anchor, AugtP or AltaA,
are however still viable (Hesser et al., 2020a; Kiriukhin et al.,, 2001). In AugtP cells,
which completely lack the GlczDAG anchor, LtaS can initiate LTA synthesis directly on
Ptd-Gro (Kiriukhin et al., 2001; Reichmann & Grundling, 2011). AltaA mutants have
been demonstrated to produce a mixture of LTAs linked to both Ptd-Gro and Glc2DAG

(Grundling & Schneewind, 2007a); thus, there must be a yet unknown mechanism



that can translocate Glc2DAG produced by UgtP to the outer membrane in the absence
of LtaA. In both AugtP and AltaA backgrounds, LTA length control is lost as a result of
lack of the Glc2DAG anchor, resulting in cells that produce abnormally long LTA
polymers (Hesser et al., 2020b).

Importantly, several studies suggest a link between LTA synthesis and cell
division in S. aureus. Deletion of genes in the LTA biosynthetic pathway results in
enlarged cells with severe division and morphological defects, suggested to be caused
by changes in length and abundance of LTA (Hesser et al., 2020a; Kiriukhin et al,,
2001). Furthermore, UgtP, LtaA and LtaS, have all been shown to interact with each
other as well as multiple cell division and cell wall synthesis proteins (e.g., EzrA, FtsA,
FtsW, PBP1-PBP4) (Reichmann et al,, 2014), and LtaS has been demonstrated to
mainly accumulate at the septum in S. aureus, indicating that LTA is primarily
produced at the division site (Reichmann et al., 2014).

CozE (coordinator of zonal elongation) is a family of multi-transmembrane
proteins that are broadly distributed across the bacterial kingdom (Fenton et al.,
2016). CozE was first studied in Streptococcus pneumoniae, where it was shown to
direct peptidoglycan synthesis to midcell for zonal elongation via interactions with
the bifunctional class A PBP1a and the MreCD complex (Ducret & Grangeasse, 2017;
Fenton et al., 2016; Straume et al., 2017). Recently, a CozE-paralog in S. pneumoniae,
named CozEb, was found to be part of the same complex as CozE (Stamsas et al.,
2020). Individual deletions of cozE and cozEb in S. pneumoniae generated different
phenotypes with regard to cell shape and growth inhibition, and while CozEb was not
required for correct localisation of PBP1a, overexpression of this protein could
compensate for deletion of cozE, suppressing both growth and morphology defects,
thus indicating a complex interplay between the two paralogs.

In S. aureus, the two CozE-paralogs, CozEa and CozEb, have been studied in
the strain SH1000 where they are important for proper coordination of cell division
(Stamsas et al., 2018). While neither cozEa nor cozEb were essential when deleted
individually, a synthetic lethal phenotype was observed; a double deletion strain
could not be obtained and knockdown of cozEa in AcozEb (or vice versa) resulted in
significantly reduced growth, aberrant septal placement and cell shapes, frequent cell
lysis and a non-homogeneous nucleoid staining. CozEa and CozEb were found to
interact with, and modulate the localization of, the cell division regulator EzrA,
suggesting that this interaction may be important for the coordination of cell division
in this bacterium (Stamsas et al., 2018).

In this work, we demonstrate that there is a link between biosynthesis of LTA
and CozE proteins in both MSSA and MRSA strains. We show that the two CozE
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proteins have unique functionalities, as CozEb, but not CozEa, modulate the lengths
of LTAs. The results presented here give insights into hitherto unknown functions of

the transmembrane CozE proteins.

Results

The overlapping role of CozEa and CozEb is conserved in different
S. aureus strains

In a previous work, we studied the effects of cozEa and cozEb on growth and cell
morphology in S. aureus SH1000 and showed that the two genes were synthetic lethal
and possessed overlapping functions (Stamsas et al., 2018). We here initially set out
to investigate the functional conservation of cozEa and cozEb across different S.
aureus strains and characterize the phenotypes in more detail. In the MSSA strain
NCTC8325-4, AcozEa::spc and AcozEb::spc mutants were constructed by allelic
replacement using the temperature-sensitive pMAD-vector (Arnaud et al., 2004),
while the cozEa::Tn and cozEb::Tn mutants in the community associated (CA)-MRSA
USA300 strain JE2 were obtained from the Nebraska collection (Fey et al., 2013).
Growth- and microscopy analysis displayed similar phenotypes as observed before:
single deletions of either cozEa or cozEb did not alter growth compared to wild-types
in these strains (Fig. 1A, Fig. S1A). The cell size distributions were not severely
altered, although the JE2 AcozEa cells, as well as both NCTC8325-4 mutants, on
average were slightly smaller compared to their wild types (Fig. 1B-C, Fig. S2, Fig. S3).
To identify possible changes in cell wall synthesis or septum placement, the cells were
labelled with fluorescent vancomycin (VanFL), which binds to D-Ala-D-Ala of non-
crosslinked peptidoglycan throughout the cell wall. However, no obvious differences
were observed between the mutants and the wild-types (Fig. 1B, Fig. S2). Likewise,
cell cycle phase distribution analyses (as determined from VanFL labelled cells; Fig.
1D) (Monteiro et al., 2015) did not reveal differences between the mutants and wild-
type cells (Fig. 1E, Fig. S2). Thus, the mutants in JE2 and NCTC8325-4 were similar to
their respective wild-types in this single-cell analysis, which is consistent with the
results from S. aureus SH1000 (Stamsas et al,, 2018).
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Fig. 1. The phenotypes of cozEa and cozEDb in S. aureus JE2. (A) Growth assays of JE2, AcozEa::Tn
and AcozEb::Tn, as well as for CRISPRi double knockdown strain CRISPRi(cozEa+cozEb)
(MDB19) and combined knockout/knockdown strain AcozEb+CRISPRi(cozEa) (MDB21). A
CRISPRIi-strain with non-targeting sgRNA was used as control (MDB44). Strains were grown
over night and 10-fold dilutions were spotted onto agar plates. IPTG was added to the plates
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for the CRISPRi-strains, as indicated. (B) Micrographs showing phase contrast and VanFL
staining of the same strains as in (A). CRISPRI strains grown in medium with IPTG to induce
the CRISPRi-system. Scale bars, 2 pm. (C) Box plot of the cell areas of JE2 (1.09 + 0.22 um?2),
AcozEa::Tn (1.01 + 0.22 um?), AcozEb::Tn (1.09 + 0.24 um?), MDB19 (1.25 # 0.36 um?) and
MDB21 (1.31 # 0.39 pum?). The cell areas were determined using Microbe]. Significant
differences between the strains are indicted with asterisks (** indicates two-tailed P-value, p <
0.01, derived from a Mann Whitney test in Microbe]). The number of cells analyzed in each case
is indicated in the figure. (D) Schematic outline of different cell cycle phases (distributions in
panel E). Cells in phase 1 are in the initial cell cycle phase before initiation of septum formation,
cells in phase 2 have initiated synthesis of the division septum, and the cells in the final cell
cycle stage (phase 3) have a complete septum. (E) Distribution of cell cycle phases for JE2,
AcozEa::Tn, AcozEb::Tn, MDB19 and MDB21, indicating the percentage of cells in each phase.
The distributions were obtained by manual counting the different cell phases of 100-150
random VanFL stained cells from each strain.

As reported previously (Stamsas et al., 2018), a double AcozEaAcozEb deletion strain
could not be obtained. We therefore used an established two-plasmid CRISPR
interference (CRISPRi) system for knockdown of gene expression, in which an IPTG-
inducible dCas9 is expressed from one plasmid and the gene-specific sgRNA is
constitutively expressed from the other plasmid (Stamsas et al., 2018). Similar to
what was observed in the SH1000 strain, knockdown of cozEa and cozEb at the same
time or as combined deletion-depletion strain (AcozEb, CRISPRi(cozEa) and vice
versa) in JE2 and NCTC8325-4 caused a clear reduction in growth (Fig. 14, Fig. S1).
These strains also had perturbed cell sizes compared to the wild-type cells and single
cozEa/cozEb deletions (Fig. 1B-C, Fig. S2, Fig. S3). By investigating their cell cycle
phases, we observed an over-representation of phase 1 cells and under-
representation of phase 2 and phase 3 cells compared to the wild-type (Fig. 1D, Fig.
S2). This confirms that cell division coordination is disturbed in cells lacking both
CozE proteins (Stamsas et al, 2018), and specifically indicates that initiation of

septum synthesis is inhibited in these cells.

There is a synthetic genetic link between the cozE genes and genes
involved in LTA synthesis

Mutants lacking both their CozE proteins displayed phenotypes such as
morphological abnormalities and impaired control of septum formation (Fig. 1, Fig.
S2) (Stamsas et al,, 2020), resembling that of S. aureus mutants with defects in LTA
biosynthesis (4itaS, AltaA and AugtP) (Grundling & Schneewind, 2007a; Grundling &
Schneewind, 2007b; Hesser et al., 2020a; Kiriukhin et al,, 2001; Oku et al., 2009) (Fig.
2A). In this context it is also interesting to note that in a study by Corrigan et al.

(2011), re-sequencing of ItaS deletion mutants resulted in the identification of



potential suppressor mutations (both nonsense and a missense mutation) in cozEb
(SAOUHSC_01358). Together, this prompted us to investigate a potential link
between CozE proteins and LTA synthesis.

Three sgRNA plasmids, each targeting an LTA synthase or modification gene
(ugtP-ItaA, ItaS, or dItABCD), were made. UgtP and LtaA are encoded within the same
operon and were therefore depleted together. The same is true for DItABCD which
together are responsible for the TA D-alanylation. No reduction in growth rate was
observed upon depletion of DItABCD in a wild-type background, although the cells
entered stationary phase at a slightly lower optical density than non-depleted cells
(MDB93, Fig. 2B). Knockdown of ugtP-ItaA and [taS, on the other hand, caused a
reduction in growth, with somewhat more dramatic effects for ugtP-ltaA (MDB35)
compared to ItaS (MDB85).
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Fig. 2. A synthetic genetic relationship between cozE genes and genes involved in LTA
biosynthesis. (A) Schematic overview of the LTA biosynthetic pathway. UgtP (also known as
YpfP) synthesizes the glycolipid anchor Glc2DAG from UDP-glucose and diacylglycerol (DAG),
which is flipped to the outer membrane leaflet by LtaA. LtaS then synthesizes the LTA polymer
by transferring glycerolphosphates (from phosphatidylglycerol, Ptd-Gro) to the glycolipid
anchor. The genetic organization of ItaS, ugtP and ItaA is indicated in the box. (B) Growth assays
to identify possible genetic interactions between cozE genes and the LTA biosynthetic pathway.
ugtP-ItaA, ItaS or ditABCD were knocked down by CRISPRI in either NCTC8325-4 wild-type,
AcozEa or AcozEb backgrounds. (C) Growth assays of mutants where ugtP-Ita4, ItaS or dItABCD
is knocked down along with both cozE proteins. In B and C, the graphs represent averages from
triplicate measurements. Cells were grown with or without IPTG, as indicated by the colors.
The orange arrows point to growth differences observed between the genetic backgrounds,
wild-type, AcozEa or AcozEDb, in which LtaS was depleted. The blue arrow points to the altered
growth pattern observed in strain MDB25 (AcozEa CRISPRi(cozEb+ugtP-ItaA) as compared to
MDB11 (AcozEa CRISPRi(cozEb)), MDB26 (AcozEa CRISPRi(cozEb+ItaS)) and MDB27 (AcozEa
CRISPRi(cozEb+dItABCD)) (white arrows).



The growth patterns of the resulting strains were then analysed in AcozEa
and AcozEb genetic backgrounds, to see whether the presence of LTA affected the
viability of cells lacking CozEa or CozEb (Fig. 2B). For the dItABCD- and ugtP-ItaA
knockdown experiments, no clear changes in growth patterns were observed in
AcozEa (strain MDB30 and MDB28) nor AcozEb (strain MDB87 and MDB36)
backgrounds compared to the wild-type (strain MDB93 and MDB35). In contrast, the
growth reduction observed for LtaS depleted cells (strain MDB85), was partially
alleviated in a AcozEb mutant (MDB86). This is in line with the result from Corrigan
et al. (2011), assuming that the observed cozEb suppressors are loss-of-function
mutants. Interestingly, we also observed that growth reduction by LtaS$ depletion was
more severe in the AcozEa mutant (strain MDB29) compared to the wild-type (Fig.
2B). Microscopy analysis, however, showed that the severe abnormal cell size and cell
division defect in LtaS depleted cells were not significantly changed by the lack of
either CozE proteins (Fig. 3A and B). Thus, while the CozE proteins affected growth of
LtaS depleted cells (Fig. 2B), LtaS (and thus LTA) is essential for proper cell division
both in the presence and absence of CozE proteins.

We further went on to study the growth phenotypes when both CozEa and
CozEb were depleted at the same time as the LTA biosynthesis genes (Fig. 2C). As
before, depletion of both CozEa and CozEDb in a wild-type background resulted in
severe growth defects with the growth being almost fully abolished for 10 h (strain
MDB11). The same expected growth defect was observed in the cells where LtaS or
DItABCD was depleted together with CozEa and CozEb (strain MDB26 and MDB27,
Fig. 2C). Note that these strains started growing rapidly after about 10 h. This is most
probably caused by reduced functionality of the CRISPRi system after 10 h in this
experimental setup. Interestingly, however, when both CozE proteins were depleted
together with UgtP and LtaA, a completely different growth pattern was observed
(MDB25, blue arrow, Fig. 2C). The growth defect of the control strain (MDB11) was
partially rescued, suggesting that the detrimental effect of lacking both CozEa and
CozEb is partly alleviated when UgtP and/or LtaA is removed. As mentioned above,
the growth defects observed by ugtP-ltaA depletion was not worsened in single
AcozEa or AcozEb knockouts (MDB35, MDB28 and MDB36, Fig. 2B). Hence, these
results show that the combined function of CozEa and CozEb is affected by the

presence of UgtP and/or LtaA.
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Fig. 3. LtaS depletion in S. aureus NCTC8325-4. (A) Phase contrast micrographs and fluorescent
images from labelling with VanFL of LtaS depletion in wild-type background (MDB85), in
AcozEa background (MDB29) and in AcozEb background (MDB86). The NCTC8325-4 CRISPRi
control strain (MM75) with a non-targeting sgRNA was included for comparison. Strains were
grown in the presence of IPTG for induction of the CRISPRi-system. Scale bars, 2 um. (B) Box
plot of cell areas for the same strains as in A (MDB85; 1.76 = 0.55 pm?, MDB29; 1.68 + 0.55 pm?,
MDB86; 1.63 + 0.51 um?, MM75; 1.30 + 0.31 pumz?). The cell areas were determined using
Microbe]. Significant differences between the mutants are indicted with asterisks (** indicates
two-tailed P-value, p < 0.01, derived from a Mann Whitney test in Microbe]). The number of
cells analyzed in each case is indicated in the figure.
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LtaA and UgtP modulate the essentiality of CozE proteins

To further understand how ugtP-ItaA knockdown alleviated the growth inhibition of
CozEab depleted cells, JE2 strains with single deletions of ugtP (AugtP::Tn) and IltaA
(AltaA::Tn) were obtained from the Nebraska library (Fey et al.,, 2013). The CRISPRi
systems to target cozEa, cozEb or both cozEa and cozEb simultaneously, were
transformed into these strains. Both AugtP::Tn and AltaA::Tn grew almost as the wild-
type under the tested conditions and no changes in growth were observed upon
knockdown of the individual cozE genes in the JE2 AugtP or AltaA cells (Fig. S4).
Strikingly, however, knockdown of cozEa and cozEb simultaneously, in AugtP or AltaA
caused dramatic, but opposite, alterations to the growth patterns (Fig. 4A). In the
AugtP mutant, depletion of both CozE proteins (MDB45) resulted in a synthetic sick
phenotype with reduced growth compared to the cells depleted of only the CozE
proteins (MDB19). On the contrary, in the AltaA mutant, depletion of both CozE
proteins simultaneously had no negative effect on growth (MDB46). Thus, the CozE
proteins appear to have lost their importance when the flippase LtaA is absent. The
same growth pattern was observed both in liquid cultures and when cells were
spotted on agar.

To further confirm these intriguing, opposite growth alterations observed in
the AugtP and AltaA JE2 mutants, we conducted the same analysis in S. aureus
NCTC8325 cells. An S. aureus NCTC8325 AltaA strain was obtained (Zhang et al,,
2020), and a AugtP::spc mutant strain was constructed in the same strain background.
In contrast to JE2 (Fig. 4A), severe growth reduction was observed for both Alta4, and
in particular AugtP, in the NCTC8325 background (Fig. 4B). Clearly, however, the
same CozE-mediated growth patterns were observed in the NCTC8325 strains (Fig.
4B): double depletion of CozEa and CozEb was detrimental for growth in a wild-type
background (MDB75), and while the growth was further reduced in AugtP (MDB84),
AltaA alleviated this effect (MDB76) (Fig. 4B).
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Fig. 4. Growth of double CozE depletion strains in different genetic backgrounds of S. aureus
JE2 and NCTC8325. Growth of (A) JE2 and (B) NCTC8325, with wild-type, AugtP and AltaA
genetic backgrounds, with or without depletion of CozEa and CozEb in liquid cultures (top
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Single cell analyses of the combined mutants further corroborated the
pairwise synthetic genetic interaction between ugtP, ItaA and cozE genes (Fig. 5). The
mis-regulation of septal synthesis and cell size defects observed in cells lacking both
cozEa and cozEb were further elevated when also UgtP was absent, as observed by
phase contrast imaging and staining with VanFL (MDB19 and MDB45, Fig. 5A and B).
On the other hand, in the AltaA cells, depletion of CozEa and CozEb did not result in
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such changes observed by VanFL labelling (Fig. 5A), and the cell size distribution was
more similar to the control cells (MDB46 and MDB44, Fig. 5B). We also stained these
cells with DAPI to visualize the nucleoids, since perturbed DAPI staining was
previously observed for S. aureus with double depletion of CozEa and CozEDb (Stamsas
etal,, 2018). As expected, cells with highly intense DAPI signals were observed for the
double CozE depleted strain, as well as for the strain also lacking UgtP, while this
phenotype was rescued in the AltaA background which had a DAPI staining pattern
similar to the wild-type (Fig. 5A).

Finally, we performed transmission electron microscopy (TEM) on the same
strains. As observed before (Stamsas et al.,, 2018), cells depleted of both CozE proteins
displayed a large fraction of lysed cells (Fig. SSA) and misplaced and abnormal septa
(Fig. 6A), and this phenotype was further aggravated in a AugtP background (Fig. 6B,
Fig. S5B). However, in the AltaA genetic background, the double cozE knockdown had
a wild-type like appearance, with few lysed cells and virtually no misplaced septa (Fig.
6C and Fig. S5C). Together this shows that, in a genetic background where UgtP is
absent, and no Glc2DAG precursor is produced, CozE proteins seem to be more
essential than in a wild-type background. On the other hand, in a strain background
where LtaA is lacking, and thus the flipping of Glc2DAG to the outer membrane leaflet

is reduced, the CozE proteins seem to have partially lost their functional importance.
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Fig. 5. Microscopy analysis of S. aureus JE2 wild-type and AugtP and AltaA mutants depleted of
CozEa and CozEb. A CRISPRi non-targeting control strain was also included. (A). Phase contrast
(PC) images are shown along with fluorescence images from labelling with VanFL and DAPI.
JE2 carrying a CRISPRi-system with no target was used as a control. Scale bar, 3 pm. (B) Box
plot of cell areas of the same cells (MDB44; 1.13 + 0.25 pmZ2, MDB19; 1.15 # 0.25 pm?2, MDB45;
1.32 + 0.35 pm?, MDB46; 1.21 + 0.28 um?). The cell areas were determined using Microbe].
Significant differences between the strains are indicted with asterisks (** indicates two-tailed
P-value, p < 0.01, derived from a Mann Whitney test in Microbe]). The number of cells analyzed
in each case is indicated in the figure.

A JE2 B AugtP C AltaA
CRISPRI CRISPRI CRISPRI
(cozEa+cozEDb) (cozEa+cozEDb) (cozEa+cozEDb)
MDB45 MDB46

MDB19

=

|

Fig. 6. TEM images of S. aureus JE2 (A) wild-type cells, (B) AugtP and (C) AltaA mutants with
uninduced or induced depletion of CozEa and CozEb. Arrows point to cells with aberrant
septum formation. Scale bars, 500 nm.
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CozEDb, but not CozEa, affects LTA polymer length

The results above demonstrate an intriguing genetic link between LTA biosynthesis
and the CozE proteins. Previous studies have demonstrated that S. aureus ugtP and
[taA deletion mutants displayed growth defects due to production of abnormally long
LTA, as a result of the loss of glycolipid anchors (Hesser et al., 2020a; Hesser et al,,
2020b). To determine if CozEa and CozEDb could influence the LTA length in S. aureus,
the relative lengths of LTA polymers of exponential phase S. aureus were analyzed.
Cell lysates were separated by SDS-PAGE and LTA were detected by immunoblotting
using an anti-LTA antibody. Interestingly, although slightly, the LTA polymers were
consistently longer in the AcozEb mutants, but not in the AcozEa mutants. The same
observation was made for both NCTC8325-4 and JE2 (Fig. 7A and B). The LTA size in
the AcozEa mutants appear rather similar to the wild-type for both NCTC8325-4 and
JE2 (Fig. 7A and B). The LTA size does not increase further in the AcozEb background
combined with CRISPRi(cozEa) knockdown (Fig 7A). Furthermore, complementation
of the AcozEb strains, by ectopic expression of cozEa and/or cozEb from plasmids
pRAB11-cozEa and pRAB11-cozEb, showed that expression of cozEb, but not cozEa
could recover the LTA to wild-type lengths (Fig. 7C and D). The quantity of LTA
polymers produced in the cells did not seem to be clearly affected by deletion in either
of the cozE genes, as indicated by similar band intensities in the immunoblots in >5
repeated assays (Fig. 7). Although it should be noted that the increase of LTA polymer
length in the cozEb mutant appears to be less dramatic compared to a strain lacking
both UgtP and LtaA (Fig. 7A), these results clearly show that CozEb has a role in

controlling LTA polymer length in S. aureus.
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kDa NCTC8325-4 JE2

C  NcTC83254 D JE2
AcozEb AcozEb

Fig. 7. Immunoblots using anti-LTA antibodies on whole cell extracts. (A) NCTC8325-4 wild-
type, AcozEa, AcozEb, the combined knockout/knockdown strains AcozEb CRISPRi(cozEa) and
AcozEa CRISPRi(ugtP-ItaA), and the CRISPRi-control strain (MM75). (B) JE2 wild-type, AcozEa
and AcozEb strains. Complementation experiments in (C) NCTC8325-4 and (D) JE2. The
plasmids pRAB11-cozEb and pRAB11-cozEa, as well as a pRAB11 control plasmid, were
introduced into the AcozEb mutants. Expression of the plasmid-located genes was induced by
addition of 0.004 pg/ml aTc.
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CozE and the membrane localization of UgtP

Using GFP-fusions expressed from plasmids, we have previously reported that CozEa
and CozEb localizes to the membrane of S. aureus without any enrichment in the
division septum. We further confirmed and studied this in more detail here by
chromosomally integrating cozEa-gfp and cozEb-gfp fusion genes in their native loci
in NCTC8325-4 (Fig. 8A). Fluorescence microscopy revealed an uneven, spotty
localization in the membrane of both proteins. Interestingly, Reichmann et al. (2014)
has demonstrated that UgtP has a similar uneven localization in the membrane of S.
aureus. UgtP is a 391 amino acids long protein without any predicted transmembrane
segments, and the mechanism responsible for the recruitment of UgtP to the
membrane, which is independent of its UDP-Glc substrate, is therefore still unknown
(Reichmann etal., 2014). Given that cozEa and cozEb display genetic interactions with
LTA biosynthetic genes and that lack of CozEb results in longer LTA polymers, in a
similar fashion as cells lacking UgtP, we hypothesized that the CozE proteins could be
involved in the recruitment of UgtP to the membrane. To test this, we constructed a
strain with a chromosomally integrated ectopic copy of gfp-ugtP expressed from its
own promoter. Fluorescence microscopy of the resulting strain indeed show that
UgtP have a spotty localisation in the bacterial membrane in NCTC8325-4 (Fig. 8B).
We then performed single and double knockdown of cozEa and cozEDb in the gfp-ugtP
expressing strain. Membrane-enriched localization of GFP-UgtP was still observed in
all of these strains (Fig. 8B). Bacterial two-hybrid assays, performed to identify
potential protein-protein interactions, did also not reveal any direct interaction
between UgtP and the CozE proteins (Fig. 8C). Together these results suggest that
neither CozEa nor CozEb are localizing UgtP to the membrane via direct protein-

protein interactions.
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Fig. 8. CozE proteins do not directly influence the membrane-localization of UgtP. (A)
Localization of CozEa-GFP and CozEb-GFP in S. aureus NCTC8325-4. The fusion proteins were
expressed from their native, chromosomal loci. (B) Localization of GFP-UgtP in NCTC8325-4
wild-type (MDB77), as well as cells depleted of CozEa (MDB89), CozEb (MDB90) or both
(MDB79). Phase contrast- and fluorescence images are shown. Arrows point to spots with
membrane-localized GFP-UgtP. (C) Bacterial two-hybrid interaction assays between CozEa or
CozEDb and UgtP. Fusions of the proteins to either the T18 or K25 domain of adenylate cyclase
were expressed in E. coli according to established protocols (Karimova et al.,, 1998). Blue color
indicates positive interaction. Positive and negative controls are included.
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Discussion

CozEa and CozEb are two homologous membrane proteins that constitute a synthetic
lethal gene pair, whose function(s) are essential for cell growth and division across
different S. aureus strains. In this work, we have further investigated their cellular
roles. In line with what was previously observed for S. aureus SH1000, we here show
that CozEa and CozEb together play an important role for cell growth and
spatiotemporal coordination of cell division in the MRSA strain JE2 and MSSA
laboratory strain NCTC8325-4. VanFL-based cell cycle analysis of CozE depleted
strains show an enrichment of cells without septa (phase 1), implying that these cells
may have a delayed initiation of septal synthesis and further confirms the effect on
cell division and septum formation reported previously (Stamsas et al., 2018).

While it is the combined function of CozEa and CozEb that results in the
severe single cell phenotypes (Fig. 1, Fig. S1, Fig. S2 and Fig. S3), we here demonstrate
for the first time that CozEa and CozEDb in fact have unique properties in S. aureus.
This is shown (i) in the LtaS depletion strains, where deletion of cozEa and cozEb had
opposite effects on growth, (ii) as deletion of cozED, but not cozEaq, resulted in longer
LTA polymers. The notion of the unique functionality of these paralogs is indeed
supported by a phylogenetic analysis of CozE proteins from 28 different species
within the Staphylococcaceae family (Fig. S6). This demonstrates that each species
encodes two CozE proteins, and that within the genera Staphylococcus and
Macrococcus, the two proteins clusters into two separate subgroups, corresponding
to CozEa and CozEb (Fig. S6). The conserved phylogenetic division across the family
indicates that the function of CozEa and CozEb are unique and conserved among
genera. It should be noted that, CozE proteins from more distantly related genera
(within the Jeotgalicoccus, Salinicoccus, and Nosocomiicoccus) do not display this
subclassification, but instead clusters in a separate group closer to CozEa. This
indicate that the CozEb function may be unique for the Staphylococcus and
Macrococcus genera. Furthermore, knowing that the two CozE homologs in S.
pneumoniae have unique properties (Stamsas et al., 2020), it is not surprising that the
same is also true for the S. aureus homologs.

