Regulation of cell wall glycopolymers in

Staphylococcus aureus

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultéat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
Daniela Keinhorster

aus Essen

Tubingen
2019



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Eberhard Karls Universitat Tubingen.

Tag der mindlichen Qualifikation: 19.09.2019
Dekan: Prof. Dr. Wolfgang Rosenstiel
1. Berichterstatter: Prof. Dr. Christiane Wolz

2. Berichterstatter: Prof. Dr. Andreas Peschel



Meiner Familie



Contents

SUIMIMIATY ettt ettt e et et r e et r e et b e e e et e e e et e e e e e e e ea e e e e e e eaa e e eaaneeeanneeenas 1
ZUSAMMENTASSUNG ....uue et e e e e e et e e e e e e e e e et e e e e e e e e aeeaaaa e e e e eeeeeeesnnnnnnnas 2
List Of PUBIICAtIONS ... 3
Contribution tO PUDIICALIONS .........uuiiiiiiiiiiiiiiiiii e 4
INETOAUCTION ...t 5
Staphylococcus aureus and its clinical relevance ............ccccovvveeeiiiiiiiiiiiiee e 5
Virulence regulation iN S. QUIEUS...........uuiiiie e e e e e 5
Role of virulence regulation in CA-MRSA........oooiiiiiieeeeeee 8
Cell wall glycopolymers Of S. @UIEUS..........uuuuuuiiiiiiiiiiiiiiiiiiiiieeeeeeeaes 8
A e 11
RESUILS. ..ot e e e e e e e e 12
Regulation of WTA DIOSYNTNESIS .......vuuiiiiiiciieeeeeie e 12
Regulation of CP bioSYNthESIS ........ovviiiiiiiecceeeee e 18
DISCUSSION ...ttt ettt e et e e e e e e s e et e e e e e e e s r e e e e e e e e e e nnnr e 28
Regulation of WTA DIOSYNTNESIS .......vvviiiiiieiiceeeee e 28
Regulation of CP DIOSYNtNESIS .......ccovviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e 30
Cell wall glycopolymers in CA-MRSA ... 33
RETEIENCES ... 34
APPENAIX e 43
Wall teichoic acids mediate increased virulence in Staphylococcus aureus.......... 43

Reuvisiting the regulation of the capsular polysaccharide biosynthesis gene cluster
IN StAPNYIOCOCCUS AUIBUS .....uuiiiiiiiiiiiiiiiiiiiitiieitie bbb sbaneenneee 56

Function and regulation of Staphylococcus aureus wall teichoic acids and capsular

POIYSACCNANAES. ... .o e 73
DANKSAGUNG ....coiiiiiiiiiiee ettt 82
(@0 Tt U111 g AV | = TSRS 83

Eidesstattliche ErkI&rung ... 84



Summary

The human pathogen Staphylococcus aureus is a leading cause of bacterial infections
worldwide and a growing threat due to the development of antibiotic resistances. A
special concern is the emergence of highly pathogenic community-associated
methicillin-resistant S. aureus (CA-MRSA). While there is not much known about the
molecular basis for their enhanced virulence, it likely involves upregulation of several
virulence factors. As such, this thesis focusses on the regulation of the cell wall
glycopolymers wall teichoic acids (WTA) and capsular polysaccharide (CP) and their
impact on CA-MRSA virulence. For WTA, we were able to show that an increased
WTA amount in the cell wall contributes to enhanced virulence of CA-MRSA. This is
mediated by increased tarH expression as a result of enhanced Agr activity and
derepression of tarH by the Agr antagonist Rot. CP is important for immune evasion
due to its anti-phagocytic properties. However, since it simultaneously inhibits
adherence by masking the underlying adhesins, both the presence and the absence
of CP has been reported to be advantageous for S. aureus. While there are several
acapsular strains emerging due to mutations in the capsular biosynthesis gene cluster
(capA-capP) or the promoter region (Pcap), CP synthesis can also be switched off in
response to environmental conditions via a complex regulatory network. Furthermore,
CP expression has been shown to be strictly temporal and only present in a subset of
stationary phase cells. We could show that on the transcriptional level this peculiar
expression pattern is the consequence of direct SigB-dependent regulation and
interference of cap repressors such as Rot, CodY and SaeR with the Pcap upstream
region. Interestingly, this part of the promoter also contains a weak SigA-dependent
promoter. Next to transcriptional regulation, there are post-transcriptional mechanisms
involved to avoid conflict between precursor usage by the different cell wall
glycopolymer biosynthesis machineries in growing bacterial cells. Of note, strains from
the prominent CA-MRSA USA300 lineage are usually acapsular. This could be one
strategy to ensure the high precursor amounts needed for increased WTA biosynthesis
and to avoid possible opposing functions of CP and WTA in regard of adhesion.
Elucidating the regulation of WTA and CP biosynthesis contributes to increase their
potential as antigen in vaccine development and as prospective target for novel anti-

infective strategies.



Zusammenfassung

Der humanpathogene Erreger Staphylococcus aureus ist Hauptverursacher
bakterieller Infektionen weltweit und stellt durch die Entwicklung von
Antibiotikaresistenzen eine wachsende Bedrohung dar. Besonders besorgniserregend
ist das Aufkommen hoch pathogener ambulant erworbener Methicillin-resistenter S.
aureus (CA-MRSA). Deren erhdhte Virulenz ist unter anderem Folge einer verstarkten
Expression verschiedener Virulenzfaktoren. Im Rahmen dieser Arbeit sollte daher die
Regulation der beiden Zellwand-Glykopolymere Wandteichonsduren (WTA) und
Kapselpolysaccharid (CP) untersucht und ihr Beitrag zur CA-MRSA Virulenz bestimmt
werden. Wir konnten zeigen, dass ein erhéhter WTA-Gehalt in den Zellwanden von
CA-MRSA zu deren gesteigerten Virulenz beitragt. Dies geschieht durch vermehrte
tarH Expression als Folge verstarkter Agr-Aktivitat und damit einhergehender
Derepression von tarH durch Rot. CP spielt durch seine anti-phagozytischen
Eigenschaften eine wichtige Rolle bei der Immunevasion, maskiert jedoch gleichzeitig
darunterliegenden Adhasine. Somit ist auch der Verlust von CP durch Mutationen in
den Biosynthesegenen (capA-capP) oder in der Promotorregion (Pcap) vorteilhaft fur
manche S. aureus Stamme. Daruber hinaus kann die Kapselsynthese je nach auf3eren
Bedingungen durch ein komplexes regulatorisches Netzwerk ausgeschaltet werden.
Generell ist die Kapselexpression streng temporar und heterogen, sodass nur ein Tell
der Stationar-Phasen-Zellen kapselpositiv ist. Wir konnten zeigen, dass dieses
Expressionsmuster auf transkriptioneller Ebene eine Folge direkter SigB-Regulation
und der Interaktion zahlreicher cap Repressoren wie Rot, CodY und SaeR mit der
oberen Pcap-Region ist. Interessanterweise enthalt diese Promotorregion auch einen
schwachen SigA- Promotor. Neben der transkriptionellen Regulation sind auch post-
transkriptionelle Mechanismen vorhanden, um eine sinnvolle Verteilung des
gemeinsamen Grundbausteins der verschiedenen Glykopolymere in wachsenden
bakteriellen Zellen zu gewahrleisten. Es ist zu erwahnen, dass der bekannte CA-
MRSA Vertreters USA300 einen kapselnegativen Phénotyp aufweist. Dies kénnte
dazu dienen hohe Mengen des gemeinsamen Grundbausteins fur die erhohte WTA-
Biosynthese sicherzustellen und mogliche gegenséatzliche Funktionen der beiden
Glykopolymere in Bezug auf Adhé&sion zu verhindern. Die Aufklarung der Regulation
der WTA- und CP-Biosynthese erhdht das Potential dieser Strukturen als Antigen in

der Impfstoffentwicklung und als zuklnftiges Ziel neuer anti-infektiver Strategien.
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Introduction

Staphylococcus aureus and its clinical relevance

The human pathogen Staphylococcus aureus is a leading cause of bacterial infections
worldwide, ranging from moderately severe infections like minor skin, soft tissue or
respiratory infections to dramatic and life-threatening forms of disease manifestations
like necrotizing fasciitis or necrotizing pneumonia [1-3]. However, S. aureus is also a
commensal organism and inhabits the nostrils of about 30% of healthy individuals [1].

This asymptomatic colonization constitutes a major risk for subsequent infection [1].

Antibiotic resistance has become a major complication when treating S. aureus
infections [3]. Already two years after the clinical introduction of the first antibiotic
penicillin, penicillin-resistant S. aureus was detected. Today, most infectious S. aureus
isolates show resistance towards penicillin [3]. To overcome this problem the
semisynthetic methicillin was created. However, the first methicillin-resistant S. aureus
(MRSA) was identified only one year after methicillin was first clinically used [3,4].
Nowadays, MRSA is spread all over the world and is endemic in most hospitals and
healthcare facilities in industrialized countries, where it makes up to 50% of infectious
S. aureus isolates [3]. Next to healthcare-associated MRSA (HA-MRSA) infections,
which normally require predisposing risk factors or illnesses, there are now community-
associated MRSA (CA-MRSA) emerging with the capacity to infect healthy individuals
with no history of hospitalization [1,3]. This suggests that these bacterial strains have
greater virulence than the traditional HA-MRSA [1].

Virulence regulation in S. aureus

Virulence of S. aureus is multi-factorial and depends on a series of toxins, adhesins,
immune evasion factors and other virulence determinants [3,5-7]. Regulation of these
different virulence factors is very complex and involves several two-component
systems (TCS), transcription factors and the alternative sigma factor B (SigB) [8].
Usually the expression of virulence genes is not just controlled by a single regulator
but by a network of various interacting regulators. Two well-studied virulence
regulators in S. aureus are the TCS Agr and Sae, which allow the bacteria to sense

and respond to environmental signals by activation and repression of genes. TCS
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generally consist of a sensor kinase that is auto-phosphorylated upon activation by a
certain signal. The phosphate group is then transferred to a response regulator that

activates or represses transcription of the target genes [9].

The histidine sensor kinase SaeS of the Sae system was shown to be activated in
response to human neutrophil peptides [10]. The corresponding phosphorylated
response regulator SaeR impacts target gene expression by direct binding to their
promoters [11]. Of note, activation or inhibition of the Sae system often seem to be
strain dependent, especially as several SaeS variants exist which differ in their kinase
activity [12,13].

As a quorum sensing system the Agr system encodes a typical auto-activation circuit
[14]. Thereby the two proteins AgrA and AgrC constitute a classical two-component
signaling module, whereas AgrB and AgrD combine to generate the activating ligand,
the autoinducing peptide [14]. This signal molecule binds to and activates the sensor
histidine kinase AgrC, which activates the response regulator AgrA, upregulating the
promoter of the agrBDCA operon and leading to transcription of the RNAIII effector
molecule [14]. Agr exerts many of its effects via repression of the transcription factor
Rot [15,16]. This is mediated by the annealing of RNAIII to rot mRNA, resulting in
repression of translation initiation and derepression of Rot-regulated target genes (Fig.
1A) [17]. With increasing activity towards higher cell densities, the Agr system is known

for the growth phase-dependent regulation of adhesins and exoproteins [14,18].

An important example of a transcription factor in S. aureus is CodY, which is known to
regulate several metabolic and virulence genes by direct DNA binding. Of note binding
is influenced by the presence of the branched chain amino acids and GTP, making

CodY most active under conditions of nutrient excess [19].
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Fig. 1 Mechanism of target gene regulation by the Agr system and the alternative sigma factor B (SigB). (A)
The quorum sensing system Agr controls gene expression in a cell density-dependent manner. Upon activation of
Agr its effector molecule RNAIIl is expressed. RNAII anneals to rot mRNA which results in repression of translation
inititation and derepression of Rot-regulated target genes. Thus, Agr and RNAIII function as gene activators (green)
and Rot as gene repressor (red). (B) In its inactive state SigB is bound by the anti-sigma factor RsbW, which in
addition is able to phosphorylate the anti-sigma factor antagonist RsbV. Upon stress the phosphatase RsbU
becomes activated and dephosphorylates the inactive anti-sigma factor antagonist RsbV-P. Unphosphorylated
RsbV can interact and complex with RsbW, thereby releasing SigB which is then able to aggregate with the RNA
polymerase and form an active holoenzyme for transcription of its target genes.

SigB is involved in the general stress response of S. aureus and was shown to regulate
many virulence genes and other global virulence regulators [21,22]. SigB is activated
upon environmental conditions like acid stress [23], heat stress, salt stress, alkaline
stress [20,24] or antibiotic exposure [25] and towards stationary growth phase [24].
Regulation of SigB itself in S. aureus primarily occurs on the post-translational level,
involving the anti-sigma factor RsbW, the anti-sigma factor antagonist RsbV as well as
the phosphatase RsbU (Fig. 1B) [20]. On the transcriptional level the rsbUVWsigB
operon is controlled by three distinct promoters [20]. Of note, the cold shock protein
CspA was shown to bind and stabilize the rsbVWsigB transcript [26], thereby

increasing the expression of sigB and SigB-dependent genes [27-29].
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Role of virulence regulation in CA-MRSA

For CA-MRSA it was observed that enhanced virulence was accompanied by more
efficient evasion of the host defence systems, likely determining their increased
virulence potential [4,30]. While S. aureus has developed several strategies for
immune evasion, the most crucial is likely the production of toxins that kill human
leukocytes [4]. Therefore, a specific toxin repertoire or enhanced toxin production
seems to be the basis for enhanced CA-MRSA virulence [30]. While on the one hand
additional toxins can be expressed due to the acquisition of novel genes, on the other
hand toxins encoded on the core genome can be upregulated by differential gene
expression [1,3,4,30]. Recent findings suggest that the Agr system has a strong impact
on CA-MRSA virulence by controlling all S. aureus toxins involved in immune evasion
[31]. Thus, high expression of Agr may contribute to the increased expression of these
virulence factors in CA-MRSA [4,30]. However, Agr does not only upregulate immune
evasion toxins but is also involved in the regulation of surface binding proteins and
other virulence factors like secondary cell wall glycopolymers [32-37].

Cell wall glycopolymers of S. aureus

Secondary cell wall glycopolymers are part of the cell envelope and as such involved
in host cell interaction. Two prominent examples are wall teichoic acids (WTA) and
capsular polysaccharide (CP), which are considered promising targets for anti-infective
therapies and vaccines [7,38]. The following information is based on the accepted
review article “Function and regulation of Staphylococcus aureus wall teichoic acids
and capsular polysaccharides”, which can be found in the Appendix for further
introduction. Of note, the review already contains results that are described and

discussed in more detail in the Results and the Discussion sections.

Wall Teichoic Acids

WTA has multiple functions ranging from maintenance of cell wall biosynthesis, cellular
physiology, phage interaction, host cell adhesion, antibiotic resistance and immune
regulation [7,39,40]. It is present in all analysed S. aureus strains and in most clonal
lineages consists of a polyribitol-phosphate backbone [7,41], which is modified with D-
alanine and N-acetylglucosamine (GIcNAC) residues. Despite being a dominant

surface epitope with multiple roles in host infection, little is known about WTA
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regulation. This might be due to the fact that the genes involved in WTA biosynthesis
(tarO, tarAHGBXD, tarl’'J’KFIJL, mnaA) and modification (ditXABCD, tarM, tarS, tarP)
are scattered throughout the genome. It could be shown that WTA chain length is
determined by the Agr system which regulates expression of the RboP polymerase
TarK [32]. Furthermore, it was demonstrated that WTA modification is sensitive to
changing environmental conditions [42-44]. In particular, the dIt operon is regulated by
the TCS ArIRS [43] and GraRS [45] as well as by the transcription factor MgrA [46] in

response to different environmental stimuli.

Capsular Polysaccharide

Due to its anti-phagocytic properties CP is an essential virulence factor involved in
immune evasion [47,48]. However, CP also inhibits adherence of the underlying
adhesins so that the presence as well as the absence of CP has been reported to be
advantageous for S. aureus [49,50]. Acapsular strains usually carry mutations in any
of the capsular biosynthesis genes or in the promoter region [49,51]. In particular,
strains from the USA300 lineage are CP-negative due to conserved mutations in the
capb locus [52]. However, a recent study suggests that USA300 strains might indeed
produce CP during infection [53]. Of note, CP synthesis is also highly dependent on
environmental conditions, generally low during exponential growth phase [33,34,54-

57] and strongly heterogeneous in stationary growth phase [33,34,58-62].

