Wall Teichoic Acid Glycosylation of Staphylococcus
epidermidis and the Interaction of Staphylococci

with the Human Host

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

(Dr. rer. nat.)

vorgelegt von
Christian Roland Beck
aus Stuttgart

Tlbingen
2023



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Eberhard Karls Universitat Ttbingen.

Tag der mundlichen Qualifikation: 07.11.2023
Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter/-in: Prof. Dr. Andreas Peschel

2. Berichterstatter/-in: Prof. Dr. Christiane Wolz



Table of contents

ADSITACT .. 2
ZUSAMMENTASSUNG ....uuieieeeeeieeeee e e e e et e e e e e e e e e e et e e e e e e e e e e aasa s e e e eeeeeeeennnnnnas 3
(O 0= T 0 (=] S TP PP PPN 5
General INTTOAUCTION........oiieeeeeieiie et e e e e e eeee e e e e e e e e eeeaennnns 5
CRAIPTET 2. 23
Wall teichoic acid substitution with glucose governs phage susceptibility of
StaphyloCOCCUS EPIAEIMITIS......uiiie e 23
(O 0= T 01 (=] S TP PPN 62
Invasive Staphylococcus epidermidis use a unique processive wall teichoic acid
glycosyltransferase to evade immune recognition .............ccoovvvvviiiiiieeeeeeeeevvininnn, 62
(@ g F=T o] (=] SRR 112
From a Hsp90 - binding protein to a peptide drug.............cceeeeeeemeeemmeemnmeiiineninnnnns 112
CAPEET 5. 144

Acetate sensing by GPR43 alarms neutrophils and protects from severe sepsis 144
(@ g F=T o] (=] G TSR 174

Inhibition of the ATP synthase sensitizes Staphylococcus aureus towards human

antimicrobial PEPLIAES ... 174
(@4 g F=T o] (=] S A UPUPPPPPPRIN 198
Formyl-Peptide Receptor Activation Enhances Phagocytosis of Community-
Acquired Methicillin-Resistant StaphylOCOCCUS QUIEUS ...............uuvveiiieeiieiiininnnns 198
(G4 0= T 01 (=] g < TSP 220

The Mechanism behind Bacterial Lipoprotein Release: Phenol-Soluble Modulins

Mediate Toll-Like Receptor 2 Activation via Extracellular Vesicle Release from

StapNYIOCOCCUS AUIBUS ......ccoiiiiiiieeeee e 220
(O3 0= T 01 (=] S 250
Appendix i Human IgG increases intracellular killing of Staphylococcus aureus in
L TCTU 1 0] o] 11 RPN 250
(O3 0= T 01 (=] S 10 257
Contribution t0 PUBIICALIONS ......ccooeeeeeeeeeeee e 257
ACKNOWIEAGEMENT ... .t e e e e e e e e et e e e e aaaaeaaaes 258