Importantly, we here identified a link between the CozE proteins and
lipoteichoic acid biosynthesis. Mutants with defects in LTA biosynthetic genes are
known to display cell division defects and increased lysis in S. aureus (Grundling &
Schneewind, 2007a; Hesser et al., 2020a; Kiriukhin et al,, 2001), and these phenotypes
are consistent with the alterations observed in mutants lacking both CozE proteins.

Furthermore, we here also observed some intriguing genetic interactions. Firstly, as
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mentioned above, CozEa and CozEb have opposite effects on the growth of cells
depleted of the LTA synthase LtaS. The growth defect resulting from LtaS depletion
in wild-type background, is aggravated in AcozEa, while we found that deletion of
cozEb partially rescues the growth defect of LtaS depletion. This latter resultis in line
with Corrigan et al. (2011), who identified both missense- and nonsense mutations in
the cozEb gene when [taS was deleted. Thus, in cells completely lacking LTA, the
function of CozEa thus seems to become more important, while the function of CozEb
is detrimental for growth in this background. It should be noted, however, that
depletion of LtaS still resulted in highly aberrant cell morphologies and cell division
defects in both the AcozEa and AcozEb backgrounds, demonstrating that LTA
synthesis is required for normal cell division in all these strains. Secondly, and more
noticeable, when the flippase LtaA is deleted, resulting in reduced flipping of the
glycolipid anchor Glc2DAG, the essentiality of CozEa and CozEb appears to be
alleviated. cozEa/cozEDb and ItaA thus display a synthetic viable genetic relationship.
The opposite seems to be true for AugtP cells, in which synthesis of the glycolipid
anchor is lacking completely. In these cells, CozEa and CozEb are more essential than
in wild-type background.

Currently, we do not understand all the molecular basis for the reported
observations. While the AugtP mutant cannot produce the Glc2DAG glycolipid, the
AltaA mutant still synthesize Glc2DAG on the inner membrane leaflet and produce a
mixture of LTAs linked to both Ptd-DAGs and GlczDAGs. Although these cells lack the
LtaA flippase activity, there must exist another yet unknown mechanism that can
translocate Glc2DAG to the outer membrane leaflet (Grundling & Schneewind, 2007a).
In cells lacking, or with reduced levels of, the Glc2DAG on the extracellular side (such
as AugtP and AltaA), the cells can use Ptd-Gro as alternative starter unit for LTA
synthesis (Kiriukhin et al., 2001). LTA polymers formed on Ptd-Gro are longer than
those formed on Glc2DAG, and the starter unit ratio Glc2DAG/Ptd-Gro affects the
polymer length (Hesser et al., 2020b). Based on the observed genetic interactions,
involving ugtP and Ita4, along with the longer LTA polymers observed for AcozED, it
is tempting to speculate that CozE proteins may be affecting processes related to
synthesis or flipping of LTA starter units. If this is the case, lack of CozE proteins
would change the lipid distribution and homeostasis of the membrane and influence
synthesis of LTA. Such a mechanism could also explain why CozE proteins are so
widely distributed in bacteria (since the same lipids are found across bacterial phyla),
but at the same time result in variable phenotypes between species (since lipid
composition and function may vary between species). This could also explain why

overexpression of staphylococcal CozE proteins could complement the phenotype of
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cozE deletion in S. pneumoniae in our previous study (Stamsas et al.,, 2018). However,
this hypothesis has to be further investigated experimentally, for instance by
analysing lipid levels and differences in lipids between bilayers. Furthermore, this
hypothesis does not fully explain why the depletion of both CozE proteins had
opposite effects in AltaA and AutgP mutants.

CozE proteins are distributed throughout the membrane similarly to UgtP
and LtaA, but unlike LtaS that predominantly accumulates at the cell division site
(Reichmann et al., 2014). UgtP, the enzyme synthesizing the LTA glycolipid anchor,
was shown previously (Reichmann et al., 2014), and here, to have a spotty localization
in the membrane in S. aureus (reminiscent of CozE proteins), but the membrane
targeting mechanism for this cytoplasmic protein is unknown. We therefore
hypothesized that CozEb (and/or CozEa) might play a role in recruiting UgtP to the
cytoplasmic membrane, since the loss of membrane localization could result in partial
loss of function for UgtP, consistent with the longer LTA polymers found in both AugtP
(Hesser et al., 2020a; Hesser et al., 2020b) and AcozEb mutants. However, no direct
interaction between UgtP and CozE proteins were detected and GFP-UgtP still
localized to the membrane in CozE depleted cells (Fig. 8B). On the other hand, it
should be noted that upon quantification of the fraction of cells with membrane-
enriched localization (Fig. 8), we found that while 75.9 (£6.2) % of the wild-type cells
(n =190) had such localization, this was reduced to 51.4 (+6.4) % (n = 237) in CozEb
depleted cells. The CozEa depletion (74.1 (+10.4) % membrane localized GFP-UgtP, n
= 246) and the double CozE-depletion (65.4 (¥+11.7) %, n = 179), however, were more
similar to wild type. Together this suggest that the activity of CozE in fact may have
an effect on the membrane localization of GFP-UgtP, but this is most likely not
mediated via direct protein-protein interactions. The localization of the UgtP-
homologue in Bacillus subtilis has been shown to depend on its substrate UDP-GIc,
although the subcellular localization is dynamic and influenced by growth conditions
(Chienetal., 2012; Nishibori etal., 2005; Weartetal,, 2007). The UDP-Glc dependency
for localizing UgtP is probably not the same for S. aureus (Reichmann et al., 2014). It
is thus possible that CozEb affects another protein(s) or molecule(s) that are
responsible for the recruitment of UgtP to the membrane, however, future research
is needed to solve this question.

It has previously been shown in S. pneumoniae that CozE proteins are
involved in spatiotemporal localization of peptidoglycan synthesis through their
interaction and control of the bifunctional class A PBPs (Fenton et al., 2016; Stamsas
et al,, 2020). However, no interactions have been found between CozEa/CozEb and

any of the PBPs found in S. aureus (Stamsas et al., 2018). The early cell division protein
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EzrA, which is important for linking Z-ring formation and the cell wall synthesis
machinery, is the only protein found to have a direct interaction to both CozEa and
CozEb. The CozE proteins in S. aureus therefore may affect peptidoglycan synthesis
via this interaction (Stamsas et al., 2018; Steele et al., 2011). It is indeed well
established that there are also tight links between LTA biosynthetic proteins and
proteins involved in cell division in S. aureus, including EzrA (Reichmann et al., 2014).
In this context, it should also be noted that in B. subtilis, changes in the UgtP activity
directly affected the assembly of the division ring and UgtP has been suggested to
function as a metabolic sensor governing cell size in this bacterium (Weart et al,,
2007). Thus, the connections between LTA and cell division are widespread, and
future research should aim to decipher these connections in detail to understand
whether the disturbance of cell division in the double CozE knockdown are direct or
indirect as a result of effects on LTA synthesis or lipid homeostasis (see hypothesis
above).

In this work we show that the CozE proteins, and CozEb in particular, affect
LTA biosynthesis in S. aureus. While the exact mechanisms remain elusive, the results
further improve our understanding of the complex pathways linking LTA
biosynthesis and cell division. Furthermore, given the importance of TA for viability
and pathogenicity, understanding the role of CozE proteins in this pathway, can

potentially uncover a novel antibiotic- or anti-virulence target in these pathogens.

Methods

Bacterial strains and growth conditions
Strains used in this work are listed in Table S1. S. aureus strains NCTC8325-4 and JE2-
USA300 (called JE2 here) were standardly grown in BHI medium with shaking or on
BHI agar plates at 37°C. Escherichia coli strain IMO8B was grown in LB with shaking
or on LA plates at 37°C. When appropriate, antibiotics were added for selection: 100
pg/ml ampicillin and/or 50 pg/ml kanamycin for E. coli, 100 pg/ml spectinomycin, 5
pg/ml erythromycin and/or 10 ug/ml chloramphenicol for S. aureus. Isopropyl -D-
1-thiogalactopyranoside (IPTG; 500 uM) and anhydrotetracycline (aTc; 0.004 pg/ml)
were added for induction of transcription when needed.

For transformation of E. coli, chemically competent cells were prepared using
calcium-chloride treatment followed by transformation with heat shock according to
standard protocols. S. aureus strains were transformed by electroporation with

plasmids isolated from E. coli IM08B as described previously (Lofblom et al., 2007).
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Strain construction
A list of all strains constructed in this work are shown in Table S1. Primers used for

cloning are shown in Table S2. All constructs were verified by PCR and sequencing.

Deletion of cozEa and cozEb (cozEa::spc and cozEb::spc). Deletion of cozEa and cozEb

in S. aureus NCTC8325-4 was done using the temperature-sensitive pMAD system,

following the same approach as described before (Stamsas et al., 2018).

Deletion of ugtP (ugtP::spc). pMAD-AugtP::spc was constructed to allow deletion of
ugtP from the chromosome of S. aureus. Three fragments were initially amplified
(using primers in Table S2): (1) the ugtP upstream sequence (ugtP_up), (2) a
spectinomycin resistance cassette (spc), and (3) the ugtP downstream sequence
(ugtP_down). gDNA from S. aureus NCTC8325-4 was used as template DNA for
amplification of both ugtP_up and ugtP_down, while pCN55 (Charpentier et al., 2004)
was the template for amplification of spc. The primers were designed with
overlapping sequences to allow fusion of the three fragments by overlap extension
PCR. The resulting fragment was digested with BamHI (introduced with outer primer
mk506) and Ncol (naturally occurring restriction site near the 5’ end of the fragment)
and ligated into the corresponding sites of pMAD. The plasmid was verified by PCR
and sequencing and the standard pMAD protocol (Arnaud et al., 2004) was used to
replace ugtP with the spc-marker. Note that the ugtP-fragment was amplified without

any terminator sequence to avoid downstream effect on transcription of ItaA.

Chromosomal integration of Pugwp-gfp-ugtP spc in an ectopic locus. The gfp-ugtP

fusion gene, driven by the ugtP-promoter, was integrated into a neutral locus
(between genes SAOUHSC_03046 and SAOUHSC_03047) on the S. aureus NCTC8325-
4 chromosome using the pMAD-system. To construct the plasmid pMAD-Pugte-gfp-
ugtP _spc, gfp was first fused to ugtP by restriction cloning; ugtP was amplified from
gDNA of S. aureus NCTC8325-4 and ligated into the Ncol and BamHI restriction sites
of pLOW-m(sf)gfp-SAOUHSC_1477 to produce plasmid pLOW-gfp-ugtP. Then, four
fragments constituting the insert of the pMAD-Puge-gfp_ugtP_spc plasmids were
amplified: (1) The upstream integration region (“ori_up”), (2) the ugtP-promotor
(“Pugtr”), (3) the “gfp-ugtP”, and (4) a spectinomycin resistance cassette spliced with
the DNA sequence downstream of the target gene (“spc+ori_down”). Both ori_up and
Pugrr were amplified using gDNA from S. aureus NCTC8325-4 as template, while
purified pLOW-gfp-ugtP and pMAD-ori-parS were used as template DNA for

amplification of gfp-ugtP and spc+ori_down, respectively. Primers are shown in Table
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S2.The fragments were spliced by overlap extension PCR and ligated into pMAD using
the EcoRI and Sall restriction sites introduced by the outer primers. The standard
pMAD protocol (Arnaud et al.,, 2004) was used to integrate the construct into the
chromosome of S. aureus NCTC8325-4.

Construction of pPRAB11 complementation plasmids
The genes of cozEa, cozEb and lacA (control) were amplified from gDNA of S. aureus

SH1000 with primers (found in Table S2) containing Kpnl and EcoRI as overhang.
Purified PCR products and the plasmid pRAB11 (Helle etal., 2011) were digested with
Kpnl and EcoRI, and subsequently ligated using T4 DNA Ligase. Ligation mixtures
were transformed into E. coli IM08B and verified by PCR and sequencing before being

electroporated to S. aureus.

CRISPR interference

The two-plasmid CRISPR interference system was used as described previously
(Stamsas et al., 2018). Strains were transformed with a plasmid carrying an IPTG-
inducible dcas9 (pLOW-dcas9) and a plasmid carrying the gene-specific sgRNA with
constitutive expression (pCG248-sgRNA(xxx) or pVL2336-sgRNA(xxx), where xxx
denotes the target gene). The sgRNA plasmids were constructed using inverse PCR in
pCG248 (Stamsas et al, 2018) or Golden Gate cloning in plasmid pVL2336
(unpublished) using oligos in Table S2.

Construction of chromosomally integrated cozEa-gfp and cozEb-gfp fusions

Chromosomal fusions of cozEa-gfp and cozEb-gfp in their native loci were made using
the pMAD-vector. For construction of pMAD-cozEa-gfp_spc, the cozEa-gfp fusion was
amplified from plasmid pLOW-cozEa-gfp using primers mk432 and mk433, while the
spc-cassette and the cozEa downstream region was amplified from plasmid pMAD-
cozEa::spc using primers mk188 and mk434. The two fragments were fused by
overlap extension PCR and ligated into pMAD using the Ncol and Sall restriction sites
introduced in the primers. Similarly, for pMAD-cozEb-gfp_spc, the cozEb-gfp fusion
was amplified from plasmid pLOW-cozEb-gfp using primers mk435 and mk433, while
the spc-cassette and the cozEb downstream region was amplified from plasmid
PMAD-cozEDb::spc using primers mk188 and mk436. The two fragments were fused
by overlap extension PCR and ligated into pMAD using the Ncol and Sall restriction
sites introduced in the primers. A standard pMAD protocol (Arnaud et al., 2004) was

used for chromosomal integration of the fusions.
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Growth assays in liquid media

The bacterial strains to be monitored were firstly grown overnight in BHI medium
with the respective antibiotics. They were then diluted 1:1000 in fresh BHI medium
with the respective antibiotics and inducers added when appropriate. Bacteria were
then applied to a 96-well microtiter plate and incubated in a plate reader at 372C for
18-20 h. ODsoo measurements were taken every 10 minutes. The plate was shaken for
2-5 seconds before every measurement. All growth curves in this work are the mean

value of three replicate measurements.

Spotting assays to analyze growth on plates

Cells grown overnight in BHI medium were serially 10-fold diluted in fresh medium
with antibiotics and IPTG for induction (when appropriate). Each overnight culture
and its serial dilutions were spotted onto the appropriate BHI agar plates with a
volume of 2 pl. The plates were incubated at 37°C for 17 to 20 h. Images of the plates

were captured using a Gel Doc™ XR+ Imager (Bio-Rad Laboratories).

Epifluorescence- and phase contrast microscopy

For microscopy analysis, strains were first grown overnight in BHI medium with the
respective antibiotics. The overnight cultures were diluted 1:1000 in fresh BHI
medium containing the proper antibiotics and incubated until ODsoo reached 0.4.
Inducers were added when necessary. The cells were stained with fluorescent
vancomycin (VanFL, in which BODIPY is linked to a vancomycin molecule
[Invitrogen]) or DAPI (Invitrogen) when appropriate, at final concentrations of 0.8
pg/ml and 7.5 pg/ml, respectively. Bacterial cells were immobilised on agarose pads
(1.2 %) before imaging on a Zeiss AxioObserver with ZEN Blue software. The bacteria
were visualized with the 100x phase contrast objective, and the pictures were
captured using the ORCA-Flash4.0 V3 Digital CMOS camera (Hamamatsu Photonics
K.K).

The distribution of cell sizes among different S. aureus strains were
determined using Microbe]. A stack of phase contrast images of the strain to be
analyzed were segmented in Microbe] and images were manually examined to
discard and/or add cells that were incorrectly segmented. In addition to analysing
cell sizes, the cell cycle of the bacteria was also analysed by manual counting the
different cell phases (phase 1, 2 or 3) of 100-150 random cells from each strain based

on VanFL staining.
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Transmission electron microscopy

The bacterial strains to be visualised by TEM were first grown overnight in BHI
medium with the respective antibiotics and then diluted 1:1000 in BHI with
antibiotics and IPTG added when necessary. The diluted bacterial cultures were
incubated at 37°C until they reached an ODsoo of 0.3. Each of the bacterial cultures (10
ml) were carefully mixed with 10 ml fixation solution, containing 2 % (v/v)
paraformaldehyde, 0.1 M cacodylate (CaCo) buffer and 1.25 % (v/v) glutaraldehyde
solution (grade I). The tubes were incubated at room temperature for 1 h, followed
by incubation at 4°C overnight. The next day, the cells were centrifugated at 5000 x g
at 4°C for 5 min, and subsequently washed three times with PBS, pH 7.4, and three
times with 0.1 M CaCo buffer. The cells were subjected for post-fixation for 1 h with 1
% 0s04in 0.1 M CaCo. The CaCo-washing steps were repeated prior to dehydration,
involving 10 min incubation steps at increasing concentrations of ethanol (70 %, 90
%, 96 % and 100 %). The samples were next infiltrated with LR White by multiple
incubation steps with increasing concentration of embedding media (mixed with
EtOH). First, overnight with a 1:3 ratio between LR White and EtOH, second;
approximately 4 h with the ratio 1:1, third; 4 h with the ratio 3:1, and finally overnight
with only LR White. Lastly, incubation overnight with 100 % LR White at 60°C made
the embedding media polymerize into a hard block. All sample blocks were sectioned,
60 nm thin, and stained with uranyl acetate and potassium permanganate. A FEI
Morgagni™ 268 Transmission electron microscope were used for examination of the
cells. Images of the bacteria were captured using a Veleta CCD camera (Olympus

Corporation) with an exposure time of ~1000 ms.

Lipoteichoic acid detection with anti-LTA antibodies

Cells grown overnight in TSB medium were diluted 1:1000 in medium with
antibiotics and IPTG for induction (when appropriate). The cultures were incubated
at 37°C until they reached an ODeoo between 0.6 and 0.8, except for MDB45 (JE2 AugtP
CRISPRi(cozEa+cozEb)) which was only grown to ODeoo = 0.28 due to slow growth
rate and high degree of cell lysis. The cultures were normalized to an ODeoo of 0.6 and
then harvested by centrifugation at 5400 x g for 3 min at 42C. Detection of LTA was
done essentially as described before (Hesser et al., 2020a). The pellets were
resuspended in 50 pl staphylococcal lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM
sodium chloride and 200 pg/ml lysostaphin) and incubated at 372C for 10 min. The
suspensions were then added 50 pl 4x SDS loading buffer and boiled at 952C for 30
min. The cell lysates were subsequently centrifuged at 16 000 x g for 10 min to pellet

cellular debris. The supernatants (60 pl) were transferred to clean tubes containing
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60 pl dH20. The diluted suspensions were lastly added 0.5 pl proteinase K (20 mg/ml)
and incubated at 502C for 2 h. The samples were separated with SDS-PAGE using a 4-
20 % Mini-PROTEAN TGX acrylamide gel (Bio-Rad). Blotting onto a PVDF membrane
was performed using a Trans-Blot Turbo System (Bio-Rad). Afterwards, the
membrane was blocked in 5 % skimmed milk for one hour at room temperature,
before being washed with PBST and incubated for one hour with an anti-LTA primary
antibody (Hycult) (diluted 1:4000 in PBST). Next, the membrane was washed three
times to remove unbound antibodies, and then incubated for another hour with the
anti-Mouse IgG HRP-conjugate (Promega) secondary antibody (diluted 1:5000 in
PBST). After incubation, unbound antibodies were removed by washing the
membrane 3 times with PBST. Detection was performed using the SuperSignal™ West
Pico PLUS Chemiluminescent Substrate kit (Thermo Fisher Scientific). Images of the

membrane were captured using an Azure Imager c400 (Azure Biosystems).

Bacterial two-hybrid assays

Both construction of plasmids and procedure for bacterial two-hybrid assays were
performed as described (Stamsas et al., 2018). Primers used for plasmid construction
are found in Table S2. The assay utilizes adenylate cyclase from Bordetella pertussis
to detect possible protein interactions by making gene fusions to the T18 or T25
domains of adenylate cyclase (Karimova et al.,, 1998) in the vectors pKT25, pKNT25,
pUT18 or pUT18C (Euromedex). E. coli XL1-Blue were used for transformation, and
isolated plasmids (with T18 and T25 domains) were co-transformed to E. coli
BTH101 with kanamycin and ampicillin as selection markers. Five colonies were
picked, grown to visible growth, and spotted on plates with the selection markers and
additionally 40 pg/ml X-gal and 0.5 mM IPTG. After incubation at 30°C (kept dark) for
20-48 h, plates were inspected, where blue colonies indicated a positive interaction,

and white colonies the opposite.
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Fig. S1. Growth assays in S. aureus NCTC8325-4. (A) Growth assays for NCTC8325-4,
AcozEa (MDB2) and AcozEb (MDB3). (B) Growth assays for NCTC8325-4 single
knockdown strains CRISPRi(cozEa) (MDB14) and CRISPRi(cozEb) (MDB15), double
knockdown strain CRISPRi(cozEa+cozEDb) (MDB13) and combined
knockout/knockdown strains AcozEa + CRISPRi(cozEb) (MDB11) and AcozEb +
CRISPRi(cozEa) (MDB12). Strains were grown over night and 10-fold dilutions of the

strains were spotted onto agar plates. IPTG was added to the plates for the CRISPRi-
strains, as indicated.
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Fig. S2. Micrographs and cell cycle analysis of cozE single and double mutants in S.
aureus NCTC8325-4. Phase contrast (PC)- and fluorescence micrographs from VanFL
labelleling are shown for of NCTC8325-4 wild-type, deletion mutants AcozEa (MDB2)
and AcozEb (MDB3), as well as double knockdown strain CRISPRi(cozEa+cozED)
(MDB13) and combined knockout/knockdown strains AcozEa+CRISPRi(cozEb)
(MDB11) and AcozEb+CRISPRi(cozEa) (MDB12). The CRISPRI strains were induced
with 500 uM IPTG. Scale bars, 3 pm. White arrows point to cells with perturbed size
and/or morphologies. Cell size analysis of the strains are shown in Fig. S3.
Distribution of cell cycle phases based on VanFL staining for the strains are shown in
the rightmost column. See Fig. 1D in the main article for schematic overview of the
different phases analysed. The cell cycle data was obtained by manual counting the
different cell phases of 100-150 random VanFL stained cells from each strain.
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Fig. S3. Cell area of S. aureus NCTC8325-4 strains. Box plots of cell areas of cells from
micrographs in Fig. S2; NCTC8325-4 wild-type (1.24 £ 0.27 pm?), AcozEa (MDB2; 1.19
+ 0.26 um?2), AcozEb (MDB3; 1.18 * 0.27 pm?), CRISPRi(cozEa+cozEb) (MDB13; 1.17
+ 0.32 um?), AcozEa+CRISPRi(cozEb) (MDB11; 1.33 + 0.39 um?) and
AcozEb+CRISPRi(cozEa) (MDB12; 1.16 *+ 0.33 pm?2). Cell areas were measured using
Microbe]. The number of cells analyzed for each strain is indicated. Significant
differences between the strains are indicted with asterisks (** indicates two-tailed P-
value, p < 0.01, derived from a Mann Whitney test in Microbe]).
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Figure S4. Growth curves of JE2 AugtP (A) and AltaA (B) with depletion of CozEa or
CozEDb, individually. The CRISPRi system was induced with 500 puM IPTG when
indicated.
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Figure S5. TEM micrographs of cozEa/cozEb knockdown in JE2 wild-type (A), AugtP
(B) and AltaA (C) in which both CozEa and CozEb were depleted. Arrows point to
lysed cells, and demonstrate extensive lysis in the control cells and AugtP
background. Cultures were induced wihth 500 uM IPTG when indicated. Scale bars, 2
pm.
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Fig. S6. Phylogenetic distribution of CozE proteins in the Staphylococcaceae
family (species from genera Staphylococcus, Macrococcus, Jeotgalicoccus,
Salinicoccus, and Nosocomiicoccus). A maximum likelihood phylogenetic tree was
constructed from a Clustal Omega sequence alignment of CozE homologs from
Staphylococcaceae using 1Q-TREE. The phylogenetic tree was finally visualised and
annotated using iTOL. The CozE proteins from species belonging to the genus
Staphylococcus distributed into two phylogenetically separate CozEa (marked in
blue) and CozEb (marked in red) subgroups. Each Staphylococcus and Macrococcus
genome encode one protein from each subgroup. The CozE sequences from
Jeotgalicoccus, Salinicoccus, and Nosocomiicoccus genomes clustered together in
another subgroup which is closer to the CozEa subgroup than the CozEb subgroup
(marked by a green line). Arrows point at the S. aureus CozE proteins.



Supplementary Tables

Table S1. Strains and mutants used in this work.
Genotype and characteristics2
Strain name

S. aureus NCTC8325-4

MDB1/ MSSA-lab strain.

