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Summary

Release of cytoplasmic proteins into the supernatant occurs both in bacteria and eukaryotes. Since
the underlying mechanism remains unclear, the excretion of cytoplasmic proteins (ECP) has been
referred to as ‘non-classical protein secretion’. We show that none of the known specific protein
transport systems of Gram-positive bacteria are involved in ECP. However, the expression of the
cationic and amphipathic a-type phenol-soluble modulins (PSMs), particularly of PSMa.,
significantly increased ECP; while PSMp peptides or &-toxin have no effect on ECP. Since psm
expression is strictly controlled by the accessory gene regulator (agr), ECP was also reduced in
agr-negative mutants. PSMa peptides damage the cytoplasmic membrane as indicated by the
release of not only CPs, but also lipids, nucleic acids and ATP. Thus, our results show that in
Staphylococcus aureus, PSMa. peptides non-specifically boost the translocation of CPs by their
membrane damaging activity.

Keywords

cytoplasmic proteins; membrane damage; non-classical protein secretion; phenol-soluble-
modulins; Staphylococcus aureus

Introduction

Normally, proteins that are translocated through the cytoplasmic membrane are
distinguished by appropriate signal peptides and are translocated by defined transport
systems. In eukaryotes such cytoplasmic proteins (CPs) are secreted distinct from the
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classical ER-Golgi route and the pathway was referred to as ‘nonclassical protein export’
(Muesch et al., 1990). Various distinct types of nonclassical export were described (Nickel,
2003). Some proteins are imbedded in endosomal sub-compartments (Rubartelli et al.,
1990), others are N-terminal acylated and translocated via a flip-flop mechanism to the outer
leaflet of the plasma membrane, and some proteins are translocated in exosomal vesicles that
release their contents into the extracellular space. Sometimes the function of the protein in
the intracellular milieu is completely different from that of the extracellular counterpart. For
example the mammalian thymidine phosphorylase catalyzes the intracellular
dephosphorylation of thymidine, but acts outside as a platelet-derived endothelial cell
growth factor, which stimulates endothelial cell growth and chemotaxis (Jeffery, 1999). This
is a paragon for a ‘“moonlighting protein’, a term coined by Jeffery (Jeffery, 1999) and means
that dependent on the localization one and the same protein can exert different functions.

But not only in eukaryotes, also in bacteria exists the ‘non-classical protein export’. In
various streptococcal species and many other bacteria glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) is not only found in the cytoplasm but was also present in large
amounts on the cell surface and the supernatant (Pancholi and Chhatwal, 2003; Pancholi and
Fischetti, 1992). The excreted streptococcal GAPDH functions as an ADP-ribosylating
enzyme (Pancholi and Fischetti, 1993) and facilitates host colonization (D’Costa and Boyle,
2000; Madureira et al., 2007; Pancholi and Fischetti, 1993; Winram and Lottenberg, 1996).
Thus GAPDH represents a bacterial example for a ‘moonlighting protein’. In Group B
streptococci GAPDH is released by cell lysis and the exported enzyme induced apoptosis in
murine macrophages (Oliveira et al., 2012).

With the rise of secretome analyses, it turned out that in bacteria the excretion of
cytoplasmic proteins (ECP) is not restricted to individual species but is rather a general
phenomenon in Gram-positive and Gram-negative bacteria (Goétz et al., 2015). In particular,
many glycolytic enzymes, chaperones, translation factors or enzymes involved in
detoxification of reactive oxygen species were found in the supernatants (Boel et al., 2004;
Sibbald et al., 2006; Tjalsma et al., 2004; Trost et al., 2005; Xia et al., 2008; Ziebandt et al.,
2004). In the agr-positive S. epidermidis strain RP62A a surprisingly high number of CPs
(80%) were found in the secretome (Siljamaki et al., 2014).