The most prevalent CP serotypes are serotype 5 and 8 [50], which both consist of
trisaccharide repeating units of D-N-acetyl mannosaminuronic acid, L-N-acetyl
fucosamine, and D-N-acetyl fucosamine. Only the linkages between the sugars and
the site of O-acetylation of the mannosaminuronic acid residues are different [63-66].
Regulation of both serotypes is also very similar as their corresponding biosynthesis
gene clusters (capA-capP) are allelic [67] and share a highly conserved promoter
region (Pcap) [68]. The operon is mainly transcribed as single large 17 kb transcript
[69,70]. Pcap activity generally correlates with CP synthesis, indicating that regulation
occurs predominantly on the transcriptional level [34,59,60,62,70]. However, the
molecular mechanisms of cap regulation are elusive. A transcriptional start site (TSS)
has been determined, which is not preceded by a classical sigma factor consensus
sequence [70]; instead, there were several inverted and direct repeats identified in Pcap,
amongst which a 10 bp inverted repeat (IR) was shown to be crucial for promoter

activity [70]. The IR was proposed to function as an operator site for the cap activators
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RbsR, which functions as repressor of the rbsUDK operon and is thus involved in
ribose uptake [71], and MsaB [72], which is also annotated as cold shock protein CspA.
In addition to these two regulators there were several other transcription factors (MgrA,
CcpA, RpiR, SpoVG, CcpE, XdrA, CodY, Rot), TCS (Agr, ArIRS, KdpDE, AIirRS,
SaeRS) and SigB shown to be involved in regulation of cap expression [7,50].
However, it is not known how all these regulators modulate cap expression and how

they contribute to the peculiar expression pattern.
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Aim

Cell wall glycopolymers like WTA and CP are important virulence factors as they play
a major role in S. aureus colonization, pathogenesis and bacterial evasion of the host
immune defences. Thus, they are evaluated as targets for anti-infective therapies and
vaccines. However, synthesis and modification of these molecules is highly variable

and mechanisms involved in their regulation are only partially understood.

The first part of the thesis focusses on WTA which is known to play key roles in cellular
physiology, colonization, pathogenesis and immune evasion of S. aureus. Being such
a dominant molecule it is likely that WTA contributes to the increased virulence of
highly pathogenic S. aureus strains. With highly virulent CA-MRSA strains on the rise,
it is of great importance to understand how their increased virulence potential is
generated in order to develop new approaches to controlling this important bacterial
pathogen. Previous reports indicate that the ability of CA-MRSA to evade human host
defence systems is one of the predominant factors assumed to be associated with
enhanced virulence. However, the impact of cell wall components has not been studied
so far. Here, | aimed to investigate the role of WTA in CA-MRSA virulence and to
determine the molecular differences regarding WTA regulation in CA-MRSA versus
HA-MRSA strains.

In the second part of the thesis the focus lies on CP regulation. Due to its anti-
phagocytic properties which are important for immune evasion, but also the
simultaneous inhibition of adherence by masking underlying adhesins, either the
presence or absence of CP has been reported to be advantageous for S. aureus. In
addition, CP expression has been shown to be strictly temporal and only present in a
subset of stationary phase cells. Together, this might explain the failure in clinical trials
when CP is used alone as antigen in vaccine development against S. aureus. Despite
a lot of research on CP regulation, the mechanisms responsible for the peculiar
expression pattern are still unknown. Here, | aimed to revisit the Pcap promoter
architecture and to investigate the molecular interference of different regulatory
elements involved in cap regulation in order to determine the molecular basis for the

distinct CP expression pattern.
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Results

Regulation of WTA biosynthesis

The results presented here are part of the accepted research article “Wall teichoic
acids mediate increased virulence in Staphylococcus aureus”, which can be found in

the Appendix.

Elevated WTA levels in the cell walls of CA-MRSA strains contribute to their
enhanced virulence

To investigate whether there is a difference regarding WTA amounts in the cell walls
of CA-MRSA and HA-MRSA and if this plays a role for the enhanced virulence of CA-
MRSA we measured the WTA content of several strains using a colorimetric assay.
We found that the CA-MRSA strains MW2 and USA300, as well as the clinical isolate
103 contained more WTA in their cell wall fractions in comparison to the non-CA-MRSA
laboratory strain SA113 and the clinical isolate 331865. According to their WTA content
the strains were grouped into WTAM" (MW2, USA300, 103) and WTA" (SA113,
331865) strains (Fig. 2A). In addition, also the HA-MRSA strain USA500 was found to
exhibit decreased WTA amounts and was thus classified as WTA°Y, Of note,
differences in WTA polymer length between WTAM" and WTA°¥ strains could not be
observed.

As readout for virulence we tested the ability of the purified cell wall fractions as well
as of live bacterial cells to induce abscess formation in mice. Interestingly, WTARgh
strains and their cell wall fractions induced skin abscess formation more efficiently than
WTAW strains. To exclude that WTA modification contributes to cell wall mediated
abscess formation we also analyzed D-alanine and GIcNAc amounts of the isolated
WTA and expression of the corresponding modification enzymes via quantitative real-
time PCR (gRT-PCR). We could not detect differences in D-alanine levels and dlt
expression between WTAMI" and WTA!®Y strains. Of note, in line with elevated tarM
and tarS expression USA300 showed slightly increased GICNAc amounts in its WTA.
However, using cell wall fractions from USA300 lacking the two GIcNAc-transferases
TarM and TarS, an impact of GIcNAc modification on abscess induction could not be
detected. Thus, we concluded that the enhanced WTA content found in CA-MRSA

strains contributes to increased virulence.

12



Results

| rRNAII
800 NS e

NS
24
NS
g T
SAT13 331865 USA300 MW2 103
WTAlow WTAhigh
0 T T

o
o
o
1
RNAIII/gyrB

P; (nmol per mg cell wall)
»
o
S
1

N

o

o
1

SAT113 331865 USA300 MW2 103 gg ] &
61
WTAlow WTAhigh 333 tarH T
331 B
B D "7

| tarH

- — 2
" L

tarH/gyrB

tarH/gyrB
N
1

‘I_ NS

LIRS )

. B b
SATI3 331865 USA300 MW?2 103 wt Aagr wt Aagr wt Aagr wt Aagr wt Aagr
WTAlw WTARigh SAN3 331865 USA300  MW2 103

WTAlow WTARigh

Fig. 2 Amounts of WTA in the cell wall fractions of S. aureus strains and transcriptional analysis by gRT—
PCR (Figure and Figure legend modified from Figure 1, Wanner et al., 2017, Nature Microbiology). (A) The
amount of WTA of different S. aureus strains is depicted as nmol inorganic phosphorus (Pi) per mg cell wall dry
weight. Shown are means + standard error of the mean (SEM) for n=8-11 independent WTA isolations. P values
for multiple comparisons were determined by one-way ANOVA with Tukey’s post-test. *P < 0.05, **P < 0.01, ***P <
0.0001. NS, not significant. (B) Transcriptional analysis of the WTA biosynthesis gene tarH and (C) RNAIII, the
downstream regulator of the global virulence Agr regulon from in vitro cultures grown to stationary phase in WTAPigh
strains and WTA"®" strains. The expression of transcripts was quantified relative to the transcription of gyrase.
Shown are means = SEM for n = 6 independent experiments. P values for multiple comparisons were determined
by one-way ANOVA with Tukey’s post-test. *P < 0.05, **P < 0.01, **P<0.0001. (D) Transcriptional analysis of the
WTA biosynthesis gene tarH. from in vitro cultures grown to stationary phase in WTAPSh WTAPY and their
corresponding Aagr mutant strains. The expression of transcripts was quantified relative to the transcription of
gyrase. Shown are means + SEM for n = 6 independent experiments. Statistically significant differences between
WTANSh and WTA!?" and their respective mutant strains were determined by Student’s t-test. *P < 0.05, **P < 0.01,
**pP < 0.001.

The WTAMI" phenotype is a consequence of tarH overexpression

With all analysed strains sharing the same ribitol-WTA structure and biosynthesis
pathways we aimed to understand the underlying molecular mechanisms leading to
the different WTA contents in WTAM" and WTA" strains. Therefore, WTA
biosynthesis gene expression of in vitro cultures was quantified at two distinct growth

phases (logarithmic and stationary growth phase) using gRT-PCR. Of the analyzed
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genes (tarO, tarA, tarK, tarL, tarG and tarH) only tarH transcription was significantly
increased in WTANI" strains compared to WTA!°¥ strains. However, this effect was only
observed in stationary growth phase (Fig. 2B). The same result was observed for the
USAS5Q0 strain. tarH encodes for the energizing ATPase subunit of the TarGH ABC
transporter, which is responsible for the transport of mature WTA over the cytoplasmic
membrane [7,73]. Hence, we wondered whether high tarH expression would increase
WTA export and result in a WTAMI" phenotype. Indeed, upon overexpression of tarH
from a plasmid the WTAM9" phenotype could be restored in WTA°% strains, whereas
transformation with the empty plasmid did not affect WTA levels (Fig. 3B). Thus, WTA
translocation likely constitutes the rate limiting step in WTA biosynthesis and

determines WTA contents in the cell wall.

tarH overexpression is mediated by high Agr activity in WTAMA" strains

The Agr system has previously been shown to be more active in CA-MRSA strains
[30,31,74] and is known to affect expression of virulence factors during the transition
from exponential to stationary growth phase in vitro [8]. With tarH being more
expressed in WTAPI" strains and only towards stationary growth phase it seems likely
that tarH is Agr-controlled. To investigate whether Agr is differentially expressed in
WTAPNh and WTAP" strains we measured the expression of the Agr effector molecule
RNAIII in stationary growth phase by gRT-PCR. Indeed, WTAM" strains revealed
higher RNAIII levels than WTA®W strains (Fig. 2C). This was also true for the USA500
strain. Of note, the WTA!°" strain SA113 is a naturally occurring agr deletion mutant for
which no RNAIII expression could be detected. Next, we compared tarH expression in
the different strain backgrounds and their corresponding agr mutants via gRT-PCR.
While there was no difference in tarH expression between WTA®Y wildtype and agr
mutants, tarH expression was significantly decreased in agr mutants of WTAMS" strains
(Fig. 2D). Thus, it seems that the WTAM9" phenotype depends on a highly active Agr
system. To further proof this hypothesis, we quantified WTA content of WTAM9" and
WTA¥ strains and their agr mutants using a colorimetric assay (Fig. 3A). In line with
gRT-PCR results, mutation of agr in WTA"®Y strains had no effect on the WTA content
in their cell wall. However, in WTAM" background the WTA content of agr mutants was
significantly reduced to similar levels as in WTA°Y wildype and agr mutants.
Furthermore, WTA amounts followed Agr activity by increasing during logarithmic
growth and peaking in stationary phase. Due to higher Agr activity this effect was more
pronounced in WTAM strains than in WTA°% strains and the WTAM" phenotype only
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developed at the onset of stationary phase. Taken together, there is a clear correlation
between Agr activity, tarH expression and WTA content. High Agr activity leads to
increased tarH expression and enhanced WTA content in WTAM9" strains, whereas

WTAW strains are characterized by reduced Agr activity and tarH expression.
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Fig. 3 Agr-dependent control of WTA content in the staphylococcal cell wall (Figure and Figure legend
modified from Figure 2, Wanner et al., 2017, Nature Microbiology). (A) Content of WTA in the cell wall of
WTANSh WTAlow and their corresponding Aagr mutant strains. The amount of WTA is depicted as nmol inorganic
phosphorus (Pi) per mg cell wall dry weight. Shown are means + SEM for n=8-11 independent WTA isolations.
Statistically significant differences between WTAN" and WTA® and their respective Aagr mutant strains were
determined by Student’s t-test. *P < 0.05, **P < 0.01, ***P<0.001. (B) Content of WTA in the cell wall fractions of
WTANSh WTAw and their corresponding Aagr mutant strains. In addition the WTA content of WTAMS" and WTAlow
strains after tarH overexpression or containing the empty expression vector (vector control) is shown. The amount
of WTA is depicted as nmol inorganic phosphorus (Pi) per mg cell wall dry weight. Shown are means + SEM for
n=8-12 independent WTA isolations. P values for multiple comparisons were determined by one-way ANOVA with
Tukey’s post-test for each strain. *P < 0.05, **P < 0.01, ***P<0.001.
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Rot links tarH overexpression with Agr activity

Many Agr effects are exerted via repression of the transcription factor Rot [15,16]. As
a mechanism, RNAIII binds to rot mMRNA, resulting in repression of translation initiation
and derepression of Rot-regulated target genes [17]. Measuring tarH expression in
WTANSh and WTA!*" wildtype and rot mutants indeed revealed a significant repressive
impact of rot on tarH expression (Fig. 4A). For example, tarH expression levels in a
WTA®" rot mutant were similar to those in WTAN" wildtype. In addition, a WTAR" rot
agr double mutant displayed similarly elevated tarH expression levels as a rot mutant
alone, indicating that Agr influences tarH expression via Rot. The same could be
observed when analysing the WTA content of these strains (Fig. 4B). Measuring
RNAIII content in WTANS" wildtype and a rot mutant showed severely increased levels
of RNAIII in the rot mutant (Fig. 4C), hinting at direct RNAIII-rot interaction and an
altered steady state for RNAIIl when rot is missing. With Rot being a DNA-binding
protein, we wondered whether tarH repression occurs indeed by direct binding of Rot
to the tarH promoter region (P:wrH). TO address this question electrophoretic mobility
shift assays (EMSAs) were performed using whole cell lysates. To ensure high Rot
levels, cell extracts were isolated from an USA300 agr mutant. After incubation of the
cell extracts with fluorescently labelled P DNA probe and separation in an agarose
gel, a clear shift could be observed (Fig. 4D). In contrast, using cell extract from an
isogenic rot mutant, such a shift was not detectable, and the promoter fragment was
partially degraded. As a reference, the promoter of the Rot repressed hla gene (Pnia)
[75,76] was used, showing a similar shift. Thus, we could clearly demonstrate that Rot
directly represses tarH and that Agr-dependent tarH expression is mediated by
derepression of Rot via RNAIII (Fig. 4E).
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Fig. 4 Rot controls tarH expression and WTA biosynthesis downstream of RNAIIl (Figure and Figure legend
modified from Figure 3, Wanner et al., 2017, Nature Microbiology). (A) Transcription analysis of the WTA
biosynthesis gene tarH from in vitro cultures grown to stationary phase. Expression of transcripts was quantified
relative to the transcription of gyrase and adjusted to SA113. Shown are means = SEM for n = 8 independent
experiments. P values for multiple comparisons were determined by one-way ANOVA with Bonferroni’'s post-test.
*P < 0.05. (B) Content of WTA in the cell wall of WTANg" (USA300), WTANM" Arot mutant (USA300Arot), WTA'W
(SA113) and WTA”" Aagr mutant (SA113Aagr) strains. The amount of WTA is depicted as nmol inorganic
phosphorus (Pi) per mg cell wall dry weight and adjusted to SA113. Shown are means + SEM for n = 6 independent
experiments. P values for multiple comparisons were determined by one-way ANOVA with Bonferroni’'s post-test.
*P < 0.05, *P < 0.01. (C) Transcription analysis of RNAIIl in USA300 and its corresponding Arot mutant in
stationary-phase cultures. Expression of the RNAIII transcript was quantified relative to the transcription of gyrase
and adjusted to USA300. Shown are means + SEM for n = 8 independent experiments. (D) LI-COR Odyssey-based
gel shift assays with cell extracts and labelled tarH promoter. Rot binding to the promoter was visualized with cell
extracts from a Rot-expressing USA300 strain lacking agr (lane 2) and an isogenic rot mutant (lane 3). Lane 1
contains the promoter fragment without cell extract as a control. The hla promoter (red) was used as a positive
control. Rot binding to the hla promoter was visualized with cell extracts from a Rot-expressing USA300 strain
lacking agr (lane 2) and an isogenic rot mutant (lane 3). Lane 1 contains the promoter fragment without cell extract
as a control. Shown is a representative example of n = 3 independent experiments. (E) The tarH regulatory cascade;
tarH is under negative control of a Rot. Rot MRNA stability is controlled by RNAIII and at high RNAIII levels Rot-
mediated repression is relaxed.
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Regulation of CP biosynthesis

The results presented here are part of the accepted manuscript “Revisiting the
regulation of the capsular polysaccharide biosynthesis gene cluster in Staphylococcus

aureus”, which can be found in the Appendix.