NCTC8325-4

MDB2 NCTC8325-4 AcozEa, spcr

MDB3 NCTC8325-4 AcozEDb, spcr

MH225 MDB1 carrying pLOW-dCas9_extra_lacO, ery*

MH223 MDB2 carrying pLOW-dCas9_extra_lacO, ery*

MH224 MDB3 carrying pLOW-dCas9_extra_lacO, ery*

MDB11 MH223 carrying pCG248-sgRNA(cozEDb), eryr, cam®

MDB12 MH224 carrying pCG248-sgRNA(cozEa), eryr, cam®

MDB13 MH225 carrying pCG248-sgRNA(cozEa+cozEDb), eryr, camr

MDB14 MH225 carrying pCG248-sgRNA(cozEa), eryr, cam®

MDB15 MH225 carrying pCG248-sgRNA(cozEDb), eryr, cam®

MM?75 MH225 carrying pVL2336-sgRNA(control), eryr, camr

MK1582 NCTC8325-4, but with gfp fused to the 3’ end of cozEa, spcr

MK1584 NCTC8325-4, but with gfp fused to the 3’ end of cozEb, spcr

MDB25 MH223 carrying pCG248-sgRNA(cozEb+ugtP-ItaA), eryr,
cam’

MDB26 MH223 carrying pCG248-sgRNA(cozEb+ItaS), eryr, cam®

MDB27 MH223 carrying pCG248-sgRNA(cozEb+dlItA), eryr, cam®

MDB28 MH223 carrying pVL2336-sgRNA(ugtP-ItaA), eryr, camr

MDB29 MH223 carrying pVL2336-sgRNA(ItaS), eryr, cam*

MDB30 MH223 carrying pVL2336-sgRNA(dItA), eryr, cam®

MDB31 MH223 carrying pCG248-sgRNA(control), eryr, camr

MDB35 MH225 carrying pVL2336-sgRNA(ugtP-ItaA), eryr, camr

MDB36 MH224 carrying pVL2336-sgRNA(ugtP-ItaA), eryr, camr

MDB58 MDB3 carrying pRAB11-cozEa, cam®

MDB62 MDB3 carrying pRAB11-cozEb, cam®

MDB63 MDB3 carrying pRAB11-lacA, camr

MDB77 MDB1, but with gfp fused to the 5’ end of ugtP, spcr

MDB78 MDB77 carrying pLOW-dCas9_extra_lacO, ery*

MDB79 MDB?78 carrying pCG248-sgRNA(cozEa+cozED), eryr, cam*

MDB85 MH225 carrying pVL2336-sgRNA(/taS), eryr, camr

MDB86 MH224 carrying pVL2336-sgRNA(ItaS), eryr, cam*

MDB89 MDB78 carrying pCG248-sgRNA(cozEa), eryr, camr

MDB90 MDB?78 carrying pCG248-sgRNA(cozED), eryr, cam*

Reference

(Novick,
1967)
This work
This work
Lab
collection
This work
This work
This work
This work
This work
This work
This work
Lab
collection
This work
This work
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work



S. aureus NCTC8325

MDB68/
NCTC8325
MDB69/
VL3222
MDB70
MDB71
MDB75
MDB76
MDB80
MDB81
MDB84

S. aureus JE2
JE2

NE779

NE1270

NE1663

NE462

MDB16
MDB17
MDB18
MDB19
MDB20
MDB21
MDB41
MDB42
MDB44
MDB45
MDB46
MDB47
MDB48
MDB54
MDB55
MDB56
MDB57
MDB59
MDB60
MDB61

MSSA-lab strain
NCTC8325 AltaA, spcr

MDB68 carrying pLOW-dCas9_extra_lacO, ery*

MDB69 carrying pLOW-dCas9_extra_lacO, ery*

MDB?70 carrying pCG248-sgRNA(cozEa+cozED), eryr, camr
MDB?71 carrying pCG248-sgRNA(cozEa+cozED), eryr, camr
NCTC8325 AugtP, spcr

MDBB8O carrying pLOW-dCas9_extra_lacO, ery*

MDB81 carrying pCG248-sgRNA(cozEa+cozEb), eryr, camr

Wild-type, MRSA strain
JE2 AcozED, ery*

JE2 AcozEa, eryr

JE2 AugtP, eryr

JE2 AltaA, eryr

JE2 carrying pLOW-dCas9_aad9, spcr

MDB16 carrying pCG248-sgRNA(cozEa), spcr, cam®
MDB16 carrying pCG248-sgRNA(cozEb), spcr, camr
MDB16 carrying pCG248-sgRNA(cozEa+cozEDb), spct, camr
MDB10 carrying pLOW-dCas9_aad9, spcr

MDB20 carrying pCG248-sgRNA(cozEa+cozEDb), spcr, cam®
NE1663 carrying pLOW-dCas9_aad9, spcr

NE462 carrying pLOW-dCas9_aad9, spcr

MDB16 carrying pCG248-sgRNA(luc), spcr, cam®

MDB41 carrying pCG248-sgRNA(cozEa+cozEDb), spct, cam’
MDB42 carrying pCG248-sgRNA(cozEa+cozEDb), spcr, cam®
MDB41 carrying pCG248-sgRNA(luc), spcr, cam®

MDB42 carrying pCG248-sgRNA(luc), spcr, cam®

MDB41 carrying pCG248-sgRNA(cozEa), spcr, cam®
MDB41 carrying pCG248-sgRNA(cozEb), spcr, camr
MDB42 carrying pCG248-sgRNA(cozEa), spcr, cam®
MDB42 carrying pCG248-sgRNA(cozEb), spcr, cam®
NE779 carrying pRAB11-cozEa, cam®

NE779 carrying pRAB11-cozEb, camr

NE779 carrying pRAB11-lacA, camr

Lab
collection
(Zhang et al,,
2020)
This work
This work
This work
This work
This work
This work
This work

(Feyetal,
2013)

(Fey etal,,
2013)

(Fey etal,,
2013)

(Fey etal,,
2013)

(Feyetal,
2013)

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work



E. coli

IM08B DH10B, Adcm, Phelp-hsdMS, PN25-hsdS (strain expressing
the S. aureus CC8 specific methylation genes)
XL-1 Host strain

Plasmid name
pLOW-dCas9_aad9, ampr

pLOW-dCas9, ampr
pLOW-m(sf)gfp-SA1477, ampr

pLOW-m(sf)gfp-ugtP , ampr
pLOW-cozEa-gfp

pLWO-cozEb-gfp
pCG248-sgRNA(cozEa), amp®
pCG248-sgRNA(cozEb), ampr
pCG248-sgRNA(cozEa+cozEb), ampr
pCG248-sgRNA(cozEb+ugtP-ItaA), ampr
pCG248-sgRNA(cozEb+ItaS), amp*
pCG248-sgRNA(cozEb+dItA), ampr
pVL2336-sgRNA(ugtP-ItaA), ampr
pVL2336-sgRNA(ItaS), ampr
pVL2336-sgRNA(dItA), ampr
pCG248-sgRNA(control), ampr (control sgRNA-plasmid)
pLOW-m(sf)gfp-SA1477, ampr
pLOW-m(sf)gfp-ugtP , ampr
pRAB11-cozEa, amp*

pRAB11-cozEb, ampr

pRAB11-lacA, ampr (control plasmid)
pMAD, ampr

pMAD-ori_parS, ampr

pMAD-AugtP::spc, amp*
pMAD-gfp_ugtP_spc, ampr

(Monk et al,,
2015)
Agilent

(Myrbraten
etal,, 2021)
(Stamsas et
al, 2018)
(Myrbraten
etal,, 2021)
This work
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
This work
This work
This work
This work
This work
Laboratory
stock
(Stamsas et
al, 2018)
(Myrbréten
etal, 2021)
This work
This work
This work
This work
(Arnaud et
al,, 2004)
Laboratory
stock

This work
This work



pMAD-cozEa::spc, ampr (Stamsas et

al.,, 2018)
pMAD-cozEb::spc, ampr (Stamsas et
al.,, 2018)
pMAD-cozEa-m(sf)gfp, ampr This work
pMAD-cozEb-m(sf)gfp, ampr This work
pUT18C-ugtP This work
pUT18-ugtP This work
pKNT25-cozEb (Stamsas et
al.,, 2018)
pKT25-cozEa (Stamsas et
al.,, 2018)
pKNT25-cozEa (Stamsas et
al, 2018)
pCN55, ampr (Charpentier
etal,, 2004)

a. spcr = spectinomycin resistant, eryr = erythromycin resistant, camr = chloramphenicol
resistant, and ampr = ampicillin resistant.



Table S2. Primers used in this work.
Primer @ Sequence 5’-3’2
name

Primers to check for the presence of cozEa

im17 ATCGGTACCCAATAAAACTAGGAGGAAATTTAAATGT

TAAACAAGGTTTGGTTCC
im18 GATGAATTCTTAGTCCTTAACATTACTGTTTG

Primers to check for the deletion of cozEa
mk188 | ATTGGGCCCACCTAGGATC

mk187 | CAAACATTTATCGTTGTAATACGT

Primers to check for the presence of cozEb

GS653 GATCGGATCCCAATGAAAATGAAAAGAATATAAGAAA

G

GS654 GATCGAATCCTTTATTCAACTATTTTATTACTTTCTTT

A

Primers to check for the deletion of cozEb
mk188 | ATTGGGCCCACCTAGGATC

mk195 | GCGTCAACAATTACACCACAG

Primers to check for the presence of ItaA
mdb10 | ACGTGGATCCGAAAGGTTCCTTTATATGCAAG
mdb11l | ACGTGAATTCCGTTTTAACCTTACTTAGCTTTT

Primers to check for the presence of pCG248 plasmids
mKk26 GGATAACCGTATTACCGCCT
mKk25 AAATCTCGAAAATAATAGAGGGA

Primers to check for the presence of pRAB11 plasmids
mk23 GGATCCCCTCGAGTTCATG
mk24 GGGATGTGCTGCAAGGCGA

Primers to check for the presence of pMAD plasmids
im156 AATCTAGCTAATGTTACGTTACA
mk177 | GATGCCGCCGGAAGCGAG

Primers for construction of pLOW-gfp-ugtP
mdb9 ACGTGGATCCGTTACTCAAAATAAAAAGATATTGA

Description®

cozEa F w/ Kpnl RS
cozEa R w/ EcoRI RS

F upstream of cozEa
deletion

R downstream of cozEa
deletion

cozEb F w/BamHI RS

cozEb R

F upstream of cozEb
deletion

R downstream of cozEb
deletion

[taA F w/ BamHI RS
[taA Rw/ EcoRI RS

pCG248 F
pCG248 R

pRAB11F
pRAB11 R

pMAD F
pMAD R

ugtP F w/ BamHI RS



mdb2

ACGTGAATTCATGATTAGCGTAATTATTTAACG

Primers for construction of pMAD-gfp-uptP_spc

mdb3
mdb4
mdb5

mdb6

mKk48
mdb7

mk188
mdb8

ACCTGAATTCGGTATCGCTAGCGATGGCT
TCGAACCCCGATGTTGTCG
CGACAACATCGGGGTTCGACAATATGTTTATTATACAC
GT
GTGAACAGCTCTTCTCCTTTTGACATTAATAGCCACCC
TCCGTTAG

ATGTCAAAAGGAGAAGAGCTGTTCAC
GATCCTAGGTGGGCCCAATTTATTTAACGAAGAATCTT
GCATATAAAG

ATTGGGCCCACCTAGGATC
AGGTGTCGACATTGGTGGTATCGCTGTTGC

Primers for construction of pMAD-AugtP::spc

mk501
mk502

mKk503
mk504
mKk505

mk506

CAACGCCTCGCAGTCGTCC
TTTCCGTTAATCAAATTGCTCATTAATAGCCACCCTCC
GTTAG

ATGAGCAATTTGATTAACGGAAA
CTAATTGAGAGAAGTTTCTATAG
CTATAGAAACTTCTCTCAATTAG
AAAATTAAGTATGCTACACAGAC
ACGTGGATCCGATAGCTAAAGCGATAATCCAC

ugtP Rw/ EcoRI RS

ori_up Fw/ EcoRIRS
ori_upR

Pugtp F overlapping
ori_up

Pugtp R overlapping gfp

afp F
ugtP R overlapping spc

spc F
Ori_down R w/ Sall RS

ugtP_up F

ugtP_up R overlapping
spc

spc F

spc R

ugtP_down F
overlapping spc
ugtP_down Rw/
BamHI RS

Primers for construction of bacterial two-hybrid (BACTH) constructs

mk488

mk499
im228

mKk500
mdb?2

GCAGGTCGACAGGAAACAGCTATGGTTACTCAAAATA
AAAAGATA
TAGAGGATCCTTTAACGAAGAATCTTGCATATAAAG
TAGAGGATCCTCTTTAACGAAGAATCTTGCATATAAA
G
ATCGGGATCCCGTTACTCAAAATAAAAAGATATTGA

ACGTGAATTCATGATTAGCGTAATTATTTAACG

Primers for construction of pRAB11-constructs

iml17

im18
im19

im20
im21

im22

ATCGGTACCCAATAAAACTAGGAGGAAATTTAAATGT
TAAACAAGGTTTGGTTCC
GATGAATTCTTAGTCCTTAACATTACTGTTTG
ATCGGTACCCAATAAAACTAGGAGGAAATTTAAATGA
ATGAAAATGAAAAGAATATAAG
GATGAATTCTTATTCAACTATTTTATTACTTTCTT
ATCGGTACCCAATAAAACTAGGAGGAAATTTAAATGG
CGATTATTATTGGTTCAG
GATGAATTCTTAGCACATTTTATTAAGCATATC

ugtPSa_F_Sall

ugtPSa_R_BamHI
ugtP_R_BamHI

ugtPSa_F_BamHI
mdb2_ugtP_r_pLOW_Ec
oRI

0948_F_KpnI_RBS

0948_R_EcoRI
1358_F_KpnI_RBS

SA1358_R_EcoRI
lacA_F_Kpnl_RBS

lacA_R_EcoRI



Primers for chromosomal fusions of cozEa-gfp and cozEb-gfp

mk432 | ACGTCCATGGATGTTAAACAAGGTTTGGTTCC cozEa_F_Ncol

mk433 | GATCCTAGGTGGGCCCAATTTACTTATAAAGCTCATCC | gfp_R_over aad9
ATGCC

mk188 | ATTGGGCCCACCTAGGATC aad9_F

mk434 | ACGTGTCGACTGGGATTAGATATTCTATCCGT cozEa_down_R_Sall

mk435 | ACGTCCATGGATGAAAATGAAAAGAATATAAGAAAG cozEb_F_Ncol

mk436 | ACGTGTCGACTCGGGTGGTCTAACCATTGA cozEb_down_R_Sall

a. The restriction sites are underlined.
b. F = forward primer, R = reverse primer, and RE = restriction site.
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Abstract

Cell division and cell wall synthesis in staphylococci need to be precisely coordinated
and controlled to allow the cell to multiply while maintaining their nearly spherical
shape. The mechanisms ensuring correct placement of the division plane and
synthesis of new cell wall have been studied intensively, however, hitherto unknown
factors and proteins are likely to play a role in this complex interplay. Starting from a
subcellular localization- and gene knockdown screen of essential genes with
unknown functions in Staphylococcus aureus, we identified a protein with major
influence on cell morphology in S. aureus. The protein, here named SmdA (for
staphylococcal morphology determinant A), is a membrane-protein with septum-
enriched localization. By smdA silencing and overexpression, we demonstrate by
using different microscopy techniques that SmdA is critical for cell division processes,
including septum formation and cell splitting. We also identified conserved residues
in SmdA that are critical for functionality. Pulldown- and bacterial two-hybrid
interaction experiments showed that SmdA interacts with several known cell
division- and cell wall synthesis proteins, including penicillin binding proteins (PBPs)
and EzrA. Notably, SmdA also affects susceptibility to cell wall targeting antibiotics,
particularly in methicillin-resistant S. aureus (MRSA). Together, our results show that
S. aureus is dependent on balanced amounts of membrane-attached SmdA in order to

carry out proper cell division.



Introduction

Most bacteria are surrounded by a shape-determining cell envelope which protects
against lysis and interacts with the extracellular milieu. The cell envelope of the
opportunistic, Gram-positive pathogen Staphylococcus aureus consists of a thick layer
of peptidoglycan (PG) along with teichoic acids (TA) and cell wall-associated surface
proteins. During a bacterial cell cycle, synthesis of PG and TA needs to be precisely
regulated and coordinated with cell division, DNA replication and chromosome
segregation. Tight control of these processes is critical for staphylococcal cells to
maintain their integrity and nearly spherical shape as they multiply, and they are
therefore attractive targets for antimicrobials (Sass & Brotz-Oesterhelt, 2013).
Exactly how such control is mediated in S. aureus is still not fully established, and
hitherto unknown factors may be involved. In this work we describe a new
staphylococcal cell morphology determinant.

Staphylococcal cell division is initiated by assembly of the Z-ring, consisting
of polymerized FtsZ-proteins, that localizes to the future division septa (Pinho et al,,
2013). The Z-ring functions as a scaffold for cell division- and cell wall synthesis
proteins which together constitute the divisome (Errington et al., 2003). Cell division
in S. aureus occurs in alternating orthogonal planes, meaning that the new cell
division plane is always perpendicular to the previous (Saraiva et al., 2020). Timely
and spatial control of localization of the Z-ring assembly is most likely linked with
chromosome segregation and DNA replication, involving proteins such as the
nucleoid occlusion factor Noc, which ensures that the cells do not establish new septa
across the chromosomes (Veiga et al., 2011), and CcrZ, which connects initiation of
DNA replication to cell division (Gallay et al., 2021). The chromosomes and
chromosome segregation also contribute to establish a physical barrier allowing the
Z-ring only to be formed in an angle perpendicular to the previous division plane
(Saraiva et al., 2020).

The Z-ring directs the synthesis of new PG in S. aureus to the septum.
Synthesis of PG starts in the cytoplasm, where UDP-MurNAc-pentapeptide is first
synthesized and then attached to the membrane by the enzyme MraY to form the PG
precursor lipid I (Barreteau et al., 2008; Bouhss et al., 2007). A pentaglycine side
chain is attached to produce lipid II-Glys (Rohrer & Berger-Bachi, 2003), which is
flipped to the outer leaflet of the membrane by Mur] (Monteiro et al., 2018; Sham et
al,, 2014) where it is incorporated into the existing PG mesh by transpeptidation (TP)
and transglycosylation (TG) reactions. Specifically, the shape, elongation, division and

sporulation (SEDS) proteins, FtsW and RodA with TG activity, work in pairs with



monofunctional transpeptidases, the penicillin binding proteins PBP1 and PBP3,
respectively (Meeske et al., 2016; Reichmann et al., 2019). While the PBP1-FtsW pair
is essential and performs the septal cross wall synthesis, the non-essential PBP3-
RodA pair is responsible for the slight elongation occurring in S. aureus. Additionally,
S. aureus possesses two other PBPs; the bifunctional PBP2 with both TG and TP
activity, whose role is essential in S. aureus, and the low-molecular weight PBP4,
which controls the degree of PG crosslinks (Atilano et al., 2010; Pinho & Errington,
2005; Wyke et al., 1981). Finally, MRSA strains have an additional PBP, PBP2A, a
transpeptidase with low-affinity for $-lactam antibiotics (Hartman & Tomasz, 1984;
Ubukata et al,, 1985). In the final step of division, PG hydrolases break bonds in PG for
remodeling and daughter cell splitting. The major, bifunctional autolysin Atl, together
with Slel, for which expression are regulated by the two-component system WalKR,
are the primary enzymes responsible for hydrolyzing the septal PG to allow splitting
of daughter cells (Dubrac et al,, 2007; Nega et al,, 2020; Oshida et al., 1995; Thalsg-
Madsen et al., 2019). The actual cross wall splitting is a mechanical process occurring
within milliseconds (Monteiro et al., 2015; Zhou et al,, 2015).

The spatiotemporal control of cell division and PG synthesis is directly and
indirectly influenced by several factors. One of these is the anionic TA polymers, the
second major component of the cell wall, which are either covalently linked to the PG
(wall teichoic acids, WTA), or linked via a lipid-anchor to the plasma membrane
(lipoteichoic acids, LTA). Mutations in enzymes involved in either WTA or LTA
biosynthesis result in cells of abnormal shape and lack of septum synthesis control,
probably via different mechanisms (Atilano et al., 2010; Brown et al., 2013; Hesser et
al, 2020). Furthermore, proteases, chaperones and secretion proteins, involved in
production, folding and/or secretion of cell cycle proteins, may also directly or
indirectly affect coordination of cell division and septum formation in S. aureus. For
example, Clp-protease complexes can target both FtsZ and Slel, and thereby have
major effects on these processes (Feng et al,, 2013; Jensen et al,, 2019; Silber et al,,
2020).

Evidently, cell shape maintenance and control of cell division and septum
formation are a complex interplay between many cellular processes where unknown
key factors are yet to be discovered. We here identified a hitherto novel protein
named SmdA (for staphylococcal morphology determinant A). We show that the
levels of the membrane-attached SmdA protein is critical for maintaining normal
division progression and morphology in S. aureus, as silencing or overexpression of
smdA resulted in defective cell division, septal cross wall synthesis, as well as

increased sensitivity towards cell wall targeting antibiotics.
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Results

Knockdown phenotyping- and subcellular localization analysis of
essential staphylococcal proteins

Cell cycle factors often have a specific subcellular localization, and their mutants
result in cells with obvious cell division defects such as altered cell sizes, cell
clustering and lack of spherical cell morphologies. To identify novel proteins
potentially involved in the cell cycle and morphology control in S. aureus, we
therefore performed a combined knockdown- and subcellular localization analysis of
27 essential staphylococcal proteins with no annotated functions (Chaudhuri et al,,
2009; Santiago et al., 2015; Valentino et al., 2014) (Text S1). Using S. aureus SH1000
as the host strain, fluorescent fusions of the selected proteins to monomeric
superfolder green fluorescent protein (m(sf)GFP) were expressed using the low copy-
number plasmid pLOW (Liew et al.,, 2011), and their subcellular localization were
analyzed by fluorescence microscopy. Knockdown strains were constructed using an
established CRISPR interference (CRISPRi) system (Stamsas et al, 2018), and
investigated by phase contrast- and fluorescence microscopy (Text S1). An overview
of the growth (Fig. S1) and single cell knockdown phenotypes (Fig. S2), as well as the
subcellular localization of the proteins (Fig. S3), is found in Table S1 and Text S1.
From this screen, we observed that knockdown of the membrane-attached protein
SAOUHSC_01908, whose m(sf) GFP-fusion appeared to be enriched in the septum (Fig.
S3, see below), resulted in cells of variable sizes that formed large clusters (Fig. S2,
see below). Nucleoid staining with 4’,6-diamidino-2-phenylindole (DAPI) in this
knockdown strain also appeared abnormal with highly variable intensities and
degree of nucleoid condensation (Fig. S2). As these are characteristics previously
observed for bacterial proteins involved in cell division processes, we set out to
further characterize the functional roles of SAOUHSC_01908 (here named SmdA) in

S. aureus.

SmdA is a conserved staphylococcal membrane protein

SmdA is a protein of 302 amino acids and is fully conserved in species within the
Staphylococcaceae family (Fig. S4). The protein has a predicted N-terminal
transmembrane helix and a C-terminal cytoplasmic part with partial homology to a
so-called nuclease related domain (NERD) (PF08375, E = 1.08-10-5) (Fig. 1A). The
domain was named based on distant similarities to endonucleases, and is found in
bacterial, archaeal, as well as plant proteins (Grynberg & Godzik, 2004). However, the

functional role of NERD in bacteria have to our knowledge never been studied. SmdA
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has been found to be essential in transposon mutagenesis studies in S. aureus
(Chaudhuri et al., 2009; Valentino et al., 2014). Growth analysis of SmdA CRISPRi
knockdown (hereafter SmdAdewn) in S. aureus SH1000 in rich medium at 37°C
resulted in reduction in growth compared to the control strain when spotted on agar
plates (Fig. 1B), however, the growth rate in liquid medium was not affected (Fig.
S5A). Similarly, for S. aureus NCTC8325-4, HGO01 and the MRSA strain COL, SmdAdown
resulted in reduced growth on agar plates (Fig. 1B), but no significant growth
reduction was observed in liquid medium, except for HG001 (Fig. S5A). By RT-PCR
we verified that the expression of smdA was indeed fully knocked down by the
CRISPRI system in S. aureus SH1000 (Fig. S5B). Since the SmdAdewn strains were still
viable, we attempted to construct deletion mutants of smdA by allelic replacement
with a spectinomycin resistance cassette using the pMAD-vector (Arnaud et al,,
2004). However, even after prolonged incubation we were not able to obtain the
deletion mutant in S. aureus SH1000, NCTC8325-4 or COL. We therefore used the
CRISPRI system in the different S. aureus strains to study the phenotypes of SmdA

further.
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Fig. 1. Phenotypes resulting from depletion of SmdA. (A) Predicted topology of SmdA using
Protter (Omasits et al, 2014). SmdA is predicted to have one transmembrane (TM) helix with
a short extracellular N-terminus and a large intracellular domain. The sequence with predicted
similarity to the NERD domain is highlighted in yellow. (B) Growth on solid media of SmdA
knockdown strains (SmdAdown) in S. aureus SH1000 (IM269), NCTC8325-4 (IM311), HG001
(IM312) and COL (IM294). Strains carrying a non-targeting sgRNA were used as controls
(IM284, IM307, IM313 and IM295 for the respective strains). From non-induced overnight
cultures, 10-fold dilution series were made and spotted onto plates with 300 uM isopropyl-§3-
D-thiogalactopyranoside (IPTG). (C) SmdAdown (IM269) and control strain (IM284) analyzed by
phase contrast- and fluorescence microscopy of cells labelled with the nucleoid marker DAPI
and the cell wall label VanFL. White arrows point at mis-shaped cells and cells with perturbed
septum formation, and grey arrows point at cells with abnormal nucleoid signals. Magnified
insets of representative cells are shown for the VanFL micrographs. Scale bars, 5 pm. (D)
Fraction of cells with multiple septa per cell for the SmdAdown strain IM269 (n = 225) and the
non-target control strain IM284 (n = 242) are plotted. (E) Cell roundness, as determined using
Microbe], was used as a measure of the morphology of the cells. Spherical cells will have values
close to 1. Cell roundness measures for the control strain IM284 (n = 198) and the SmdAdown
strain IM269 (n = 191) are plotted. (F) Cell area (in pm?) as determined using Microbe] of the
control strain IM284 (n = 198) and the SmdAdown strain IM269 (n = 191). In E and F, significant
differences between the distributions are indicted by asterisks (***, P <0.0001). P-values were
derived from a Mann-Whitney test.

Depletion and overexpression of SmdA results in cells with highly
aberrant cell shapes

During the initial screen, we observed that SmdAdown in S. aureus SH1000 resulted in
clusters containing cells of variable sizes. The knockdown experiment was repeated,
and exponentially growing cells were stained with fluorescent vancomycin (VanFL,
binds to non-crosslinked stem peptides throughout the cell wall) and DAPI and
investigated by microscopy. SmdAdewn indeed resulted in severe phenotypic defects
(Fig. 1C); increased cell clustering and a large fraction of cells with multiple septa
(20.1 % for SmdAdewn as opposed to 1.6 % for the control strain, Fig. 1D) and
abnormal, non-spherical morphology (Fig. 1E). The SmdAdown cells were also
significantly larger than the control strain (Fig. 1F). Furthermore, the nucleoid signal
visualized by DAPI staining, appeared very heterogeneous in SmdAdewn with a large
fraction of cells having highly intense signal (25.7 %, n = 225), as opposed to the
control (5.8 %, n = 242). This phenotype has been observed previously in
staphylococci with cell division defects (Stamsas et al.,, 2018).

Transmission- and scanning electron microscopy (TEM and SEM) were used
to obtain more detailed images of the defects in morphology and septal placement
found in SmdAdown cells. Strikingly, SmdA depleted S. aureus SH1000 displayed highly
aberrant septum formation (Fig. 2A). In addition to lysis, cells with several non-

perpendicular- or parallel septa were frequently observed, resulting in cells, or small



cell clusters, with aberrant morphologies (Fig. 2A). This was also evident from the
SEM micrographs, which showed clustered cells with various morphologies (Fig. 2B).
Similar phenotypes from TEM and SEM analyses were observed for the NCTC8325-4,
HGO0O01 and COL strains, with the HG001 strain being more affected by SmdAdown than
the other two (Fig. S6 and Fig. S7).