Dissertation T Christian Beck 1



Abstract

Staphylococcus epidermidis colonizes the human skin microbiome of healthy
individuals, but due to its ability to produce biofiims and to acquire antibiotic
resistances, it can become an opportunistic pathogen and a frequent cause of foreign
body related infections (FBRIs). As for most coagulase-negative Staphylococci
(CoNS), S. epidermidis wall teichoic acid is composed of a long chain of glycerol-
phosphate (GroP) repeating units linked to the cell wall peptidoglycan. While
Staphylococcus aureus ribitol-phospate (RboP) wall teichoic acid (WTA) is
glycosylated with n-acetylglucosamine (GIcNAc) and was shown to be involved in
several cellular functions, including cell separation, binding to endothelial cells and
immune activation, the composition and function of GroP-WTA is less well
understood. We analyzed the WTA of S. epidermidis in detail and confirmed that
GroP-WTA of S. epidermidis is mainly glycosylated with glucose by an enzyme with
similarity to Bacillus subtilis TagE. This glucose residue determines the binding
pattern of different types of bacteriophages, increasing adsorption of siphoviruses,
while decreasing adsorption of podoviruses to the S. epidermidis host. We
demonstrate that the presence of tagE in different CoNS determines horizontal gene
transfer by Rockefellervirus 0 E72 and show that rare expression of S. aureus type
RboP-WTA in S. epidermidis sequence type (ST) 23 can prevent binding of this
phage. Additionally, we show that this RboP-WTA in S. epidermidis ST23 is also
glycosylated with glucose by the enzyme TarM(S.e.) in a processive manner. As
opposed to glycosylation with GIcNAc, glucose modified RboP-WTA shows reduced
binding of human IgG and helps S. epidermidis to evade the immune system. Priming
of neutrophils with acetate via the GPR43 receptor increases the immune response
and inhibition of the ATP synthase sensitizes S. aureus towards antimicrobial
peptides expressed by neutrophils and keratinocytes. Additionally, S. aureus
releases pro-inflammatory membrane vesicles containing phenol soluble modulins
(PSMs) and lipoproteins, which can activate formyl peptide receptors (FPRs) and toll-
like receptors (TLRs), leading to increased neutrophil phagocytosis and cytokine
release. Wall teichoic acid modulates the immune response as an important antigen
and is the only described receptor for staphylococcal bacteriophages employed in
phage therapy approaches. Understanding the wall teichoic acid of all potentially
pathogenic CoNS is essential for treatment of infections with drug resistant
Staphylococci.
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Zusammenfasung

Staphylococcus epidermidis ist ein Kommensale der normalen Hautflora, kann aber
aufgrund seiner Fahigkeit Biofilme zu bilden und Antibiotikaresistenzen zu erwerben,
medizinische Fremdkoérper besiedeln, und somit schwer behandelbare Infektionen
verursachen. Wie bei den meisten Koagulase-negativen Staphylokokken (KNS)
besteht die Zellwand gebundene Teichonsaure, die Wandteichonsaure (WTA), bei S.
epidermidis aus einer langen Kette von Glycerol-Phosphat (GroP) Einheiten,
wahrend die WTA von Staphylococcus aureus in der Regel aus Ribitol-Phosphat
(RboP) Einheiten besteht, welche mit n-Acetylglucosamin (GIcNAc) glykosyliert sind.
Diese RboP-WTA ist an mehreren zellularen Funktionen beteiligt, darunter der
Zellteilung, der Bindung an Endothelzellen und der Aktivierung des Immunsystems.
Im Gegensatz dazu, ist die Zusammensetzung und Funktion der GroP-WTA von KNS
weit weniger gut bekannt. In unserer vorgelegten Forschung zeigen wir, dass die
WTA von S. epidermidis hauptsachlich mit Glukose durch ein Enzym glykosyliert
wird, das Ahnlichkeit mit Bacillus subtilis TagE aufweist. Diese Modifikation mit
Glukose bestimmt das Bindungsmuster verschiedener Gruppen von Bakteriophagen,
wobei die Adsorption von Siphoviren an S. epidermidis erhoht, aber die Adsorption
von Podoviren an S. epidermidis verringert wird. Expression von Genen mit
Homologie zu TagE in verschiedenen KNS bestimmt ob horizontaler Gentransfer
durch Rockefellervirus G E 7 &attfinden kann, und die Expression von RboP-WTA in
S. epidermidis Sequenztyp (ST) 23 kann die Bindung dieses Phagen blockieren.
Dartber hinaus zeigen wir, dass diese RboP-WTA in S. epidermidis ST23 durch das
Enzym TarM(S.e.) prozessiv mit Glukose glykosyliert wird. Im Gegensatz zur WTA-
Glykosylierung mit GIcNAc, wird Glukose-modifizierte WTA schlechter durch
humanes Serum-lgG gebunden, wodurch eine Erkennung von S. epidermidis durch
das Immunsystem verhindert wird. Eine Voraktivierung von Neutrophilen mittels
Stimulation des GPR43 Rezeptors mit Acetat verstarkt die Effektorfunktionen von
Neutrophilen und eine Inhibition der ATP-Synthase verstarkt die Wirkung von
antimikrobiellen Peptiden, die von Neurophilen und Keratinozyten freigesetzt werden.
Zudem setzt S. aureus pro-inflammatorische Membranvesikel frei, die Phenol-
I6sliche Moduline (PSMs) und Lipoproteine beinhalten, wodurch Formylpeptid-
Rezeptoren (FPRs) und Toll-like Rezeptoren (TLRs) aktiviert werden. Dies fuhrt zu
einer erhodhten Freisetzung von Zytokinen und einer erh6hten Phagozytose durch
Neutrophile. Da die WTA ein wichtiges Antigen fir menschliche oder rekombinante
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Antikdrper, und der einzig beschriebene Rezeptor fur Staphylokokken-infizierende
Bakteriophagen ist, ist das Verstandnis der WTA aller potenziell pathogener KNS fur
die Phagen-Therapie und die Behandlung von Infektionen  durch