It is hotly debated whether the release of such proteins is due to cell lysis or whether they are
exported by a so far unknown secretion mechanism. There are arguments for both
possibilities. For example, cells in the stationary growth phase or mutants with increased
autolysis activity or altered cell wall structure release more CPs to the supernatant (Ebner et
al., 2015a; Nega et al., 2015). On the other hand there are also evidences for a defined
mechanism in ECP. In E. coli for example excretion of enolase was significantly decreased
by certain mutations in the active site region without affecting enzyme activity (Boel et al.,
2004). In B. subtilis excretion of enolase was dependent on a hydrophobic alpha-helical
domain (Yang et al., 2011; Yang et al., 2014). These examples are strong evidences that the
protein structure plays a crucial role in ECP and speak therefore against an indiscriminate
excretion by cell lysis.
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In Staphylococcus aureus, our favorite model bacterium, we don’t know the underlying
mechanism of ECP. But what we know is that pathogenic strains excrete more CPs than non-
pathogenic strains and species (Ebner et al., 2016; Pasztor et al., 2010). For example in the
agr-negative S. aureus SA113 strain only a defined set of CPs were found in the secretome,
while other highly expressed CPs were absent (Pasztor et al., 2010), suggesting, that in this
strain background only defined CPs were excreted. By analyzing some features of ECP in
the agr-negative SA113 it has also been shown that ECP takes place mainly during the
exponential growth phase, that the amount of excreted CPs is substantial and comparable to
Sec-secreted proteins and that CPs are translocated particularly at the septal cleft of dividing
cells (Ebner et al., 2015a; Ebner et al., 2015b). By investigating the potential role of excreted
CPs in pathogenicity of S. aureus, it has been shown that the two model proteins, aldolase
(FbaA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), increased adherence to
host cells and exerted cytoxicity to various host cells (Ebner et al., 2016). The accessory
gene regulator (agr) positively controls the expression of many toxins and has been assigned
a central role in the pathogenesis of staphylococci, particularly in S. aureus (Novick, 2003).
It is therefore not surprising that agr-mutants are severely attenuated in virulence (Abdelnour
etal., 1993; Cheung et al., 2011), but why they excrete less CPs is unknown so far.

So far we don’t know the underlying mechanism of ECP in S. aureus, probably there is not
just one but more mechanisms involved. We show, that in S. aureus ECP is not mediated by
one of the known specific protein transport systems of Gram-positive bacteria. However, we
found that ECP was significantly increased by alpha-type phenol soluble modulins (PSMa.)
expression, which was strictly controlled by the accessory gene regulator (agr). PSMa
peptides disintegrated the cytoplasmic membrane thus triggering a rather unspecific release
of CPs into the supernatant. This study explains why high ECP is correlated with
pathogenicity.

Known alternative protein transport systems in Gram-positive bacteria do not contribute to
ECP - only the global regulator agr.

To facilitate analysis of ECP in S. aureus we have selected four CPs, namely aldolase
(FbaA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), enolase (Eno) and the
NADH-oxidorecuctase (Ndh2); the latter is membrane-associated (Ebner et al., 2015a;
Pasztor et al., 2010). As CPs have no classical signal peptide, it is unlikely that they are “co-
translocated” by the classical Sec-pathway. However, in Gram-positive bacteria, there are
various alternative protein secretion systems by which certain CPs might be translocated or
co-translocated with the target proteins. For this reason we created marker-less deletion
mutants in all known alternative protein secretion systems in S. aureus HG001Aspa. In
HGO001, a derivative of NCTC8325, the global regulator agrhas been repaired (Herbert et
al., 2010). For better monitoring ECP in Western blots the spa gene (encoding protein A)
was deleted. Deletions were generated in the accessory secretory system (secAZ2-Y2), the
twin arginine translocation system (fatAC) (Biswas et al., 2009), the ESAT-6 secretion
system (Burts et al., 2005), the holin (c/dAB) (Rice et al., 2003) and anti-holin system
(/rgAB) (Ranjit et al., 2011), and the competence system (comEC) (Draskovic and Dubnau,
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2005). In addition we also created mutants in flotillin genes (/oA and floT) that are
potentially involved in lipid raft formation (Bach and Bramkamp, 2015). Finally, we also
inactivated the global regulator agr, which controls a large number of secreted S. aureus
toxins (Koenig et al., 2004; Peng et al., 1988). With all these mutants we investigated the
amount of excreted FbaA (as a CP representative) in the culture supernatant of 6 and 16 h
grown cells (Fig. 1A). None of the alternative protein transport systems or the flotillin
deletions exhibited a convincing decrease of the FbaA content in the supernatant at both
time points. In contrast, in the tatAC, IrgAB and cidAB mutants, the content of FbaA was
even increased at the 6 h time point, but was equal to wild type (WT) levels after 16 h
growth (Fig. 1A). Representative Western blots are shown in Fig. SLAB.