Since reduced levels of SmdA led to defects in cell division and morphology
of S. aureus, we next wondered whether overexpression of SmdA would affect the
cells. An ectopic copy of smdA was placed behind an IPTG-inducible promotor in the
plasmid pLOW (Liew et al., 2011) and expressed in S. aureus NCTC8325-4. As for
SmdAdown, the nucleoid and cell walls were stained with DAPI and VanFL (Fig. S8).
Although less evident than for SmdAdewn, overexpression of SmdA also resulted in
clusters of cells with several septa per cell as defined by VanFL staining (Fig. S8) (3.9
%, n =181 for SmdA overexpression, compared to 20.1 % for SmdAdew», and 1.6 % for
the control). Together, these knockdown- and overexpression analyses clearly
demonstrated that septum formation and splitting in S. aureus are dependent on
proper levels of SmdA.
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Fig. 2. SmdAdewn in S, aureus SH1000 visualized by electron microscopy. (A) Transmission
electron- and (B) scanning electron micrographs of SH1000 CRISPRi control strain (IM284)
and SH1000 SmdAdewn (IM269). In (A), red arrows in the TEM micrographs point at lysed cells.
Representative examples of cells with parallel septa or multiple septa are shown. Green arrows
point to initiation of septum synthesis at multiple sites within the same cell. Different
magnifications are shown, indicated by the scale bars.

Depletion of SmdA results in increased sensitivity towards
antimicrobials targeting cell wall synthesis

Given the negative effect SmdA depletion had on cell morphology and -division, we
reasoned that reduced expression of SmdA could influence the sensitivity of S. aureus
to cell wall targeting antibiotics. To test this, SmdAdewn strains were treated with PBP-
targeting B-lactams (oxacillin, cefotaxime, cefoxitin and imipenem), the glycopeptide
vancomycin (blocking cell wall synthesis by targeting the terminal D-Ala-D-Ala on the
stem peptides of nascent PG (Reynolds, 1989)), tunicamycin (targeting TarO and
MraY, enzymes involved in the early stages of synthesis of WTA and PG, respectively
(Campbell et al.,, 2011)) and Congo Red (inhibitor of the LTA biosynthesis enzyme
LtaS (Vickery et al, 2018)) (Table 1). Two antibiotics with alternative targets;
tetracycline (targeting protein synthesis) and ciprofloxacin (a quinolone targeting
DNA synthesis), were also included.

For the methicillin-susceptible S. aureus (MSSA) strain SH1000, a two-fold
reduction in minimum inhibitory concentration (MIC), compared to the control, was
observed for oxacillin and cefoxitin in SmdAdown, More notably, in the MRSA strain
COL, SmdAdewn sensitized the COL strain towards all B-lactams with a 2- to 8-fold
reduction in MIC compared to the control (Table 1). SmdA depletion did not seem to
significantly influence vancomycin susceptibility. Strikingly, however, we observed
that SmdAdown cells became highly sensitive towards tunicamycin, with a 64-fold
reduction in MIC compared to the control for S. aureus SH1000 and >4-fold reduction
for COL. The increased susceptibility towards tunicamycin suggests that SmdA may
influence processes related to TA synthesis, as the primary target of this antibiotic is
TarO, the first enzyme in the WTA biosynthesis pathway (Price & Tsvetanova, 2007;
Swoboda et al,, 2010). We therefore also tested the tunicamycin sensitivity of the
NCTC8324-5 and HGO001 SmdAdown strains, which also showed increased
susceptibility towards tunicamycin (HG001; 125-fold reduced MIC and NCTC8325-4;
4-fold reduced).The SmdAdewn strains also displayed increased sensitivity towards
Congo Red. Furthermore, SmdA depletion in S. aureus SH1000 led to a 2- to 4-fold

reduction in MIC against tetracycline, compared to the control, however, depletion of
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SmdA in COL did not change its sensitivity towards tetracycline or ciprofloxacin
(Table 1).

Table 1. Minimum inhibitory concentration (MIC, in pg/ml) of different antimicrobials
when SmdA is depleted in S. aureus SH1000 and COL.

S. aureus SH1000 (MSSA) S. aureus COL (MRSA)
Antibiotics SmdAdown  Control Fold SmdAdown Control Fold
change change
Oxacillin 0.12 0.24 2 64-128 256 2-4
Cefotaxime 2 2 1 50 400 8
Cefoxitin 1 2 2 47-94 188 2-4
Imipenem 0.016 0.016 1 150 >300 >2
Vancomycin 2.5 2.5 1 2.5 2.5 1
Tetracycline 0.05 0.1-0.2 2-4 264 264 1
Ciprofloxacin 0.32 0.32 1 0.32 0.32 1
Tunicamycin 0.094 6 64 24 >96 >4
Congo Red 256 >1024 >4 512-1024 >1024 22

SmdA has no major effects on the TA biosynthetic pathways

The increased sensitivity to tunicamycin and Congo Red in SmdAdewn strains,
prompted us to study whether there were any major alterations in the TA in these
cells. Notably, the SmdAdown strain displayed morphologies reminiscent of what has
previously been reported for cells depleted of T4, i.e., with larger cell sizes, cells with
irregular septum formations and reduced splitting (Campbell et al., 2011; Campbell
etal,, 2012; Hesser et al,, 2020; Santa Maria et al., 2014). It has previously been shown
that there is a synthetic lethal relationship between the WTA and LTA biosynthetic
pathways (Oku et al., 2009; Santa Maria et al,, 2014), and it could therefore be
hypothesized that hypersensitivity to tunicamycin could result from deficient LTA
biosynthesis in the smdA mutants. Using an anti-LTA antibody, we compared the
quantity and lengths of LTA in the SmdAdown- and control strains for SH1000,
NCTC8325-4, HGOO1 and COL (Fig. S9A). No consistent changes in LTA amounts or
lengths were observed between the SmdA depletions and the controls in the four
strains tested. Furthermore, we could not detect any release of LTA into the medium
in the depletion strains, indicating that the stability of LTA (Mikkelsen et al., 2021) is
intact (Fig. S9B). We therefore conclude that no major alterations in the LTA synthesis

seem to occur upon SmdA depletion.
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WTA has been shown to protect cells from the LTA-inhibitor Congo Red.
Without WTA, cells became hypersensitive towards Congo Red (MIC of <4 pg/ml for
tarO deletion mutants and >1024 pg/ml for wild-type cells) (Suzuki et al., 2012).
Although to a much lesser degree, SmdA depletion strains were also more sensitive
to Congo Red compared to the controls (Table 1), and we therefore looked into
whether WTA could be disturbed in a SmdAdown strain. In TEM images, WTA can be
seen as a dark, high-density layer in the septa of staphylococcal cells. By comparing
strains with depletions of TarO and SmdA, using TEM, it was evident that the former
lacked this dark, high-density layer, while it was still present in the SmdAdown strain,
suggesting that WTA was still produced (Fig. S10A). We also performed Fourier
transform infrared spectroscopy (FTIR), which has been used before to detect
differences in the composition of WTA due to variable glycosylation patterns (Grunert
et al,, 2018; Mikkelsen et al,, 2021). As expected, changes in the FTIR spectra were
evident in the polysaccharide region (1200 cm! - 800 cm!) for the TarQdown strain
compared to the control, with the most significant differences recorded for the peaks
at 1076 cm-, 1048 cm-1, 1033 cm-! and 1000 - 970 cm'}, representing o- and (-
glycosidic bonds in WTA (Grunert et al., 2018). However, no changes were observed
between SmdAdown and the control (Fig. S10B). Together, these results suggests that
SmdA has no major effect on the WTA biosynthetic pathway.

SmdA is important in several stages of staphylococcal cell division
To identify potential protein interaction partners of SmdA, we next performed a
protein pulldown experiment using GFP-trapping with a chromosomal smdA-m(sf)gfp
fusion strain. Interestingly, the major staphylococcal autolysin Atl, as well as the
bifunctional PBP2 were identified, along with 12 other proteins (Table S2). The
experiment was repeated in a strain with plasmid-based expression of SmdA-
m(sf)GFP, and this setup resulted in an extended list of proteins that were pulled
down, probably due to the elevated expression of SmdA-m(sf)GFP. Selecting the
proteins for which at least 10 unique peptides were detected and with a fold change
of >2 compared to the control, resulted in a list of 58 proteins (Table S2). Several
proteins with activity involved in protein folding, secretion and/or degradation (e.g.,
FtsH, PrsA, SpsB, ClpB, ClpC, SecD) were identified in this assay, in addition to the
penicillin-binding proteins PBP1, PBP2, PBP3 and the early division protein EzrA. All
the 14 proteins identified in the initial experiment were also pulled down in the
second experiment.

Bacterial two-hybrid analyses of the SmdA-PBP1-3 and SmdA-EzrA were

performed to see whether these interactions could be reproduced in a heterologous
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system. The proteins were fused either N- or C-terminally to the domains of adenylate
cyclase, an enzyme which catalyzes the production of cyclic adenosine
monophosphate (cAMP) and eventually induction of B-galactosidase activity when
brought in proximity by interaction between the target proteins. Indeed, SmdA
interacted with PBP2, as well as PBP1, PBP3 and EzrA in the two-hybrid assays (Fig.
3A). By expressing a version of SmdA without its N-terminal membrane domain
(SmdAATMH), we also show that the observed interactions between SmdA and the
PBPs in this assay occur via the transmembrane segment, while the interaction with
EzrA was not abolished in SmdAATMH. The latter notion show that EzrA interacts
with the intracellular domain of SmdA (Fig. 1A).

The observed interactions between SmdA and PBPs may suggest that SmdA
is somehow important for proper localization of PBPs, and thus localization of PG
insertion in S. aureus (Fig. 1 and Fig. 2). With the VanFL approach used above (Fig.
1C), non-crosslinked PG throughout the cell surface was labelled. To determine more
precisely the sites of active PG synthesis, S. aureus NCTC8325-4 SmdAdewn, as well as
SmdA overexpression cells, were therefore instead pulse-labelled for 90 sec with the
fluorescent D-amino acid 7-hydroxycoumarincarbonylamino-D-alanine (HADA), a
molecule which is integrated into PG by the specific activity of transpeptidases
(Radkov et al., 2018). In the control cells, the expected midcell-localized band was
observed (Fig. 3B). However, in the SmdAdown strain, we observed a more diffuse
HADA signal with PG synthesis often occurring at several sites within the cell, forming
patterns visible as crosses or Y-shapes (Fig. 3C). Similar observations were made in
the cells overexpressing SmdA, although with a lower frequency of cells with
abnormal labelling (Fig. 3D-E). Thus, the site of active transpeptidation (by PBP1-3)
is indeed mis-localized when the levels of SmdA is altered.

Moreover, we also studied whether SmdA could affect the localization of EzrA
by knocking down smdA in a strain expressing a chromosomal ezrA-gfp fusion (Fig.
3F). Indeed, abnormal localization patterns for EzrA-GFP was observed with similar
frequency as the abnormal HADA labelling (Fig. 3G). These results thus suggest that

SmdA affect the localization of the entire S. aureus divisome.
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Fig. 3. SmdA interacts with important cell division proteins and is necessary for proper
localization of EzrA and peptidoglycan synthesis. (A) Protein-protein interactions tested
with bacterial two-hybrid assay, where SmdA and SmdAATMH were tested against PBP1, PBP2,
PBP3 and EzrA. The proteins were fused either N- or C-terminally to the T18 or T25 domains
as indicated. Blue colonies and plus signs indicate positive interactions and white colonies and
minus signs negative interactions. (B-D). Micrographs of HADA labelled S. aureus NCTC8325-4
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with depletion and overexpression of SmdA. Arrows point at cells with misplaced septum
synthesis. Scale bars, 2 um. (B) CRISPRi control strain, IM307 (C) SmdAdown strain, IM311 and
(D) SmdA overexpression strain, MK1866. (E) Frequency plot of cells with normal or abnormal
HADA labelling pattern. Categorization of normal or abnormal labelling patterns are indicated.
The number of cells analyzed were 259, 179 and 189 for B, C and D, respectively. (F)
Micrographs showing co-localization of EzrA-GFP and HADA incorporation in S. aureus SH1000
strains with (MK1952) or without (MK1953) knockdown of SmdA. Phase contrast- and
fluorescence images of HADA labelling and GFP (EzrA-GFP) are shown. Scale bars, 2 pm.
Arrows points to cells with abnormal localization of both HADA and EzrA-GFP. (G) Frequencies
of cells (from F) with normal or abnormal localization of HADA and EzrA-GFP are plotted. The
number of cells analyzed were 285 (for MK1953) and 298 (for MK1952).

Furthermore, the major autolysin Atl was also pulled down with SmdA. Atl is
a secreted multidomain enzyme, which is processed to an acetylmuramyl-L-alanine
amidase and [B-N-acetylglucosaminidase, involved in septal cross wall splitting
resulting in daughter cell separation (Oshida et al., 1995). Micrographs of SmdAdown
cells showed that they have reduced cross wall splitting, a phenotype also observed
in atl mutants and WalKR depleted cells (Biswas et al., 2006; Dubrac et al., 2007).
WalKR is the two-component regulatory system controlling the expression of atl and
other cell wall hydrolases (Dubrac et al,, 2007). To assess the cross wall splitting
phenotype in more detail, we performed Triton X-100-induced autolysis assays on
the cultures. Indeed, reduced autolysis was observed in SmdAdown cells,
demonstrating reduced autolytic activity (Fig. 4A). The lysostaphin sensitivity was
also reduced (Fig. 4B), suggesting alterations in the cell wall affecting the lytic
properties of this enzyme. It should be noted that the resistance towards Triton X-
100- and lysostaphin-induced autolysis in the SmdAdown strain was clearly less
compared to the control strain where walR, and thus all the regulated autolysins, was
knocked down.

A Triton X-100 B Lysostaphin
100 -1 || 1] 100 fup.

g% 80 | | | 88 80
5 2 5% Control
E 40 Z 40 WalRdown
X 20 1 xR 20 -+ SmdAdown

0 0

0 1 2 3 0 1 2 3
Time (h) Time (h)

Fig. 4. Autolysis of S. aureus SH1000 depletion strains (control = IM284; WalRdown = [M293;
SmdAdown = [M269) measured in presence of (A) 0.5 % Triton X-100 and (B) 100 ng/ml
lysostaphin. Results presented as % of initial ODeoo. Error bars represent standard error
calculated from 4 technical replicates.
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SmdA localizes to the septum after FtsZ

The initial screen showed that the SmdA-m(sf)GFP fusion protein displayed a
septum-enriched signal when expressed ectopically from the low copy-number
plasmid pLOW (Fig. 5A and Fig. S3). In order to analyze the localization with native
expression levels, a chromosomally integrated version of SmdA-m(sf)GFP was made,
in which m(sf)gfp was fused to the C-terminus end of smdA. Localization analyses in
these cells further confirmed the septum-enriched localization of the fusion protein
(Fig. 5A), with an average septum/periphery fluorescence signal ratio of 3.4 (n = 52).
To visualize the localization of SmdA relative to the cell division process, we used FtsZ
as a marker. Expression of ftsZ-fusion genes in the smdA-m(sf)gfp chromosomal
fusion strain, however, only resulted in strains with extremely poor growth,
suggesting that the cells did not tolerate such double-labelling. Instead, we therefore
created a double-labelled strain in which SmdA-mYFP and FtsZ-mKate2 were co-
expressed from plasmids while the native smdA and ftsZ were still present on the
chromosome. Structured illumination microscopy (SIM) analysis showed that SmdA
is localized around in the membrane when the Z-ring is formed (Fig. 5B), and that a
septum-enriched localization occurs as the septal cross wall is being synthesized. This
is further confirmed by stimulated emission depletion (STED) microscopy analysis
(Fig. 5C). STED imaging also revealed that there is no apparent co-localization of
SmdA-mYFP and FtsZ-mKate2 in newborn cells before FtsZ-constriction initiates.
Combined, the localization of SmdA is reminiscent of the localization of PBPs in S.
aureus (Monteiro et al.,, 2018), but appears to localize to the septal area after the early
divisome proteins such as EzrA (Jorge et al,, 2011; Lund et al,, 2018).

The SmdA protein is attached to the membrane by a single transmembrane
helix (Fig. 1A). To verify the significance of the SmdA membrane attachment for its
localization, we ectopically expressed a version of SmdA without the transmembrane
helix (SmdAATMH). As expected, the N-terminal truncated SmdAATMH-m(sf)GFP
localized to the cytoplasm of the cells (Fig. 5A).

During this latter experiment, we noticed that SmdAATMH-m(sf)GFP
overexpression led to cells with obvious morphology defects. In fact, overexpression
of SmdAATMH (without the GFP-tag) (Fig. 6A) strikingly resulted in a more extreme
phenotype than overexpression of full length SmdA (Fig. 3D, Fig. S8). The cells were
often inflated or with a bean-shaped appearance (Fig. 6A). HADA pulse labelling of
these cells revealed a highly abnormal cell wall incorporation pattern, with the
fluorescent signal forming both condensed clumps and Y-shapes in different
directions in almost 50 % of the cells (Fig. 6A and B). This demonstrates that the

membrane attachment is critical for the localization and function of SmdA.
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Fig. 5. Subcellular localization analysis of SmdA. (A) Micrographs of cells with induced
expression of SmdA-m(sf)GFP from plasmid (top panel, IM104), native chromosomal
expression of the SmdA-m(sf)GFP fusion protein (middle panel, IM308), and expression of
SmdAATMH-m(sf)GFP from plasmid (bottom panel, IM373). Scale bars, 2 um. (B) SIM images
of fixed S. aureus SH1000 with plasmid-expressed SmdA-mYFP and FtsZ-mKate2 (HC060). (B-
I) Side-view of a cell showing that FtsZ localizes at septum before arrival of SmdA. As cell
division progresses, (B-II) SmdA concentrates at sites where septum formation is initiated, and
(B-III) displays a septal localization at the two septal membranes as FtsZ constricts and septum
formation proceeds. (B-IV) Top-view of a cell showing the FtsZ-ring inside of the SmdA-ring.
All scale bars, 0.5 um. (C) STED images of fixed S. aureus SH1000 with plasmid-expressed
SmdA-mYFP and FtsZ-mKate2 (HC060), where line scans show fluorescence intensity of
selected areas. (C-I) At an early stage of cell division, the rings of both SmdA and FtsZ have a
similar diameter, but do not overlap in their distribution, and a heterogenous distribution with
a patchy signal is observed. (C-II) Top-view of a cell as cell division progresses, with the FtsZ-
ring laying inside of SmdA, approximately 100-150 nm apart from each other. (C-III) Side-view
of a cell showing how FtsZ is located innermost, and how SmdA is located at the two septal
membranes. Scale bars, 0.5 pm.
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Conserved residues in the predicted NERD domain are critical for the
function of SmdA

The functional importance of the NERD domain (Fig. 1A) has, to our knowledge,
neither been studied nor verified previously in any bacterial protein. As mentioned,
we observed that overexpression of SmdAATMH led to severe phenotypic changes in
the staphylococcal morphology (Fig. 6A). We decided to use this as a tool to gain
insight into whether the predicted NERD domain is important for the function of
SmdA. Multiple sequence alignment of SmdA proteins from different staphylococcal
species (Fig. S4) revealed conserved residues in this domain, and site directed
mutagenesis was used to create two versions of SmdAATMH containing mutations in
the NERD domain: one in which H145 was changed to Ala (mutl), and a second
containing the mutations R150A and T151A (mut2). Furthermore, we also observed
from the alignment that the C-terminus of SmdA is highly conserved (Fig. S4), and
another C-terminal mutated variant was created (mut3; F280A, H281A). The three-
dimensional structure of SmdA, predicted by AlphaFold (Jumper et al, 2021),
suggests that the N-terminal part of the protein folds into a long a-helix and that the
NERD is located within the C-terminal structured part of the protein (Fig. 6C-1I). The
positions of the mutated residues are indicated in the predicted structure (Fig. 6C-
[II). The mutated SmdAATMH versions were overexpressed in a wild-type
background. Expression of these mutated variants indeed partially, or fully, abolished
the phenotypic defects observed when overexpressing the non-mutated SmdAATMH
version. HADA staining of _mutl (H145A) showed septum placement and PG
synthesis comparable to wild-type cells, while _mut2 (R1504, T151A) and _mut3
(F280A, H281A) also clearly reduced the functionality of the protein (Fig. 6A and B).
Furthermore, the growth inhibition upon overexpression of SmMdAATMH (Fig. 6D)
was also abolished when the mutated variants were expressed under the same
conditions. This strongly suggests that the given residues in both the predicted NERD

and the conserved C-terminus are important for the function of SmdA.
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Fig. 6. Membrane attachment and conserved residues important for SmdA function. (A)
HADA stained S. aureus NCTC8325-4 overexpressing SmdAATMH (MK1911),
SmdAAATMH _mutl (IM377), _mut2 (IM378) and _mut3 (IM379). Scale bars, 2 pm. (B) The
frequency of cells from panel A with normal or abnormal HADA staining is plotted. The number
of cells plotted were 259 for the control (images not shown), 82 for SmdAATMH, 101 for _mut1,
113 for _mut2 and 122 for _mut3. (C) Structure of SmdA, predicted by AlphaFold (Jumper etal.,
2021), where (C-I) shows the structure colored by a “per-residue confidence score” (pLDDT)
with dark blue pLDDT > 90, light blue 90 > pLDDT > 70, and yellow 70 > pLDDT > 50, (C-II)
shows the structured domain magnified with the predicted NERD colored in green and residues
that have been mutated in red. (C-III) A magnified inset of (II) with annotated residues. (D)
Growth assay on solid media of S. aureus NCTC8325-4 expressing SmdAATMH,
SmdAATMH_mut1, _mut2 and _mut3.

Discussion

The results presented here provides the first functional insights into the conserved
and essential staphylococcal protein SAOUHSC_01908, here named SmdA. SmdA, a
protein conserved within the Staphylococcaceae family, is critical for maintaining cell
morphology and for proper progression of cell division in different S. aureus strains
(including MRSA and MSSA). Unbalanced levels, as well as loss of proper subcellular
localization, of SmdA, results in severe cell morphology defects due to mis-localized
cell division, uncontrolled cell wall synthesis, and lack of proper cross wall splitting.

Depletion of SmdA resulted in clearly reduced number of viable cells, while
growth in liquid culture (biomass, as measured by ODeoo) was not severely affected
(Fig. 1, Fig. S5). Such a discrepancy between biomass and viable colonies has
previously been observed in antibiotic-treated S. aureus SH1000 (Campbell et al,,
2012), and this was ascribed to the combination of increased cell size and reduced
daughter cell splitting in the culture. Larger cells and impaired cross wall splitting are
indeed typical attributes of the SmdAdown cells as well, and most likely this explains
the growth differences we observed in the two assays.

We observed that knockdown of SmdA increased the sensitivity of S. aureus
to cell wall targeting antibiotics (Table 1). In S. aureus, many of the frequently used
antibiotics are targeting cell wall synthesis, including 3-lactams and glycolipids. The
rise of both methicillin-resistant- and vancomycin-resistant S. aureus (MRSA and
VRSA) have, however, made S. aureus infections more difficult to treat and novel anti-
staphylococcal targets and strategies are needed. Targeting cell cycle proteins have
been shown to re-sensitize resistant staphylococci towards existing antibiotics due to
synergistic effects (Lee etal,, 2011; Roemer etal.,, 2013; Tan etal., 2012). For example,
inactivation of proteins involved in WTA synthesis sensitizes MRSA to [3-lactams

(Brown et al., 2012; Campbell et al., 2011). The same is also the case for a diversity of
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factors contributing to cell division and cell wall biogenesis, including FtsZ, FtsA,
PBP4 and most proteins involved in the PG synthesis pathway (Lee et al., 2011). The
secretion-associated proteins SecDF and the chaperones PrsA and HtrA1 have also
been tightly linked to B-lactam sensitivity (Quiblier etal.,2011; Roch etal., 2019), and
recently, inactivation of the autolytic cell wall amidase Sle1 (Thalsg-Madsen et al.,
2019), or the membrane proteins AuxA and AuxB (Mikkelsen et al., 2021), were
shown to result in increased sensitivity to B-lactams. Mechanisms of re-sensitization
in these cases vary and may be a result of weakened cell wall, as well as inactivation
or mis-localization of PG synthesis, including the key resistance determinant PBP2A.
The large number of factors affecting B-lactam sensitivity reflects the tight links
between different processes involved in cell wall biogenesis. Our results suggest that
SmdA most likely affects several steps in the cell division process, as we observed
phenotypes and protein-protein interactions which linked SmdA to division ring
formation, PG synthesis and cross wall splitting.

While the exact mechanism by which SmdA affect these processes remains to
be determined, it is possible that SmdA influence the localization of cell division and
cell wall synthesis via direct protein-protein interactions. This is supported by the
SmdA-EzrA and SmdA-PBP1-3 interactions, combined with the abnormal localization
of EzrA-GFP and HADA incorporation in SmdAdown cells. In fact, the division defects
observed in SmdAdown cells are reminiscent of previous studies of ezrA null mutants,
strains with point mutations in FtsZ or cells exposed to Z-ring inhibitors (Jorge et al.,
2011; Lund et al, 2018; Pereira et al, 2016). However, the contribution of the
identified interactions to the observed phenotypes must be investigated further,
particularly since the subcellular localization of SmdA-m(sf)GFP does not appear to
overlap with the Z-ring throughout the cell cycle and is instead more similar to the
reported localization of PBPs (Jorge et al., 2011; Lund et al,, 2018; Monteiro et al,,
2018).

Lack of cross wall splitting is another prominent feature of the SmdA
depleted cells. After septum formation, cells remain attached, forming clusters of mis-
shaped cells. Indeed, the autolytic activity was reduced in the SmdAdown cells (Fig. 4).
The major autolysin Atl was also pulled down together with SmdA-m(sf)GFP as one
of the major hits. Atl is an extracellular processed protein whose amidase and
glucosaminidase domains together process PG in the septum to allow splitting. It is
possible that SmdA somehow influences the export or processing of Atl. In this
context, it is interesting to note that proteases, foldases and chaperones (FtsH, PrsA,
SpsB, ClpC, ClpB, HtrA1) were also pulled down with SmdA. It remains to be

determined whether any of these interactions have any functional relevance,
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however, perturbation of such pathways may have large consequences for cell
division and septal placement as they are important for proper folding and secretion
of key proteins involved in such processes. This has, for example, previously been
demonstrated for the chaperone ClpX, which is critical for coordination of autolysins
and cell division proteins (Jensen et al., 2019). Involvement in such a mechanism
could also explain the pleiotropic phenotypes observed in SmdAdown cells, affecting
several stages in the cell division process.

A part of the SmdA protein displays limited similarity to the so-called
nuclease related domain (NERD). This domain, which is found in a broad range of
bacterial species and in some archaea and plants, was initially identified on a
virulence-plasmid from Bacillus anthracis (Grynberg & Godzik, 2004), and has later
been suggested to belong to a superfamily of phosphodiesterases (Steczkiewicz et al.,
2012). The majority of NERD proteins are single-domain proteins, but they are also
occasionally found together with a kinase-, pseudokinase- or helicase domain (Kwon
et al,, 2019). The actual function of the NERD has, to our knowledge, however, not
been studied experimentally. The results in this paper show that conserved residues
in the predicted NERD are important for the functionality of SmdA, thus
demonstrating for the first time a functional role of this domain. Although highly
speculative at this point, it would be interesting if a cell division factor such as SmdA
had DNA-interacting capabilities and thus forming a potential link between the
membrane-associated cell division proteins and the nucleoid. Alterations in nucleoid
labelling by DAPI was observed in the SmdAdown strain (Fig. 1C and Fig. S2), however,
this is a phenotype observed for different cell division mutants (Stamsés et al., 2018)
and does not necessarily infer a direct involvement of SmdA in the chromosome
biology. It should also be noted that several of the most conserved residues of the
NERD (Grynberg & Godzik, 2004) are not found in SmdA, suggesting a functional
diversity within proteins harboring homology to this domain and implying that the
NERD of SmdA may have functions unrelated to the nucleoid.