arzneimittelresistente Staphylokokken von wesentlicher Bedeutung.
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Chapter 1 AGeneral introduction

Chapterl

General introduction

Staphylococcus epidermidis

With approximately 30 m? of total surface area, skin offers one of the largest habitats
for microorganisms with both follicular and interfollicular niches(1). It is colonized by a
diverse set of microorganisms, among which bacteria are most frequent, and
Propionibacteria, Corynebacteria and Staphylococci are representing the most
abundant genera (2, 3). At the species level, one of the most common skin colonizers
is Staphylococcus epidermidis, a coagulase-negative Staphylococcus (CoNS) with
the ability to colonize most skin sites and a tendency for moist areas (2-6). While
Staphylococcus aureus has long been described as a highly pathogenic, invasive
cause of soft tissue infection, endocarditis and sepsis, CONS were usually described
as rather beneficial members of the skin microbiome. But many CoNS can become
hospital-associated, especially in case of immunocompromised or chronically ill
patients (5). Infections associated with medical devices are a large problem in the
clinical environment, and S. epidermidis is the major cause of foreign body-related
infections (FBRIs) (5, 7). The major invasive S. epidermidis clones seem to pursue
two different virulence strategies. The sequence type 2 (ST2) strains are particularly
strong biofilm formers (8). In contrast, ST10, ST23, and ST87 clones are only week
biofilm formers but express an additional surface molecule that alters their host
interaction capacities and leads to a shift from commensal to pathogen behavior (9).
The biofilm producers either rely on the icaADBC locus for production of the
exopolysaccharide polysaccharide intercellular adhesin (PIA) or on polysaccharide-
independent biofilm formation, which protects them from desiccation, antibiotics, or
components of the immune system (7). Interestingly, a wall teichoic acid (WTA)
deletion mutant was reported to have decreased biofilm formation (10). For ica-
negative biofilm formation, the accumulation associated protein (Aap) seems to be
important due to its ability to polymerize and form fibrils, in addition to being a cell-

wall bound adhesin important for binding to corneocytes (4).
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Chapter 1 AGeneral introduction

In addition, S. epidermidis expresses several other adhesins like the microbial
surface components recognizing adhesive matrix molecules (MSCRAMMS),
represented by the keratin and type | collagen binding SdrF, and the fibrinogen
binding SdrG (4). The bifunctional lipase GehD was also reported to bind collagen,
and the autolysin AtIE was described to bind vitronectin (4, 11). In addition, Embp, a
giant surface protein of S. epidermidis, and teichoic acids, were reported to be
involved in binding of fibronectin (4, 12). But no teichoic acid (TA) modification
mutants were used, and only crude TA isolation was performed, without
distinguishing between wall teichoic acid (WTA) and lipoteichoic acid (LTA) (12).
Furthermore, old studies using S. aureus and its TA, reported similar binding to
fibronectin (13), while experiments with a WTA knockout mutant could not show any
effect on fibronectin binding, but instead discovered WTA dependent binding to

human endothelial cells (14).