Only in the agr mutant the amount of FbaA in the supernatant was significantly decreased
after both 6 and 16 h. As a control we quantified the amount of FbaA in the cytoplasm of the
various mutants and the wild type; there was no marked difference indicating that FbaA
expression was not affected (Fig. 1B). To verify whether the mutants were affected in the
general Sec-dependent secretion pathway, we tested their hemolytic activity on sheep blood
agar plates (Fig. 1C), because hemolysis is mostly dependent on a-toxin that is Sec-
dependent secreted. With exception of the agrA mutant, all other mutants produced a clear
hemolysis zone, indicating that the general Sec pathway was not affected in all these
mutants. The absence of a hemolytic zone in the agrA mutant is expected because a-toxin
expression is positively controlled by agrand there is usually no clear a-hemolysis observed
in agr-negative backgrounds (Cheung et al., 1992; Herbert et al., 2010). This experiment
clearly shows, that the decrease of FbaA excretion is not due to an abolished agrfunction
itself, but needs to be affected by a downstream effect of the agrregulon.

FbaA excretion is decreased in PSM deficient mutants.

The question occurred why ECP is significantly decreased in the agr mutant. The most
probable explanation is that agr positively controls other genes contributing to enhanced
ECP. The phenol-soluble modulins (PSMs) seemed to be the most likely candidates, since
they are under exceptionally strict regulation by agr (Queck et al., 2008) and because of their
membrane-damaging and pore-forming properties (Wang et al., 2007). In order to investigate
the impact of PSMs in ECP, we tested the PSM deletion mutants WT*

(Apsma ;_ApsmPBi_shld::hldper—g1e) and WT*Apmi on their impact on ECP. In WT* the a-
and B-psm genes were completely deleted, while A/d (6-hemolysin) was mutated only in the
start codon to prevent toxin translation but not RNAIII transcription which is crucial for agr
regulation. In WT*Apmtthe PSM transporter genes pmtABCD were additionally deleted.
On blood agar plates WT* and WT*Apmt showed a smaller hemolysis zone compared to the
WT (Fig. 1D), which is likely due to a combined effect of PSMs and a-toxin (Cheung et al.,
2012); furthermaore, it has been shown that in psm mutants also a-toxin expression is
decreased in S. aureus (Berube et al., 2014). In the A/d mutant the hemolysis zone was not
altered compared to wild type.

To verify whether PSMs affect FbaA excretion, we tested WT*, WT*Apmt, and the 8-toxin
deletion mutant USA300A4/d:.hldper—s e After 6 and 16 h growth, the amount of FbaA in
the culture supernatants of WT* and WT*Apmt, but not of USA300A/d::hldpet—s jje: WaS
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significantly decreased compared to wild type (Fig. 1D). In order to rule out that the altered
ECP was due to a decreased expression of cytoplasmic FbaA, we quantified the cytoplasmic
FbaA, which showed no difference in the various mutants (Fig. 1C).

Endogenously expressed PSMa peptides are the major players in ECP.

Next we verified whether the individual PSMa (PSMa.1-4) or PSMp peptides (PSMB1-2)
or a combination of both enhance ECP. We therefore deleted the psmal-4 and psmpl-2
operons, respectively in USA300. As shown, ECP was significantly decreased in the
psma1-4 deletion mutant but not in the psmpB1-2mutant, suggesting that only PSMa
peptides contributed to ECP (Fig. 2A). We also investigated the excretion other CPs, such as
GAPDH, Eno and Ndh2, in the PSMa and PSMp deletion mutants. All CPs showed
decreased amounts in the supernatant of the PSMa deletion mutant, but not in the
supernatant of the PSMB mutant, indicating, that PSMa peptides were the major players in
boosting ECP (Fig. 2A). As control, again the cytoplasmic amount of FbaA, GAPDH and
Eno was investigated, which was unaltered; due to its membrane attachment the
quantification of Ndh2 in the cytoplasm was hampered (Fig. 2B).