The staphylococcal genome encodes hundreds of essential proteins, which all
represent potential target sites for antimicrobials. To be able to fully exploit the
antibiotic target repertoire, it is critical to understand how essential proteins are
involved and linked between different cell cycle processes. In this work, we identified
and characterized SmdA as a novel factor essential for cell morphology and cell
division in S. aureus. Based on the results presented here, future research should aim
at pinpointing the molecular mechanism by which SmdA affect different stages of the

cell division process. Finally, since SmdA depletion results in increased sensitivity to
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B-lactams, it may as such also be a possible future target for combatting 3-lactam

resistance by re-sensitizing MRSA to these antibiotics.

Materials and Methods

Bacterial strains, growth conditions and transformations

Bacterial strains used in this study are listed in Table S3. Escherichia coli IMO8B
(Monk et al.,, 2015), E. coli XL.1-Blue and E. coli BTH101 were grown in lysogeny broth
(LB) at 30-37°C with shaking or on lysogeny agar (LA) plates at 30-37°C, with 100
pg/ml ampicillin and/or 50 pg/ml kanamycin for selection. S. aureus SH1000,
RN4220, NCTC8325-4, HGOO1 and COL were grown in brain-heart infusion (BHI)
broth or tryptic soy broth (TSB) at 37°C with shaking or on BHI/TSA plates at 37°C.
For selection, 10 pg/ml of chloramphenicol, 5 pg/ml of erythromycin, 15 pg/ml
neomycin or 100 pg/ml spectinomycin were added. For induction of gene expression,
50-300 uM isopropyl [(-D-1-thiogalactopyranoside (IPTG) or 2.5 ng/ml
anhydrotetracycline (ATc) were added to the bacterial cultures.

A standard heat shock protocol was used for transformation of E. coli IM08B.
Isolated plasmids from E. coli were transformed into S. aureus by electroporation.
Preparation of electrocompetent S. aureus cells and electroporation were performed
according to Lofblom et al. (2007).

Construction of GFP-fusion plasmids and strains for localization studies

To construct the library of fusion constructs for the subcellular localization screen,
the Aureowiki database (www.aureowiki.med.uni-greifswald.de/Main_Page) and the
Uniprot database (www.uniprot.org/) were initially used to identify potential
transmembrane helices within the proteins. Based on this prediction, m(sf)GFP was
fused to either the C- or N-terminus of the selected proteins to position the m(sf)GFP
protein intracellularly. For all cloning experiments, fragments were amplified from S.
aureus SH1000 genomic DNA, and cloning was performed with restriction digestion
(enzymes from New England Biolabs [NEB]) and subsequent ligation using T4 DNA
Ligase (NEB), unless otherwise stated. Ligation mixtures were transformed into E.
coli IM08B, and consecutive isolated and sequence-verified plasmids were
transformed into S. aureus. All strains and primers used in this study are listed in
Table S3 and Table S4, respectively. Overview of genes included in the screen (and
the results) is given in Table S1, in addition to information about whether a C- or N-

terminal fusion was constructed for the subcellular localization screen.
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Construction of pLOW-ftsZ-m(s LOW-ftsZ-m(s Kpnl and pLOW-lacA-
m(sflgfp. Monomeric superfolder GFP, m(sf)gfp, was initially fused to ftsZ in the
plasmid pLOW (Liew et al., 2011). m(sf)gfp was amplified from the plasmid pMK17
(van Raaphorst et al, 2017) using primers im1_linker_FP_F_BamHI and
im2_m(sf)gfp_R_Notl_EcoRI. The amplified fragment encodes a linker sequence N-
terminally of the m(sf)gfp gene. The fragment was digested with BamHI and EcoRI
and subsequently ligated into the corresponding sites of the plasmid pLOW-ftsZ-gfp
using Quick Ligase (NEB) to replace the original gfp-gene with the linker_m(sf)gfp
sequence. To facilitate subsequent cloning, other versions of this plasmid were made.
pLOW-ftsZ-m(sf)gfp_Kpnl, containing a Kpnl site in the linker sequence, was made in
a similar fashion as described for pLOW-ftsZ-m(sf)gfp, except that im79_linker-
FP_F_Kpnl was used as forward primer for amplification of m(sf)gfp. Next, the plasmid
pLOW-lacA-m(sf)gfp was constructed, where an Ncol site was inserted immediately
upstream of the start codon. The lacA gene was amplified with primers
im14_lacA_F_Sall_RBS_Ncol and im15_lacA_R_BamH], the fragment was digested with
Sall and BamHI and ligated into the corresponding sites of pLOW-ftsZ-m(sf)gfp to
replace ftsZ with lacA.

Construction of C-terminal fusions to m(sf)lgfp. The majority of the genes were

amplified with primers having Ncol restriction site as overhang on the forward
primer and BamHI restriction site as overhang on the reverse primer. The resulting
fragments and the plasmid pLOW-lacA-m(sf)gfp were digested with Ncol and BamHI
and ligated, resulting in plasmids pLOW-x-m(sf)gfp, where x represents the genes for
C-terminal fusion in the library. A few genes already had one of the restriction sites
sequences within the gene sequence and had to be constructed in a different manner.
pLOW-SAOUHSC 01756-m(sf)gfp and pLOW-SAOUHSC 01908-m(sf)gfp, were
constructed by including Sall and the RBS sequence as overhang on the forward
primers. SAOUHSC_01244 and SAOUHSC_ 01782 had a BamHI restriction site
sequence in their genes, so a Kpnl restriction site was included as overhang on the

reverse primers, and the fragment was ligated into pLOW-ftsZ-m(sf)gfp_Kpnl.

Construction of N-terminal fusions to m(sf)gfp. For making N-terminal fusions, the
plasmid pLOW-m(sf)gfp-SAOUHSC_ 01477, encoding a fusion gene with a flexible
linker, was constructed initially. m(sf)gfp was amplified from pMK17 (van Raaphorst
et al, 2017) with the primers im95_m(sf)gfp_F_Sall_ RBS and
im96_m(sf)gfp_R_linker_overlap. SAOUHSC_01477 was amplified with the primers
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im97_SA1477_F_BamHI linker-overlap and im98_SA1477_R_EcoRI_Notl. The
forward primer im97 had overlapping sequence to the linker sequence in im96,
followed by the BamHI restriction site. The two fragments, harboring overlapping
sequences introduced in the primers, were fused together by overlap extension PCR
using the outer primers im95 and im98. The resulting fragment was digested with
Sall and EcolRI and ligated into the corresponding sites of pLOW-ftsZ-gfp. pLOW-
m(sf)gfp-SAOUHSC_01477 was then used as starting point for construction of N-
terminal fusions for SAOUHSC_02151 and SAOUHSC_00957. SAOUHSC_02151 was
amplified with the primers im99_SA2151_F_BamHI and im100_SA2151_R_EcoRI and
digested with BamHI and EcoRI. SAOUHSC_00957 was amplified with the primers
im101_SA0957_F_Bglll and im102_SA0957_R_EcoRI and digested with Bglll and
EcoRI. Both digested fragments were then ligated into BamHI and EcoRI-digested
pLOW-m(sf)gfp-SAOUHSC 01477.

Construction of pMAD-smdA-m(sflgfp aad9 for chromosomal integration. To tag the

chromosomal smdA, the plasmid pMAD-smdA-flag_aad9 was constructed initially.
The insert in this plasmid (smdA-flag_aad9) was assembled by overlap extension PCR
(primers im147-im152 (Table S4), with the flag-tag sequence inserted by primer
overhangs, and cloned into pMAD (Arnaud et al., 2004) using restriction enzymes
Mlul and BamHI and T4 DNA Ligase (NEB). The insert was designed so that the flag-
tag could be removed using Notl and Spel. The m(sf)gfp sequence was amplified from
template pMK17 (van Raaphorst et al,, 2017) using the primers im153 and im154.
The PCR product was digested with Notl and Spel and subsequently ligated with NotI-
and Spel-digested pMAD-smdA-flag_aad9. The ligation mix was transformed to E. coli
IMO08B, and the resulting plasmid, pMAD-smdA-m(sf)gfp_aad9, was verified by
sequencing and transformed into electrocompetent S. aureus SH1000. Integration of
smdA-m(sf)gfp in the native locus of smdA using the temperature-sensitive pMAD-

system was carried out as previously described (Arnaud et al., 2004).

Construction of pHC-ftsZ-mKate?. ftsZ-mKate2 was amplified from the plasmid pLOW-
ftsZ-mKate2. pLOW-ftsZ-mKate2 was made in a similar manner as described for
pLOW-ftsZ-m(sf)gfp, but with revers primer im5_mKate_R_Notl_EcoRI and MK119
(Kjos & Veening, 2014) as template for amplification of mKateZ2. Then, ftsZ-mKate2
was amplified with primers USHC109 and USHC148, generating a product with Sall
and Mlul as overhang. The PCR product and the plasmid pSK9065 (Brzoska & Firth,
2013) were digested with Sall and Mlul and thereafter ligated.
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Construction of pLOW-smdA-mYFP. This plasmid was constructed by using pLOW-
ftsZ-mYFP as starting point, made similarly as pLOW-ftsZ-m(sf)gfp, but with reverse
primer im3_cfp_myfp_R_Notl_EcoRI and plasmid pMK20 (lab collection) as template
for amplifying mYFP. The plasmids pLOW-SAOUHSC 01908-m(sf)gfp (described
above) and pLOW-ftsZ-mYFP were digested with Sall and BamHI and subsequently
ligated, resulting in pLOW-smdA-mYFP.

CRISPRi knockdown strains

For gene knockdown, the CRISPR interference (CRISPRi) system developed by
Stamsas et al. (2018) were used. In this system, dcas9 is placed downstream of an
IPTG-inducible promoter in the plasmid pLOW-dcas9. A second plasmid is carrying
the single guide RNA (pCG248-sgRNA(x), where x represents the targeted gene),
which constitutively expresses the sgRNA, including the 20 nt base-pairing region
specific for the gene to be knocked down. The pLOW-dcas9 plasmid contains an
erythromycin resistance gene, and the pCG248-sgRNA(x) plasmid a chloramphenicol

resistance gene.

Construction of pCG248-sgRNA(x) plasmids. The gene-specific 20 nt sequences were
replaced in the pCG248-sgRNA(x) plasmids using an inverse PCR approach as
described earlier (Stamsas et al,, 2018) or with a Golden Gate cloning approach.

Primers used are found in Table S4.

Construction of pLOW-dCas9 aad9. The erythromycin resistance gene ermC in pLOW-

dcas9 was replaced with aad9, encoding a spectinomycin resistance cassette, in order
to make the CRISPRi system compatible with the MRSA strain COL. The primers
im183 and im184 were used to amplify the entire pLOW-dcas9 plasmid, except the
ermC gene. The aad9 gene was amplified with primers im185 and im186 using pCN55
(Charpentier et al., 2004) as template, where im185 contained the sequence of im183
as overhang, and im186 the sequence of im184 as overhang. Thus, the two fragments
had overlapping sequences and were fused using NEBuilder® HiFi DNA Assembly
(NEB). The construct was transformed to E. coli IM08B, and the plasmid verified by
PCR and sequencing. For CRISPRi in S. aureus COL , the pLOW-dcas9_aad9 plasmid
was used along with pCG248-sgRNA(x).
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Construction of plasmids used for overexpression studies

Construction of pLOW-smdA and mutated versions. smdA was amplified from S. aureus
genomic DNA using primers im77_SA1908_F_Sall_RBS and mk517_1908_R_Notl. The
fragment was digested with Sall and Notl and ligated into the corresponding sites of
plasmid pLOW-dcas9 (Stamsas et al., 2018) to produce the plasmid pLOW-smdA, with
IPTG-inducible overexpression of smdA. pLOW-smdAATMH was constructed in a

similar manner, except that primer mk518_1908_F_RBS_Sall was used instead of
im77 to remove the 29 N-terminal amino acids of SmdA, predicted to encode the TMH
and extracellular part. Site-directed mutagenesis in the two plasmids was performed
by a two-step overlap extension PCR approach, where the mutations were introduced
in the primers. The primers mk519 and mk520 were used for introducing mutation
H145A (mutl), mut2 (R150A, R151A) was made with primers mk521 and mk522,
and mut3 (F280A, H281A) with primers mk529 and mk530.

Phase contrast- and fluorescence microscopy analysis

Cultures were added to agarose pads and microscopy performed on a Zeiss
AxioObserver with ZEN Blue software. An ORCAFlash4.0 V2 Digital complementary
metal-oxide semiconductor (CMOS) camera (Hamamatsu Photonics) was used to
capture images through a 100 x PC objective. HPX 120 Illuminator (Zeiss) was used
as a light source for fluorescence microscopy. BODIPY™ FL vancomycin (VanFL)
(Invitrogen) and DAPI (Invitrogen) were added for staining of DNA and cell wall,
respectively. To label newly synthesized peptidoglycan, HADA (van Nieuwenhze
group, Indiana University) was added actively growing cultures (ODsoo approximately
0.4) at a final concentration of 250 uM. The cells were incubated at 37°C for 90 sec
and put on ice to stop growth. The cultures were pelleted by centrifugation at 10 000
x g at 4°C for 1 min, washed with cold 1 x PBS, pH 7.4 and finally resuspended in 25
ul PBS. Cells were subsequently added to agarose pads and analyzed.

Images were processed and prepared for publication using Fiji (Schindelin et
al,, 2012). For analysis of cell roundness, cell area and fluorescent labelling patterns,
Microbe] (Ducret et al., 2016) was used to determine cell outlines. Outlines were
corrected manually, when necessary. Cell area and roundness as a measure of
morphology were calculated and plotted using Microbe]. After cell outline detection,
categorization of cells into normal or abnormal labelling patterns were done

manually using images from independent experiments.
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Structured illumination microscopy (SIM) and stimulated emission
depletion (STED) microscopy

Super-resolution SIM imaging was performed using a Zeiss ELYRA PS.1 microscope
equipped with a 100 x 1.46 NA alpha plan apochromat oil immersion objective and a
pco.edge sCMOS camera. Fluorescence images were acquired sequentially using 200-
300 ms exposure times per image, for a total of 15 images per SIM reconstruction. All
imaging was performed at room temperature (~23°C). Raw data were reconstructed
using the SIM algorithms in ZEN 2011 SP7 software (black edition, Carl Zeiss).
Brightfield images were captured using widefield imaging mode. Images had a final
pixel size of 25 nm.

Gated STED (gSTED) images were acquired on a Leica TCS SP8 STED 3x
system, using a HC PL Apo 100 x oil immersion objective with NA 1.40. Fluorophores
were excited using a white excitation laser operated at 509 nm for mYFP and 563 nm
for mKate2. A STED depletion laser line was operated at 592 nm and 775 nm for mYFP
and mKate2, respectively, using a detection time-delay of 0.8-1.6ns for both
fluorophores. The total depletion laser intensity was in the order of 20-
40 MW cm~2 for all STED imaging. The final pixel size was 13 nm and scanning speed
was 400 Hz. The pinhole size was set to 0.9 AU.

Images were processed and analyzed using Fiji (Schindelin et al., 2012). Line
scans were analyzed using the Plot Profile function in Fiji, using a line width of 1.5.

Fluorescence intensities were normalized to the highest value for each channel.

Scanning- and transmission electron microscopy analysis
Overnight cultures were diluted to approximately ODsoo = 0.1. When ODsoo reached
0.4, the cultures were diluted 1:250. Antibiotic and IPTG were added when
appropriate. The cultures (10 ml) were grown to ODsoo = 0.3 and 1 volume of fixation
solution, containing 5 % (w/v) glutaraldehyde and 4 % (w/v) paraformaldehyde in
1xPBS, pH 7.4, was added. The tubes were carefully inverted a few times and
incubated for one hour at room temperature before being placed at 4°C overnight.
The following day, the cultures were centrifugated at 5000 x g, and the pellets washed
three times with PBS. Further preparations of samples to be analyzed with TEM were
performed as described before (Stamsas et al., 2018).

Samples for SEM were, after washing with PBS, dehydrated with EtOH,
essentially in the same manner as for sample preparations for TEM (Stamsas et al,,
2018). The samples were subjected to critical point drying by exchanging the EtOH

with CO2. Then, the samples were coated with a conductive layer of Au-Pd before
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being analyzed in a ZEISS EVO50 EP Scanning electron microscope. Images were

analyzed and prepared using Fiji (Schindelin et al., 2012).

Growth assays

For monitoring growth in liquid media, cultures were initially pre-grown to
exponential phase (ODsoo = 0.4) by diluting overnight cultures. Thereafter, cultures
were back diluted in fresh BHI medium to ODeoo = 0.05 and a two-fold dilution series
were made before adding the cultures to a 96-well microtiter plate. A final
concentration of 300 uM IPTG was added for induction and antibiotics were added
when appropriate. The cells were grown at 37°C, and measurements of ODesoo were
taken every 10th minute, with shaking 5 sec before each read, using either a
Synergy™ H1 Hybrid Multi-Mode Reader (BioTek Instruments) or a Hidex Sense
(Hidex Oy). The data are mean values from at least 3 technical replicates.

For examining growth on solid media, overnight cultures were pre-grown as
described, and diluted 1:250 in BHI containing 300 puM IPTG, unless otherwise
specified. When reaching exponential phase, ODsoo were adjusted to 0.3 for all
samples. A 10-fold dilution series were made for all strains, and 2 pl of each dilution
were spotted on BHI agar containing proper antibiotics and 300 uM IPTG. The plates
were incubated at 37°C for approximately 16 h, and pictures of the plates were
captured in a Gel Doc™ XR + Imager (Bio-Rad).

Minimum inhibitory concentration (MIC) assays

The experiments were set up in 96-well microtiter plates with a total volume of 300
ul. A two-fold dilution series of the antibiotics were prepared in BHI containing
selective antibiotics and IPTG when appropriate. The overnight cultures were diluted
1:1000 in BHI. The cells were grown at 37°C, and the plate was shaken for 5 sec before
measurements of ODeoo were taken every 10th min throughout the experiment, using
either a Synergy™ H1 Hybrid Multi-Mode Reader (BioTek Instruments) or a Hidex
Sense (Hidex Oy).

RNA isolation and RT-PCR

To verify that smdA expression was knocked down by CRISPRi, RNA was isolated from
exponentially growing cultures of IM284 (SH1000, CRISPRi(control)), IM165 (SHO00
CRISPRi(empty)) and IM269 (SH1000 CRISPRi(smdA)). Isolation of total RNA and
cDNA synthesis were performed as previously described (Stamsas et al., 2018). APCR
reaction (30 cycles) was run with Phusion® High-Fidelity DNA polymerase (NEB).
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The primer pairs im126/im127 and im137/im138 were used to target the reference

gene pta (Valihrach & Demnerova, 2012) and smdA, respectively.

Detection of lipoteichoic acid (LTA) by Western blotting
Detection of LTA was performed by western blotting, and sample preparations were
done according to descriptions found in Hesser et al. (2020). The samples were
separated on a 4-20 % gradient Mini Protean TGX acrylamide gel (BioRad), and
subsequently transferred to a polyvinylidene difluoride (PVDF) membrane by semi-
dry electroblotting. The membrane was blocked for 1 h in 5 % (w/v) skim milk in
PBST and placed overnight at 4°C. Next, the membrane was incubated for 1 h with a-
LTA (Hycult) 1:4000 in PBST, washed three times (10 minutes each) with PBST
before incubation for 1 h with a-Mouse IgG HRP Conjugate (Promega) secondary
antibody (1:10 000 in PBST). The membrane was again washed three times and LTA
bands were visualized by using SuperSignal™ West Pico PLUS Chemiluminescent
substrate (Thermo Fisher Scientific) in an Azure Imager c400 (Azure Biosystems).
Same procedure as in (Mikkelsen et al., 2021) was performed for possible
detection of LTA released to the medium. The supernatants, after harvesting cells
during sample preparations, were kept. Supernatant samples were centrifugated for
16 000 x g for 10 min, and 75 pl was mixed with 25 pl 4 x SDS-PAGE sample buffer.
These samples were boiled for 30 min and applied on the 4-20 % Mini Protean TGX
acrylamide gel. Thereafter, the same blotting procedure as described above was

followed.

Fourier-transform infrared spectroscopy (FTIR) analysis

Cultures of the strains IM313 (HGOO1, CRISPRi(control)), IM312 (HGO0O01,
CRISPRi(smdA)) and IM357 (HGO001, CRISPRi(tar0O)) were initially pre-grown to
exponential phase, back diluted to ODeoo = 0.05 and induced with 300 pM IPTG. The
bacterial cells (1 ml) were harvested at ODsoo = 0.4 by centrifugation at 5000 x g, 4°C,
for 3 min. The pelleted cells were kept at -20°C prior to further processing. Pellets
were resuspended in 40 pl 0.1 % (w/v) NaCl, and 10 pl of the suspensions were added
to an IR-light-transparent silicon 384-well microplate (Bruker Optic, Germany), with
three technical replicates for each sample. The plates were left to dry at room
temperature for approximately 2 h. FTIR spectra were recorded in transmission
mode using a high-throughput screening extension (HTS-XT) unit coupled to a Vertex
70 FTIR spectrometer (Bruker Optik GmbH, Leipzig, Germany). Spectra were
recorded in the region 4000-500 cm, with a spectral resolution of 6 cm, a digital

spacing of 1.928 cm-1, and an aperture of 5 mm. For each spectrum, 64 scans were
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averaged. The OPUS software (Bruker Optik GmbH, Leipzig,Germany) was used for
data acquisition and instrument control. The obtained spectra were processed by
taking second derivatives and extended multiplicative signal correction (EMSC)
preprocessing in Unscrambler X version 11 (CAMO Analytics, Oslo, Norway). Results
presented are averaged spectra from 3 biological replicates (each with 3 technical

replicates) for the region with wavelengths between 1200 cm! and 800 cm™.

GFP-trap and liquid chromatography with tandem mass spectrometry (LC-
MS/MS)
Cultures (S. aureus SH1000 wild-type, IM308 SH1000 smdA-m(sf)gfp, IM104 SH1000
pLOW-smdA-m(sf)gfp and IM164 SH1000 pLOW-smdA-flag) were pre-grown to
exponential phase, back diluted to ODeoo = 0.05 and induced if necessary. When
reaching ODsoo at 0.4, 80 ml of each culture were harvested by centrifugation at 4000
x g, 4°C for 3 min. Supernatants were decanted and pellets resuspended in cold TBS
prior to transfer to 1.5 ml microcentrifuge tubes. Centrifugation was repeated for 1
min, and pelleted cells were stored at -80°C prior to further use.

For GFP-trap, cells were resuspended in 1 ml cold buffer containing 10 mM
Tris pH 7.5, 150 mM NaCl, 1 mM PMSF, 6 ug/ml RNase and 6 pg/ml DNase.
Suspensions were transferred to 2 ml lysing matrix B tubes (MP Biomedicals)
containing 0.8 g < 106 um glass beads (Sigma-Aldrich) and subjected for mechanical
lysis by agitation in a FastPrep-24™ (MP Biomedicals) for 3 x 30 sec at 6.5 m/s, with
1 min pause on ice between the runs. Tubes were centrifugated at 5000 x g, 4°C for
10 min, and supernatants transferred to new tubes. Concentrations were determined
measuring A280 using NanoDrop™ 2000 (Thermo Fisher Scientific), where a small
amount of the samples were added a final concentration of 1 % (w/v) SDS prior to
measurements. GFP-Trap beads (25 pl per sample) (Chromotek) were washed three
times with 500 pl cold Dilution/Wash buffer (10 mM Tris pH 7.5, 150 mM Nacl, 0.5
mM EDTA) and centrifugated at 2500 x g, 4°C for 5 min. Lysates were diluted in
Dilution/Wash buffer to a final concentration of 1 mg in a total volume of 500 pl,
before being transferred to GFP-Trap beads. Samples were placed in a Bio RS-24 Multi
rotor (Biosan) at 4°C for 1 h. Then, samples were centrifugated at 2500 x g, 4°C for 5
min, supernatant removed, and beads washed three times with Dilution/Wash buffer.
During last washing step, solutions were transferred to new tubes, and after
centrifugation and removal of supernatant, beads were resuspended in 50 pl 5 %
(w/v) SDS, 50 mM Tris pH 7.6. Tubes were incubated at 95°C for 5 min, and
centrifugated at maximum speed for 30 sec. After standing at the bench a few minutes,

30-50 pl were transferred into new tubes. Samples were kept at -20°C and heated for
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2 min at 95°C prior to the sample preparation method Suspension trapping (STrap),
conducted as described by Zougman et al. (2014).

The peptide samples were analyzed by coupling a nano UPLC (nanoElute,
Bruker) to a trapped ion mobility spectrometry/quadrupole time of flight mass
spectrometer (timsTOF Pro, Bruker). The peptides were separated by an Aurora
Series 1.6 pm C18 reverse-phase 25 cm x 75 pm analytical column with nanoZero and
CaptiveSpray Insert (IlonOpticks, Australia). The flow rate was set to 400 nl/min and
the peptides were separated using a gradient from 2 % to 95 % acetonitrile solution
(in 0.1 % (v/v) formic acid) over 120 minutes. The timsTOF Pro was ran in positive
ion data dependent acquisition PASEF mode, with a mass range at 100-1700 m/z. The
acquired spectra were analyzed against a S. aureus NCTC8325 proteome database.

Bacterial two-hybrid (BACTH) assays

Plasmid construction, and procedure for the BACTH assays, were conducted in a same
manner as previously described (Stamsas et al., 2018), and primers used are listed in
Table S4. Shortly, gene fusions of selected genes, to the T18 or T25 domains of
adenylate cyclase form Bordetella pertussis, were made by restriction cutting and
ligation in the plasmid vectors pKT25, pKNT25, pUT18 or pUT18C (Euromedex). E.
coli XL1-Blue cells were used for transformation, and plasmids verified by sequencing
before BACTH assays (Karimova et al, 1998) were set up according to the
manufacturer (Euromedex). Co-transformation of plasmids containing fusion-genes
of opposite domains, that is T25 in one plasmid and T18 in the other, were done in E.
coli BTH101 with 50 pg/ml kanamycin and 100 pg/ml ampicillin as selection
markers. Five random colonies were picked, grown in liquid LB to visible growth, and
spotted on LA plates containing 40 pug/ml X-gal and 0.5 mM IPTG, in addition to the
selection markers. Plates were incubated dark at 30°C for 20-48 h before being
inspected, and blue colonies are an indication of positive interaction between tested

genes. Presented results are representative for at least six independent replicates.
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Supplementary material

SmdA is a novel cell morphology determinant in
Staphylococcus aureus

Myrbraten et al.