Pcap consists of a SigA- and a SigB promoter

In order to understand how the peculiar CP expression pattern
(earlyOff/lateHeterogeneous) is mediated on the molecular level, we first analyzed the
structure of the principal promoter Pcap. By applying 5 Rapid Amplification of cDNA
Endings (5 RACE) we identified three putative TSS, two of which were preceded by
conserved SigB and SigA consensus sequences, respectively (Fig. 5A). Among these
the TSS preceded by the SigB motif was by far the most dominant. While the SigB-
dependent promoter in Pcap consists of a conserved SigB -35 region, its -10 region
contains three mismatches [77]. Interestingly, the SigB -35 region was located within
the IR that was previously shown to be crucial for cap expression [70]. The identified
TSS of the SigB-dependent promoter is in line with previous RNA Seq data of our
group and whole genome analyses of TSS in S. aureus [78,79]. The TSS preceded by
a SigA motif is located further upstream and is also in line with previous predictions
[79]. Of note, the TSS described by Ouyang et al. was not detected [70]. However, the
third putative TSS was located in close proximity to it but was not preceded by any
sigma factor consensus sequence, questioning the presence of a functional promoter.
Together, Pcap likely contains two promoters, one dominant SigB-dependent promoter

and an additional SigA-dependent promoter further upstream.

18



Results

-
-128
CTCATTTCACAAACTATTACTACTTTAGAGTATAATTATTTTTAATTTCATATAAATAAAAAGGCGA
[ ]
SigA
—_— ——— rb  /
-78-77 -41 -22:-21 -17 SD +1
ATTGTTTAAACGATATGTAATATGTAAATACTATATATATAATACCAATTTTAATGAAAATTTTTAAGGGAGGTAAATAATG
H e e ‘.
SigB ‘e '
[ ]
L]
B
pCG717 / pCG742 / full-length P
= sod ATG gpven
CG720 -22
p— Sod ATG gpven
pCG722 /A Pm downstream _78
. _______________________________________________________________________________________________________________| SOd ATG gpven
-77
pCG719/AP,_,, upstream sod ATG gpven
CG723 - SigB knockout
- - - sod ATG gpven
CG724 - st SigB
F)Smnglg—***S,od ATG gpven
c -77
AP_ upstream ——— ATG  capA

cap

77 *kk

AP, upstream, strong Sigh — AT G capA

Fig. 5 Pcap promoter architecture and Pcap variants employed in this study (Figure and Figure legend
modified from Figure 1, Keinhdrster et al., 2019, Molecular Microbiology). (A) Pcap (344 bp) in front of capA
with magnified SigA- and SigB-promoters. Black dots represent the putative transcriptional start sites (TSSs)
suggested by 10 analyzed 5° RACE clones. Sigma factor -35 and -10 motifs are underlined, bent arrows indicate
the corresponding TSSs. The TSS and inverted repeat (IR) structure proposed by Ouyang et al. (Ouyang et al.,
1999) are marked as black triangle and opposing arrows, respectively. Vertical dashed lines indicate sites of
promoter truncation. Numbers mark positions with reference to the ATG of capA. The native Shine Dalgarno (SD)
sequence is labelled and indicated by a box. (B) Pcap promoter fusion variants in front of an artificial ribosomal
binding site (sod) and gpven gene. Numbers show truncation sites and asterisks indicate point mutations (* -
56:G—-T; *** 58:A—G, 57:T—G, 52:A—T). (C) Genomic Pcap variants in front of capA. Numbers show truncation
sites and asterisks indicate point mutations (*** 58:A—G, 57:T—G, 52:A—T).

cap expression is directly dependent on SigB activity

Functionality of the identified promoters was assessed by measuring promoter
activities of various Pcap-gpven promoter fusion constructs [80], including deletions of
the putative SigA- and SigB-dependent promoters. Deleting the putative TSSs
described by Ouyang et al. [70] and the one we identified in close proximity to it did not
influence promoter activity. This supports that there is no active promoter in this region.
Instead, the putative TSSs may have been derived from RNA processing. When only
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the SigA-dependent promoter was present, promoter activity drastically decreased,
suggesting very weak promoter activity. In contrast, when the upstream region was
deleted and the construct only contained the SigB-dependent promoter, activity was
further increased in comparison to the full-length promoter. Thus, cap expression is
indeed driven by dual promoter activities: a weak SigA-dependent promoter located in
the upstream region plus a main SigB-dependent promoter further downstream.
Interestingly, even though containing a functional SigA-dependent promoter the main
function of the upstream region seems to be repressive. As additional controls to prove
direct involvement of SigB in cap activation, promoter activity of the native Pcap
promoter was determined in wildtype and a rsbUVWsigB mutant. Furthermore,
promoter fusion constructs with mutations in the SigB consensus to either abolish or
enhance SigB affinity were created. While deletion of sigB or a loss-of-function
mutation in the SigB consensus sequence eliminated Pcap activity, a strong SigB
consensus enhanced promoter activity compared to the native promoter. These results

clearly indicate, that SigB is directly involved in and functions as main driver of cap

expression.
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Fig. 6 SigB is the main driver of Pcap activity (Figure and Figure legend modified from Figure 2, Keinhodrster
et al., 2019, Molecular Microbiology). Promoter activities of different truncated (A) or mutated (B) Pcap fusions in
Newman wildtype. The different promoter fusion constructs are described in Fig. 5B. The promoter activity of the
full-length Pcap promoter fusion (pCG717) serves as reference and is marked in red. Mean gpVenus intensity per
ODeoo plus standard deviation of biological triplicates is shown over time.

MsaB/CspA contributes to cap activation by modulating SigB activity

Interestingly, the identified SigB -35 region was previously described as IR, functioning
as a binding site for two putative cap activators RbsR and MsaB [71,72]. To determine
if and how they interfere with the SigB-dependent promoter, the native Pcap promoter
fusion was introduced and analyzed in rbsR and msa mutants. While we could not

detect any effect of rbsR deletion on Pcap activity, in the msa mutant Pcap activity was
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indeed decreased, supporting the finding that MsaB is a cap activator. However with
MsaB being also annotated as the cold shock protein CspA which was shown to bind
and stabilize the rsbVWsigB transcript [26], we hypothesized that MsaB/CspA
activates cap by increasing SigB activity. To address this question, we made use of a
dual promoter fusion construct to simultaneously determine Pcap and Pasp23 activities.
Pasp23 Is commonly used as readout for SigB activity [77,81,82] and was fused to gpcer
[80]. With both promoters being directly controlled by SigB we found Pcap and Pasp23
activity to be highly correlated. In the msa mutant, both promoters showed weaker
activity compared to that in the wildtype. However, upon expression of sigB from a
constitutive promoter in a rsbUVWsigB negative background to avoid post-translational
regulation of SigB, msa deletion did no longer affect Pcap and Pasp23 activity. This
indicates, that msa indeed positively affects cap expression via modulation of SigB
activity. In addition, we performed EMSAs with purified MsaB/CpsA and the full-length
Pcap promoter, but even using high amounts of protein there was no shift of the labelled
DNA probe. This also supports the finding that MsaB/CspA promotes cap expression
by modulating SigB activity instead of directly binding to Pcap.
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Fig. 7 MsaB/CspA activates cap expression by modulating SigB activity (Figure and Figure legend modified
from Figure 3, Keinhdrster et al., 2019, Molecular Microbiology). Promoter activity of full-length Pcap-gpven (A)
and Pasp23-gpcer (B) dual promoter fusion (pCG742, see Fig. 5B) in Newman wildtype and a msa mutant with or
without constitutive sigB expression (const. sigB). gpCerulean (Pasp23) and gpVenus (Pcap) intensities are given per
ODsoo after 16 h of growth. Experiments were performed in biological triplicates, error bars represent the standard

deviation. Statistical significance was obtained by ordinary one-way ANOVA followed by Tukey’s multiple
comparison test (ns: not significant, ****: p<0.0001).

Pcap upstream region is of repressive function
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To further investigate the repressive function of the Pcap upstream region we focused
on the role of the three known cap repressors CodY, Rot and Sae. Therefore, full-
length Pcap as well as upstream or downstream truncated promoter variants were
introduced in codY, rot and sae single and triple mutants. Mutation of any of the three
regulators led to a significant increase of promoter activity of full-length Pcap, confirming
that they are indeed cap repressors. That their effects are additive could be observed
by the fact, that in the triple mutant the promoter activity was even higher than in the
single mutants. Interestingly, mutation of the repressors had no or only minor effects
on promoter activity when the upstream region of Pcap Was deleted, indicating that the
repressors target this region to repress cap. Of note, promoter activity of the upstream
truncated construct even exceeded that of the full-length promoter in the triple mutant.
This suggests that next to CodY, Rot and Sae, the upstream region is also targeted by
other repressors. When we additionally analyzed the effect of the repressors on the
SigA-dependent promoter which is also located within the Pcap upstream region, we
noticed that neither CodY nor Rot affected promoter activity. Only mutation of sae led
to an increase of promoter activity of the SigA-dependent promoter, even though it
remained weak compared to the full-length promoter. Thus, the three known cap
repressors CodY Rot and Sae mediate their effects by targeting the Pcap upstream
region thereby interfering with SigB-dependent promoter activity.
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Fig. 8 CodY, Rot and Sae repress cap expression by interfering with the Pcap upstream region (Figure and
Figure legend modified from Figure 4, Keinhdrster et al., 2019, Molecular Microbiology). Promoter activity of
different Pcap truncations in Newman wildtype, codY, rot, sae single and triple mutants (A-C). The different promoter
fusion constructs are described in Fig. 5B. gpVenus intensity is given per ODeoo after 16 h of growth. Experiments
were performed in biological triplicates, error bars represent the standard deviation. Statistical significance was
determined by ordinary one-way ANOVA followed by Dunnett's multiple comparison test (ns: not significant, *:
p<0.1, ***: p<0.001, ****: p<0.0001).

CodY, Rot and Sae directly bind to the Pcap upstream region
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Having shown that CodY Rot and Sae repress cap by targeting the Pcap upstream
region, the question arises whether repression occurs through direct DNA binding.
Therefore, we performed EMSAs with purified CodY, Rot and SaeR proteins. Of note,
SaeR can only bind to DNA in its phosphorylated state [11]. Thus, we created a
phosphomimetic SaeR harboring a D51E substitution. Incubating SaeRP5E with
fluorescently labelled Pcap upstream region resulted in the formation of a protein-DNA
complex. Such a protein-DNA complex could not be observed when unphosphorylated
native SaeR was used. Binding of SaeRP>!E to the Pcap upstream region is in line with
a putative binding motif located in this region [12]. Also Rot and CodY were shown to
bind specifically to the Pcap upstream region. Thus, the EMSA results are in line with
finding described above, that the three repressors target the Pcap upstream region. Of
note, CodY was previously shown to bind to the downstream region of Pcap reaching
into the coding region of capA [83]. Using such a probe in our EMSAs we could confirm
binding of CodY to the Pcap downstream region. Together, SaeR and Rot directly bind
to the Pcap upstream region, whereas CodY binds two distinct sites, one in the Pcap

upstream region and one further downstream reaching into the coding region of capA.
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Fig. 9 CodY, Rot and SaeR bind directly to Pcap upstream region (Figure and Figure legend modified from
Figure 5, Keinhorster et al., 2019, Molecular Microbiology). Electrophoretic mobility shift assays of purified
SaeRP5E (A), SaeR (B), Rot (C) and CodY (D). Increasing amounts of protein were incubated with fluorescently
labelled Pcap upstream region (-78 to -344 from capA, see Fig. 5A). As a control for specificity, shifts were subject
to competition with the promoter of the 16 S rRNA gene (unspec. comp.) or unlabelled Pcap upstream region (-78 to
-344 from capA, see Fig. 5A) (spec. comp.) in 100 fold excess. Representative pictures from at least three
independently performed experiments are shown.

SigB activity and upstream repressors contribute to the peculiar CP expression
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To confirm that all the promoter-based results described above indeed translate into
CP production, we used immunofluorescence (IF) to detect CP. This also allowed us
to determine the impact of our findings on temporal and heterogeneous CP synthesis.
In order to ensure that all bacteria are actively dividing and do not contain residual CP
from stationary phase we diluted the cultures thrice before proceeding with the IF
experiment. CP production was investigated throughout growth at five different time
points. In line with previous results, growing bacteria did not show CP production, but
as soon as they reached stationary growth phase approximately 40% of the population
became CP-positive [34]. With SigB being a known regulator of late genes
[21,22,24,78] we wanted to investigate if SigB-dependent regulation determines
growth phase-dependent cap expression. Indeed, detection of Pcap and Pasp23 promoter
activity on the single cell level via fluorescence microscopy showed the expected
growth phase dependency with the two promoters reaching their maximum activities
in stationary growth phase. Interestingly, Pasp23 activity was already detectable in some
bacteria from exponential growth phase which was not the case for Pcap activity. This
indicates that also SigB activity itself is heterogeneous but is not sufficient to activate
Pcap early in growth. We wondered if constitutive sigB expression would affect CP
production. Expressing sigB from a constitutive promoter in a rsbUVWsigB negative
background led to an earlier onset of CP production and 50% CP-positive cells in
stationary phase. However, a bigger impact on CP synthesis was observed upon
genomic deletion of the Pcap upstream region with an earlier onset of CP production
and 83% CP-positive cells in stationary growth phase. In addition, in this background
CP heterogeneity in stationary phase was strongly reduced and completely abolished
in combination with constitutive sigB expression. Thus, it seems to be the combination
of repression mediated by the upstream promoter region and SigB activity that is
responsible for heterogeneous CP expression pattern in stationary growth phase. Of
note, CP synthesis remained growth phase-dependent. To exclude that this was due
to the rather weak SigB promoter in Pcap, we altered the SigB -10 region to match the
conserved SigB consensus sequence on the chromosome of the upstream truncated
strain. In combination with constitutive sigB expression this shifted the onset of CP
production even further towards early growth but the majority of the population

remained CP-negative in early growth.
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Fig. 10 SigB regulation and upstream repressors determine temporal and heterogeneous CP synthesis
(Figure and Figure legend modified from Figure 6, Keinhorster et al., 2019, Molecular Microbiology).
Detection of CP production by bacteria from different growth phases via immunofluorescence. The wildtype strain
Newman was mutated in order to delete the upstream region (APcap upstr.), to contain a strong SigB -10 consensus
motif (SigB cons.) and/or constitutive sigB expression (sigB expr.) and grown to defined growth phase To - T4. The
different genomic Pcap variants are described in Fig. 5C. Representative pictures from at least three independent
cultures are shown.