Wall teichoic aci d of Staphylococci

Teichoic acids are long chains of alditol-phosphates, either linked to the
peptidoglycan as wall teichoic acids (WTA), or membrane anchored as lipoteichoic
acids (LTA), and mostly modified by different sugars and D-alanine. While S. aureus
type WTA usually consist of ribitol-phosphate (RboP) repeating units, both the WTA
and the LTA of most S. epidermidis strains are formed of glycerol-phosphate (GroP)
repeating units (15). But many variations in different strains exist. The S. epidermidis
multi-locus sequence types (ST) 10, 23 and 87 were shown to express S. aureus
type poly(RboP)-WTA in addition to poly(GroP)-WTA (9), while S. aureus ST395
expresses an unusual poly(GroP)-WTA modified with n-acetylgalactosamine
(GalNac) (16, 17). Bacillus subtilis 168 expresses a major WTA built of GroP
repeating units, equivalent to the WTA of CoNS, but also a minor WTA composed of
glucosyl-N-acetylgalactosamine 1-phosphate (GlcGalNAcP) repeating units (18, 19).
In contrast, B. subtilis strain W23 expresses a poly(RboP)-WTA similar to most
S.aureus (20, 21), but while S. aureus glycosylates its poly(RboP)-WTA with n-
acetylglucosamine (GlcNac) either in b1,4-, b1,3- or Ul4-confirmation by the
glycosyltransferases TarS, TarP or TarM (22-26), respectively, B. subtilis W23 uses
the TarQ enzyme to attach b-glucose to the RboP (26). B. subtilis strain 168 instead
uses the TagE enzyme to glycosylate its major GroP-WTA with U-glucose, using

UDP-glucose as precursor substrate (27, 28). The WTA modifications of S.
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epidermidis and other CoNS have not been studied in detail but were suggested to
contain GlcNac or glucose modified poly-(GroP) with rare exceptions like
Staphylococcus saprophyticus and Staphylococcus xylosus expressing RboP-WTA
(15). Still, no enzymes have been identified, and further analysis of the WTA
composition of CoNS (like S. epidermidis) is needed, since WTA fulfills several

important biological functions.

WTA is important for normal cell growth, septum formation during cell separation, and
autolysis (26, 29-31), but also interacts with several effectors of the human immune
system. Binding to scavenger receptor SREC-1 was recently shown to increase
adhesion of S. aureus to the epithelium, while it is also involved in binding to the
human C-type lectin receptor langerin on Langerhans cells (LC) and the macrophage
galactose-type lectin (MGL) on monocyte-derived dendritic cells (32, 33). In addition,
WTA is bound by soluble serum components, mostly by immunoglobulins and lectins
such as the mannose-binding lectin (MBL), thereby increasing the effector functions
of several immune cells (32, 34-36).

Bacter ioph age nomencla ture, morphology, and isolation source

WTA also functions as the only known host receptor for bacteriophages infecting
Staphylococci (32). Historically, most staphylococcal bacteriophages were grouped
according to morphological criteria into three main groups belonging to the order of
Caudovirales (37). The myovirus-morphology group with a contractile tail and a
genome size of more than 120 kb, the short-tailed podovirus-morphology with below
20 kb genomes, and the long-tailed siphovirus-morphology with ca. 40 kb or 90 kb
genomes (38, 39). This system has recently been revised, and the morphology-
based families belonging to the order Caudovirales have been replaced by the order
Caudoviricetes to contain all tailed bacterial and archaeal viruses with icosahedral
capsids and double-stranded DNA, with Staphylococcal myoviruses now forming part
of the Herelleviridae family (40-42). But since the new phylogeny proposed by the
International Committee on Taxonomy of Viruses (ICTV) remains incomplete and
was only introduced recently, use of the morphological identifiers podovirus,
myovirus and siphovirus as non-taxonomic units remains acceptable (40).
Staphylococcal phages were additionally clustered into 4 major groups according to

average nucleotide identity (ANI), and average shared gene content determined by

Dissertation i Christian Beck 7



Chapter 1 AGeneral introduction

protein phamily (pham) membership (39). They cluster like their morphological
groups into cluster A podoviruses, cluster C myoviruses and cluster B and D
siphoviruses, with cluster B comprising the abundant, lysogenic group with 39-48 kb
genomes, while cluster D comprises rare lytic siphoviruses with approximately 90 kb
genomes (39).