Supplementary Text

Text S1. A combined knockdown- and subcellular localization screen of
essential proteins of unknown function in Staphylococcus aureus

Proteins involved in staphylococcal cell cycle processes, including cell division, cell
wall synthesis, DNA replication and chromosome segregation, often have a distinct
temporal and spatial localization pattern. Furthermore, knockout or knockdown of
such proteins often results in characteristic phenotypic defects, such as cell size
variation, cell clustering or abnormal DAPI staining patterns. To identify yet
uncharacterized, essential genes involved in the staphylococcal cell cycle, we selected
a set of 27 essential genes (Chaudhuri et al,, 2009; Santiago et al., 2015; Valentino et
al, 2014) with no annotated functions neither in the Uniprot database
(www.uniprot.org, “uncharacterized”) nor in the Patric database (www.patricbrc.org,
“hypothetical”) (Sept. 2016), and performed a combined knockdown- and subcellular
localization screen of the selected proteins. Knockdown strains were made using an
established CRISPRi-system (Stamsas et al, 2018), and phenotyping of the
knockdown strains was done with growth assays (Fig. S1) and microscopy of cells
fluorescently labelled with the nucleoid stain DAPI and cell wall binding fluorescent
vancomycin (Fig. S2). Fluorescent fusion proteins were expressed by constructing
either N- or C-terminal fusions to monomeric superfolder GFP (m(sf)gfp), and
localization were determined by fluorescent microscopy (Fig. S3).

Due to recent publications, as well as poor annotation in databases, some of
the selected genes included in our screen have already been described by others.
These include the cell cycle regulator CcrZ (Gallay et al., 2021), DacA and GdpP which
are involved in synthesis and degradation, respectively, of the secondary messenger
cyclic-di-AMP (Corrigan et al., 2011), the wall teichoic acid biosynthesis proteins
TarL, Tar] and TarO (Qian et al, 2006; Sewell & Brown, 2014), GatD, which is a


http://www.uniprot.org/
http://www.patricbrc.org/

member of the peptidoglycan amidotransferase complex MurT/GatD (Miinch et al,,
2012), the toxin transporter protein PmtD (Chatterjee et al., 2013), and TsaB and
TsaE involved in adenosine biosynthesis (Deutsch et al., 2012).

An overview of the strains and the results from the knockdown- and
localization screen are shown in Table S1. In total 16 out of the 22 knockdown strains
displayed reduced growth (Fig. S1). The lack of growth reduction in the remaining six
strains may be a result of insufficient depletion of the proteins, or that these genes
are not essential under the tested conditions. Many of the knockdowns of the non-
annotated genes resulted in phenotypic differences as observed by (fluorescence)
microscopy (Fig. S2), including cell clustering (SAOUHSC_01244 and _01908),
variable cell sizes (SAOUHSC_00444, _01721, _01756, _01930 and _01908) and
abnormal nucleoid staining (SAOUHSC_00444, _01627, _01477, _01700/1, _01756,
_01930 and _01908). Most of the proteins did not have a specific subcellular
localization, as they either localized throughout the cytoplasm or membrane, as
predicted by in silico tools (Table S1). It is worth noting, however, that the predicted
cytoplasmic proteins SAOUHSC_01782, _01244 and _01930 displayed a membrane-
localization, while SAOUSHC_02720 appeared as foci (Fig. S3). Furthermore,
SAOUHSC_00957 and _01908, which are predicted to encode membrane-localized

proteins appeared to have a septal or septum-enriched signal (Fig. S3).
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Fig. S1. Growth analysis of CRISPRi knockdown strains. A 10-fold dilution series
were made for each strain before spotted on agar plates without or with IPTG (300
uM) for induction of the CRISPRi system. Strain numbers are given on top of the
figures. See Table S1 for locus tags corresponding to the different strains. The SmdA
CRISPRi-strain IM269 is indicated in red.



VanFL  DAPI

PC

(josuoo) 9VCINI
Y8CNI

LYZNI

8N

67CNI

LOZNI

0GZNI

C¢9ZINI

LGCINI

€9CNI

CGCNI

12244

€GCINI

GOZNI

YGZNI

69ZINI

GGZNI

0LZNI

9GZNI



Fig. S2. Phenotyping of CRISPRi knockdown strains. The knockdown strains were
labelled with DAPI (DNA stain) and fluorescent vancomycin (VanFL, cell wall stain),
and visualized by fluorescence microscopy. Scale bars, 2 pm. IM269, the SmdA
knockdown strain, is highlighted in red. See Table S1 for locus tags corresponding to
the different strain names.

Fig. S3. Subcellular localization screen. Fluorescent fusion proteins were
expressed in S. aureus SH1000 or RN4220 and analyzed by fluorescence microscopy.
Scale bars, 2 pum. Expression of SmdA-m(sf)GFP (IM104) is highlighted by a red
square. Strain names are indicated. See Table S1 for locus tags and information about
the fusion in the different strains.
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Fig. S4. Multiple sequence alignment of SmdA from different staphylococcal
species. Protein sequences were aligned with Clustal Omega (Sievers et al., 2011).
The blue shaded residues are predicted to be extracellularly, the transmembrane
domain is shaded in grey, and the predicted NERD domain is shaded in yellow. S.
aureus NCTC8325 is highlighted in bold, and residues that were mutated are marked
in green. The accession number of the sequences are indicated, and the first five letter
in the sequence tags indicate the genus or species corresponding the to the sequences
(for example, Nosoc; Nococomiicoccus, Aliic; Aliicoccus, Salin; Salinicoccus, Jeotg;
Jeotgalicoccus, Auric; Auricoccus, Abyss; Abyssicoccus, Mepid; Macrococcus
epidermidis, Mcase; Macrococcus caseolyticus, Ssciu; Staphylococcus sciuri, Sinte;
Staphylococcus intermedius).
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Fig. S5. Growth of SmdA knockdown strains in liquid cultures and verification
of smdA silencing. (A) Growth of SmdAdown in S. aureus SH1000 (IM269), NCTC8325-
4 (IM311), HGOO1 (IM312) and COL (IM294) were compared with their respective
controls (IM284, IM307, IM313 and IM295) by measuring ODsoo in liquid cultures
containing IPTG at 37°C. The control strains carries the CRISPRi system with a non-
targeting sgRNA. (B) Verification of smdA silencing by PCR with RT-PCR. cDNA was
synthesized from RNA isolated from induced and un-induced cultures of SH1000
SmdAdewn (IM269) and the CRISPRi control strains (IM284; non-targeting sgRNA and
IM165; empty plasmid without sgRNA). Primers targeting either smdA or the

housekeeping gene pta.
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Fig. S6. Transmission electron microscopy (TEM) of different S. aureus strains
with SmdA knockdown. SmdAdew» and control cells analyzed with TEM in the S.
aureus strains (A) NCTC8325-4 (IM311 and IM307), (B) HG001 (IM312 and IM313)
and (C) COL (IM294 and IM295). The sizes of the scale bars are indicated in the
images.
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Fig. S7. Scanning electron microscopy (SEM) of cells depleted of SmdA. SEM
micrographs of SmdAdewn and control cells in S. aureus (A) HG001 (IM312 and IM313)
and (B) COL (IM294 and IM295). All scale bars, 1 pm.
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Fig. $S8. Overexpression of SmdA. Induced expression of an ectopic copy of smdA in
the plasmid pLOW in S. aureus NCTC8325-4 (MK1866). Cells were labelled with the
DNA-marker DAPI and the cell wall marker fluorescent vancomycin (VanFL). Scale
bar, 2 pm.
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Fig. S9. Lipoteichoic acid (LTA) detection by immunoblotting. Immunoblotting
with a-LTA antibody was performed with (A) cell extract samples from SmdAdewr and
CRISPRi control cells from S. aureus SH1000 (IM269 and IM284), NCTC8325-4
(IM311 and IM307), HGOO1 (IM312 and IM313) and COL (IM294 and IM295), and (B)
cell extract (CE)- and supernatant (SN) samples from SmdAdown and CRISPRi control
cells from S. aureus SH1000 and NCTC8325-4 (IM269, IM284, IM311 and IM307,
respectively). In (A), the mean intensities in the bands (background subtracted) were
determined using Fiji (Schindelin et al., 2012). The mean intensities of the LTA bands
in the smdA depletions relative to their controls are plotted. All control strain express
a non-targeting sgRNA.
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Fig. $10. SmdA does not have major impact on the synthesis of wall teichoic
acids. (A) TEM micrographs of S. aureus NCTC8325-4 control strain (IM307)
compared to SmdA and TarO knockdown strains IM311 and IM358, respectively. The
black arrows indicate presence of a high-density layer in the septum, which is missing
in the TarO depletion strain (white arrow). (B) Fourier transform infrared
spectroscopy (FTIR) of S. aureus HGOO1 control strain (IM313) and knockdown strain
of SmdA and TarO (IM312 and IM357, respectively). The polysaccharide region of the
spectrum is shown, and the indicated peaks represents a- and (3-glycosidic bonds.



Supplementary Tables

Table S1. Summary of results from subcellular localization- and gene
knockdown screen.

Target CRISPRi = GrowthbP = Phenotypic GFP- Predicted @ Localization
gene strain Characteristics | fusion localizati e
(SAOUH (microscopy)© strain on
SC)? (C/m)d
00015- - NT NT IM101 M Membrane/
gdpP septum
00226- | IM246 + None IM121 C Membrane
tar] (00226)
00227- IM123 CorM Membrane
tarL (00227)
(00225)
00345 IM247 - None IM102 C Cytoplasm
(00344)
00444 IM248 + Variable cell IM106 C Cytoplasm
size
Abnormal
nucleoid
staining
00762- | 1M249 €] None IM105 M Membrane/
tarO septum
00892 IM250 - None IM107 C Cytoplasm
00957 IM251 #) None IM162f M Septum
01244 IM252 + Clustering IM124 C Membrane
(01242)
01477 IM253 + Abnormal IM156 M Cytoplasm
nucleoid
staining
01627 IM254 - Abnormal IM108 Unknown Membrane
nucleoid
staining
01661- IM255 + Variable cell IM109 C Cytoplasm
trmK size
(01662) Abnormal
nucleoid
staining
01700 IM256 + Abnormal IM110 C Cytoplasm
01701 nucleoid (01700)
(1702) staining IM111 CorM Membrane
(01701)
01721 IM257 + Reduced cell IM112 C Cytoplasm
(01722) size
01756 IM258 + Increased cell IM103 C Cytoplasm

(01757) size



Abnormal

nucleoid
staining
01770 IM259 - None IM113 C Cytoplasm
01782 IM260 - None IM125 C Membrane
01930 IM261 #) Reduced cell IM115 C Membrane
size
Abnormal
nucleoid
staining
02106- IM262 + Increased cell IM116 C No signal
gatD size
(02107) Abnormal
nucleoid
staining
02151- | IM263 + None IM152f M Septum
pmtD
02152-5
02279- | IM264 + None IM117 C Cytoplasm
tsaB (02279)
02280- IM118 C No signal
tsak (02280)
02407- | IM265 - Clustering IM119 M Membrane/
dacA septum
02720 - NT NT IM120 C Foci
01866- IM270 + Clustering IM182 C Foci
ccrZ Variable cell
size
Abnormal
nucleoid
staining
01908 IM269 + Clustering IM104 M Membrane
Variable cell /septum
size
Abnormal
nucleoid
staining

a Refers to locus tag of the gene targeted by the CRISPRi system. Additional genes target due
to polar effects of the CRISPRi system (polycistronic genes) are given in parenthesis.

b Strains where CRISPRi resulted in growth reduction is marked “+”, slight growth reduction
is marked “(+)” and no growth reduction is marked “-“. See Fig. S1 for images of the growth
assay. NT; not tested.

¢ Phenotypic characteristics observed from micrographs of CRISPRi-strains labelled with
fluorescent vancomycin and DAPI. Example images are shown in Fig. S2. NT; not tested.
dPredicted localization according to PSORTb and LocateP (retrieved from
https://aureowiki.med.uni-greifswald.de/).

e Localization of GFP-fusion strains. Example images are shown in Fig. S3.

£S. aureus RN4220 (SH1000 for all the others).



Table S2. Proteins pulled down with SmdA-GFP.

Protein

SmdA

Atl
SAOUHSC_
01193
FtsH

PrsA

SpsB
FhuD2
Pbp2
SAOUHSC_
01676
SAOUHSC_
00356
FruA

AtpA
Alas

GlpK
NrdE

RpoC
RpoB

SAOUHSC_
02525

Pyk

AtpD

EzrA

GlpD

SAOUHSC_
01895
Pbp1
Pbp3
ClpB

Mqo

SecD
SAOUHSC_

01974
DItD

Description

Uncharacterized protein
Bifunctional autolysin
Uncharacterized protein

ATP-dependent zinc
metalloprotease

Foldase protein

Signal peptidase I

Heme ABC transporter
Penicillin-binding protein 2
UPF0365 protein

Uncharacterized protein

Fructose specific permease,
putative

ATP synthase subunit alpha
Alanine--tRNA ligase
Glycerol kinase
Ribonucleoside-
diphosphate reductase
DNA-directed RNA
polymerase subunit beta’
DNA-directed RNA
polymerase subunit beta
Uncharacterized protein

Pyruvate kinase

ATP synthase subunit beta
Septation ring formation
regulator

Aerobic glycerol-3-
phosphate dehydrogenase
Uncharacterized protein

Penicillin-binding protein 1
Penicillin-binding protein 3
Chaperone protein
Probable malate:quinone
oxidoreductase
Multifunctional fusion
protein

Uncharacterized protein

Protein DItD

Chromosomal
smdA-gfpe
Unique Ratio
peptides
4 >4
4 4
3 >3
2 >2
2 >2
2 >2
2 >2
1 >1
1 >1
1 >1
1 >1
1 >1
1 >1
1 >1
1 >1
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA
ND NA

Plasmid-based

smdA-gfp
Unique Ratio
peptides
35 8.8
29 5.8
10 2.5
22 11
14 7
12 >12
12 >12
23 23
14 14
14 >4
12 >12
12 >12
12 12
12 12
10 >10
28 9.3
24 12
18 >18
17 5.7
15 7.5
15 >15
14 14
14 >14
14 >14
14 >14
14 >14
13 >13
13 >13
13 >13

12

>12



ClpC

QoxA

GatB

SAOUHSC_
00253
SAOUHSC_
00749
Rny

ArgG

AccC
HtrA1

PfIB

ATP-dependent Clp
protease ATP-binding
subunit

Probable quinol oxidase
subunit 2
Aspartyl/glutamyl-
tRNA(Asn/GIn)
amidotransferase
Uncharacterized protein

Uncharacterized protein

Ribonuclease Y
Argininosuccinate synthase
Biotin carboxylase

Serine protease

Formate acetyltransferase

a ND; not detected, NA; not applicable.

ND

ND

ND

ND

ND

ND
ND
ND
ND
ND

NA

NA

NA

NA

NA

NA
NA
NA
NA
NA

12

11

11

11

10

10
10
10
10
10

>12

11

>11

>11

>10

>10
>10
>10
>10
>10



Table S3. Strains used in this study.

Name

S. aureus
NCTC8325-4
SH1000
RN4220
HG001

COL

Genotype2

MSSA strain, derivative of NCTC8325, cured of phages.

rbsU+ derivative of strain NCTC8325-4
Restriction deficient derivative of NCTC8325-4
MSSA-strain, derivative of NCTC8325

Hospital-associated MRSA strain

Strains for the subcellular localization screen

IM101
IM121
IM123
IM102
IM106
IM105
IM107
IM162
IM124
IM156
IM108
IM109
IM110
IM111
IM112
IM103
IM113
IM125
IM182
IM104
IM115
IM116
IM152
IM117
IM118
IM119
IM120

SH1000, pLOW-SAOUHSC_00015-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_00226-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_00227-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_00345-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_00444-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_00762-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_00892-m(sf)gfp, ery*
RN4220, pLOW-m(sf)gfp-SAOUHSC 00957, ery*
SH1000, pLOW-SAOUHSC_01244-m(sf)gfp, ery*
SH1000, pLOW-m(sf)gfp-SAOUHSC_01477, ery*
SH1000, pLOW-SAOUHSC_01627-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_01661-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_01700-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_01701-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_01721-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_01756-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_01770-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_01782-m(sf)gfp, ery*

SH1000, pLOW-SAOUHSC_01866_long-m(sf)gfp, ery*

SH1000, pLOW-SAOUHSC_01908-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_01930-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_02106-m(sf)gfp, ery*
RN4220, pLOW-m(sf)gfp-SAOUHSC 02151, ery*
SH1000, pLOW-SAOUHSC_02279-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_02280-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_02407-m(sf)gfp, ery*
SH1000, pLOW-SAOUHSC_02720-m(sf)gfp, ery*

Strains for the CRISPRi gene knockdown screen

SAMK13

IM246
IM247

SH1000, pLOW-dcas9

SAMK13, pCG248-sgRNA(SAQUHSC_00225), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_00344), eryr, camr

Source

(Novick,
1967)
(Horsburgh
etal, 2002)
(Kreiswirth
etal,, 1983)
(Herbert et
al, 2010)
(Shafer &
Iandolo,
1979)

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

(Stamsas et
al, 2018)
This study
This study



IM248
IM249
IM250
IM251
IM252
IM253
IM254
IM255
IM256
IM257
IM258
IM259
IM260
IM261
IM262
IM263
IM264
IM265
IM269

IM270

SAMK13, pCG248-sgRNA(SAOUHSC_00444), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_00762), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_00892), ery, camr
SAMK13, pCG248-sgRNA(SAOUHSC_00957), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_01242), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_01477), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_01627), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_01662), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_01702), eryr, camr
SAMK13, pCG248-sgRNA(SAOUHSC_01722), ery, camr
SAMK13, pCG248-sgRNA(SAOUHSC 01757), eryr, cam*
SAMK13, pCG248-sgRNA(SAOUHSC 01770), eryr, cam*
SAMK13, pCG248-sgRNA(SAOUHSC 01782), eryt, cam*
SAMK13, pCG248-sgRNA(SAOUHSC _01930), eryr, cam*
SAMK13, pCG248-sgRNA(SAOUHSC 02107), eryt, cam*
SAMK13, pCG248-sgRNA(SAOUHSC 02155), eryr, cam*
SAMK13, pCG248-sgRNA(SAOUHSC _02280), eryt, cam*
SAMK13, pCG248-sgRNA(SAOUHSC 02407), eryt, cam*
SAMK13, pCG248-sgRNA(SAOUHSC_01908_double), eryr,
camr

SAMK13, pCG248-sgRNA(SAOUHSC _01866), eryr, cam*

Other CRISPRi depletion strains

IM165
SAMK15/IM284

IM307
IM311
IM313
IM312
IM294
IM295
IM358

IM357
IM293

SH1000, pLOW-dcas9, pCG248(empty), ery’, cam®
SAMK13, pCG248-sgRNA(control), eryr, camr

NCTC8325-4, pLOW-dcas9_extra_lacO, pVL2336-
sgRNA(control), eryr, camr

NCTC8325-4, pLOW-dcas9, pCG248-
sgRNA(smdA_double), eryr, cam*

HGO001, pLOW-dcas9, pCG248-sgRNA(control), eryr,
camr

HGO001, pLOW-dcas9, pCG248-sgRNA(smdA_double),
eryr, camr

COL, pLOW-dcas9_aad9, pCG248-sgRNA(smdA_double),
spct, cam®

COL, pLOW-dcas9_aad9, pCG248-sgRNA(control), spcr,
cam®

NCTC8325-4, pLOW-dcas9, pCG248-sgRNA(tar0), eryr,
cam®

HGO001, pLOW-dcas9, pCG248-sgRNA(tar0), ery", cam®
SH1000, pLOW-dcas9_Patl-luc, pVL2336-sgRNA(walR) ,
eryr, camr

Strains for localization studies

IM305
IM373
IM308
HC060
SH4639

NCTC8325-4, pLOW-smdA-m(sf)gfp, ery*

NCTC8325-4, pLOW-smdAATMH-m(sf)gfp, ery*

SH1000 smdA-m(sf)gfp_aad9, spcr

SH1000, pLOW-smdA-mYFP, pHC-ftsZ-mKateZ2, ery, neor
SH1000, ezrA-gfp, kanr

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

This study

This study
(Stamsas et

al, 2018)

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

This study

This study
This study

This study
This study
This study
This study
(Lund etal.,
2018)



MK1952
MK1953

SH4639, pLOW-dcas9, pCG248-sgRNA(smdA), eryr, camr

SH4639, pLOW-dcas9, pCG248-sgRNA(control), eryr,
cam’

Strains used for overexpression and mutagenesis

MK1866
MK1911
IM377
IM378

IM379
Other strains
IM164
E. coli
IM08B

BTH101
XL1-Blue

NCTC8325-4, pLOW-smdA, eryr

NCTC8325-4, pLOW-smdAATMH, ery*

NCTC8325-4, pLOW-smdAATMH_mut1 (H145A), eryr
NCTC8325-4, pLOW-smdAATMH_mut2 (R150A, T151A),
eryr

NCTC8325-4, pLOW-smdAATMH_mut3 (F280A, H281A),
eryr

SH1000, pLOW-smdA-flag, ery*

DH10B, Adcm, Pheip-hsdMS, Pn2s-hsdS (expressing the S.
aureus CC8 specific methylation genes)

Used for BACTH analysis

Host strain

Strains harboring plasmids used to facilitate cloning

IM6
IM98
IM33
IM7
IM8
IM187

IM08B, pLOW-ftsZ-m(sf)gfp, ampr
IM08B, pLOW-ftsZ-m(sf)gfp_Kpnl, ampr
IM08B, pLOW-lacA-m(sf)gfp, ampr
IM08B, pLOW-ftsZ-mYFP, ampr

IM08B, pLOW-ftsZ-mKate2, ampr*
IM08B, pMAD- smdA-flag_aad9, ampr

Strains used for BACTH assays

GS1225
GS1226
GS1302
GS1303
GS1134
GS1135
GS1136
GS1137
GS1138
GS1139
GS1187

GS1188

XL1-Blue, pKNT25-smdA, kan*
XL1-Blue, pUT18-smdA, ampr
XL1-Blue, pKNT25-smdAATMH, kanr
XL1-Blue, pUT18- smdAATMH, ampr
XL1-Blue, pKT25-pbp1, kanr
XL1-Blue, pUT18C-pbp1, ampr
XL1-Blue, pKT25-pbp2, kanr
XL1-Blue, pUT18C-pbp2, ampr
XL1-Blue, pKT25-pbp3, kanr
XL1-Blue, pUT18C-pbp3, ampr
XL1-Blue, pKNT25-ezrA4, kanr

XL1-Blue, pUT18-ezrA4, ampr

This study
This study

This study
This study
This study
This study

This study

Lab coll.

(Monk et al,,
2015)
Euromedex
Agilent

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

This study
This study
This study
This study
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)
(Stamsas et
al, 2018)



Table S4. Primers used in this study.

Primer

Sequence (5’-3’)2

Primers used for construction of plasmids used in subcellular screening

im1_linker-FP_F_BamHI

im2_m(sf)gfp_R_Notl_EcoRI
im14_lacA_F_Xhol_Sall_RBS_

Ncol
im15_lacA_R_BamHI
im35_SA0015_F_Ncol
im36_SA0015_R_BamHI
im37_SA0226_F_Ncol
im38_SA0226_R_BamHI
im39_SA0227_F_Ncol
im40_SA0227_R_BamHI
im41_SA0345_F_Ncol
im42_SA0345_R_BamHI
im43_SA0444_F_Ncol
im44_SA0444_R_BamHI
im45_SA0762_F_Ncol
im46_SA0762_R_BamHI
im47_SA0892_F_Ncol
im48_SA0892_R_BamHI
im49_SA1627_F_Ncol
im50_SA1627_R_BamHI
im51_SA1661_F_Ncol
im52_SA1661_R_BamHI
im53_SA1700_F_Ncol
im54_SA1700_R_BamHI
im55_SA1701_F_Ncol
im56_SA1701_R_BamHI
im57_SA1721_F_Ncol
im58_SA1721_R_BamHI
im59_SA1770_F_Ncol
im60_SA1770_R_BamHI

mk353_SA1866_F_long_Ncol

im62_SA1866_R_BamHI
im63_SA1930_F_Ncol
im64_SA1930_R_BamHI
im65_SA2106_F_Ncol
im66_SA2106_R_BamHI
im67_SA2279_F_Ncol
im68_SA2279_R_BamHI
im69_SA2280_F_Ncol
im70_SA2280_R_BamHI
im71_SA2407_F_Ncol
im72_SA2407_R_BamHI
im73_SA2720_F_Ncol
im74_SA2720_R_BamHI
im75_SA1756_F_Sall_RBS

ACTGGATCCCCGGATCTGGTGGAGAAGCTGCA
AGTGAATTCGCGGCCGCTTACTTATAAAGCTCATCCATGCC
ATCCTCGAGGTCGACCAATAAAACTAGGAGGAAATTTCCATG
GCGATTATTATTGGTTCAG
TCCGGGGATCCAGCACATTTTATTAAGCATATCTAC
ATCCCATGGATCGGCAGTCCACTAAG
TCCGGGGATCCATGCATCTTCACTCCTACTTAAT
ATCCCATGGTTAATCAAGTATATCAATTAG
TCCGGGGATCCACATAATCCATTTTAATACTGTTTTA
ATCCCATGGTTAAAAGTAAGATATATATAG
TCCGGGGATCCAGCTACCAAATAAATTTCTGACTA
ATCCCATGGCGTCAAAATATGGAATAAA
TCCGGGGATCCATCTTTGTGTATCATCATGAGATT
ATCCCATGGGCGGTGGCGGAAAC
TCCGGGGATCCACATTCCAGGGATGTTTAAGCC
ATCCCATGGTTACATTATTACTAGTTGC
TCCGGGGATCCATTCCTCTTTATGAGATGACTTAC
ATCCCATGGGTGTAACTGGTATTCAAC
TCCGGGGATCCAGTCGTTTCGAATTGCTCGCT
ATCCCATGGAAAAATTGGTTTCAATTGTTG
TCCGGGGATCCATGATTTTGCATTTAAGTTTAATTTTG
ATCCCATGGTTTCGTTAAATAACCGATTA
TCCGGGGATCCATAACACCCTTTCAATTACAGCA
ATCCCATGGCTGACATTTTAAAATGTATC
TCCGGGGATCCATAAAATAGAATTTCTTAATACAACAT
ATCCCATGGGTTTAGTTCGCAAGTTTT
TCCGGGGATCCAATTTTCCTCCCATGTGATATAAC
ATCCCATGGAAAACTTTGATAAAACAATG
TCCGGGGATCCATTTATTTTGCTCTTTTAAATAGTAAG
ATCCCATGGGCGGCGACTTGATAG
TCCGGGGATCCAAATTGCTGCTTGAGCTTCACG
GATCCCATGGAGCAGTTTTATCAATTAGG
TCCGGGGATCCAAATAAACATGTTACTATTCATAACT
ATCCCATGGTTGTAATTATAATTTTAATATTG
TCCGGGGATCCATTTATTGGACGTATTTTGCTCTT
ATCCCATGGATGAATTGACTATTTATCAT
TCCGGGGATCCAACGAGATTTCTTCTGTCTATTTG
ATCCCATGGATTCGCTGCTCATTGATA
TCCGGGGATCCAATTGTTCTTTTGACTGTTGATCC
ATCCCATGGATCAATTTGCTATATTTTTAG
TCCGGGGATCCAATGAGCAGCGAATTCATGGAT
ATCCCATGGATTTTTCCAACTTTTTTCAA
TCCGGGGATCCATTTCACACCTTTCTTTTGAAAGC
ATCCCATGGCAGTAGTGAGGGGATT
TCCGGGGATCCATTGTAATATTGCAAAAATACATTGC
ATCGTCGACCAATAAAACTAGGAGGAAATTTAAATGATTACT
GTTGATATTACAGTT




im76_SA1756_R_BamHI
im77_SA1908_F_Sall_RBS

im78_SA1908_R_BamHI
im79_linker-
FP_F_Kpnl_BamHI
im80_SA1244_F_Sall_RBS

im81_SA1244 R _Kpnl
im82_SA1782_F_Sall_RBS

im83_SA1782_R_Kpnl
im95_m(sf)gfp_F_Sall_RBS

im96_m(sf)gfp_R_linker-
overlap
im97_SA1477_F_BamHI_link
er-overlap
im98_SA1477_R_EcoRI_Notl
im99_SA2151_F_BamHI
im100_SA2151_R_EcoRI_Not
I

im101_SA0957_F Bglll
im102_SA0957_R_EcoRI_Not
I

TCCGGGGATCCACTTATAATTTAATCTAATATTCTCAT
ATCGTCGACCAATAAAACTAGGAGGAAATTTAAATGGATTTA
TCTTCACCGATAG
TCCGGGGATCCAATTGAATGATTCAATTTTATCCATC
ACTGGATCCGGTACCCCGGATCTGGTGGAGAAGCTGCA