The impaired excretion of FbaA in the WT=* strain could be complemented by expressing
plasmid-encoded PSMa1-4 (pPSMa1-4) but not by PSM1-2 B (pPSMB1-2), supporting
PSMa1-4 as major contributors (Fig. 2C). However, in the agr- and PSM mutants, there is
still approximately 25% ECP observed, suggesting additional factors contributing to ECP.
As we know that ECP is significantly decreased in an at/A deletion mutant of S. aureus
SA113 (Pasztor et al., 2010), we compared the amount of FbaA in the supernatant of
USA300 and its af/A mutant. Indeed, in the atlA mutant of USA300 the amount of FbhaA in
the supernatant was decreased by 50% (Fig. S5 B), indicating that AtlA also plays a crucial
role in ECP.

To further investigate the role of PSMa peptides in the life cycle of S. aureus, we tested
USA300 and PSM deletion mutant WT* for their release of lipids to the supernatant, which
was significantly lower in WT* than in USA300 (Fig. 2D). This decreased effect, was also
seen in the PSMa1-4 deletion mutant (Fig. 2E). Comparative SDS-PAGE of extracellular
proteins from 24h grown cultures revealed decreased protein amounts in WT*, WT*Apmt
the PSMa1-4 mutant was generally decreased compared to the USA300 or its PSMB1-2
mutant (Fig. 3A). Additionally, the content of excreted lipids in stationary phase cells was
significantly lower in the PSMal1-4 mutant, WT* or WT*Apmtthan in USA300 (Fig. 3B).

External supplied PSMa peptides increased release of proteins, ATP, lipids and nucleic
acids to the supernatant due to cell leakage.

External supplied PSMal, a2, a3 and a4, but not PSMp1 increased the release of proteins
into the supernatant of USA300 as shown in SDS-PAGE (Fig. 4A). PSMa2 showed by far
the highest effect, followed by PSMa.3. PSMa2 was also superior in triggering the release
of ATP, lipids and nucleic acids (Fig. 4B-D). The impact of PSMB1 on lipid release could
not be determined since PSMB1 itself interacts with the lipid dye FM5-95 (Fig. S5 A).
When PSMal and PSMa.3 (10 — 60 pg/ml) were added to a log-phase culture increased
release of FbaA was only observed at high concentration (Fig. S2A), while PSMa.2
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triggered already at 25 p/ml a clear increase in release of proteins (Fig. S2B). The release of
CPs, ATP, nucleic acids (DNA and RNA) and lipids is indicative for particularly PSMa2 and
PSMa 3 triggered membrane damage. Membrane damage should affect growth, and that is
what we observed in comparative growth curves with USA300, WT*, mutants lacking only
PSMal-4, or PSMB1-2 (Fig. S3AB). Mutants where PSMa1-4 encoding genes were
deleted grow significantly better than the wild type or the PSMB1-2 mutant, indicating, that
PSMa are the membrane damaging peptides. Interestingly, in accordance to the decreased
growth, beginning in the mid-exponential phase, the release lipids also starts. Finally,
external supplied PSMal and PSMa3, but not PSMB1, enhanced cell lysis of a USA300
culture at mid exponential growth phase as indicated by both a decrease in absorbance (Fig.
4E), a decreased CFU over time (Fig. 4F), and by Live/Dead staining of PSM treated and
untreated cells (Fig. 5AB); again, PSMa2 showed by far the strongest membrane damaging
effect.