CP synthesis is additionally controlled on the post-transcriptional level

In order to investigate whether growth phase-dependent CP production in this strain
correlates with capA transcript levels, we quantified capA mRNA via gRT-PCR and
compared it with a corresponding wildtype. While the wildtype shows strongly
repressed capA transcript levels in early growth phase, in the Pcap upstream region
truncated strain with strong SigB consensus sequence and constitutive sigB
expression, capA MRNA was stronger and constitutively expressed. With CP
production still being growth phase-dependent despite an active promoter, this

suggests the existence of post-transcriptional mechanisms of CP regulation.
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Fig. 11 capA transcription can be rendered constitutive (Figure and Figure legend modified from Figure 7,
Keinhorster et al., 2019, Molecular Microbiology). (A) Promoter activities of Pasp23-gpcer and full-length Pcap-
gpven dual promoter fusion (pCG742, see Fig. 5B) in Newman wildtype. Bacteria cells were grown to defined growth
phase To - T4. Representative pictures from at least three independent cultures are shown. (B) Bacterial cells were
harvested at different growth phases (To-T2) and total RNA was isolated. capA transcripts in Newman wild-type and
a Pcap upstream truncated strain with strong SigB -10 consensus sequence and additional constitutive sigB
expression (Newman APcap upstream, strong SigB, const. sigB) were measured by qRT-PCR and normalized to
gyr. The genomic Pcap variant is described in Fig. 5C. Experiments were performed in biological triplicates, error
bars represent the standard deviation. Statistical significance was determined by ordinary one-way ANOVA followed
by Tukey’s multiple comparison test (ns: not significant, **: p<0.01).

cap regulation is conserved in different S. aureus strains

To validate the findings that we made for strain Newman which is special in terms of
its hyperactive Sae system [84] in a different S. aureus background, we chose the
widely studied CA-MRSA strain USA300. Due to three crucial mutations, one in the
SigB -35 consensus sequence in Pcap and two in the coding regions of cap5D and
cap5E [52] this strain has an acapsular phenotype. In order to analyze CP production
in a first step we either only repaired the mutation in Pcap oOr all three mutations. In line
with previous studies the USA300 wildtype is acapsular and the repair of the mutation
in Pcap is not sufficient to allow CP production in vitro [52]. Only upon repair of all three
mutations USA300 was capable of producing CP. Of note, the repaired strain shows
the same peculiar CP expression pattern as strain Newman with CP-positive cells only

being observed towards stationary growth phase and CP expression being strongly
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heterogeneous. With deletion of the upstream promoter region and a strong SigB -10
consensus sequence, the onset of CP production could be shifted towards an earlier
time point and CP was uniformly expressed. Thus, CP expression and its regulation in

USA300 and Newman is highly conserved.

cap repaired
USA300 JE2 P repaired  cap repaired AP, upstream cap

strong SigB

cap

Fig. 12 CP production in strain USA300 JE2 (Figure and Figure legend modified from Figure 8, Keinhdrster
et al., 2019, Molecular Microbiology). Detection of CP in bacteria from different growth phases. USA300 JE2
wildtype and mutants in which either the mutation in Pcap alone (Pcap repaired) or in the whole cap locus (Pcap, capD,
capE; cap repaired) are repaired were grown to defined growth phase To - T4 and CP was detected by
immunofluorescence. In addition, the effect of Pcap upstream truncation and a strong SigB -10 consensus sequence
(cap repaired, APcap upstream, strong SigB) was analyzed. This genomic Pcap variant is described in Fig. 5C.
Representative pictures of at least three independent cultures are shown.



Discussion

Regulation of WTA biosynthesis

We identified the increased expression of the WTA biosynthesis gene tarH in late
growth phase as molecular mechanism behind the WTAMS" phenotype of CA-MRSA
strains. tarH expression is connected to the activity of the Agr quorum sensing system
via Rot-dependent repression. Rot is an important repressor of several Agr targets
[15,16] and increased tarH expression is mediated by high levels of the Agr effector
molecule RNAIII, which efficiently reduces Rot-mediated repression [17]. To date there
is no defined consensus sequence for Rot but it seems to preferentially bind to AT-rich
promoters [85]. With the tarH promoter region being AT-rich this argues for Rot-
dependent control of the tarH promoter and we were indeed able to show that Rot

directly represses tarH by binding to its promoter region.

Our results support previous findings in which the Agr system was demonstrated to be
highly active in CA-MRSA strains [30,31,74]. All WTAM" strains analysed showed a
high activity of Agr, whereas in WTA!°Y strains Agr activity was weak or even inactive
due to a non-functional Agr regulon. High Agr levels subsequently result in Agr-
dependent overexpression of tarH which as part of the TarGH transporter constitutes
the possible bottleneck in WTA production. That its indeed translocation which is the
rate limiting factor of WTA biosynthesis is in line with the fact that several identified

WTA biosynthesis inhibitors function by only targeting TarG [41,86,87].

In addition to leading to a higher WTA content of CA-MRSA strains, the Agr system
was previously shown to be involved in regulation of WTA polymer length. Meredith et
al reported, that in NCTC8325 background high Agr activity leads to the dominant
formation of longer WTA [32]. In our experiments we could not detect differences in
polymer length of WTA of WTAMSh and WTA!°Y strains. However, it is possible that in
NCTC8325 as a methicillin-sensitive S. aureus strain WTA biosynthesis might be

regulated differently and that Agr activity might also differ in these strains.
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Interestingly, our results indicate that Agr does not impact WTA modification as there
was no difference in D-alanine and GIcNAc content of WTA isolated from WTAMI" and
WTA®W strains or in the expression of modification enzymes. Only strain USA300
showed a slight increase in GIcNAc content, which indicates strain specific differences

in the regulation of WTA GIcNAc modification via so far elusive mechanisms.
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Fig. 13 Genetic organisation, function and regulation of genes involved in WTA biosynthesis and
modification (Figure and Figure legend modified from Figure 1, Keinhorster et al., 2019, International
Journal of Medical Microbiology). Regulators in green indicate upregulation, in red downregulation. Solid lines
show direct interaction of the regulators with target genes, dashed lines mark unknown mechanisms of regulation.
Signals controlling the activity of the regulators are shown in boxes. CAMP: cationic antimicrobial peptides, HNP:
human neutrophil peptide.

With our work we shed some new light on the poorly investigated regulatory
mechanisms involved in WTA biosynthesis and modification. The current
understanding of WTA regulation is summarized in Fig. 13. By elucidating the
molecular basis for enhanced WTA content we have potentially identified a new target
for the development of novel anti-staphylococcal strategies that might help to combat
highly virulent CA-MRSA strains.
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Regulation of CP biosynthesis

We could show that on the transcriptional level the peculiar cap expression pattern is
the consequence of direct SigB-dependent regulation and interference of regulators

targeting the Pcap upstream region with SigB-dependent promoter activity.

Remarkably, the identified SigB-35 region is directly located within the IR which was
shown to be crucial for cap expression [70]. Hence, any mutations in this region led to
abolished cap expression due to its function as a SigB binding site. Next to direct
activation of cap expression, SigB is also known to activate other cap activators like
SpoVG, ArIRS-MgrA and RsbR [21,22,60,71,88]. While direct SigB-dependent
regulation seems to be the main driver of cap expression, other SigB-dependent cap

regulators likely contribute to its finetuning and amplify SigB dependency.

The two putative cap activators RbsR and MsaB were previously shown to bind to the
SigB -35 region [71,72]. However, we could not observe an effect of RbsR on Pcap
activity. As RbsR likely functions as metabolic sensor the discrepancy with the previous
results of Lei and Lee [71] could be due to different growth conditions. For MsaB/CspA
we could observe an activating effect on cap expression. However, we found that this
was mediated by modulation of SigB activity instead of directly binding to Pcap. Thus,
a role of MsaB as classical transcription factor needs to be questioned. In fact, it was
shown that MsaB/CspA binds rsbVWsigB mRNA and increases transcript stability [26].
Our findings that MsaB/CspA increases the expression of sigB and SigB-dependent
genes is in line with previous observations [27-29]. Together, our data indicate that
under the conditions employed, the only function of the previously described IR is to
contain the binding site for the SigB holoenzyme.

In addition to the SigB-dependent promoter we identified an additional SigA-dependent
promoter further upstream. However, due to its weak promoter activity this promoter
only seems to play a minor role in cap expression. An explanation for such a low
promoter activiy could be the sub-optimal structure and spacing of the SigA consensus
sequence in Pcap [89,90] and the in general lower activity of SigA promoters compared
to SigB promoters [78]. Nevertheless, changes in temperature, salt and solute
concentrations, as well as protein factors and ligands can affect promoter kinetics by
10 - 1000 fold or more [90]. Thus, under certain conditions the SigA-dependent
promoter can get activated, which might be the case during infections with strains from
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the USA300 lineage. These strains have a non-functional SigB promoter due to point
mutations in the SigB consensus motif. However, recently these strains were shown
to produce CP during infection [53], which could be the consequence of activation of

the weak SigA-dependent promoter.

Despite containing a second promoter, the main function of the Pcap upstream region
seems to be repressive. Repression is mediated by several transcription factors and
TCS such as CodY, Rot and Sae that directly target the upstream region. While CodY
and Rot only interfered with SigB-dependent promoter activity, Sae was capable to
additionally repress SigA-dependent promoter activity. In line with a predicted SaeR
binding site located between both promoters and in close proximity to the SigB
consensus sequence [12], SaeR likely represses SigB via sterical hindrance and the
SigA-dependent promoter via a roadblock mechanism. In contrast, how Rot and CodY
affect SigB-dependent promoter activity remains unclear but one might speculate that
their repression is mediated by secondary promoter structures that bring them into
close proximity to the SigB consensus and allow them to interfere with SigB binding. It
has been shown that DNA structures like supercoiling are involved in the regulation of
bacterial gene expression [91] and for cap expression it was shown that its supercoiling
sensitive [92]. Regarding the two CodY binding sites in Pcap We were able to show that

the binding site in the upstream region alone is sufficient for cap repression.

While the regulators targeting the upstream region of Pcap Were identified to be mainly
responsible for heterogeneous CP production, the residual heterogeneity resulted from
variable SigB activity within cells. These findings are in line with a prediction stating
that more transcription factor binding sites result in noisier promoters [93]. Of note, CP
production always remained growth phase-dependent even though cap expression
was rendered constitutive. This indicates that there are further post-transcriptional
levels of regulation involved. In fact, these might be required with CP synthesis being
linked to the metabolic status of the cell. As such the precursor for CP biosynthesis
UDP N-acetylglucosamine is mainly derived from gluconeogenesis which mainly takes
place when glucose becomes limited towards later growth phases [94]. Furthermore,
peptidoglycan, WTA and CP biosynthesis all make use of the universal bactoprenol
carrier lipid, which could become limited in earlier growth phases [86]. The coordination
of cell wall polymer synthesis was recently reported to involve reversible protein

phosphorylation of CapM and CapE [95].
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Pcap

Fig. 14 Transcriptional regulation of cap expression (Figure and Figure legend modified from Figure 9,
Keinhdrster et al., 2019, Molecular Microbiology). cap expression is mainly driven from a SigB-dependent
promoter. However, there is a second weak SigA-dependent promoter further upstream. In addition, the Pcap
upstream region is targeted by the cap repressors SaeR, CodY, Rot and others. Of note, Rot and CodY only
interfere with SigB-dependent promoter activity, whereas Sae is able to repress both. A predicted SaeR binding
motif is located between the SigA- and SigB-dependent promoters. Pcap contains a second CodY binding site
reaching into the coding region of capA. The depicted binding sites for the upstream regulators (relative to each
other and the SigA promoter) are arbitrary and further studies are needed to localize these site(s) and their
mechanisms of action. SigB activity is modulated by MsaB/CspA, promoting sigB transcript stability. Consequently,
MsaB/CspA likely also affects indirect SigB-dependent Pcap activation through ArIRS-MgrA, SpoVG and RbsR.
However, for RbsR we were unable to prove an activating effect on cap expression.

All together, we could elucidate the transcriptional regulation of CP synthesis and
identify the determinants of the peculiar earlyOff/lateHeterogeneous cap expression
pattern (Fig. 14). These include the alternative sigma factor SigB as well as several
repressors targeting the Pcap upstream region. In addition, with the identification of an
additional SigA-dependent promoter we provide the molecular basis for the unusual
finding that some strains of the USA300 lineage which were thought to be CP-negative
are capable of producing a capsule in vivo. Thus, CP production during infection might
be of greater importance than currently anticipated. With CP5 and CP8 conjugate
vaccines still believed to be important components for multivalent staphylococcal
vaccines (Weidenmaier and Lee, 2017), knowledge on how and when CP is expressed
might provide a rationale for its use as vaccine component and to predict a patient

cohort which likely benefits from such a vaccine.

32



Discussion

Cell wall glycopolymers in CA-MRSA

We identified WTA as an important virulence factor which is directly involved in strain-
specific virulence of S. aureus. CA-MRSA exploit overexpression of WTA biosynthesis
as a mechanism to gain virulence. In contrast, the majority strains of the USA300
lineage were shown to be acapsular [52]. With peptidoglycan, WTA and CP
biosynthesis all depending on the universal bactoprenol carrier lipid [86] abolished CP
production can be one strategy of CA-MRSA to ensure the high precursor amounts
needed for enhanced WTA biosynthesis. In addition, CA-MRSA cells avoid spending
energy on the synthesis of two structures with likely opposing functions in regard of
adhesion. However, other CA-MRSA strains like MW2 which express high levels of
WTA and are capable of producing CP [51] indicate that in general WTA and CP
production are not exclusive. Interestingly, both structures are preferentially expressed
towards later growth phases. In the first place this is likely to ensure an essential
amount of precursors for peptidoglycan biosynthesis. However, how coordination
between WTA and CP biosynthesis is regulated, especially with both pathways
involving the same regulator Agr remains to be investigated. Further studies are
required to investigate whether WTA biosynthesis and modification also shows such a
high degree of heterogeneity as CP does. If so, with respect to the function of these
molecules and the available precursor levels one would expect that WTA producing
cells are CP-negative and vice versa. Consequently, a combination of both structures
as antigens for vaccine development should then be discussed to combat S. aureus

infections.
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Wall teichoic acids mediate increased virulence in
Staphylococcus aureus

Stefanie Wanner', Jessica Schade', Daniela Keinhorster!, Nicola Weller!, Shilpa E. George',
Larissa Kull', Jochen Bauer', Timo Grau', Volker Winstel?, Henriette Stoy', Dorothee Kretschmer,
Julia Kolata3, Christiane Wolz!, Barbara M. Broker* and Christopher Weidenmaier'>*

Community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA) are the cause of a severe pandemic
consisting primarily of skin and soft tissue infections. The underlying pathomechanisms have not been fully understood
and we report here a mechanism that plays an important role for the elevated virulence of CA-MRSA. Surprisingly,
skin abscess induction in an animal model was correlated with the amount of a major cell wall component of
S. aureus, termed wall teichoic acid (WTA). CA-MRSA exhibited increased cell-wall-associated WTA content (WTA"&M)
and thus were more active in inducing abscess formation via a WTA-dependent and T-cell-mediated mechanism than
S. aureus strains with a WTA'"" phenotype. We show here that WTA is directly involved in S. aureus strain-specific
virulence and provide insight into the underlying molecular mechanisms that could guide the development of novel

anti-infective strategies.

(CA-MRSA) strains pose a serious threat due to their rapid

epidemic spread and their enormous virulence potential,
which exceeds that of traditional hospital-associated strains
(HA-MRSA)!. Skin and soft tissue infections (SSTIs) are the
most common CA-MRSA infections, and 50-75% of patients
present with abscesses®. Less frequent are lethal infections such
as sepsis or necrotizing pneumonia®”’. In the USA, USA300 iso-
lates are primarily responsible for the ongoing CA-MRSA epi-
demics®1°, having replaced earlier USA400 isolates''. The success of
CA-MRSA strains appears to be due to a unique combination of
genetic factors that enable the bacteria to evade the human host
defence systems'?"!8, However, the relative role of virulence factors
in CA-MRSA virulence is still under debate'*-?2. More recent find-
ings suggest that the cytolytic phenol-soluble modulin PSMa pep-
tides® 2%, which are responsible for increased neutrophil killing
capacity, the cytolysin a-toxin?**2627, as well as the global virulence
regulator (termed accessory gene regulator (Agr)?®) play key roles
in CA-MRSA virulence in different experimental skin infection
models. It has been demonstrated that the global virulence gene
regulator Agr exerts strict control over PSM expression® and that
the cytolytic PSMa peptides are produced in large amounts by
CA-MRSA strains?>*” as a consequence of high Agr activity®®. The
agr four-gene operon encodes a typical autoactivation circuit™!
and makes use of a regulatory RNA, RNAII], as its effector’>*, In
this study, we present evidence for a novel important factor in
CA-MRSA virulence. Until now the focus has largely been on toxins
and a putative pathogenicity island termed the ‘arginine catabolic
mobile element’ (ACME)*#-%¢. However, the impact of cell wall com-
ponents has not been studied so far. Here, we introduce a novel
concept of staphylococcal strain-specific virulence that includes a
major cell wall glycopolymer. Cell wall teichoic acid (WTA) is a
zwitterionic, secondary cell wall polymer of S. aureus that has

C ommunity-associated methicillin-resistant Staphylococcus aureus

important functions in bacterial physiology’” as well as in
S. aureus colonization and infection®**!. WTA is one of the most
abundant surface determinants of S. aureus and has recently
attracted major attention as a target structure for novel anti-infective
strategies*? and antibiotics**~*. The WTA of S. aureus is composed
of ~40 ribitol phosphate repeating units modified with
N-acetylglucosamine and p-alanine**® (Supplementary Fig. 1).
Negatively charged phosphate groups in the repeating unit and
ester-linked p-alanine residues are responsible for the zwitterionic
charge of WTA. We have demonstrated previously that the zwitter-
ionic WTA of S. aureus activates CD4" T cells via a major histo-
compatibility complex (MHC) II-dependent mechanism, which
modulates the development of skin abscesses in a mouse model®!
at the early stages of abscess formation. Given that CA-MRSA is
the predominant cause of SSTIs, we focus here on the role of
WTA in CA-MRSA skin infections and demonstrate that the
WTA content in cell wall fractions from highly pathogenic
CA-MRSA strains such as USA300 (LAC) and MW2 (USA400) is
significantly elevated compared to less virulent patient isolates
(103), HA-MRSA (USA500) or laboratory strains (SA113). We
termed these phenotypes WTA™E" and WTA™Y, respectively, and
describe here the underlying regulatory mechanisms and the
impact on skin-infection-related virulence in a mouse model.