ATCGTCGACCAATAAAACTAGGAGGAAATTTAAATGAAAAAG
AAAAAAATTCCGATG
TCCGGGGTACCATTTTGGGATCTCTTCTCTATAAA
ATCGTCGACCAATAAAACTAGGAGGAAATTTAAATGTCTAAA
TTTGATGAACAAATC
TCCGGGGTACCATAAATCTTGAAGGATTAATGCAC
ATCCAGTCGACCAATAAAACTAGGAGGAAATTTAAATGTCAA
AAGGAGAAGAGCTGTTC
CTTTAGCTGCAGCTTCTCCACCAGATCCCTTATAAAGCTCATC
CATGCC
TGGAGAAGCTGCAGCTAAAGCTGGAGGATCCATGATAATTTA
TTTCGTAATATTAATG
TGGATGCGGCCGCGAATTCTTAATCACTTGAACGCGCAATC
ATCCAGGATCCATGAGAATTTTAAATTTAGTTAAGTA
TGGATGCGGCCGCGAATTCTTAAATGTCTTTTTTAGCGACA
TA

ATCCAAGATCTATGTTAATGGATCCAAGTTTGAT
TGGATGCGGCCGCGAATTCTTATTTATGCGATTTTTTATTT
TTAAC

Primers used for making pLOW-dcas9 compatible in MRSA

im183_pLOW_F
im184_pLOW_R
im185_aad9_F_ol-im183
im186_aad9_R_ol-im184

TACTGCAATCGGATGCGATTA
GTTAAGGGATGCATAAACTGC
TAATCGCATCCGATTGCAGTAATTGGGCCCACCTAGGATC
GCAGTTTATGCATCCCTTAACGCCGCGGTAATAAACTATCAA

Primers used for construction of sgRNA plasmids used in depletion strains

SAOUHSC_02225_for
SAOUHSC_02225_rev
SAOUHSC_00344_for
SAOUHSC_00344_rev
SAOUHSC_00444_for
SAOUHSC_00444 _rev
SAOUHSC_00762_for
SAOUHSC_00762_rev
SAOUHSC_00892_for
SAOUHSC_00892_rev
SAOUHSC_00957_for
SAOUHSC_00957_rev
SAOUHSC_01242_for
SAOUHSC_01242_rev
SAOUHSC_01477_for
SAOUHSC_01477 _rev
SAOUHSC_01627_for
SAOUHSC_01627_rev

TATAACTGTTACGTTTAAAATATG
AAACCATATTTTAAACGTAACAGT
TATACAGTATTTTAATAACTATGA
AAACTCATAGTTATTAAAATACTG
TATAGTAGCATTTCAATATCGTCT
AAACAGACGATATTGAAATGCTAC
TATATTCGATATTGCAATAACAAT
AAACATTGTTATTGCAATATCGAA
TATAGTCTCAACAAACGCACCGTA
AAACTACGGTGCGTTTGTTGAGAC
TATAAAATAAGGTAAGATCAAACT
AAACAGTTTGATCTTACCTTATTT
TATAAAATTCAAGTCTTCCATAAT
AAACATTATGGAAGACTTGAATTT
TATAACTTTGTGTTGTGCCCATAA
AAACTTATGGGCACAACACAAAGT
TATATCTGTTGTTTTTTCTTCTAA
AAACTTAGAAGAAAAAACAACAGA



SAOUHSC_01662_for
SAOUHSC_01662_rev
SAOUHSC_01702_for
SAOUHSC_01702_rev
SAOUHSC_01722_for
SAOUHSC_01722_rev
SAOUHSC_01757_for
SAOUHSC_01757_rev
SAOUHSC_01770_for
SAOUHSC_01770_rev
SAOUHSC_01782_for
SAOUHSC_01782_rev
SAOUHSC_01866_for
SAOUHSC_01866_rev
mk299_sgRNA_1908

mk323_sgRNA_01908_V2

SAOUHSC_01930_for
SAOUHSC_01930_rev
SAOUHSC_02107_for
SAOUHSC_02107_rev
SAOUHSC_02155_for
SAOUHSC_02155_rev
SAOUHSC_02280_for
SAOUHSC_02280_rev
SAOUHSC_02407_for
SAOUHSC_02407_rev

TATAACATCTTCTAATGTTAATGT
AAACACATTAACATTAGAAGATGT
TATATATTGTTACTTCTTCTTCCA
AAACTGGAAGAAGAAGTAACAATA
TATAATTGGCACTAATGGTGCAGA
AAACTCTGCACCATTAGTGCCAAT
TATAACTGTTGCACCTTCAACTGT
AAACACAGTTGAAGGTGCAACAGT
TATATTTTGACTACAAAGCATATA
AAACTATATGCTTTGTAGTCAAAA
TATATCAAAAATATTTTGACCTTC
AAACGAAGGTCAAAATATTTTTGA
TATAGCTGATAATGCCGCAATAAA
AAACTTTATTGCGGCATTATCAGC
TACCTAAGGCAACTAAAAAA
GTTTAAGAGCTATGCTGGAAACAG
ATAATGAGTCCAATGACTAT
GTTTAAGAGCTATGCTGGAAACAG
TATATAATAGAATAACCATCCATT
AAACAATGGATGGTTATTCTATTA
TATATACGCGCCAATTTCGCTAGA
AAACTCTAGCGAAATTGGCGCGTA
TATATGCTTAATCTGTTCATAAAT
AAACATTTATGAACAGATTAAGCA
TATATTTAATGATGTTAAATGTCG
AAACCGACATTTAACATCATTAAA
TATATTACAATTTTTAACGTACTG
AAACCAGTACGTTAAAAATTGTAA

Primers used for chromosomal fusions and plasmids for localization studies

im147_SA1908_up_F_Mlul
im148_SA1908_R_Notl_flag-
overlap

im149_aad9_up_F_Spel flag-
overlap
im150_aad9_down_R_1908
down-overlap
im151_SA1908_down_F
im152_SA1908_down_R_Bam
HI

im153_linker-FP_F_Notl
im154_m(sf)gfp_R_Spel
im5_mKate_R_NotI_EcoRI

USHC109
USHC148

im3_cfp_myfp_R_Notl_EcoRI

ACCTACGCGTGATTTTCGGTATATAAATGATAA
TCTTTATAATCAATATCATGATCTTTATAATCACCATCATGAT
CTTTATAATCCGCGGCCGCATTGAATGATTCAATTTTATCCA

GATCATGATATTGATTATAAAGATGATGATGATAAATAAACT
AGTATTGGGCCCACCTAGGAT
TCATCACTTCAGCCTAACATCTCGAGGCCGCGGTAAT

ATGTTAGGCTGAAGTGATGA
AGTCGGATCCTGATTTAAACCATCAATTCGC

ACTGCGGCCGCCGGATCTGGTGGAGAAGCTG
AGTACTAGTTTACTTATAAAGCTCATCCATG
AGTGAATTCGCGGCCGCTTAACGGTGTCCCAATTTACTAGG

GCGACGCGTTTAACGGTGTCCCAATTTACTAGG
CGCGTCGACAGGAGGATAATTATTTATGTTAGAATTTGAAC
AAGG
AGTGAATTCGCGGCCGCTTATTTATAAAGTTCGTCCATACC

Primers used for verifying smdA silencing



im126_RT-q_pta_F
im127_RT-q_pta_R
im137_RT-q_SA1908_F
im138_RT-q_SA1908_R

ATCATTGATGGCGAATTCCAAT
GGACCAACTGCATCATATCC
TATGTAACGGACATGAGATTAAT
CTAATACCATTATAAACATGACC

Primers used for construction of plasmids for overexpression

mk517_1908_R_Notl
mk518_1908_F_RBS_Sall

mk519_1908_H145A_F
mk520_1908_H145A_R
mk521_1908_RT_AA_F
mk522_1908_RT_AA_R
mk529_1908_FH_AA_F
mk530_1908_FH_AA_R

ACGAGCGGCCGCCATATAGTCATCACTTCAGCCT
ATCCAGTCGACCAATAAAACTAGGAGGAAATTTAAATG
AGTAAGAAAAAAGTTAAGCGACAAAC
GAACGAATTAGTGCTTTAGTATTAACAAG
CTTGTTAATACTAAAGCACTAATTCGTTC
TTAGTATTAACAGCAGCTGGTCTTTATATT
AATATAAAGACCAGCTGCTGTTAATACTAA
CTTTAACAAATTTGTAGCCGCTGGTCGTATTCAAT
ATTGAATACGACCAGCGGCTACAAATTTGTTAAAG

Primers used for construction of plasmids to BACTH assays

gs718_SA1908_F_BamHI
gs719_SA1908_R_Kpnl
gs735_SA1908ATMH_F_Bam
HI

GATCGGATCCCGATTTATCTTCACCGATAGTCATTG
GATCGGTACCCGATTGAATGATTCAATTTTATCCATC
GATCGGATCCCGGTAGTAAGAAAAAAGTTAAGCGAC

Primers used for sequencing and to check constructs

im16_protein-
msfgfp_check R
im110_seq-pLOW_up ermC
im94_m(sf)gfp-
protein_check F
im134_pLOW_down_check R
mk25_pCG248_r_check
mk26_pCG248_f up_check
im156_pMAD_check F
mk177_pMAD_check R
im198_aad9-pLOW_check_R
im244_up1908_F_check
im245_down1908_R_check

AGTGTGTCACCTTCAAACTTC

TTGGTTGATAATGAACTGTGCT
GCAAACTTCAAAATCCGTCATA

TGTGCTGCAAGGCGATTAAG
AAATCTCGAAAATAATAGAGGGA
GGATAACCGTATTACCGCCT
AATCTAGCTAATGTTACGTTACA
GATGCCGCCGGAAGCGAG
CTCATATCTTTTATTCAATAATCG
GACGTATTAGGCCTTCTCTC
CATACCGTAATGATAGATATGG

aRestriction sites are underlined, sequences included as overhang in italic and inserted

mutations in bold.
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ABSTRACT Studies of essential genes in bacteria are often hampered by the lack of
accessible genetic tools. This is also the case for Lactobacillus plantarum, a key spe-
cies in food and health applications. Here, we develop a clustered regularly inter-
spaced short palindromic repeat interference (CRISPRi) system for knockdown of
gene expression in L. plantarum. The two-plasmid CRISPRi system, in which a
nuclease-inactivated Cas9 (dCas9) and a gene-specific single guide RNA (sgRNA) are
expressed on separate plasmids, allows efficient knockdown of expression of any
gene of interest. We utilized the CRISPRi system to gain initial insights into the func-
tions of key cell cycle genes in L. plantarum. As a proof of concept, we investigated
the phenotypes resulting from knockdowns of the cell wall hydrolase-encoding
acm2 gene and of the DNA replication initiator gene dnaA and of ezrA, which en-
codes an early cell division protein. Furthermore, we studied the phenotypes of
three cell division genes which have recently been functionally characterized in ovo-
coccal bacteria but whose functions have not yet been investigated in rod-shaped
bacteria. We show that the transmembrane CozE proteins do not seem to play any
major role in cell division in L. plantarum. On the other hand, RNA-binding proteins
KhpA and EloR are critical for proper cell elongation in this bacterium.

IMPORTANCE L. plantarum is an important bacterium for applications in food and
health. Deep insights into the biology and physiology of this species are therefore
necessary for further strain optimization and exploitation; however, the functions of
essential genes in the bacterium are mainly unknown due to the lack of accessible
genetic tools. The CRISPRi system developed here is ideal to quickly screen for phe-
notypes of both essential and nonessential genes. Our initial insights into the func-
tion of some key cell cycle genes represent the first step toward understanding the
cell cycle in this bacterium.

KEYWORDS CRISPRi, Lactobacillus plantarum, acm2, bacterial cell cycle, cozE, dnaA,
eloR, ezrA, khpA, knockdown

he lactic acid bacterium (LAB) Lactobacillus plantarum is an important species for

food and health applications. L. plantarum is naturally found in a variety of habitats,
including meat and dairy products and fermented vegetables and in the oral cavity and
gastrointestinal tract of humans (1-3). It has been documented that L. plantarum strains
have probiotic effects on humans (4-6), and at least some strains have been shown to
modulate the immune system (7). Furthermore, extensive research has been performed
in recent decades in investigations of LAB, including L. plantarum, as live delivery
vehicles for therapeutic molecules such as antigens, cytokines, and antibodies (8-11).
Given the importance and the potential new applications of L. plantarum, there is a
need to develop strains with improved growth, robustness, and protein secretion
capacities.

Such strain development heavily relies on further insights into the biology of these
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FIG 1 The two-plasmid CRISPRi-system. (A) Schematic presentation of transcriptional knockdown by CRISPRi. Block
of RNA polymerase and transcription occurs when dCas9 (orange) and the sgRNA (blue) bind specific sites in the
5’ end of the target gene, guided by the 20-nucleotide (nt) sgRNA sequence. (B) Overview of pSIP-SH-dCas9
plasmid. The dcas9 gene is located downstream of the inducible sppA promoter (Pg,,,,). The two-component
regulatory genes, sppK and sppR, are located on the same plasmid. “ermL” and “SH71," indicate the erythromycin
resistance gene and the replicon determinant, respectively. (C) Overview of the prototype expression vector of
sgRNA. The sgRNA is constitutively expressed from promoter P3. “cat” and “256,.,/pUC(pGEM)ori” indicate the
chloramphenicol resistance gene and the replicon determinant, respectively. Both plasmids (see panels B and C)
were transformed into L. plantarum to achieve transcriptional knockdown of the target gene. (D) A detailed view
of the sgRNA-region in pSgRNA-target. The gene-specific target region (white) and dCas9-handle region (blue) of
the sgRNA are shown downstream of the cognate promoter (gray). Terminator sequences are indicated by lollipops.
New sgRNA plasmids were constructed by inverse-PCR using two primers as indicated by arrows in the figure, with
one phosphorylated (P) reverse primer annealing immediately upstream of the targeting-region and one nonphos-
phorylated forward primer annealing to the dCas9-handle region, containing a 20-nt overhang which is specific to
a target gene.

cells. Most studies on L. plantarum have been performed in the model strain WCFS1
(12), which was the first Lactobacillus strain whose genome was sequenced. This strain
is easily transformable by electroporation, and tools for plasmid-based expression
platforms are available, including inducible expression systems based on bacteriocin
regulatory systems (pSIP, pNICE) (13-16). The high transformation efficiency has also
allowed the construction of a number of isogenic mutants in genes involved in different
pathways and functions. In particular, the Cre-lox system, which is based on double-
crossover gene replacement, has been important in this field (17), although mutants
have also been made using suicide vectors (18). Mutant construction in L. plantarum is,
however, a laborious and time-consuming process, and novel methods for phenotyp-
ing are highly desirable.

Here we have developed a gene knockdown method known as clustered regularly
interspaced short palindromic repeat interference (CRISPRi) in L. plantarum WCFS1 that
permits easy downregulation of any gene of interest (19, 20), and, most importantly, it
allows studies of essential genes. CRISPRi exploits the CRISPR/Cas9 system by utilizing
a catalytically inactive Cas9 protein (dCas9) together with a single guide RNA (sgRNA)
that harbors an easily replaceable 20-nucleotide (nt) base-pairing region and a Cas9-
handle region. The 20-nt base-pairing region is selected to target the gene of interest,
and the sgRNA can easily be redesigned to target any gene of interest. The dCas9 will
have lost its ability to cleave DNA, but the DNA-binding property of this protein remains
intact. Expression of dcas9 together with sgRNA thus causes a transcriptional blocking
of the RNA polymerase, leading to knockdown of gene expression of the target gene
(19, 20) (Fig. 1A). CRISPRi has been successfully established in bacterial species such as
Escherichia coli (20), Bacillus subtilis (21), Streptococcus pneumoniae (22), Staphylococcus
aureus (23-26), and Lactococcus lactis (27). Note that CRISPR-based tools have been
used in lactobacilli previously. In Lactobacillus casei, a nickase Cas9 was used for
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genome editing (28), while in L. plantarum, genome editing was performed by recom-
bineering double-stranded DNA templates into target sites using cleavage by Cas9 (29).
Notably, the latter work demonstrated that the outcomes of the CRISPR experiments
could vary between different L. plantarum strains.

While L. plantarum has been extensively studied with respect to host cell interaction,
immune cell modulation, protein secretion, biofilm formation, interaction with food
components, and production of bacteriocins (30), much less is known about essential
processes of the bacterial cell cycle in these rod-shaped bacteria. Most of our knowl-
edge on the cell cycle of Gram-positive, rod-shaped bacteria comes from B. subtilis,
where DNA replication, chromosome segregation, cell wall synthesis, and cell division,
as well as the coordination of these processes, have been investigated in detail (31-33).
Although L. plantarum is related to B. subtilis, there are also key differences between the
cell cycles of these species, for example, with regard to sporulation. Specific knowledge
about the functions of proteins and factors affecting cell cycle processes in L. plantarum
is therefore important, since such knowledge may pave the way for development of
strains with improvements with respect to protein secretion or interactions with host
cells (18).

In this study, we utilized the CRISPRi system to get initial insights into the functions
of putative cell cycle proteins in L. plantarum. As a proof of principle, we studied
proteins hypothesized to affect different stages of the bacterial cell cycle. These
included (i) Acm2, a cell wall hydrolase previously shown to play a major role in
daughter cell separation in L. plantarum (34, 35); (ii) the bacterial DNA replication
initiator protein DnaA (36); and (iii) the early cell division protein EzrA. EzrA is a
membrane-associated protein involved in coordination of cell division and cell wall
synthesis in Gram-positive bacteria (37). The CRISPRi system was also used to study the
functions of proteins putatively involved in bacterial cell elongation but whose func-
tions have not previously been studied in rod-shaped bacteria. These proteins, named
CozE (38), EloR (39), and KhpA (40), have all been identified as essential for proper cell
elongation in the oval-shaped bacterium S. pneumoniae. CozE (coordinator of zonal
elongation) has been shown to control cell elongation by directing the activity of cell
wall synthesizing proteins (38, 41). Homologs of CozE (CozEa and CozEb) are also
essential for proper cell division in S. aureus (23). EloR (elongation regulator) and KhpA
(KH-containing protein A) are two cytoplasmic, RNA-binding proteins which form a
midcell-localized heterocomplex (39, 40, 42).

RESULTS AND DISCUSSION

Construction of a two-plasmid system for CRISPR interference in L. plantarum.
Given the lack of tools for fast and easy depletion of genes in L. plantarum, we
developed a two-plasmid CRISPRi system for this purpose (Fig. 1). The system is based
on the CRISPRi systems developed for S. pneumoniae (22) and S. aureus (23). This
CRISPR/Cas9-based system can be utilized in L. plantarum WCFS1, since this strain does
not encode any native CRISPR/Cas9 (12). For expression of nuclease-inactive Cas9
(dCas), dcas9 was cloned under the control of the inducible promoter sppA in the
plasmid pSIP403 (15), harboring an erythromycin resistance gene, ermL, as well as sppK
and sppR, encoding a histidine protein kinase and a response regulator, respectively. By
external addition of the inducer peptide SpplP, expression from promoter sppA is
induced via this two-component regulatory system (15). The replicon 256, in pSIP403
was exchanged with the lactococcal SH71,, replicon (Fig. 1B) to make it compatible
with the sgRNA-target plasmid, which also is a derivative of pSIP403.

The sgRNA plasmids contain a chloramphenicol resistance gene (cat) and an sgRNA
cassette under the control of a synthetic, constitutively expressed promoter, P3 (22)
(Fig. 1C). The sgRNA cassette includes a 20-nt base-pairing region and a dCas9-handle
region (Fig. 1D). The sgRNA-target sequence can easily be exchanged using inverse-PCR
with a forward primer containing the gene-specific 20-nt base-pairing region as an
overhang (Fig. 1D). The sgRNA has the capability of binding target DNA by comple-
mentary base pairing and dCas9 through the secondary structure of the Cas9-handle.
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FIG 2 Analysis of dCas9 expression. (A) Growth analysis of wild-type L. plantarum WCFS1 (blue), IM133
(WCFS1 carrying pSIP-SH-dCas9 and pSgRNA-notarget; gray), IM132 (WCFS1 carrying only pSIP-SH-dCas9;
orange), and IM167 (WCFS1 carrying pEV and pSgRNA-notarget; green). Levels of growth of noninduced
cultures and induced cultures (25ng/ml inducer pheromone SpplP; black outline) are shown. (B)
Phase-contrast micrographs of wild-type L. plantarum WCFS1 cells and IM133. The scale bars represent
5 pum.

Induced expression of dCas9 leads to formation of a sgRNA-dCas9-DNA complex that
acts as a physical blockage for RNA polymerase (Fig. 1A). In all cases, the sgRNAs were
designed to target a location close to the 5’ end of the gene of interest. The replicon
of the sgRNA plasmids (256,,,,) has a narrow host range which has been shown to work
in only a few Lactobacillus species, namely, L. plantarum, Lactobacillus sakei, and
Lactobacillus curvatus (43).

High production levels of heterologous proteins using the pSIP expression system
have been shown previously to cause growth retardation in L. plantarum WCFS1 (13).
Expression of the CRISPRi system with a nontargeting sgRNA (IM133; pSIP-SH-dCas9
and pSgRNA-notarget) indeed resulted in growth reduction (Fig. 2A). In fact, induction
of dCas9 expression alone (IM132; pSIP-SH-dCas9) caused a growth defect, while the
combination of an empty pSIP vector (pEV) with a nontargeting sgRNA plasmid (IM167;
PEV and pSgRNA-notarget) did not. This clearly indicates that overproduction of dCas9
results in impaired growth of L. plantarum. The morphologies of IM133 cells were not
affected compared to those of the wild-type cells (Fig. 2B, see below); however, we
cannot exclude the possibility that other cellular processes are affected upon dCas9
production in these cells.

Characterizing the CRISPRi system by targeting acm2. We tested the CRISPRIi
system by targeting a cell division gene with a known knockout phenotype. Previous
work had shown that deletion of the gene coding for the major autolysin Acm2
(Ip_2645), a cell wall hydrolase (N-acetylglucosaminidase) important for daughter cell
separation, results in cell chaining and sedimentation of cultures (34, 44). We con-
structed a strain targeting acm2 (IM134, pSIP-SH-dCas9 and pSgRNA-acm2) and ana-
lyzed the knockdown effects using the wild-type strain and a nontargeting CRISPRi
strain as controls (IM133; pSIP-SH-dCas9 and pSgRNA-notarget).

First, to test the efficiency of the transcriptional knockdown, we performed droplet
digital PCR (ddPCR). Knockdown of acm2 was achieved in strain IM134, and the results
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FIG 3 Using CRISPRi to knock down acm2 expression in L. plantarum WCFS1. (A) Quantifying the expression of acm2 using droplet digital PCR. The
transcriptional levels of acm2 in wild-type L. plantarum WCFS1, in control cells with nontargeting sgRNA (IM133), and in CRISPRi strain cells with sgRNA
targeting acm2 (IM134) are indicated. For the latter, cultures with SpplP inducer concentrations of 10 and 25 ng/ml were compared to uninduced culture, and
those results are also shown (inset). The error bars represent standard deviations of results from at least two biological replicates, each of which was analyzed
with three technical replicates. (B) Growth of L. plantarum with various expression levels of acm2. (Top panel) Culture tubes of L. plantarum grown for 16 h.
Sedimentation of cells was clearly observed when acm2 was deleted (Aacm2 [34]) or knocked down (IM134 with or without added SpplIP) but not in the
wild-type or control cells (IM133). (Bottom panel) Quantification of cell sedimentation by measuring OD, in the upper layer of the medium (see arrow in
top panel) before and after vortex mixing. The ratios are plotted in the bar plot. The error bars represent standard deviations of data from three parallel
measurements. (C) Phase-contrast images of the corresponding strains. The CRISPRi strains were imaged at the exponential-growth phase. The scale bar is
5 pum.

were compared to the control strains (Fig. 3A). Notably, the knockdown was highly
effective even without induction, showing that leakage from the sppA promoter was
sufficient to efficiently drive the CRISPRi system. Only a slight additional decrease in
transcription was observed upon induction (10 or 25 ng/ml SpplIP) (Fig. 3A, inset).
We next monitored cell sedimentation by growing strains in standing cultures at
37°C for 16 h (Fig. 3B). To quantify the sedimentation, the optical density at 600 nm
(ODgo0) Was measured in the upper part of the culture volume before and after vortex
mixing. In a homogenous culture, the ratio should be close to 1, which was the case for
the wild-type WCFS1 and IM133 control cells. In contrast, deletion strain Aacm2 showed
full sedimentation of cells and a ratio close to zero. Similarly to the results seen with
mutant Aacm2, depletion of acm2 in strain IM134 exhibited a high degree of sedimen-
tation with a ratio at 0.1, reflecting that this is a knockdown and not a knockout of
acm2. Notably, the noninduced cultures and the induced cultures of IM134 displayed
similar sedimentation phenotypes. Furthermore, microscopy analyses of the same
strains revealed that knockdown of acm2 by CRISPRi resulted in a chaining phenotype
similar to that seen with knockout mutant Aacm2; since daughter cell separation was
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FIG 4 Effect of depleting replication initiation factor dnaA in L. plantarum. (A) Micrographs (overlay of
phase-contrast and DAPI images) of control cells (strain IM133) and dnaA-depleted cells (strain IM137)
grown without or with inducer. Cells were grown in the presence of 25 ng/ml SpplP. The scale bar is
5 pwm. (B) Cell length analysis of dnaA knockdown cells (n = 194) compared to control cells (n = 204) and
noninduced cells (n = 320). Cell lengths were measured using MicrobeJ (59). Cell populations were split
in four groups based on lengths (<2 um, 2 to 3 um, 3 to 4 um, and >4 um), and the proportion of cells
in each group is plotted. Plus signs (+) and minus signs (—) indicate that cells were grown in the
presence and absence of 25 ng/ml SpplP, respectively.

inhibited, the cells formed long chains compared to the control (Fig. 3C). Also here,
similar phenotypes were observed in induced and noninduced cultures.