Recently it has been shown that FbaA and GAPDH interact with the surface exposed major
autolysin (Atl) (Ebner et al., 2016). Therefore, we considered the question whether FbaA is
not excreted but bound to the cell surface from where it might be detached by PSMa. and
released then into the supernatant. In an approach to answer this question, we treated washed
USA300Aspa cells, cultivated to mid-exponential growth phase, for 15 min with PSMa,
PSMa3 and PBS as control. The protein pattern of the supernatant showed no difference in
SDS-PAGE, and also the amount of FbaA was not altered as shown in the Western blot (Fig.
S4AB), indicating that the presence of FbaA in the supernatant was not due to its
detachment from the cell surface. All results indicate that both external supplied or
endogenously expressed PSMa cause disintegration and leakage of the cytoplasmic
membrane thus boosting ECP in agr-positive S. aureus strains.

Discussion

The excretion of cytoplasmic proteins (ECP) with no apparent secretion signal sequence has
been described in pro- and eukaryotes. There are few examples that suggest that this type of
‘non-classical protein excretion” underlies a specific mechanism. However, there many other
examples, particularly in bacteria, where no defined mechanism could be identified, and
where it therefore is generally believed that ECP is due to cell lysis or autolysis. From the
energetic point of view it would be an enormous waste of energy and resources if bacteria
excrete CPs without a good reason.

Here, we studied ECP in the community-acquired methicillin-resistant S. aureus (CA-
MRSA) USA300 strain. This strain belongs to the clonal complex 8 (CC8) whose
representatives are characterized by high transmissibility and virulence (Diep et al., 2006).
As cytoplasmic model proteins we have chosen FbaA, GAPDH, Eno and Ndh2, which we
can monitor in immune blots. One of the first questions we addressed was whether their
abundance in the supernatant was dependent on one of the known alternative protein
secretion systems such as Tat, accessory Sec-system (SacA2-Y2), ESAT-6 (Type VII), the
holin-antiholin systems Cid and Lrg, or the competence system (com). We also investigated
floA and floB mutants as these genes are involved in lipid raft-associated cellular processes,
including membrane sorting, trafficking, cell polarization, and signal transduction (Bach and
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Bramkamp, 2015; Bramkamp and Lopez, 2015). However, none of the mutations showed a
conspicuous decrease in FbaA excretion. The Sec-system could not be tested, as it is
essential (Natale et al., 2008). However, a temperature sensitive mutant in secA in B. subtilis
still had CPs in the supernatant (Hirose et al., 2000), suggesting that the classical Sec
pathway is not directly involved in ECP.

The only mutant where excretion of FbaA was significantly decreased was the agr mutant.
The accessory gene regulator (agr) system positively controls the expression of many toxins
and plays a crucial role for the pathogenesis of S. aureus. We assumed that it was not agr
itself but one of the agr-controlled genes causing the increase in FbaA excretion. The phenol
soluble modulins (PSMs) belong to the strictly agr-regulated toxins, meaning that in agr-
negative mutants no PSM expression can be observed (Cheung et al., 2011; Wang et al.,
2007). PSMs can be divided into three types, the a- and p-type PSMs and &-toxin; they all
differ in size and net-charge (Bé&sell et al., 2014; Peschel and Otto, 2013). All PSMs form an
amphipathic a-helix. While in the longer p-type PSMs the a-helix is located at the carboxy-
terminal region, the a-helix of the a-type PSMs extends over the whole length of the
peptide (Peschel and Otto, 2013). PSMs are transported by the ATP transporter PmtABCD
(Chatterjee et al., 2013); only when all psm genes are deleted the transporter genes can be
deleted too. Consequently, expression of a-type PSMs or 6-toxin is lethal in the transporter
mutant (Chatterjee et al., 2013). When we expressed the a1-4 and the p1-2 operons (pPRAB
vector) in WT*Apmt, the a1-4 genes caused a massive release of FbaA, while the effect
with f1-2 was only marginal (Fig. S2 C).