Results

Highly pathogenic CA-MRSA strains exhibit elevated WTA
content in their cell walls compared to less pathogenic strains.
We analysed the cell wall composition of several S. aureus strains
that share the same ribitol-WTA structure and biosynthetic
pathways (Supplementary Figs 1-3) with respect to amounts of
WTA. When we determined the WTA content of the cell wall
fractions, we found that the highly pathogenic CA-MRSA strains
MW?2 and USA300, as well as clinical isolate 103 (superantigen-free,

'Department of Medicine, Interfacultary Institute for Microbiology and Infection Medicine (IMIT), University of Tiibingen, Elfriede-Aulhorn Straf3e 6, 72076
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Figure 1| Amounts of WTA in the cell wall fractions of S. aureus strains and transcriptional analysis by gRT-PCR. a, The amount of WTA per mg of cell
wall preparation was determined with a colorimetric assay and is depicted as nmol inorganic phosphorus (P,) per mg cell wall dry weight. CA-MRSA strains
USA300 and MW?2 (as well as clinical, superantigen-free isolate 103) were compared to non-CA-MRSA strains (SA113, and clinical, superantigen-free isolate
331865). Shown are means * s.e.m. for n = 8-11 independent WTA isolations. P values for multiple comparisons were determined by one-way ANOVA with
Tukey's post-test. *P <0.05, **P < 0.01, ***P < 0.0001. NS, not significant. b, Transcriptional analysis of the WTA biosynthesis gene tarH from in vitro cultures
grown to stationary phase in WTA"8" strains (MW2, USA300, 103) and WTA'" strains (SA113, 331865). The expression of transcripts was quantified
relative to the transcription of gyrase (copies of tarH per copy of gyrB). Shown are means +s.e.m., n = 6 independent experiments. P values for multiple
comparisons were determined by one-way ANOVA with Tukey's post-test. *P <0.05, **P < 0.01, ***P <0.0001. ¢, Transcriptional analysis of RNAIII, the
downstream regulator of the global virulence Agr regulon. WTA"E" strains (MW2, USA300, 103) and WTA"" strains (SA113, 331865) were grown to
stationary phase. Transcripts were quantified relative to the transcription of gyrase (copies of RNAIIl per copy of gyrB). Shown are means +s.em.,

n=6 independent experiments. P values for multiple comparisons were determined by one-way ANOVA with Tukey's post-test. *P < 0.05, **P< 0.01,

***P < 0.0001. d, Transcriptional analysis of the WTA biosynthesis gene tarH. In vitro cultures of WTA"&" WTAM" Aagr mutant, WTA™" and WTA™" Aagr
mutant strains were grown to stationary phase. Transcripts were quantified relative to the transcription of gyrase (copies of tarH per copy of gyrB).

Shown are means £ s.e.m., n= 6 independent experiments. Statistically significant differences between WTA"" and WTA" and their respective Aagr
mutant strains were determined by Student's t-test. *P <0.05, **P < 0.01, ***P < 0.001.

included as a control for superantigen activity; see section beginning
with ‘Cell wall fractions’), exhibited elevated WTA content in their
cell wall fractions compared to laboratory strain SA113 and clinical
isolate 331865 (superantigen-free, included as a control for superantigen
activity). We grouped the isolates as WTA"E" (MW?2, USA300, 103)
and WTA'" (SA113, 331865) strains (Fig. 1a).

The WTAM" phenotype is mediated by overexpression of the
tarH gene. To understand the mechanisms underlying the
WTAME" and WTA"" phenotypes, we quantified the expression
of genes involved in WTA biosynthesis using quantitative real-
time-polymerase chain reaction (QRT-PCR) of in vitro cultures.
The WTA biosynthesis genes tarO, tarA, tarK, tarL, tarG and

tarH (Supplementary Figs 2 and 3) were analysed in the
logarithmic and stationary growth phases (Fig. 1 and
Supplementary Figs 4 and 5). Only farH transcription was
significantly increased in WTA"E" strains (MW2, USA300, 103)
compared to WTA!®Y strains (SA113, 331865). This effect was
only observed in the stationary growth phase (Fig. 1b)
(transcriptional analyses for farH in logarithmic and tarO, tarA in
stationary and logarithmic growth phases are shown in
Supplementary Fig. 4, and for tarK and tarL in Supplementary
Fig. 5a,b, respectively). tarH encodes for the energizing part of the
two-component ABC transporter (TarGH), which facilitates WTA
translocation across the membrane®*. Because we detected
decreased tarK expression in MW2, we also analysed a potential
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Figure 2 | Agr-dependent control of WTA content in the staphylococcal cell wall. a, Content of WTA in the cell wall of WTAME" (MW?2, USA300, 103),
WTA"" Aagr mutant (MW24agr, USA300Aagr, 1034agr), WTA'® (SA113, 331865) and WTA" Aagr mutant (SA113Aagr, 331865Aagr) strains. The amount
of WTA per mg cell wall preparation was determined with a colorimetric assay (WTA amount is depicted as nmol inorganic phosphorus (P;) per mg cell
wall dry weight). Shown are means + s.e.m. for n = 8-11 independent WTA isolations. Statistically significant differences between WTA"E" and WTA®" and
their respective Aagr mutant strains were determined by Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001. b, Content of WTA in the cell wall fractions of
WTA"E" WTAME" Aagr mutant and WTA®Y strains after tarH overexpression. Overexpression of tarH in expression vector pRB474 (under control of a
constitutive promoter) was tested in WTA"" strains SA113 and 331865. Expression vector pRB474 alone was used as a negative (vector) control. The
amount of WTA per mg cell wall preparation was determined with a colorimetric assay. Shown are means + s.e.m. for n = 8-12 independent WTA isolations.
P values for multiple comparisons were determined by one-way ANOVA with Tukey's post-test for each strain. *P <0.05, **P < 0.01, ***P < 0.001.

chain length variation in the WTA polymer. However, WTA PAGE
analysis (Supplementary Fig. 4a) of polymer isolated from
stationary-phase cells did not reveal significant differences in
polymer lengths between WTAM®" and WTA"" strains.

The WTAME" phenotype depends on a highly active Agr regulon.
The Agr system has been linked to staphylococcal pathogenesis in a
subcutaneous abscess infection model*?, and is known to increase
the expression of virulence factors during the transition from the
late-exponential to stationary growth phase in vitro>>. To test
whether the Agr system is differentially expressed in WTA"&" and
WTA"™ strains, we measured the expression of the primary
transcript RNAIII in the stationary growth phase by qRT-PCR.
All. WTAM®" strains possessed an intact Agr regulon and
produced high levels of RNAIIL One of the WTA'" strains was a
naturally occurring functional agr-deletion mutant (SA113), while
the other produced low levels of RNAIII (Fig. 1c).

To test whether the agr system is involved in the differential
regulation of the WTA biosynthesis gene tarH, we compared agr-
deletion mutants (Supplementary Table 1) with their corresponding

isogenic wild type (wt) by qRT-PCR. In WTA"" strains, tarH
expression in Aagr mutants was significantly decreased compared to
the WTAM®" wt strains. In contrast, there was no difference in tarH
expression between WTA'®™ Aagr mutants and their wt strains (Fig. 1d).

To validate the role of Agr in WTA biosynthesis, we quantified the
WTA content of WTAE" and WTA'®" strains and their Aagr mutants
with a colorimetric assay. WTA content correlated with tarH
expression levels and was significantly reduced in WTA"E" Aggr
mutants. Conversely, WTA'" Aagr mutants and WTA'" wt strains
showed no difference in WTA content. WTA"" Aqgr mutants demon-
strated the same WTA content as both wt and Aagr mutants in the
WTA™" strain background (Fig. 2a). This is evidence for a distinct
role for the Agr system in WTA biosynthesis regulation in WTA"¢"
strains. Moreover, there appears to be a correlation between loss of
Agr function and the reduced expression of tarH in WTA'" strains.
In line with these results, we found that an HA-MRSA strain
(USA 500) that exhibited low agr-activity (Supplementary Fig. 6a)
also exhibited low tarH expression (Supplementary Fig. 6b) and
therefore a WTA™" phenotype (Supplementary Fig. 6c) when
compared to WTAME" CA-MRSA strain USA300.
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Figure 3 | Rot controls tarH expression and WTA biosynthesis downstream of RNAIIL a, Transcription analysis of the WTA biosynthesis gene tarH from

in vitro cultures grown to stationary phase. Expression of transcripts was quantified relative to the transcription of gyrase (copies of tarH per copy of gyrB)
and adjusted to SAT13 (expression of SAT13 in each independent experiment was set to 1). Shown are means + s.e.m., n = 8 independent experiments. P
values for multiple comparisons were determined by one-way ANOVA with Bonferroni's post-test. *P < 0.05. b, Content of WTA in the cell wall of WTAME"
(USA300), WTA"E" Arot mutant (USA3004rot), WTA®Y (SA113) and WTA'®™ Aagr mutant (SA1134agr) strains. Amount of WTA per mg cell wall
preparation was determined with a colorimetric assay (WTA amount is depicted as nmol inorganic phosphorus (P;,) per mg cell wall dry weight) and
adjusted to SAT13 (WTA amount of SAT13 in each independent experiment was set to 1). Shown are means + s.e.m., n = 6 independent experiments. P values
for multiple comparisons were determined by one-way ANOVA with Bonferroni's post-test. *P < 0.05, **P < 0.01. ¢, Transcription analysis of RNAIIl in
WTA"E" and WTA"E" Arot S. aureus in stationary-phase cultures. Expression of the RNAIIl transcript was quantified relative to the transcription of gyrase
(copies of RNAIII per copy of gyrB) and adjusted to wt WTA"®". Shown are means + s.em., n =8 independent experiments. d, LI-COR Odyssey-based gel-
shift assays with cell extracts and tarH promoter (green). Rot binding to the promoter was visualized with cell extracts from a Rot-expressing USA300 strain
lacking agr (lane 2) and an isogenic rot mutant (lane 3). Lane 1 contains the promoter fragment without cell extract as a control. The hla promoter (red) was
used as a positive control. Rot binding to the hla promoter was visualized with cell extracts from a Rot-expressing USA300 strain lacking agr (lane 2) and an
isogenic rot mutant (lane 3). Lane 1 contains the promoter fragment without cell extract as a control. Shown is a representative example of n =3 independent
experiments. e, The tarH regulatory cascade; tarH is under negative control of a repressor termed ‘repressor of toxins' (Rot). Rot mRNA stability is controlled

by RNAIIl and at high RNAIIl levels Rot-mediated repression is relaxed.

Transcriptional control of tarH by the repressor of toxins, a
major downstream regulator of the Agr system. The repressor
of toxins (Rot) is a major effector downstream of agr®® and acts as
a transcriptional regulator of an array of genes. Rot mRNA
stability is negatively affected by RNAIII and therefore RNAIII
mediates derepression of Rot-regulated genes”’. When we
measured tarH expression in WTAM" and WTA™" wt and rot
mutants, we found a significant impact of rot on tarH expression
(Fig. 3a). In fact, a WTA"®" rot mutant exhibited the same tarH
expression level as a WTAM®" wt. In addition, the rot mutation
alleviated the strong decrease of tarH expression found in an agr
mutant (see Fig. 2). In fact, the rot agr double mutant exhibited
similarly elevated levels of tarH expression as a rot mutant alone.

When we measured the amounts of WTA in the cell walls of
WTAM" and WTA™" wt and rof mutants (Fig. 3b), we found
that  WTA amounts correlated with a rot-dependent tarH
expression pattern. A WTA'Y rot mutant exhibited an elevated
amount of WTA that was comparable to the WTA amount
detected in a WTA"E" wt. The rot mutation increased the WTA
amounts in the WTAM&" background even further, and in a rot agr
double mutant the agr mutation phenotype was completely
alleviated. Interestingly, when we measured RNAIII levels in the
WTA"E" background in the wt and rot mutant we found that the
absence of rot severely increased the levels of RNAIII (Fig. 3c).
This indicates a direct interplay between rot mRNA and RNAIII
and an altered steady state for RNAIII when Rot is missing. To
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Figure 4 | MHC II-dependent cytokine secretion of WTA-stimulated T cells during skin abscess formation. a,b, Skin abscesses were induced by injecting
20 pg of purified wt S. aureus WTA mixed with cytodex beads into the flanks of mice. Abscesses were excised, and the amounts of IFN-y per gram of
abscess tissue (a) and IL-17 per gram of abscess tissue (b) were measured by ELISA; n = 6 (three mice per time point with two abscesses per mouse).

For controls dextran beads in PBS without WTA were used. Results are expressed as means + s.d. ¢, WTA activates human T cells to produce IFN-y in an
MHC Il-dependent mechanism. Total mononuclear cells, such as APCs, were pre-incubated with blocking Abs (2 ug mi™) to the MHC Il molecules HLA-DR,
HLA-DP and HLA-DQ or MHC | molecules HLA-A, HLA-B and HLA-C and appropriate isotype control Abs for 1h before the addition of CD4" T cells.
Co-cultures of the APCs (1x10°) and CD4" T cells (1x10°) were then stimulated with 20 ug mI™ WTA for 72 h. IFN-y levels in the supernatants were

then quantified by ELISA. The HLA-DR Ab significantly reduced IFN-y production. Results are expressed as means + s.e.m. for n = 6 independent experiments.
P values for comparisons with no Ab were determined by one-way ANOVA with Dunnett’s post-test. *P < 0.05.

demonstrate Rot binding to the tarH promoter region we performed
gel-shift assays (Fig. 3d). Cell extracts from a Rot-expressing strain (in
the USA300 agr mutant to ensure high Rot levels) mediated a clear
shift of the promoter fragment when run in an agarose gel, while a
cell extract from an isogenic strain lacking Rot was not able to
mediate such a shift and the promoter fragment was partially
degraded. A promoter fragment of the hla gene, which is Rot-
repressed’, was used and showed a similar shift.

In addition, when we measured WTA expression over time
(Supplementary Fig. 7), we found that WTA amounts increased
during logarithmic growth and peaked in the stationary growth
phase. In line with an RNAIII and rot-dependent mechanism, this
effect was more pronounced in a WTAM&" wt strain when compared
to a WTA™ strain, and the WTA™" phenotype only became
evident at the onset of the stationary phase. Taken together, we
conclude a regulatory cascade that involves high RNAIII levels, a
more efficient Rot mRNA degradation and thus a more efficient
Rot derepression on the tarH promoter level than the molecular
mechanism behind the WTAPigh phenotype (Fig. 3e).

Overexpression of tarH in WTA" strains can restore the
WTAPE" phenotype. We hypothesized that high tarH expression
leads to the WTA"" phenotype due to increased translocation of
WTA molecules. We therefore tested whether the WTAMe
phenotype could be restored in WTA'™" strains by overexpressing
the tarH gene in WTA'" strain SA113 from the plasmid vector 474
(Supplementary Fig. 8). The tarH gene was put under the control of
a promoter encoded on plasmid pRB474 (Supplementary Table 1).
Overexpression of tarH in the WTA!" (SA113 pRB474+ tarH)
strain indeed induced the WTA"E" phenotype (Fig. 2b).

As indicated above, tarH gene expression in WTA"&" Aggr mutants
was reduced to the level of WTA'™" strains. We therefore used the
tarH overexpression vector in WTAbish Aagr mutants (103Aagr
pRB474+tarH, MW2Aagr pRB474+tarH, USA300Aagr pRB474
+tarH) and were able to restore the WTAM" phenotype. In
contrast, transformation with the empty plasmid pRB474 (SA113
pRB474, 331865 pRB474, 103Aagr pRB474, MW2Aagr pRB474,
USA3004Aagr pRB474) did not affect WTA levels in any S. aureus
strain (Fig. 2b).