Together, these results show that the CRISPRi system functions efficiently and that
low basal expression from the sppA promoter (16, 45) is sufficient for transcriptional
knockdown in L. plantarum WCFS1. Only a small additional knockdown effect was
observed after external addition of inducer SpplP, which indicates that the basal
promoter activity resulted in production of sufficient numbers of dCas9 proteins for
efficient knockdown.

Knockdown of dnaA and ezrA. The results described above show that the CRISPRi
system is suitable for transcriptional knockdown of genes in L. plantarum and that the
system can be used to study phenotypes of cells when a key cell division gene is
depleted. However, acm2 is a nonessential gene in L. plantarum, since a deletion
mutant could be constructed (34). In addition to its easy introduction into L. plantarum,
the main strength of a CRISPRi knockdown system is that it allows studies of pheno-
types of essential genes in this bacterium. As a further proof of concept, and to gain
further insights into the suitability of the CRISPRi system to study essential processes in
L. plantarum, we designed sgRNA plasmids to target well-studied bacterial cell cycle
proteins, namely, the DNA replication initiator DnaA and the early cell division protein
EzrA.

DnaA (Ip_0001) is essential for initiation of DNA replication from oriC in bacteria and
has been studied in a number of different bacterial species, including B. subtilis (31). We
investigated the CRISPRi knockdown phenotype of dnaA by microscopy of cells stained
with the nucleoid marker DAPI (4’,6-diamidino-2-phenylindole). As expected, DnaA
seems to be essential for proper DNA replication in L. plantarum (Fig. 4A). Upon
induction with SpplP, the growth rate was reduced and we observed a large fraction of
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FIG 5 Effect of depleting the cell division protein EzrA in L. plantarum. (A) Phase-contrast (PC) micrographs of cells
depleted of ezrA (IM188) compared to control cells (IM133). DAPI staining of nucleoids is also shown. The scale bar is 5 um.
(B) Cell length analysis of ezrA knockdown cells compared to control cells (IM133) and wild-type cells. Cell lengths were
measured using MicrobeJ (59). Cell populations were split in four groups based on lengths, and the proportion of cells in
each group is plotted. The black arrow points to the large-cell group (cells = >4 um), where ezrA-depleted cells are clearly
overrepresented compared to the control cells. Plus signs (+) and minus signs (—) indicate SppIP-induced and uninduced
cells, respectively. Numbers of cells analyzed were as follows: n = 377 for wild-type cells, n = 122 for notarget control cells
(strain IM133) (uninduced), n = 204 for notarget control cells (strain IM133) (induced), n = 506 for sgRNA-ezrA cells (strain
IM188) (uninduced), and n = 413 for sgRNA-ezrA cells (strain IM188) (induced).

cells (59.7%, n = 139) that were anucleate or displayed abnormal nucleoid morpholo-
gies. Such a phenotype was observed neither in the IM133 control cells (0.2% abnormal
nucleoids, n = 250) nor in the uninduced cells (5.9% abnormal nucleoids, n = 320). The
latter demonstrates that in the case of dnaA knockdown, the induction of dCas9 by
SpplP is necessary to observe the full depletion phenotype. Interestingly, the cell
morphologies of the DnaA-depleted cells were also severely perturbed. Cell lengths
were measured based on the phase-contrast micrographs. This showed that the
majority of control cells were between 2 um and 4 um in length; however, in the dnaA
knockdown strain after induction, the fractions of both short (<2-um) cells and long
(>4-um) cells were larger (Fig. 4B). This supports the notion that proper DNA replica-
tion and chromosome segregation are essential for proper cell division, since all cell
cycle processes are interlinked (32).

Next, we made a CRISPRi knockdown strain targeting ezrA (Ip_2328). EzrA is known
to interact with a number of different proteins, including FtsZ and penicillin binding
proteins, for coordination of cell division and cell wall synthesis in Gram-positive
bacteria (46, 47). The growth rate of the ezrA knockdown strain was not significantly
reduced compared to the control. Cell lengths of the knockdown strain were then
analyzed using phase-contrast microscopy. While more than 90% of control cells were
between 2 um and 4 um in length, up to 40% of the cells were longer than 4 um in the
ezrA depletion strain (Fig. 5). The elongated cells were found both with and without
induction with SpplP. A similar phenotype was previously reported in B. subtilis (37, 48);
B. subtilis cells lacking ezrA had delayed cell division and were thus longer than
wild-type cells (37, 48). On the other hand, this was not observed in a conditional ezrA
knockdown in Listeria monocytogenes (49), another rod-shaped Gram-positive species.
Together, the data suggest that the role of EzrA in cell division may vary between
different rod-shaped bacterial species.

Depletion of CozE homologs does not perturb division in L. plantarum. Using
CRISPRi to knock down transcription of acm2, dnaA, and ezrA demonstrated the
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FIG 6 CozE homologs do not dramatically affect cell division in L. plantarum. (A) Schematic overview of plasmids harboring sgRNA to knock down expression
of cozE homologs Ip_1247 (strain IM141) and Ip_2217 (strain IM142) and double knockdown of Ip_1247 and Ip_2217 (strain IM130). The restriction sites utilized
for construction of the double-sgRNA plasmids are indicated (see Materials and Methods for details). (B) Phase-contrast micrographs of cells depleted of Ip_1247
or Ip_2217 or both. Cells were grown in the presence of 25 ng/ml SpplP. The scale bar is 5 um. (C) Cell length analysis of the corresponding strains compared
to control cells (strain IM133). Cell lengths were measured using MicrobeJ (59). Cells were split in four groups based on lengths, and the proportion of cells
in each group is plotted. Numbers of cells analyzed were as follows: n = 204 for control cells (strain IM133), n = 256 for sgRNA-Ip_1247 (strain IM141), n = 190
for sgRNA-Ip_2217 (strain IM142), and n = 244 for sgRNA-Ip_1247-Ip_2217 (strain IM130). Plus signs (+) indicate that cells were grown in the presence of
25 ng/ml SpplP. (D) The transcription levels of genes Ip_1247 and Ip_2217 in different strains as analyzed by droplet digital PCR. In addition to Ip_2217 cells
(strain IM142), Ip_1247 cells (strain IM141), and the double-knockdown cells (strain IM130), control cells with nontargeting sgRNA (strain IM133) were included
in the analysis.

suitability of this system to phenotype key cell cycle genes. We therefore used this
system to screen the phenotypes of genes which have as-yet-unknown functions in
rod-shaped bacterial cells. CozE proteins have been shown to be essential for proper
cell division both in oval-shaped S. pneumoniae and coccus-shaped S. aureus, but
despite its conservation across the bacterial kingdom (38), their involvement in cell
division has hitherto not been studied in rod-shaped bacteria. Homology searches
revealed that L. plantarum WCFS1 encodes two CozE homologs; Lp_1247 (35% identity
and 60% similarity to CozE from S. pneumoniae) and Lp_2217 (29% identity and 52%
similarity to CozE from S. pneumoniae). We constructed CRISPRi strains targeting each
of these and analyzed the morphologies of the knockdown strains by microscopy.
However, no differing phenotype was observed; the cells appeared similar to wild-type
cells (Fig. 6B). We then constructed a double-sgRNA vector to target both cozE
homologs at the same time (see Materials and Methods). Note that the sgRNA vectors
are designed in a way that allows multiple sgRNAs to be cloned into the vector in
parallel using BglBrick cloning, thus making simultaneous knockdown of several genes
possible (Fig. 6A; see also Materials and Methods). Cell length analysis of the resulting
double-knockdown strain did not reveal any drastic shift in cell lengths compared to
control cells, although slightly increased numbers of short (<2-um) cells were observed
(Fig. 6C).

Since we did not observe any phenotype upon depletion of the CozE homologs, we
analyzed the transcriptional knockdown using ddPCR. This showed that the CRISPRi
system had indeed worked as expected and that knockdown of Ip_1247 or Ip_2217 or
both was achieved in the respective CRISPRi strains (Fig. 6D). From this assay, we
therefore conclude that CozE homologs Ip_1247 and Ip_2217 do not seem to play any
prominent role in cell division in L. plantarum.
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FIG 7 Cells depleted of Ip_3683 (eloR homolog) and Ip_1637 (khpA homolog) display reduced elongation.
(A) Phase-contrast micrographs of control cells with nontargeting sgRNA (strain IM133) and of cells
depleted of Ip_3683/eloR (strain IM138) and Ip_1637/khpA (strain IM139). Cells were grown in the presence
of 25 ng/ml SpplP. Examples of short cells are indicated with white arrows. The scale bar is 5 um. (B) Cell
length analysis of corresponding strains. Cell lengths were measured using MicrobeJ (59). Cells were split
in four groups based on lengths, and the proportion of cells in each group is plotted. Numbers of cells
analyzed were as follows: n = 204 for notarget control cells (strain IM133), n = 689 for sgRNA-eloR cells
(strain IM138), and n = 1025 for sgRNA-khpA cells (strain IM139). The black arrow points to the short-cell
group, where cells depleted of Ip_3683/eloR and Ip_1637/khpA were overrepresented. Plus signs (+)
indicate that cells were grown in the presence of 25 ng/ml SpplP.

EloR and KhpA are necessary for proper cell elongation. EloR and KhpA are two
cytoplasmic, RNA-binding proteins which have been identified in S. pneumoniae as
important for proper cell elongation (39, 40, 42, 50). The two proteins form a hetero-
complex, and the absence of either of them results in shorter and smaller cells. By
knocking down expression of either the eloR homolog Ip_3683 (29% identity to the S.
pneumoniae EloR protein) or the khpA homolog Ip_1637 (47% identity to the S.
pneumoniae KhpA protein), we also observed that L. plantarum cell lengths were
reduced in both cases and that the reduction was most drastic in the experiments
performed with Ip_1637 (khpA) (Fig. 7). To our knowledge, this is the first time that
these RNA-binding proteins have been investigated with respect to cell biology in
rod-shaped bacteria, and the results suggest that they are important for cell elongation
also in these cells. The modes of cell elongation are radically different between
oval-shaped S. pneumoniae and rod-shaped cells, such as L. plantarum. While both
septal cell wall synthesis and peripheral cell wall synthesis occur in the mid-cell area of
ovococcal cells, elongation in rod-shaped bacteria is directed by the actin homologue
MreB and occurs over most of the cell length (51). It will therefore be of great interest
for future studies to unravel in detail how these proteins affect cell elongation in cells
with different shapes.

Concluding remarks. The CRISPRi system developed in the present study is a
significant addition to the genetic toolbox of L. plantarum. It allows quick and easy
generation of transcriptional knockdowns, which can be used to study functions of
essential genes or as part of a simple method to screen for phenotypes prior to
performing time-consuming construction of knockouts or deletions. We decided to use
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a two-plasmid system to allow easy replacement of sgRNA sequences by inverse PCR.
The design of the plasmids also allows double or multiple knockdowns to be performed
simultaneously. Given the host range of the plasmids used, we also expect that the
two-plasmid CRISPRi system can be directly transferred to at least two other species; L.
sakei and L. curvatus.

While the CRISPRi system was shown to function well, it should also be noted that
studies in E. coli have shown that CRISPRi can be toxic to the cells under certain
conditions. It was shown that some sgRNA sequences were toxic and showed off-target
effects when combined with high levels of dCas9 expression (52). We cannot exclude
the possibility that similar issues may occur in L. plantarum, and the current CRISPRi
system could be further improved with more strictly regulated promoters. Furthermore,
the fact that the CRISPRi system is active even without induction could potentially
result in problems in studies generating strains targeting essential genes whose
reduced transcription has a detrimental effect on growth. Our results also show that the
inducer concentrations needed for knockdown differ between different genes. Never-
theless, we have shown the suitability of the transcriptional knockdown system for
screening for phenotypes by targeting different cell cycle genes. The initial insights into
essential cell cycle processes in L. plantarum presented here form a basis for further
studies of DNA replication, chromosome segregation, cell division, and cell wall syn-
thesis in this species.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli TOP10 or DH5« cells were grown in brain heart
infusion medium (Oxoid Ltd., Carlsbad, CA) or lysogeny broth at 37°C with shaking. L. plantarum cells
were grown in de Man, Rogosa, and Sharpe (MRS) broth (Oxoid) at 37°C without shaking. Solid media
were prepared by addition of 1.5% (wt/vol) agar to the broth. L. lactis was used as subcloning host for
plasmids containing the SH71, replicon and were transformed as previously described (53). All other
plasmids were subcloned in E. coli. The final plasmids were electrotransformed into L. plantarum (54).
When required, antibiotic concentrations were added as follows: for L. plantarum and L. lactis, 10 ug/ml
erythromycin and 10 ug/ml chloramphenicol; for E. coli, 200 ug/ml erythromycin and 10 ug/ml chlor-
amphenicol.

Construction of plasmids. To develop the CRISPR interference system, we constructed a two-
plasmid system in which both plasmids are derivatives of pSIP403 (15). Plasmids were purified using a
NucleoSpin plasmid miniprep kit (Macherey-Nagel GMbH & Co., Diren, Germany). All plasmids used in
the study are listed in Table 1. All PCRs were performed using Q5 High-Fidelity DNA polymerase (New
England Biolabs [NEB], Ipswich, MA), and the primers used for PCR amplification are listed in Table 2.
Constructs were verified by DNA sequencing.

Construction of plasmid pSIP-SH-dCas9 for expression of dCas9. To construct the plasmid
containing the dcas9 gene under the control of the inducible sppA promoter, the dcas9 sequence was
amplified from pLOW-dCas9 (23) using primer pair Cas9NcoF/Cas9XhoR. The amplicon was cloned into
Ncol/Xhol-digested pSIP403 (15) using an In-Fusion HD cloning kit (Clonetech Laboratories, Mountain
View, CA), resulting in plasmid pSIP-dCas9. Then, to exchange the 256, replicon with the SH71,
replicon, the SH71,, replicon was excised from plasmid pSIP411 (16) using BamHI and Xhol and was
ligated into the same sites of pSIP-dCas9, resulting in plasmid pSIP-SH-dCas9.

Construction of plasmids for expression of sgRNAs. We initially constructed a plasmid containing
sgRNA-notarget under the control of a constitutive promoter. The sgRNA-notarget cassette was amplified
from plasmid pPEPX-P3-sgRNAluc (22) with primer pair SQRNA_F/SgRNA_R, and the chloramphenicol
resistance gene with the cognate promoter was amplified from plasmid pValac (55) using primer pair
403BamCmF/403SalCmR. The two fragments (with 36 overlapping base pairs) were fused by PCR, using
the outer primers SQRNA_F and 403SalCmR. The 1.4-kb amplicon was subsequently cloned into BamHI/
Acc65l-digested pSIP403 (15), using an In-Fusion HD cloning kit (Clontech Laboratories, Mountain View,
CA), resulting in plasmid pSgRNA-notarget. This plasmid was used as a starting point for the insertion of
gene-specific sgRNAs.

Gene-specific base-pairing regions for the sgRNAs were selected according to criteria previously used
for other bacteria (22, 56). Shortly, we used CRISPR Primer Designer (57) to find potential protospacer-
adjacent motif (PAM) sites (5'-NGG-3’) and adjacent base-pairing regions close to the 5’ end of the gene
of interest. Base-pairing sequences binding to the nontemplate DNA strand were selected. BLAST
searches (using the PAM-proximal 12 bp of the sgRNA as the query) against the WCFS1 genome were
performed to ensure that there were no secondary target site on the genome. To verify that the
base-pairing region does not interfere with the secondary structure of the dCas9 handle region, RNAfold
from the ViennaRNA package was used to predict the sgRNA secondary structure.

New sgRNA plasmids were then constructed using inverse PCR. The base-pairing regions were
introduced as overhangs in the forward primer, while the reverse primer was 5'-phosphorylated.
Following inverse PCR, the template plasmid was digested using Dpnl at 37°C for 2 h. The amplified PCR
fragment were self-ligated using T4 DNA ligase (NEB) following the manufacture’s protocol and trans-
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)® Reference or source
Strains
E. coli TOP10 Cloning host Thermo Fisher
E. coli DH5« Cloning host Laboratory stock
L. lactis 111403 Cloning host 60
L. plantarum WCFS1 Host strain 12
L. plantarum NZ3557 WCFS1, Aacm2:cat 34
L. plantarum IM167 WCFS1, pEV, pSgRNA-notarget This study
L. plantarum IM132 WCFS1, pSIP-SH-dCas9 This study
L. plantarum IM133 WCFS1, pSIP-SH-dCas9, pSgRNA-notarget This study
L. plantarum IM134 WCFS1, pSIP-SH-dCas9, pSgRNA-acm2 This study
L. plantarum IM137 WCFS1, pSIP-SH-dCas9, pSgRNA-dnaA This study
L. plantarum IM188 WCFS1, pSIP-SH-dCas9, pSgRNA-ezrA This study
L. plantarum IM141 WCFS1, pSIP-SH-dCas9, pSgRNA-Ip_1247 (cozE homolog) This study
L. plantarum IM142 WCFS1, pSIP-SH-dCas9, pSgRNA-Ip_2217 (cozE homolog) This study
L. plantarum IM130 WCFS1, pSIP-SH-dCas9, pSgRNA-Ip_1247-Ip_2217 (cozE homologs) This study
L. plantarum IM138 WCFS1, pSIP-SH-dCas9, pSgRNA-Ip_3683 (eloR homolog) This study
L. plantarum IM139 WCFS1, pSIP-SH-dCas9, pSgRNA-Ip_1637 (khpA homolog) This study
Plasmids
pSIP403 spp-based expression vector; Em'; 256, pUCori; P,,,:gusA 15
pSIP411 spp-based expression vector; Em; SH71 i Py, 0gusA 16
pSIPdCas9 Em?; 256,.,,, pUCori; P,,,,:dCas9 This study
pSIP-SH-dCas9 Em"; SH71 i PyypandCas9 This study
pPEPX-P3-sgRNAluc 22
pValac Template for chloramphenicol resistance gene (Cm") 55
pEV Em?; control plasmid, empty vector 61
pSgRNA-notarget Cmr, 256,,,,, pUCori P3:sgRNA-notarget This study
pSgRNA-acm2 Cmr 256,,,,, pUCori P3::sgRNA-Ip_2645 This study
pSgRNA-dnaA Cmr 256, pUCori P3::sgRNA-Ip_0001 This study
pSgRNA-ezrA Cmr 256,,,,, pUCori P3::sgRNA-Ip_2328 This study
pPSgRNA-Ip_1247 Cmr 256,,,, pUCori P3::sgRNA-Ip_1247 This study
pSgRNA-Ip_2217 Cmr 256,,,, pUCori P3::sgRNA-Ip_2217 This study
pPSgRNA-Ip_1247- Ip_2217 Cmr 256, pUCori P3::sgRNA-Ip_1247-Ip_2217 This study
pPSgRNA-Ip_3683/eloR Cmr 256,,,, pUCori P3::sgRNA-Ip_3683 This study
pSgRNA-Ip_1637/khpA Cmr 256, pUCori P3::sgRNA-Ip_1637 This study

9Em, erythromycin; Cm, chloramphenicol.

formed into E. coli. Purified sgRNA plasmids were verified by sequencing and transformed into electro-
competent L. plantarum harboring pSIP-SH-dCas9.

Construction of double-sgRNA plasmid. A plasmid for simultaneous depletion of Ip_1247 and
Ip_2217 (pSgRNA-Ip_1247-Ip_2217) was made using BglBrick cloning (58). Plasmid pSgRNA-Ip_1247 was
digested using EcoRI and Bglll, while the sgRNA-Ip_2217 fragment was digested from plasmid pSgRNA-
Ip_2217 using EcoRIl and BamHI and was ligated into the EcoRI/Bglll sites of plasmid pSgRNA-Ip_1247 to
generate the double-sgRNA plasmid (see also Fig. 6A).

Total RNA extraction and cDNA synthesis. Overnight cultures of L. plantarum harboring pSIP-SH-
dCas9 and sgRNA plasmids were diluted in fresh MRS medium with appropriate antibiotics to an ODgq,
of 0.01 and induced with 25ng/ml IP-67 (SpplP) (45) (Caslo, Lyngby, Denmark). In dose-response
experiments, the inducer concentration range from 0 to 25 ng/ml. When cultures reached an OD,,, of
0.4, 5 ml of culture was added to an equal volume of Bacteria Protect (Qiagen, Hilden, Germany) and the
culture was subsequently harvested by centrifugation for 10 min at 5000 X g and 22°C. Total RNA was
extracted using an RNeasy minikit (Qiagen). Cell pellets were resuspended in 700 ul RLT buffer (Qiagen)
with 1.5% B-mercaptoethanol. For lysis by mechanical disruption, the suspensions were transferred to
2 ml lysing matrix B tubes (MP Biomedicals) and placed in a FastPrep-24 instrument (MP Biomedicals) at
6.5 m/s for 30 s. The agitation was repeated three times with a 1-min pause between agitations. Further
steps were carried out according to the protocol provided by the manufacturer (Qiagen). After extraction,
a Heat&Run genomic DNA (gDNA) removal kit (ArcticZymes, Tromsg, Norway) was used according to the
manufacturer’s instructions to remove residual gDNA. The concentrations of the RNA samples were
determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc, Waltham, MA). cDNA
was synthetized by the use of iScript Reverse Transcription Supermix (Bio-Rad, Hercules, CA, USA), where
100 ng RNA was used as the template. Negative controls (not containing reverse transcriptase) were
prepared for each sample to check that all gDNA had been removed. Reactions were set up as described
by the manufacturer. To prevent saturation of template in droplet digital PCR reactions, all cDNA samples
were diluted 100X.

Droplet digital PCR (ddPCR). ddPCR was performed by mixing 11 ul of 2X EvaGreen Supermix
(Bio-Rad), 1 ul of 2 uM stocks for each primer (see Table 2), and distilled water (dH,0) to reach a total
volume of 20 ul for each reaction. The mix was dispersed into PCR strips, and then 2 ul of the template
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TABLE 2 Primers used in this study

Primer and category Sequence (5'-3')¢

Cloning
403BamCmF TATGCGTGCGGGATCCTTATTTGCTGAAAATGAGGAATTAAAAAAAGA
403SalCmR GTGCTTTGCCGCATGCGTCGACTTATAAAAGCCAGTCATTAGGCCT
SgRNA_F GACTGGCTTTTATAAGTCGACGCATGCGGCAAAGCACTCAAAAGT
SgRNA_R TCGAACCCGGGGTACCACTTAAAAAAAAACCGCGCCCT
Cas9NcoF AGTATGATTCCCATGGATAAGAAATACTCAATAGGCTT
Cas9XhoR TACCGAATTCCTCGAGGTCGACTTAGTCACCTCCT

sgRNA
Phospho-sgRNA_promoter_R Phosphp-5'-TATAGTTATTATACCAGGGGGACAGTGC
ezrA_lp_2328SgRNA GTTGCCGTTCCGTCAATTGAGTTTAAGAGCTATGCTGGAAACAG
Ip_p2645F TTTCCCTTAGTCGCAGCTGCGTTTAAGAGCTATGCTGGAAACAG
mk277_sg_lp0001_dnaA TCGAGTTGGAGTGGTTTTGCGTTTAAGAGCTATGCTGGAAACAG
mk281_sg_lp1247 ACACTTAAAAACGTGCCGATGTTTAAGAGCTATGCTGGAAACAG
mk282_sg_lp2217 CACCGTTGTTTCTGTGAATCGTTTAAGAGCTATGCTGGAAACAG
mk276_sg_lp2189_divIVA CCAAGAACGGTTGGACTCGAGTTTAAGAGCTATGCTGGAAACAG
mk278_sg_Ip3683 (eloR) ACCGTTAGCCGTACTTGGGCGTTTAAGAGCTATGCTGGAAACAG
mk279_sg_Ip1637 (spr0683) AACTAACGGGGTGACAACCGGTTTAAGAGCTATGCTGGAAACAG

ddPCR
Lp_1247_F CACGATTACGAGTGTGACGA
Lp_1247_R CTAGAAATCGTGTCGCCCAT
Lp_2217_F CCATGGATGTTGGTCCAAGT
Lp_2217_R CAAGATCGCATAGCCTGGAA
Lp_2645_F ATTCTGGAAAGTGGTTGGGG
Lp_2645_R ACTTCCGAAAAGCGTCTTGA

aRestriction sites are indicated in italics; base-pairing regions in the sgRNA primers are underlined.

was added. The reaction mixtures were loaded into a QX200 system (Bio-Rad) for droplet generation.
Droplet generation required 20 ul of sample and 70 ul of droplet generation oil for EvaGreen (Bio-Rad).
Droplets were created in a volume of 40 ul and were transferred to a High-Profile 96-well PCR plate
(Bio-Rad). The plate was sealed using a PX1 PCR plate sealer (Bio-Rad) and put into a thermocycler with
a ramp rate of 2°C/s. The cycling program was 95°C for 10 min, 40 cycles of 95°C for 30's and 60°C for
1 min, and then 4°C for 5 min and 90°C for 5 min, followed by an optional infinite hold at 4°C. After
amplification, droplet signals were analyzed using a QX200 reader (Bio-Rad). Data were analyzed using
QuantaSoft Analysis Pro with the default setup. Only results from wells where RNA samples were
partitioned in >10,000 droplets were included in further calculations.

Phase-contrast and fluorescence microscopy analysis. To prepare samples for microcopy analysis,
overnight cultures of L. plantarum were diluted in fresh MRS medium with appropriate antibiotics to an
ODgy, of 0.01 and induced with 25 ng/ml SpplP (Caslo). When the ODy,, reached 0.4, 80-ul samples were
collected and subsequently mixed with 31.25 ug/ml DAPI for staining of DNA. A Zeiss AxioObserver and
ZEN blue software were used for microscopy, and images were taken with an Orca-Flash4.0 V2 Digital
complementary metal-oxide semiconductor (CMOS) camera (Hamamatsu Photonics) through a 100X PC
objective. An HPX 120 llluminator was used as a light source for fluorescence microscopy analysis.

Growth assays. Growth assays were conducted in a Synergy H1 hybrid reader (BioTek). Overnight
cultures of L. plantarum were diluted to an OD,, of 0.01 in fresh MRS medium containing appropriate
antibiotics. Cell suspensions were dispersed in a 96-well microtiter plate with 270 ul culture in each well.
Cultures were induced with 25 ng/ml SpplP (Caslo). OD,, was measured every 10 min at 37°C during growth.
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