With their membrane disintegrative activity (Cheung et al., 2014b), PSMs appear to be the
most likely candidates to boost ECP. Indeed, we could show that in the USA300 mutant
where all all psm genes were deleted (WT™*), as well as in a mutant where not only psm but
also the pmt transporter genes were deleted (WT*Apmi), excretion of FbaA was about four-
fold decreased (Fig. 1D). Among the PSM peptides particularly the PSMa peptides exerted
the strongest effect as shown in the psma 1-4 mutant and by complementation of WT* with
pPSMal1-4 (Fig. 2A and C); while PSMB1 expression showed no effect on ECP (Fig.S5).
We assume that particularly the cationic amino acids present in PSMa. peptides, which
predominantly contribute to cytolytic activity (Cheung et al., 2014a; Wang et al., 2007),
cause membrane damage and as a consequence the release CPs. Indeed, we could show that
endogenously expressed and externally supplied PSMa peptides triggered the release of
CPs, nucleic acids, ATP and membrane lipids (Fig. 2,3,4). PSMa2 was the most active
peptide with respect to release of proteins, ATP, nucleic acids and lipids; PSMa.3 and
PSMal were less active (Fig. 4,5). This was a bit surprising, as it has been reported that
PSMa3 has the highest cytolytic activity towards human leukocytes and erythrocytes (Wang
et al., 2007). However, it is long known that mainly a-type PSMs but not p-types are
cytotoxic. Both types are structurally different: a-types are shorter and over the entire length
a-helical, while the p-types are longer and only the C-terminal part is a-helical. The PSMs
of the B-type commonly have a negative net charge, while most, but not all, a-type PSMs
have a neutral or positive net charge (Cheung et al., 2014a). In a biochemical approach the
lytic activity of seven PSMs on phospholipid vesicles and T cells was compared with helical
wheel projections and circular dichroism measurements. The authors concluded that the
degree of alpha-helicity of the PSMs was the single most important property in predicting
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their lytic activity (Laabei et al., 2014). However, there is no evidence that PSM interaction
with the membrane is dependent on a receptor (Cheung et al., 2014a; Kretschmer et al.,
2010). However, the cytotoxic activity to human cells (HL-60) could be neutralized by
serum lipoproteins (Surewaard et al., 2012).

Here we show that the global regulator, agr, plays a crucial role in ECP, but also caused
some confusion. Originally, studies were carried out with S. aureus SA113, an agr negative
strain (Pasztor et al., 2010). Proteome analysis suggested that only a subset of CPs were
excreted and therefore it was assumed that there is a sophisticated selection procedure is at
work. Furthermore, ECP takes place at the septum of dividing cells (Ebner et al., 2015a).
However, in an agr-positive background the PSMa-induced ECP is about four-fold higher.
Also in agr-positive cells excretion occurred in the septum region of dividing cells (Fig. S4
C); a site where the cells are most vulnerable because the cell wall biosynthesis is still in
progress. We assume that the PSMa-induced ECP is largely unspecific. This assumption is
supported in a compilation of annotated CPs in the secretome of ggr-positive and -negative
S. aureus strains (Supplementary Table 3). In the agr-negative strains only 88 CPs were
found in the secretome while in the agr-positive it were 416, almost five-times more
(Hanzelmann et al., 2016; Mekonnen et al., 2017; Sibbald et al., 2006). A model for the
PSMa-induced release of CPs is shown in Fig. 5 C.

Conclusion

Our study raises a number of further questions. For example, what triggers ECP in the agr-
negative S. aureus where ECP is restricted to a subset of CPs, is it also caused by membrane
damage, is it tuned by autolysins such as the major autolysin Atl (Goétz et al., 2014; Pasztor
et al., 2010). Another question is related to the benefit of PSMa-induced ECP. The release
of cytotoxic PSMs certainly contributes to virulence as shown in various publications. But
does the membrane damage and accompanied release of CPs, ATP, nucleic acids, and lipids
not kill the bacterium? Indeed, addition of PSMa1 or PSMa.3 to washed cell culture
decreased the CFU over time (Fig. 4E,F), and in Live/Dead staining PSMa?2 showed a high
percentage of propidium iodide positive cells, an indication of membrane damage (Fig.
5A,B). Despite affecting viability, ECP should have an advantage in infection, which we
don’t understand yet. Some of the excreted CPs such as FbaA and GAPDH may contribute
to pathogenicity due to their cytotoxic activity against host cells (Ebner et al., 2016).
Another possibility is that the release of CPs and RNA might overload the immune system to
the benefit of the bacterium. We shouldn’t assume that PSMa-induced ECP is a waste of
resources and a mere collateral damage; it rather appears a deliberate process playing a
crucial role in acute infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

agr accessory gene regulator

CP cytoplasmic protein(s)