The NCBI Virus Resource Database hosted by the National Center for Biotechnology
Information (NCBI) listed 753 bacteriophage sequences in the nucleotide database to
infect Staphylococci (43-45) (by 15.09.2023). Of these bacteriophages, most were
assigned to use S. aureus as host species, in contrast to only 63 infecting S.
epidermidis. Genomic data on phages infecting other CoNS including
Staphylococcus pseudintermedius (35 genomes) and Staphylococcus carnosus (22
genomes) is even more scarce (43-45). More Staphylococcal phages have been
isolated, but the sequences have not yet been deposited in the Virus Resource
Database. A collection of the phages with available genomic data, and which are
assigned to S. epidermidis, or which use S. epidermidis as the primary host, are
shown in Table 1. Only 8 sequenced phages with podovirus morphology are
available (blue), while 33 sequenced phages likely have siphovirus morphology
(green) and 18 have myovirus morphology (orange). 4 phage sequences cannot be
clearly assigned since they were not analyzed in detail, lack annotation, and show
unusual sequence length (grey). Interestingly, the genera of the phages fit to the
clusters according to ANI and pham membership as assigned by Oliveira, et al. (39).
Cluster A is represented by the Andhraviridae, cluster B by Rockefellerviridae, cluster
C by Sepunaviridae, and cluster D by Sextaecviridae (Table 1). Of the phages, to
which an isolation source can be clearly assigned, most were isolated from
wastewater, some from the skin and few from the nares (Table 1). Siphoviruses were
additionally acquired by prophage induction, mostly from clinical S. epidermidis
isolates (Table 1). Additionally, siphoviruses can be grouped into main integrase
types, since integrases are well conserved and allow prediction of the chromosomal
location of prophages (46). For the S. epidermidis siphoviruses, three main integrase
types can be identified, here named according to one important representative of
each group (WE72, s IPLA5S, v SEP9; Table 1). For some siphoviruses, the integrases
did not cluster with these three groups and were therefore assigned to individual
types (Table 1). 0 E72-type integrases have about 50% amino acid identity compared
to Sa7 integrases of S. aureus phages, while U IPLA5-type integrases have about
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Chapter 1 AGeneral introduction

70% amino acid identity compared to Sa9 integrases of S. aureus phages. No
homology to S. aureus phage integrases could be found for the u SEP9-type
integrases. Surprisingly, even though this integrase type is frequently present in
Sextaecviridae, the well described representatives of this integrase type seem to be
unable to lysogenize (47, 48). Furthermore, cluster B siphoviruses with similarity to
Lacachita seem to lack an integrase altogether (49, 50), but Andrews, et al. (49)
claim that phage Lacachita might be maintained within its host as extrachromosomal

plasmid prophage.

Host range of S. epider midis infecting bacteri ophages

Even though phages are often species or even strain specific, some phages infect
several closely related species, which makes it difficult to clearly assign a phage to a
specific host (51). Especially myoviruses have a broad host range, infecting both
CoPS and CoNS, which is particularly well understood for the bacteriophages K and
ISP (52-54). A recent study on 94 staphylococcal bacteriophages isolated from
wastewater, showed that 90 phages replicated on more than one of 117
staphylococcal strains from 29 species, and by average every phage infected 7.8
different species (51). Myoviruses were able to replicate by average on 9.8 of the
tested staphylococcal species, while siphoviruses were only able to replicate by
average on 2.5 species including both cluster B and D siphoviruses (51). Another
study investigated 5 related cluster B siphoviruses formerly belonging to the genus
Phietavirus but now grouped in the genus Rockefellervirus. These phages were only
analyzed for infection of different S. epidermidis strains, of which between 17% and
34% were infected depending on the phage (55). Cluster D siphoviruses seem to
have a slightly broader host range than cluster B siphoviruses (51, 56).