WTA induces interferon-y at the onset of skin abscess formation
and IL-17 at the late stages of abscess formation. We have seen
before that self-clearing, non-lesion-forming subcutaneous
abscesses, induced by WTA, depend on CD4" T cells®, and we
wanted to elucidate the hallmark cytokines involved in this
process. Abscess formation was induced by injecting WTA mixed
with cytodex beads into the flanks of mice. We measured
interferon-y (IFN-y) and interleukin 17 (IL-17) production in the
abscess by enzyme-linked immunosorbent assay (ELISA) at
different time points (Fig. 4) and detected strong IFN-y
production only in the very early phases of abscess formation
(Fig. 4a), while IL-17 showed only weak production at early time
points (Fig. 4b) and peaked at later time points that coincided
with abscess clearing.

We have seen before that mouse and human T cells are
activated by WTA-presenting APCs (antigen-presenting cells) in
an MHC II-dependent manner®!. To demonstrate the MHC II
dependency of the IFN-y response after WTA-induced CD4" T cell
(human T cells) activation in vitro, we tested whether IFN-y
production could be inhibited in the presence of blocking
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Figure 5 | Induction of T-cell-dependent IFN-y secretion and abscess formation by cell wall fractions. a, T cell proliferation assay with highly pure,
protein-free cell wall fractions. Cell wall fractions isolated from highly pathogenic CA-MRSA strains (MW2, USA300) were incubated with APCs (1x10°)
and T cells (2 x10°) for 6 days. S. aureus enterotoxin A (SEA) was used as a positive control (2 ng mlI™). Cell wall fractions from CA-MRSA strains (MW?2,
USA300) induce T cell proliferation more efficiently than cell wall fractions from MSSA and the laboratory S. aureus strain SA113. Results are expressed

as means £ s.e.m. for n=5 independent experiments. P values for comparisons with SA113 were determined by one-way ANOVA with Dunnett's post-test.
*P<0.05. b, Measurement of T-cell-dependent IFN-y expression. A T cell proliferation assay with cell wall fractions was performed. Cell wall fractions isolated
from MW2 and USA300 (CA-MRSA) induce T-cell-dependent IFN-y expression more efficiently than cell wall fractions from SA113 (MSSA, laboratory strain)
(n=5). T cells and APCs were incubated with cell wall preparations for 72 h. IFN-y secretion was determined by ELISA. Results are expressed as the means + s.e.m.
for n=5 independent experiments. P values for comparisons with SA113 were determined by one-way ANOVA with Dunnett's post-test. *P < 0.05.

¢, Abscess formation induced by cell wall fractions monitored via a myeloperoxidase (MPO) assay. Cell wall fractions from the CA-MRSA strains USA300,
MW?2 and the superantigen-free clinical isolate 103 induce abscesses more efficiently than cell wall fractions from laboratory strain SA113 and superantigen-
free clinical isolate 331865. MPO is a marker of inflammation in abscess tissue. Twenty micrograms of cell wall were injected into the flanks of mice, and
abscesses were extracted. MPO activity was measured in an enzymatic assay. Shown is a dot-blot with medians, with each dot representing a single abscess
(two abscesses per mouse). P values for multiple comparisons were determined by one-way ANOVA with Bonferroni's post-test. *P < 0.05, **P < 0.01.

antibodies (Abs) against the MHC II molecules HLA-DR, HLA-DP
and HLA-DQ or the MHC I molecules HLA-A, HLA-B and HLA-C
and isotype control Abs. We were able to inhibit IFN-y production
significantly by adding an HLA-DR blocking Ab (Fig. 4c).
Antibodies to HLA-DP, HLA-A, HLA-B or HLA-C and their
respective isotype controls showed no effect. The experiment
revealed that WTA activates human T cells to produce IFN-y via
an MHC II-dependent mechanism.

Cell wall fractions from highly pathogenic WTA™#" strains
induce T cell proliferation, IFN-y secretion, and skin abscess
formation more efficiently than cell wall fractions isolated from
WTA!" strains. To compare the ability of highly pure, protein-free
cell wall fractions isolated from the pathogenic CA-MRSA strains
MW2 and USA300 and a less virulent methicillin-sensitive
Staphylococcus aureus (MSSA) laboratory strain (SA113) to activate
T cells and induce IFN-y production, we cultured human CD4" T cells
with irradiated APCs and cell wall fractions. Cell wall fractions from
CA-MRSA strains MW2 and USA300 provoked stronger T cell
proliferation (Fig. 5a) and induced stronger IFN-y secretion than
cell wall fractions from the laboratory strain SA113 (Fig. 5b).

6

We then tested the ability of purified cell wall fractions to induce
abscess formation in mice. Protein-free, highly pure cell wall
fractions were derived from the highly virulent CA-MRSA strains
MW?2, USA300, the superantigen-free clinical isolate 103, as well
as the less virulent S. aureus strains SA113 and 331865 (superanti-
gen-free clinical isolate), and were used in a skin abscess mouse
model. Abscess-inducing activity was quantified by measuring neu-
trophil accumulation at the infection site with a myeloperoxidase
(MPO) assay®. Cell wall fractions from highly virulent (WTAMs)
S. aureus strains induced strong MPO activity, whereas cell wall frac-
tions from the less virulent (WTA!®™) S. aureus isolates were signifi-
cantly less active (Fig. 5¢). To test whether WTA amounts alone
affect the induction of abscess formation, we injected different
amounts of purified WTA and found that MPO activity indeed
depends on the amount of WTA injected subcutaneous (s.c.) into
the flanks of mice (Supplementary Fig. 9). To exclude the possibility
that WTA tailoring modifications®® (p-ala, GIcNAc) contribute to
cell-wall-mediated abscess formation, we assessed the expression
of the dlt operon, which is responsible for WTA p-alanylation®,
and the two N-acetylglucosaminyl-transferases (TarM and TarS),
which are responsible for WTA modification with a- or f-GIcNAc,
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Figure 6 | Skin abscess formation with whole bacterial cells and model for WTA-mediated strain-specific virulence. a, To induce abscess formation,
10°-10° colony-forming units (c.f.u.) of living bacterial cells (S. aureus SAT13 (WTA®™), SA113 pRBtarH (tarH overexpression plasmid which facilitates a
WTA"" phenotype), USA300 (WTAME") and USA300AtarO (lacks all WTA)) were mixed with cytodex beads and injected s.c. into the flanks of mice.
After 48 h, the mice were euthanized, and each abscess was excised, homogenized and cultured quantitatively. In the case of USA300, we found
dermonecrosis at a higher multiplicity of infection (MOI of 10) and therefore included an MOI of 10° where defined abscesses can be excised. Shown is a
dot-blot with medians, with each dot representing a single abscess (two abscesses per mouse). Pairwise P values were determined by t-test with Welch
correction. *P <0.05, **P < 0.01. b, Model for the impact of WTA on strain-specific virulence. In CA-MRSA, cell WTA incorporation into the peptidoglycan is
significantly elevated. This WTA"E" phenotype depends on the specific upregulation of tarH expression by the global virulence regulator Agr, which exhibits
intrinsically high activity in CA-MRSA. WTA"E" cell walls are able to stimulate T-cell-dependent IFN-y production at the onset of abscess formation more
efficiently than cell walls with lower WTA amounts. This mechanism plays an important role in modulation of early abscess development.

respectively® (Supplementary Figs 1 and 2). We could detect differ-
ences in the expression of the GIcNAc transferases in the tested
strains (Supplementary Fig. 10). WTA'" strain SA113 exhibited
expression of both tarM (Supplementary Fig. 10a) and tarS
(Supplementary Fig. 10b) expression. Compared to SA113 and
another HA-MRSA, WTA'™ strain (USA500), the WTA™" strain
USA300 clearly exhibited elevated levels of tarM mRNA
(Supplementary Fig. 10a). All three strains also exhibited tarS
expression (elevated in USA300 only). In contrast, MW2
(WTAM®") showed very low tarM mRNA levels and moderate
tarS levels. Strains 331865 (WTAY) and 103 (WTAMsh) only
expressed farS in considerable amounts (Supplementary Fig. 10b),
but tarS mRNA levels were severely decreased compared to
SA113. In line with these results, USA 300 exhibited a slightly,
albeit not statistically significant, increased amount of GlcNAc in
its WTA when compared to SA113, while 331865 and 103 showed
very low GIcNAc levels (Supplementary Fig. 11). We then assessed
the impact of WTA GlcNAc modification on abscess formation. To
that end, we compared cell wall fractions isolated from USA300 wt
and an isogenic mutant lacking both TarM and TarS in the s.c.
abscess model (Supplementary Fig 12). We could not detect a sig-
nificant impact on abscess induction when both GlcNAc modifi-
cations were missing from WTA. In addition, WTA"Y cell wall
isolated from an HA-MRSA strain (USA500) exhibited a signifi-
cantly lower abscess-inducing capacity when compared to
USA300 cell wall. When we compared whole, live bacteria in the
abscess model (Supplementary Fig. 13), we again detected no sig-
nificant phenotype in the tarM/S mutant, while the WTA™"
strain USA500 was clearly a less efficient abscess inducer. In
addition, when we injected purified WTA together with live
bacterial cells of the two WTA™ strains SA113 and USA500

(HA-MRSA), the colony-forming units (c.fu.) recovered after
48 h were significantly increased and the WTA'®" strains exhibited
a phenotype that was comparable to USA300 (CA-MRSA). With
respect to p-alanine modifications, we could not detect differences
in the expression of the dlt operon (Supplementary Fig. 10c), nor
in the p-alanine levels of isolated WTA (Supplementary Fig. 11),
from all tested strains.

Overexpression of tarH in WTA'®Y strains increases the ability to
induce skin abscess formation, comparable to WTAME® gtrain
USA300. Finally, we compared the ability of strain SA113, with
and without the tarH overexpression plasmid (which leads to a
WTAE" phenotype), to induce abscess formation (Fig. 62). When
we used whole bacterial cells in the s.c. abscess model, the tarH
plasmid-harbouring strain demonstrated an increased capacity to
induce abscess formation. This was in line with the elevated
abscess induction observed with USA300. To test if WTA has an
impact on abscess formation in the highly pathogenic USA300
background, we used an isogenic mutant lacking all WTA
molecules (USA300AtarO). This mutant exhibited a significantly
reduced ability to induce abscess formation when compared to
the WTAME" wt USA300. Furthermore, when we overexpressed
tarH in an additional WTA"" strain background (HA-MRSA
USA500), we could again detect an increased ability to induce s.c.
abscesses in the flanks of mice (Supplementary Fig. 14).

Discussion

Here, we have demonstrated a novel role for the zwitterionic cell wall
polymer WTA in S. aureus strain-specific virulence. Our data
indicate that increased expression of the late-phase WTA bio-
synthesis gene tarH leads to a WTA"E" phenotype in CA-MRSA,
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which is characterized by significantly elevated amounts of WTA in
the cell wall. Surprisingly, we found that the WTA™" phenotype
exhibited by CA-MRSA is connected to the quorum sensing
system Agr. It has been reported previously that this global virulence
regulator system is highly active in CA-MRSA strains?>?3¢!. Indeed,
we found highly active Agr in all WTAM®" strains, while WTA'Y
strains showed weak Agr activity or even a functionally inactive
agr regulon. In WTAME" strains an excess of WTA in the cell wall
is achieved by Agr-dependent over-expression of a tarH that
encodes a possible bottleneck enzyme in WTA biosynthesis. The
mature WTA polymer is exported by the TarG/H transporter and
TarH constitutes the energizing ATPase unit of the ABC transpor-
ter. The coupling of tarH overexpression and transporter activity is
currently under investigation in our laboratory. Evidence for Agr-
mediated control of WTA polymer length has been reported by
Meredith and colleagues®>. However, we could not detect differences
in polymer length when we compared the WTA"&" and WTA"Y
strains analysed here. Interestingly, screening for late-stage WTA
biosynthesis inhibitors in large compound libraries****¢4 only ident-
ified TarG inhibitors, indicating again that WTA precursor export
might be the rate-limiting step in the pathway. Furthermore, we
demonstrate here for the first time that Agr control of WTA biosyn-
thesis is mediated by Rot, an important repressor of several Agr
targets®>. The Agr effector RNAIII has been demonstrated to
decrease rot mRNA stability and efficiently reduce Rot-mediated
repression®. A defined consensus sequence for Rot binding in pro-
moter regions of Rot-controlled genes has not been identified®.
However, Rot seems to exhibit high affinity to AT-rich promoter
regions”’. In fact, the tarH promoter region is AT-rich, arguing
for Rot-dependent control of the tarH promoter (Supplementary
Fig. 15). In whole-cell lysates (in agr-negative background to
ensure high Rot levels) of isogenic rot wt and mutant we could
detect binding of Rot to the tarH promoter region. Our analysis
clearly indicates that the WTAM&" phenotype is mediated by high
RNAIII levels, which facilitate a more efficient Rot derepression in
WTAME" strains. In line with this explanation of strain-specific
differences, we found that in a WTA'®" strain, which is a functional
agr mutant (SA113), mutation of rot leads to tarH expression levels
and WTA amounts that are comparable to WTAME" strains.
Measuring WTA levels over time we found that the WTA
amounts for WTA"®" and WTA'®" strains only started to differ sig-
nificantly at the onset of the stationary growth phase. We conclude
that in agr mutants or low Agr-activity isolates, Rot activity is
not decreased at the onset of the stationary phase as much as
in WTAP®" jsolates. In addition, we detected a strong increase in
the RNAIII level when we mutated rot in the WTA™" background,
indicating an altered steady state of RNAIII amounts. These results
are in line with a more efficient, RNAIII-mediated, Rot derepression
in WTAM strains.

We have shown before that WTA is able to activate CD4" T cells
in an MHC II-dependent manner, which modulates the early devel-
opment of skin abscesses in a mouse model®. Consequently, the
increased amounts of WTA render the cell wall of CA-MRSA
more immunologically active. In line with these findings, abscess
induction correlated with the amount of WTA incorporated in
the cell wall of S. aureus strains. This phenotype probably
depends on the ability of WTA™" cell wall fractions to induce
CD4" T cell proliferation and IFN-y secretion more efficiently
than WTA"" cell walls. This is in line with a recent study reporting
that WTA-specific T cells can be detected in healthy humans®®, with
a sub-fraction of these WTA-specific T cells exhibiting a robust
IFN-y response. In contrast, other reports implicate IL-17-producing
yOT cells and TH17-dependent responses in controlling mouse®
or rabbit’”® cutaneous S. aureus infection at the innate stage.
However, the authors either studied dermonecrotic lesions and
not defined skin abscesses, or monitored later time points. When

we injected purified WTA mixed with cytodex beads s.c. into the
flanks of mice, we detected only a weak peak of IL-17 in the early
phases of abscess formation. The primary IL-17 peak occurred at
later time points that coincided with abscess clearing. The earliest
relevant cytokine we detected in this model was IFN-y, which
peaks early, even before IL-17 could be detected. In addition,
abscess induction with WTA did not lead to severe necrotic skin
lesions but to a self-clearing, defined abscess. Thus, we conclude
that WTA modulates the very early phases of skin abscess for-
mation by a CD4" T cell- and IFN-y-dependent mechanism,
while IL-17-dependent mechanisms play a host-protective role at
later time points and contribute to the clearing of the abscess and
wound healing. Another study provided evidence for a host protec-
tive role of IL-17/TH17 responses and an anti-protective role for
IFN-y/TH1 responses in S. aureus skin infections’!, arguing for
an active role of S. aureus in early abscess formation as a mechanism
supporting immune evasion. High WTA amounts might permit
S. aureus to amplify early mechanisms of abscess formation,
thereby creating a microenvironment that protects bacteria from
host responses. In line with this idea, overexpression of tarH in a
WTA"Y strain (SA113), which turned the strain into a WTAMS"
strain, led to increased abscess-inducing activity (Fig. 6a). More
strikingly, we could increase abscess formation and c.fu.s in the
abscess by injecting purified WTA together with the bacterial inocu-
lums of WTA" strains USA500 and SA113 (Supplementary
Fig. 13). USA500 is a strong toxin producer, and the fact that
purified WTA alone allows USA500 to reach higher c.fu.s in the
abscess clearly underlines that WTA and toxins play different
roles in the process of abscess formation. We also tested the
impact of important WTA tailoring modifications p-alanine and
GlcNAc and could not detect differences in p-alanylation between
the WTA™" and WTA™" strains. The GlcNAc tailoring modifi-
cation was slightly increased in USA300; however, when we
compared the wt to an isogenic tarM/S mutant that lacks all
GlcNAc modifications, we could not detect a significant phenotype
in the s.c. mouse model of abscess formation.