ECP excretion of cytoplasmic proteins

Eno enolase

FbaA aldolase

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
Ndh2 NADH:quinone oxidoreductase

PSMs phenol-soluble modulins
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Experimental Procedures

Detailed description of the experimental procedures for the following methods

1. Bacterial strains and growth conditions.

2. Construction of Staphylococcus aureus deletion mutants

3. Hemolysis assay

4, Preparation of protein samples for Western blot analysis

5. Live/Dead staining

6. Localization of the excreted aldolase via immunofluorescence

7. Relative quantification of cytoplasmic proteins

8. Membrane lipid, extracellular ATP and extracellular nucleic acid detection.
9. PSM synthesis

are described in Supplemental Information.
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Statistical significance

Multiple comparisons were analyzed using one-way ANOVA with Bonferroni posttest.
Normal distributions were analyzed by Student’s t test. Statistical analyses were
performed with GraphPad Prism software, with significance defined as p < 0.05. n
represents independent biological replicates.
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Figure 1: Excretion of FbaA is decreased in an agrA and PSM mutants.
(A) Relative amounts of FbaA in the supernatant of HG001 and its isogenic secAZ-Y2Z,
tatAC, agrA, IrgAB, cidAB, comEC, floA, floT and ESAT-6 deletion mutants after 6h and
16h. The dashed line represent an amount equal to that of the WT. (B) Relative amounts of
FbaA in the cytoplasm of HGOO01 and its isogenic secAZ2-Y?2, tatAC, agrA, IrgAB, cidAB,
comEC, floA, floT and ESAT-6 deletion mutants after 16h of growth. (C) Hemolysis test of
the HGOO01 and secAZ2-Y2, tatAC, agrA, IrgAB, cidAB, comEC, floA, floT, ESAT-6,
USA300A4/d::hldnjot—s 11, WT* and WT*Apmit deletion mutants on sheep blood agar plates.
(D) Relative amount of FbaA in the supernatant in USA300, USA300A/d..hldyset—s e WT*
and WT*Apmt after 6h and 16h. (E) Relative amount of FbaA in the cytoplasm of USA300,
hld::hldpet—11e, WT* and WT*Apmt after 6h. Representative data from three independent
experiments are shown. For all graphs, each data point is the mean value £ SD (n = 3) *p <
0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001, by students t-test.

relative conc. of FbaA
relative conc. of FbaA

Cell Rep. Author manuscript; available in PMC 2018 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ebner et al.

relative conc. of FbaA

relative conc. of CPs

2.5+

2.0

1.5

1.04

0.54

0.0-

ns B
[72]
o
(&)
N
o
)
o
o
(]
(]
ns g
'I' =
)
1
$'\ © R {\‘\
Eno Ndh2
*
D 25000
USA300
- ns 20000
=
(7]
€ 15000
0
S
£ 100004
[
50004
* > v 0-2 i T 7r “I"'—:l:
\é\\&;‘ \&‘ 01 2 3 4 5 6 7 8 9 10
& < Time [h
§ § ime [h]

Page 16
1.5
ns ns ns
ns ns ns
1.0 —/ I T
0.5
0.0 —

o £ 2 3 v
L LN Lo
LN VL RESEN
Qa Q"o Q(a Q‘) Q‘) Qfo
>V > v >

FbaA GAPDH Eno
E 35000
30000 USA300

= 25000

7]