The host range of staphylococcal podoviruses is not well defined. One study isolated
6 S. epidermidis specific phages from the human skin microbiome, one of which
being a podovirus (56). This podovirus (vB_SepP_BEOQ03) only replicated in one of 44
tested S. epidermidis strains, but replicated on 4 of 10 different S. capitis and 2 of 3
different S. caprae isolates (56). Nonetheless, compared to the tested myoviruses, it
showed a rather small host range, especially for the different S. epidermidis strains
(56). Interestingly, none of the S. epidermidis infecting myoviruses analyzed in this
study was able to also infect S. aureus, possibly showing a specificity for GroP-WTA
(56). Less than 10 S. epidermidis specific podoviruses have been isolated and
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Chapter 1 AGeneral introduction

published up to now, with phage Andhra of the Rountreeviridae family being the first
and most well studied representative (57, 58). Of the 9 analyzed Staphylococci,
including 3 S. epidermidis strains, podovirus Andhra only infected S. epidermidis
RP62A (57). Interestingly, when the receptor binding proteins (RBPs) of phage
Andhra and two related S. epidermidis infecting podoviruses (JBug18 and Pontiff)
were compared with three S. aureus infecting podoviruses (Pabna, 44AHJD, P68),
high RBP sequence similarity within the S. epidermidis phages, but low sequence
similarity between both groups was observed (58). The same was true for
siphoviruses of S. epidermidis compared with S. aureus siphovirus 80U. While all S.
epidermidis infecting Rockefellerviruses showed more than 97% identity of their
RBPs, these RBPs exhibited only 25% identity to S. aureus infecting Phietavirus 8 0.U
This strong conservation of RBPs within the S. epidermidis infecting phage group,
and the low homology to S. aureus infecting phage RBPs, most likely developed due
to the differences in the phage receptors (WTA) of S. aureus and S. epidermidis,
even though the podoviruses of S. aureus and S. epidermidis share a very similar
genome organization (58).

In S. aureus, mutation of the tarM gene result in loss of U-GIcNAc modified WTA
which causes resistance and reduced adsorption of siphoviruses (22, 59), while
podoviruses, except for some exceptions (60), depend on 3-GIcNAc modification of
WTA, and complete absence of WTA results in resistance to all phages including
myoviruses (22, 23). Very little research was done on bacteriophage receptors of
CoNS. Holland et al reported a bacteriophage resistant WTA deletion mutant of S.
epidermidis, but did not show the data in the publication (10). Based on results of
enzymatic and chemical detachment of glucose from WTA, Schleifer et al. suspected
WTA-glucose involvement in bacteriophage adsorption to S. epidermidis cells, but
denied an independent receptor function of teichoic acids (61). Since phage therapy
approaches are considered for CoNS, research on CoNS bacteriophage receptors is

urgently needed.
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Table 1: Bacteriophages infecting S. epidermidis. Most sequence data were recovered from the NCBI

Virus resource database (44, 45). (Podophage (P), Siphophage (S), Myophage (M), Phage-like
element (PLE), Prophage (PP), Phage-related island (PRI))