Taken together, we conclude that overexpression of WTA
biosynthesis is a mechanism that certain CA-MRSAs exploit to
gain virulence (Fig. 6b). Recent advances in the development of
antimicrobial substances led to the conclusion that WTA is an
ideal target for novel anti-infective strategies*? and antibiotics***,
and we believe that our report will aid in the development of
novel anti-staphylococcal strategies that can be especially helpful
in combating highly virulent CA-MRSA.

Methods

Bacterial strains and growth conditions. The bacterial strains, plasmids and
oligonucleotides used in this study are described in Supplementary Table 1. S. aureus
strains were cultivated in B-Medium (for cell wall or WTA isolation and infection
experiments) or in TSB (tryptic soy broth) medium (Difco Laboratories) and
incubated at 37 °C with shaking. Resistant S. aureus were cultivated in media
supplemented with appropriate antibiotics (tetracycline (5 pg ml™") or
chloramphenicol (10 pg ml™")). All strains were kept on blood agar plates to monitor
toxin agr activity and toxin production.

Construction of agr deletion mutants. For deletion of agr (Supplementary
Table 1), bacteriophage ®11 containing agr:tet(M) was propagated in strain
RN4220. Using standard methods, ®11 was used to transduce agr::tet(M) from
RN6911 (ref. 32) to different target strains. In this construct, the entire agr locus,
including agrDBCA and RNAIIL has been deleted®. The deletion of agr was
confirmed by PCR and transcription analysis (primer rnalllfor and rnalllrev).

Construction of a recombinant expression vector (pRB474) for tarH with Gibson
cloning. The open reading frame of tarH was amplified and cloned into expression
vector pRB474 using a modified Gibson cloning protocol. Wild-type tarH gene was
amplified by PCR (primers gib_pRB474_tarH_for and gib_pRB474_tarH_rev) from
the genomic DNA of the corresponding strains. Oligonucleotide sequences are
provided in Supplementary Table 1. Vector pRB474 was amplified by PCR with
primers gib_pRB474_f and gib_pRB474_r to generate tarH insert overhangs. Vector
and insert PCR products were digested for 1 h at 37 °C with 10 U of Dpnl. Each of
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the Dpnl-digested DNA samples (1 pl) was added to 15 pl of the Gibson master mix
and incubated for 45 min at 50 °C. Gibson reaction mix (pRB474+tarH, 5 pl) was
used to transform 50 pl of chemo-competent Escherichia coli DC10B or DH5a cells.

PAGE analysis of WTA. For PAGE analysis of WTA samples, a 26% and 0.75-mm-thick
resolving gel was cast, as described recently®>. WTA samples (100 nmol of phosphate
per lane) were loaded onto gels and resolved for 24 h using a constant current of
40 mA per gel. WTA bands were visualized using the Alcian blue silver staining
method. Briefly, the gels were fixed and stained with 0.005% (wt/vol) Alcian blue in
EAW solution (40% ethanol and 5% acetic acid in water) at room temperature for
several hours until the WTA ladder became visible. To intensify the staining pattern,
the Bio-Rad silver stain kit (Bio-Rad) was used according to the manufacturer’s
instructions after oxidation of the gels with 0.7% NalO, for 20 min.

Cell wall and WTA isolation and polymer analysis. Cell wall and WTA were
isolated as described previously®. The instruments and devices used in the isolation
process were depyrogenated by heat inactivation for 4 h at 240 °C. Bacteria were
grown overnight in B-medium, supplemented with 0.2% glucose. WTA and cell wall
extraction for immunological assays and in vivo experiments were performed on a
large scale with a Euler cell mill (Euler) and a mini scale for WTA quantification
with a FastPrep-24 Instrument (MP Biomedicals). Cell lysates were incubated
overnight with DNase I (40 units ml™', Roche) and RNase A (80 units ml ™", Sigma)
at 37 °C and 200 r.p.m. followed by a proteinaseK digest (80 units per g cell wall,
Applichem). Cell wall and WTA were dialysed against pyrogen-free water (Ambion).
WTA amounts were quantified by determining the inorganic phosphate (P;)
content, as described previously**.

p-Alanylation and GIcNAc amounts for the WTA polymers were quantified as
described previously”>74.

Purified, pyrogen-free cell wall and WTA for immunological assays and in vivo
experiments were analysed for endotoxin with the Limulus amoebocyte lysate test
(Charles River Laboratories), for protein via ultraviolet absorbance at 280 nm, for
SDS-PAGE electrophoresis with silver stain, and for nucleic acids by agarose gel
electrophoresis or a PicoGreen assay.

Gel shift assays with tarH promoter. Whole-cell protein extracts were prepared
from over night cultures in TSB. Cells were washed in tris-EDTA buffer and lysed
in a buffer containing 10 mM Tris, 1 mM EDTA, 50 mM KCl, 5 mM MgCl,,

10% glycerol, pH 7.4, as described in ref. 57, supplemented with dithiothreitol

(1 mM) and 1x complete proteinase inhibitor cocktail (Sigma). Protein extracts
from isogenic strains with and without rot (all in agr-negative background to allow
high Rot protein levels; USA300Aagr and USA300AagrArot) were mixed with
infrared-dye labelled promoter probes (PCR amplification with labelled primers
(DY-701 for hla and DY-781 for rot) purchased from Biomers GmbH,
Supplementary Table 1) for tarH and hla (positive control) and incubated for

20 min at room temperature. The probes were 355 bp (tarH) and 299 bp (hla).
Samples were directly run on a 3% agarose gel and imaged on a LI-COR Odyssey
system with settings for 700 nm emission (hla promoter) and 800 nm (rot promoter).

Mouse model of subcutaneous abscess formation. Male Swiss Webster ND4 mice
(4-6 weeks old) were obtained from Harlan. In the subcutaneous abscess model,
20 pug/100 pl purified cell wall WTA or live whole bacterial cells (as indicated in the
figure legends) were mixed with equal volumes of sterile dextran beads (Cytodex 1,
Sigma), and the mixture (0.2 ml) was injected into each flank of the mouse as
described previously”. For controls, equal volumes of PBS were mixed with dextran
beads. After 48 h, mice were euthanized, and the abscesses were excised and
homogenized in 1 ml PBS (Gibco by Life Technologies) for c.f.u. determination or in
500 pl extraction buffer”® for MPO measurement or cytokine determination. MPO
is present in the azurophilic granules of neutrophils and is routinely used to assess
inflammatory responses in tissues’ as well as abscess formation. Measurements of
single cytokines were performed, for example with mouse IL-17 and IFN-y
Quantikine ELISA Kits (R&D Biosystems). MPO activity was determined with a
colorimetric assay’® and was used as a quantitative measure of neutrophil
infiltration. For assays where we injected purified WTA we screened for the
production of a number of different cytokines by ELISA (R&D Systems Quantikine)
at early (2 h) and late phases (48 h) at 20 pg per abscess (Supplementary Fig. 16a).
While large amounts of IFN-y were measurable very early, IL-17 production was
primarily observed at later stages of abscess formation. We then elucidated the
production of IFN-y and IL-17 over time and in more detail. For c.f.u. counts, MPO
measurements und cytokine assays, each abscess was treated as an independent 7, as
described previously (two abscesses per mouse).

T cell activation and IFN-y cytokine production assay. Mononuclear cells were
purified by density gradient centrifugation in Polymorphoprep (Axis-Shield) from
blood drawn from different healthy human donors. CD4" T cells were purified with
CD4" MACS enrichment columns (Milteny). Then, 2 x 10° T cells per ml were
co-cultured with 1 x 10° irradiated APCs per ml and purified S. aureus cell wall
(50 pg ml™"), which was the optimal amount, as determined from titration
experiments (Supplementary Fig. 16b). S. aureus enterotoxin A (SEA) (2 ng ml™)
was used as a positive control, and T cells co-cultured with APCs alone were used as

negative controls. Proliferation was assayed with a carboxyfluorescein succinimidyl
ester dilution assay by fluorescence-activated cell scanning. The T cell stimulation
index was calculated by normalizing to wells with APCs and T cells but no
stimulating antigen. After stimulation, supernatants were collected by centrifugation
(300g, 10 min, 4 °C) and stored at —80 °C until IFN-y was assayed by ELISA (R&D
Biosystems) according to the manufacturer's instructions. Blocking antibodies were
used in some experiments to evaluate the impact of HLA on WTA-dependent IFN-y
production. The antibodies used were HLA-DR clone 1.243 (Abcam), HLA-DQ
clone SPV-L3 (Abcam), HLA-DP clone 1E3 Abnova, HLA-A,B,C clone W6/32
(Biolegend) and the isotype controls IgG2b clone 20116 (R&D Systems) and
IgG2a clone ICIGG2A (Abcam).

RNA isolation in vitro and gqRT-PCR. For RNA isolation, bacteria were grown
overnight in TSB medium to the stationary growth phase (optical density at
600 nm (ODy,) of 10-14), and 1 ml was collected by centrifugation for 3 min at
10,000 r.p.m. and 4 °C. Bacteria were mechanically disrupted in 1 ml TRIzol reagent
(Invitrogen/Life Technologies) with 0.5 ml zirconia-silica beads (diameter of
0.1 mm, Carl-Roth) in a high-speed homogenizer (FastPrep-24 Instrument, MP
Biomedicals). RNA was further isolated as described in the manual provided by the
manufacturer. Primers (obtained from Metabion) used for gqRT-PCR are shown in
Supplementary Table 1 and were designed using Primer3web (http://bioinfo.ut.ee/
primer3). QRT-PCR was carried out using Brilliant IT SYBR Green 1-Step Master
Mix (Agilent). Relative quantifications were performed with a LightCycler480IT
instrument (Roche).

The transcriptional levels of target genes (tarO/A/K/L/G/HIM/S, dlt operon, rot,
RNAIII) were normalized against the expression of gyrB as an internal control and
in some assays normalized to expression in WTA"™ strain SA113.

Ethics statement. Animal experiments were performed in strict accordance with the
German regulations of the Society for Laboratory Animal Science (GV-SOLAS) and
the European Health Law of the Federation of Laboratory Animal Science
Associations (FELASA). The protocol was approved by the Regierungsprisidium
Tiibingen (permit no. H2/10). Human blood was collected from healthy volunteers
who gave written informed consent for venipuncture in accordance with protocols
approved by the University of Tiibingen, Germany.

Statistical analysis. Statistical analyses were performed with Graphpad Prism
(GraphPad Software, version 5.04) using appropriate statistical methods as indicated
in the figure legends. P values <0.05 were considered significant. For all experiments
n refers to the number of independent experiments (except for animal studies, where
n refers to a single abscess, as described previously®'). In all experiments, two
technical replicates were used unless noted otherwise. For animal studies we used
SPSS Sample Power V.3 or G-Power 3.1 to estimate the group size required for
statistical significance. Power calculations were performed without assumption of a
normal distribution and we used Wilcoxon-Mann-Whitney to evaluate the sample
size for a first-degree error of 0.05 and a second degree error of 0.2. We did not fully
blind or randomize animal experiments.

Data availability. The data that support the findings are available from the
corresponding author upon request.
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Corrigendum: Wall teichoic acids mediate increased virulence in Staphylococcus aureus

Stefanie Wanner, Jessica Schade, Daniela Keinhorster, Nicola Weller, Shilpa E. George, Larissa Kull, Jochen Bauer,
Timo Grau, Volker Winstel, Henriette Stoy, Dorothee Kretschmer, Julia Kolata, Christiane Wolz, Barbara M. Broker and
Christopher Weidenmaier

Nature Microbiology 2, 16257 (2017); published online 23 January 2017; corrected 13 March 2017

In the version of this Article originally published, the horizontal bars in Fig. 1a that indicate statistical differences were incorrectly
placed. This has now been corrected in all versions of the Article, so that the horizontal bars indicate the statistical differences between
strain 331865 and strains USA300, MW?2 and 103.
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Summary

Capsular polysaccharide (CP) biosynthesis in
Staphylococcus aureus is tightly controlled result-
ing in a heterogeneous phenotype within a popula-
tion and CP being mainly detectable in nongrowing
cells. Expression of the corresponding biosynthe-
sis gene cluster is driven by one promoter element
(P,,p)- Here, we demonstrate that P, contains a main
SigB-dependent promoter. The SigB consensus
motif overlaps with a previously described inverted
repeat (IR) that is crucial for cap expression. The
essentiality of the IR is derived from this region act-
ing as a SigB binding site rather than as an operator
site for the proposed cap activators RbsR and MsaB.
Furthermore, P_,, contains an extensive upstream
region harboring a weak SigA-dependent promoter
and binding sites for cap repressors such as SaeR,
CodY and Rot. Heterogeneous CP synthesis is deter-
mined by SigB activity and repressor binding to the
upstream region. SigB dependency and regulation
by the upstream repressors are also sufficient to
explain the temporal gene expression pattern at the
transcriptional level. However, CP synthesis remains
growth phase-dependent even when transcription is
rendered constitutive, suggesting additional post-
transcriptional regulatory circuits. Thus, the inter-
ference of multiple repressors with SigB-dependent
promoter activity as well as post-transcriptional
Accepted 3 July, 2019. *For correspondence. E-mail chris-
tiane.wolz@uni-tuebingen.de; Tel. +49 7071 2974648; Fax

00497071295937. Present address: ' Institute for Molecular Infection
Biology, University of Wirzburg, Wirzburg, Germany.

© 2019 The Authors. Molecular Microbiology John Wiley & Sons Ltd.

mechanisms ensure the appropriate regulation of
CP synthesis.

Introduction

Staphylococcus aureus is an opportunistic pathogen that
asymptomatically colonizes parts of the human popula-
tion, thereby increasing the risk of subsequent infections.
Its capacity to cause a wide variety of diseases depends
on secreted virulence factors as well as cell surface-
attached proteins and polysaccharides (Gordon and Lowy,
2008; Weidenmaier and Lee, 2017; de Jong et al., 2019).
The capsular polysaccharide (CP) is one of these cell
surface structures playing an important role in S. aureus
pathogenesis and bacterial evasion of the host immune
defenses (O’Riordan and Lee, 2004; Weidenmaier and
Lee, 2017). Therefore, it is being discussed as a target for
immunotherapy and as a vaccine candidate (Missiakas
and Schneewind, 2016; Weidenmaier and Lee, 2017;
Ansari et al., 2019).

CP serotypes 5 and 8 are the two main CP sero-
types produced by S. aureus strains (Arbeit et al., 1984;
Hochkeppel et al., 1987; Roghmann et al., 2005; Verdier
et al., 2007). Their structure is highly similar due to the
closely related cap5 and cap8 gene clusters. These
allelic operons consist of 16 genes, cap5/8A to cap5/8P,
whose gene products are involved in CP biosynthesis,
O-acetylation, transport and regulation (O’Riordan and
Lee, 2004; Weidenmaier and Lee, 2017; Rausch et al.,
2019). The cap operon is thought to be mainly transcribed
as a single large 17 kb transcript driven by one principal
promoter element (Pcap), located upstream of capA (Sau
etal., 1997; Ouyang et al., 1999). While cap gene clusters
are extremely conserved across S. aureus genomes, not
all clinically relevant isolates produce CP and acapsular
variants may emerge during chronic infections. The loss of
CP expression can typically be explained by mutations in
any of the cap genes essential for CP synthesis or in the
promoter region (Cocchiaro et al., 2006; Tuchscherr et al.,
2010). For instance, the acapsular phenotype of strains
from the USA300 lineage was attributed to conserved
mutations in the cap5 locus (Boyle-Vavra et al., 2015).
However, this assumption has been recently challenged

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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by the finding that USA300 strains might indeed produce
CP during infection (Mohamed et al., 2019). In addition
to mutations that abolish its production, CP synthesis
can also be switched off in response to environmental
conditions via a complex regulatory network. Extensive
in vitro and in vivo analyses have shown that cap expres-
sion is highly sensitive to changes in nutrients, pH, CO,
and oxygen availability (Sutra et al., 1990; Dassy et al.,
1991; Stringfellow et al., 1991; Lee et al., 1993; Poutrel
et al, 1995; Herbert et al, 1997; Pohlmann-Dietze
et al., 2000; George et al., 2015). Interestingly, CP syn-
thesis was commonly found to be strictly growth phase-
dependent and detectable only after post-exponential
growth phase (Poutrel et al., 1995; Dassy and Fournier,
1996; Pohlmann-Dietze et al., 2000; Cunnion et al., 2001;
George et al., 2015). In addition, not all bacteria in a pop-
ulation are CP-positive as revealed by flow cytometry and
immunofluorescence (IF) of in vitro- and in vivo-grown
bacteria (Poutrel et al, 1997; Pohimann-Dietze et al.,
2000; George et al., 2015; Conlon et al., 2016). As only
nonencapsulated cells are able to adhere to endothelial
cells (Pohlmann-Dietze et al., 2000), while CP protects
bacterial cells from phagocytosis (Karakawa et al., 1988;
Thakker et al., 1998; Portoles et al., 2001), it is likely that
CP heterogeneity provides better adaptability of the popu-
lation as a whole. So far, the underlying regulatory mech-
anisms of this particular expression pattern (early-Off/
late-Heterogeneous) are only partially understood.