£ 20000

(72}

=]

i_l 15000

T\.’ 100004

Figure 2: PSMa. peptides are the driving force for ECP in USA300.
(A) Densitometric analysis of the relative amounts of FbaA, GAPDH, Enolase and Ndh2 in

the supernatant of USA300Aspa and its corresponding PSMa1-4 and PSMB1-2 mutants.
(B) Relative amounts of FbaA, GAPDH and Enolase in the cytoplasm of USA300Aspa and
its corresponding PSMa 1-4 and PSMB1-2 mutants. (C) Densitometric analysis for
detecting the excreted FbaA in the supernatant of WT*, the complemented mutant pPRAB11-
psmal-4 and WT* pRAB11-psmpB1-2 after 16h of PSM expression. (D) Release of lipids
in USA300 and its and WT* mutant over a time period of 10 h, the cultures were diluted to
OD578 = 1,85 for each time point. (E) Release of lipids in USA300 and its PSMa 1-4
mutant over a time period of 9 h, the cultures were diluted to OD578 = 2 for each time point.
Representative data from three independent experiments are shown. For all graphs, each data
point is the mean value = SD (n = 3 for ABCE, n = 2 for D) *p < 0.05; **p < 0.01; ***p <
0.001, by one-way ANOVA with Bonferroni posttest for ABC and unpaired t-test for DE.
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Figure 3: Deletion of of PSMa1-4 causes decreases proteins and lipids in the supernatant of
USA300.

(A) SDS-PAGE of the extracellular proteins of USA300, WT*, WT*Apmt, PSMa1-4 and
PSMp1-2 mutant after 24h of growth. (B) Relative amount of lipids in the supernatant of
USA300, WT*, WT*Apmt, PSMa1l-4 and PSMB1-2 mutant after 24h of growth.
Representative data from three independent experiments are shown. For all graphs, each data
point is the mean value £ SD (n = 3) *p < 0.05; **p < 0.01; ***p < 0.001; and ****p <
0.0001, by one-way ANOVA with Bonferroni posttest.
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Figure 4: Exogenous supplied PSMa peptides enhance cell leakage and ECP.
(A) SDS-PAGE of the extracellular proteins of USA300, treated with PSMa/l, a2, a3, a4

and B1. (B) Extracellular ATP levels of PBS washed USA300 cells incubated with PBS, a1,
a2 a3, a4 and B1 after incubation for 4h. (C) Relative amount of membrane lipids in the
supernatant of PSM treated USA300 cells after 4 h incubation of washed cells in the mid
exponential growth phase. (D) Relative extracellular nucleic acids, normalized to PBS, after
treatment of USA300 with synthetic PSM peptides. (E) Relative OD of mid exponential
growth phase cells of USA300, WT* and WT*Apmt resuspended in PBS and monitored for
3hinPBS, PBS + al, PBS + a3 and PBS + B1. (F) Relative CFU of PBS compared to
PSMal and PSMa3 treated USA300 cells for a period of 4 h. Representative data from at
least two independent experiments are shown. For all graphs, each data point is the mean
value + SD (n = 3 for BCD and n = 2 for EF) *p < 0.05; **p < 0.01; ***p < 0.001; and
****p < 0.0001, by one-way ANOVA with Bonferroni posttest for BCD and unpaired t-test
for EF.
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Figure 5: Monitoring of cytolytic effect of PSMs on S. aureus USA300 cells.
(A) Percentage of dead cells after treatment with PSM peptides. (B) Fluorescence

microscopy of propidium iodide (red) and SYTO 9 (green) stained cells, either untreated or
treated with PSMa2. Note: Propidium iodide positive cells (red) have damaged/leaky cell
membranes. Scale bar represents 10 um. (C) Proposed model for PSMa mediated excretion
of cytoplasmic proteins. Either intracellular, as well as extracellular, PSMa peptides cause
membrane perturbations and weaken the membrane integrity of S. aureus cells. This
weakening causes cell leakage and therewith excretion of cytoplasmic proteins and other
cytoplasmic compounds. Explanation: Cytoplasmic proteins, blue circles; PSMs, red rods;
Pmt transporter, green tunnel; CM, cytoplasmic membrane; CW, cell wall. Representative
data from three independent experiments are shown. For all graphs, each data point is the
mean value £ SD (n = 3) *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001, by one-
way ANOVA with Bonferroni posttest.
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