In general, P, activity correlates with CP synthesis,
indicating that regulation occurs predominantly at the
transcriptional level (Ouyang et al., 1999; Meier et al.,
2007; Jansen et al., 2013; Hartmann et al., 2014; George
et al., 2015). Yet, the data to explain the molecular mech-
anisms of cap regulation are puzzling. The identified tran-
scriptional start site (TSS) is not preceded by a classical
sigma factor consensus sequence (Ouyang et al., 1999);
instead, several inverted and direct repeats were identified
further upstream, among which a 10 bp inverted repeat
(IR) was shown to be crucial for promoter activity (Ouyang
et al.,, 1999). It has been proposed that this IR functions
as an operator site for the cap activators RbsR and MsaB
(Lei and Lee, 2015; Batte et al., 2016). RbsR also func-
tions as a repressor of the rbsUDK operon involved in
ribose uptake. While the presence of ribose relieves
repression of the rbsUDK operon by RbsR, the presence
and absence of ribose had no effect on cap expression
(Lei and Lee, 2015). MsaB is described as a transcrip-
tional factor with DNA binding capacity (Batte et al., 2016)
but is also annotated as cold-shock protein CspA, which
exerts regulatory effects via RNA binding (Caballero et
al., 2018). In addition to RbsR and MsaB/CspA, there are
several other transcription factors (MgrA, CcpA, RpiR,
SpoVG, CcpE, XdrA, CodY, Rot), two-component regu-
latory systems (Agr, ArIRS, KdpDE, AirRS, SaeRS) and

the alternative sigma factor B (SigB) known to be involved
in the regulation of cap expression (O’Riordan and Lee,
2004; Weidenmaier and Lee, 2017). The role of these reg-
ulators was mainly deduced from the characterization of
single regulatory mutants and, in most cases, it remains
unclear how they affect cap expression. In particular, SigB
and Agr are believed to act indirectly via other regulatory
systems. For instance, the absence of a SigB consensus
motif in front of the proposed TSS led to the hypothe-
sis that SigB acts through the SigB-dependent cap reg-
ulators SpoVG, ArlRS and RbsR (Bischoff et al., 2001;
2004; Meier et al., 2007; Schulthess et al., 2009; Lei and
Lee, 2015). SigB is a central part of the general stress
response, and is activated upon environmental stresses
and toward stationary growth phase (Pane-Farre et al.,
2006). Its activity is regulated mainly at the post-trans-
lational level by a complex regulatory cascade involving
RsbW, RsbV and RsbU, encoded within the rsbUVWsigB
operon (Senn et al., 2005).

For the quorum sensing system Agr, it was shown that
Agr-mediated cap activation occurs via inactivation of
the repressor Rot (George et al., 2015). Rot is known to
bind to several target genes; however, its binding motif
is ill-defined (Killikelly et al., 2015). Nevertheless, Rot as
well as the DNA binding proteins CodY and SaeR are
likely candidates for direct interference with the Pcap pro-
moter element. CodY represses many metabolic and vir-
ulence genes, including the cap operon (Pohl et al., 2009;
Majerczyk et al., 2010), and binding of CodY to the Pcap
region has been demonstrated (Majerczyk et al., 2010;
Batte et al., 2018; Lei and Lee, 2018). The two-component
system (TCS) SaeRS regulates a number of virulence
factors, with cap being one of the few genes repressed
(Steinhuber et al., 2003; Luong et al., 2011; George et
al., 2015). With only a poorly conserved SaeR consen-
sus sequence in P, it remains unclear whether SaeR
exerts its effect on cap expression indirectly or via direct
promoter interaction.

All in all, despite a plethora of work published on cap
regulation, results are yet inconclusive regarding P,
architecture and the molecular interference of the different
regulatory elements. Here, we redefined the Pcap promoter
structure and reinvestigated the main players of cap expres-
sion. We identified a SigB consensus motif overlapping
with the IR structure. In addition, we found a second weak
SigA-dependent promoter in the Pcap upstream region, as
well as binding sites for three cap repressors, CodY, Rot
and SaeR, which interfere with SigB-dependent promoter
activity. Thus, the early-Off/late-Heterogeneous cap expres-
sion pattern is a consequence of SigB activity together
with repression mediated through the Pcap upstream
region. However, negative regulation of CP synthesis in
early growth phase is maintained through additional post-
transcriptional mechanisms.
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Results of TSSs in S. aureus (Méader et al., 2016; Prados et al.,
2016). To resolve this ambiguity, we employed 5’ rapid

Flap CORHInSSIgEranE SigP-aapan R Armolans amplification of cDNA endings (5' RACE) (Fig. 1A). Most

cap

Previous primer extension analysis of the 344 bp com- of the clones (6/10) revealed a TSS at position —41 bp
prising P_,, revealed a TSS -17 bp upstream of the ATG from the capA start codon, which is preceded by a puta-
start codon of capA (Ouyang et al., 1999). However, RNA- tive SigB consensus sequence. This SigB promoter
Seq data indicate an alternative TSS further upstream, consists of a conserved SigB -35 motif (GTTTAA) and
at position —-41 from the capA-coding region (data not a —-10 region harboring three mismatches (ATGTAA ver-
shown), consistent with recent whole genome analyses sus GGGTAT) (Homerova et al., 2004). Remarkably,
A -
SigA SigB
cap
ATG| capA
r
-128
CTCATTTCACAAACTATTACTACTTTAGAGTATAATTATTTTTAATTTCATATAAATAAAAAGGCGA
— . L]
SigA
o ~ v
-78-77 -41 -22i-21 -17 SD +1
ATTGTTTAAACGATATGTAATATGTAAATACTATATATATAATACCAATTTTAATGAAAATTTTTAAGGGAGGTAAATAATG
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SigB * E '
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]
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pCG717 / pCG742 / full-length Pcap

sod ATG gpven
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. ________________________________________________________________________________________________________________|] Sod ATG gpven
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. ___________________________________________________________________________________________________________| SOd ATG ngen
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AP__ upstream, strong SigB =—— ATG capA
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Fig. 1. P, Promoter architecture and P_,, variants employed in this study.

A. P, (344 bp) in front of capA with magnified SigA and SigB promoters. Black dots represent the putative TSSs suggested by 10 analyzed
5 RA&E clones. Sigma factor —35 and —10 motifs are underlined, bent arrows indicate the corresponding TSSs. The TSS and inverted
repeat (IR) structure proposed by Ouyang et al. (1999) are marked as black triangle and opposing arrows, respectively. Vertical dashed lines
indicate sites of promoter truncation. Numbers mark positions with reference to the ATG of capA. The native Shine Dalgano (SD) sequence
is labeled and indicated by a box.

B. P_,, promoter fusion variants in front of an artificial ribosomal binding site (sod) and gpven gene. Numbers show truncation sites and
asterisks indicate point mutations (* -56:G — T; *** -58:A — G, -57.T — G, -52:A - T).

C. Genomic P ap Variants in front of capA. Numbers show truncation sites and asterisks indicate point mutations (*** -58:A — G, -57:T — G, -52:A - T).
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the SigB —35 consensus sequence is located within the
IR that is crucial for Peap activity (Ouyang et al., 1999).
The identified TSS confirmed our RNA-Seq data and
the TSS prediction of Prados et al. (2016). In addition, 5’
RACE revealed one clone with a putative TSS at position
—-128 bp upstream of the capA start codon, which was also
predicted by Prados et al. (2016). A conserved SigA con-
sensus sequence was identified in front of this TSS con-
taining canonical —35 and —10 regions. Interestingly, the
TSS -17 bp upstream of the capA start codon proposed
by Ouyang et al. (1999) was not detected. Though one
5" RACE clone suggested a potential TSS in close prox-
imity, at position —21, this was not preceded by a sigma
factor consensus sequence, challenging the presence
of a functional promoter. Using 5 RACE and sequence
analysis, we provide evidence for a dominant SigB-
dependent promoter and an additional SigA-dependent
promoter further upstream in the Pcap promoter element.

cap expression is mainly driven by direct SigB regulation

To analyze promoter activities, we constructed various
Pcap-gpven promoter fusions (Fig. 1B), including dele-
tions and variations of the putative SigA- and SigB-
dependent promoters. Cloning the full-length Pcap in front
of gpven and an artificial ribosomal binding site (Liese et
al., 2013) (pCG717) resulted in detectable gpven expres-
sion and was used as reference for all further experi-
ments (Fig. 2A). Deletion of the downstream element
containing the putative TSSs at position =17 (Ouyang et
al.,, 1999) and -21 in pCG720 did not influence gpven
expression. This supports that there is no active pro-
moter located in this region and that these putative
TSSs may have been derived from RNA processing. A
construct containing only the SigA-dependent promoter
(pCG722) resulted in a low but detectable fluorescence
signal, suggesting weak promoter activity. In contrast, a
construct containing only the SigB-dependent promoter
(pCG719) resulted in a strong promoter activity. This indi-
cates dual promoter activity driving Pcap expression: a
weak SigA-dependent promoter located in the upstream
region plus a main SigB-dependent promoter further
downstream. The deletion of the upstream region con-
taining the SigA consensus sequence (pCG719) resulted
in promoter activity higher than that of the full-length con-
struct (pCG717). Taken together, these results suggest
that despite containing a functional SigA-dependent pro-
moter, the upstream region mainly functions as a repres-
sive element.

To further prove that SigB is directly involved in cap
activation, the expression of the full-length P sap Promoter
fusion was measured in wild-type and a sigB mutant over
time. In addition, constructs where the SigB —10 consen-
sus sequence was mutated to either abolish (pCG723) or
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Fig. 2. SigB is the main driver of P_, activity. Promoter activities

of different truncated (A) or mutated (B) Psap fusions in Newman

wild-type. The different promoter fusion constructs are described
in Fig. 1B. The promoter activity of the full-length P, promoter
fusion (pCG717) serves as reference and is marked in red. Mean
gpVenus intensity per ODg, plus standard deviation of biological
triplicates is shown over time.

enhance (pCG724) SigB affinity were included (Fig. 2B).
Deletion of sigB (data not shown) or a loss-of-function
mutation in the SigB consensus sequence eliminated
P ;o activity. In contrast, the strong SigB consensus motif
further enhanced promoter activity in comparison to the
native promoter. These results reveal that cap expression

is mainly and directly driven by SigB activity.

MsaB/CspA activates cap expression by modulating
SigB activity

Interestingly, the crucial IR structure that in fact consti-
tutes the SigB —35 motif was shown to be the binding
site for two cap activators, RbsR and MsaB (Lei and Lee,
2015; Batte et al., 2016). To elucidate whether and how
these regulators interfere with SigB-dependent promoter
activity, full-length Pcap promoter fusions were introduced
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into msa and rbsR knockout mutants. Under our growth
conditions, deletion of rbsR showed no effect on P_,,
activity (Fig. S1).

In the msa mutant, P_,, promoter activity was lower
than in the wild-type, supporting the finding that MsaB/
CspA contributes to cap activation (Fig. 3A). We hypoth-
esized that MsaB/CspA exerted its effect by modulating
SigB activity. To test this hypothesis, we used the dual
promoter fusion construct pCG742 to simultaneously
measure P, and P, ,; activities. The P, promoter is
widely used as marker for SigB activity (Gertz et al., 1999;
Giachino et al.,, 2001; Homerova et al., 2004) and was
cloned in front of gpcer (Liese et al., 2013). We found Pcap
and P, ,; activities to be highly correlated, in line with the
assumption that both are controlled directly by SigB. The
activity of both promoters was lower in a msa mutant (Fig.
3A and B). It was previously shown that MsaB/CspA could
bind to rsbVWsigB transcript, likely leading to its stabili-
zation (Caballero et al., 2018). In this case, expression of
sigB alone should lead to MsaB/CspA-independent reg-
ulation. Therefore, we expressed sigB from a constitutive
promoter in a rsbUVWsigB mutant (const. sigB). By this
means, we also circumvented post-transcriptional regula-
tion of SigB by the RsbUVW phosphorelay. As expected,
neither Pcap activity (Fig. 3A) nor P asp23 activity (Fig. 3B)
was affected by msa deletion in this background. To
exclude additional regulation by direct binding of MsaB/
CspAto P, we performed electrophoretic mobility shift
assays (EMSAs) with purified MsaB/CspA protein. Even
using high amounts of MsaB/CspA protein, no band shift
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was observed (Fig. S2). Thus, MsaB/CspA promotes cap
expression via modulation of SigB activity and not by
direct interaction with P, .

Upstream promoter region leads to Pcap repression

To follow up on the observation that the P_,, upstream
region is of repressive function (Fig. 2A), we investigated
the role of the known cap repressors CodY, Rot and
Sae. Full-length (pCG717) and truncated (pCG719 and
pCG722) P, , promoter fusions were introduced in codY-,
rot- or sae-negative background. Mutation of any of the
three regulators resulted in a significant increase of full-
length Pcap activity (Fig. 4A). The effect of the individual
regulators is additive, since in the sae codY rot triple
mutant, the promoter activity is further enhanced com-
pared to the single mutants. If these repressors target
the P, upstream region, their deletion should not affect
promoter activity of a construct lacking this part of the
promoter. Indeed, repressor mutations have no or only
minor effects on promoter activity of construct pCG719
(Fig. 4B). Interestingly, promoter activity of the full-length
construct in the triple mutant remained significantly
below the level of the upstream-truncated construct (Fig.
4A and B). This indicates that, besides CodY, Sae and
Rot, additional repressive factors are acting on the Pcap
upstream region.

We further analyzed whether the repressors also
affect the activity of the weak SigA-dependent promoter
located in this region (Fig. 4C). Remarkably, neither Rot
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Fig. 3. MsaB/CspA activates cap expression by modulating SigB activity. Promoter activity of full-length Peapmgpven (A) and P, ,5-gpcer

(B) dual promoter fusion (pCG742, see Fig. 1B) in Newman wild-type and a msa mutant with or without constitutive sigB expression (const.
sigB). gpCerulean (P,,,;) and gpVenus (P, ) intensities are given per ODg, after 16 h of growth. Experiments were performed in biological
triplicates, error bars represent the standard deviation. Statistical significance was obtained by ordinary one-way ANOVA followed by Tukey’s

multiple comparison test (ns: not significant, ****: P < 0.0001).
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Fig. 4. CodY, Rot and Sae repress cap expression by interfering with the Pvap upstream region. Promoter activity of different P, truncations
in Newman wild-type, codY, rot, sae single and triple mutants (A—C). The different promoter fusion constructs are described in Fig. 1B.
gpVenus intensity is given per ODg, after 16 h of growth. Experiments were performed in biological triplicates, error bars represent the
standard deviation. Statistical significance was determined by ordinary one-way ANOVA followed by Dunnett’s multiple comparison test (ns:

not significant, *: P < 0.1, ***: P< 0.001, ****: P < 0.0001).

nor CodY showed any influence on promoter activity in
a construct only containing the upstream part of the pro-
moter (pCG722). However, mutation of sae resulted in
increased SigA-dependent promoter activity, even though
it remained weak in comparison to the full-length pro-
moter (pCG717). Hence, while all three repressors target
the upstream region and affect SigB-dependent promoter
activity, only Sae additionally represses the weak SigA-
dependent promoter.

Sae, Rot and CodY repress PEap by direct binding

We have demonstrated that Sae, Rot and CodY
repress 