Accession -

Number/DSM- Staphylococe us Morphology Length (bp) Genus Isolation Integrase Reference
N—— phage source type
MT596500.1 vB_SepP_BEO03 B2 18271 Andhravirus skin? - (56)
KY471386.1 St 134 P 18275 Andhravirus unknown - -4
MZ152915.1 SeAlphi P 18292 Andhravirus unknown - -4
MH972262.1 Pontiff B2 18364 Andhravirus wastewater - (62)
MH972261.1 Pike P 18376 Andhravirus wastewater - (62)
DSM 1080587 vB_SepP_UKE3 P 18476 unclassified wastewatert! - (63)
KY442063.1 Andhra P 18546 Andhravirus wastewater - (57, 62)
MH972263.1 JBug18 B 18547 Andhravirus wastewater - (62)
CP018841.1 HOB 14.1.R1 PLE 18659 unclassified not isolated® OE72 (64)
MT880870.1 PhiSepi-HH1 PP 34053 unclassified not isolated* XerC (65)
MT880871.1 Pl-Sepi-HH2 PRI 36164 unclassified not isolated* XerD (65)
KT429161.1 StB20-like - 40670 unclassified unknown al PLAG -1
JN192401.1 Ipla7 S 42123 Rockefellervirus | mastitis isolate® 0E72 (66, 67)
MZ417352.1 PG-2021_91 S 42188 Rockefellervirus | wastewater® al PLASJ (51)
KY653120.1 IME1348_01 - 42371 Rockefellervirus | unknown GOE72 Sk
MW364972.1 vB_SepS_48 S 42460 Rockefellervirus | clinical isolate’ aE 72 (55)
MW364974.1 vB_SepS_459 S 42498 Rockefellervirus | clinical isolate” aET7?2 (55)
MT596498.1 vB_SepS_BEO1 S 42718 Rockefellervirus | skin? al PLAS (56)
0Q355704.1 vB_SepS_BE28 st 42841 Rockefellervirus | skin al PLAg -
MW364971.1 vB_SepS_27 S 42935 Rockefellervirus | clinical isolate® aE 72 (55)
MZ417349.1 PG-2021_89 S 43039 Rockefellervirus | wastewater® 0QE72 (51)
MW364973.1 vB_SepS_456 S 43266 Rockefellervirus | clinical isolate” aET72 (55)
KU598975.1 CNPx S 43293 Rockefellervirus unknown UE72 (68)
NC_008722.1 CNPH82 S 43420 Rockefellervirus | unknown 0QE72 (69)
MZ417353.1 PG-2021_93 S 43459 Rockefellervirus | wastewater® 0E72 (51)
0Q355699.1 vB_SepS_BE20 st 43521 Rockefellervirus | skin GE72 -4
0Q355700.1 vB_SepS BE21 st 43563 Rockefellervirus | skin al PLAY -
JN192400.1 Ipla5 S 43581 Rockefellervirus | mastitis isolate® 0l AR (66, 67)
NC_008723.1 PH15 S 44041 Rockefellervirus | unknown 0E72 (69)
MZ417351.1 PG-2021_90 S 44493 Rockefellervirus wastewater® al PLASJ (51)
MW364975.1 vB_SepS_E72 S 44592 Rockefellervirus | clinical isolate® aET72 (55)
ON325435.2 CUB-EPI_14 S 46098 unclassified wastewater*! none (50)
ON550478.1 Sazerac - 46428 unclassified wastewater none -4
OP142323.1 Lacachita S 46473 unclassified wastewater none (49)
00Q623150.1 Southeast - 47272 unclassified wastewater none -4
MZz417343.1 PG-2021_74 S 85762 Sextaecvirus wastewater 0SEP9 | (51)
MZ417336.1 PG-2021_46 S 86018 Sextaecvirus wastewater 0SEP9 | (k1)
MZz417339.1 PG-2021_5 S 92222 Sextaecvirus wastewater 0SEP9 | (51)
MZ417348.1 PG-2021_88 S 92222 Sextaecvirus wastewater 0§SEP9 | (k1)
KF929199.1 vB_SepS_SEP9 S 92417 Sextaecvirus wastewater U0SEP9 | (47)
0Q355701.1 vB_SepS_BE22 st 92847 Sextaecvirus skin UGSEP9 | -1
KJ804259 6ec S 93794 Sextaecvirus nares® G§SEP9 | (48)
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MT596499.1 vB_SepS_BE02 S 95233 Sextaecvirus skin? 0SEP9 | (56)
GSPbet| -
KT429160.1 SPbeta-like S 127726 unclassified unknown like
Mz417327.1 PG-2021_29 M 131570 unclassified wastewater - (51)
0Q448193.1 80A (COP-80A) M 139772 Sepunavirus wastewater - (70)
0Q448194.1 80B (COP-80A) M 139772 Sepunavirus wastewater - (70)
KF021268.1 philBB-SEP1 M 139928 Sepunavirus wastewater - (71)
MT596502.1 vB_SepM_BEO5 Mt 140271 Sepunavirus unknown - -4
0Q355703.1 vB_SepM_BE25 VR 140292 Sepunavirus skin - -4
0Q355702.1 vB_SepM_BE24 Mt 140570 Sepunavirus skin - -4
MZz417332.1 PG-2021_38 M 140647 unclassified wastewater - (51)
MT596503.1 vB_SepM_BEO06 M 140659 Sepunavirus skin? - (56)
MT596504.1 vB_SepM_BEO07 M 140661 Sepunavirus skin? - (56)
MT596506.1 vB_SepM_BE09 M 140668 Sepunavirus skin? - (56)
KP027447 philPLA-C1C M 140961 Sepunavirus wastewater - (72)
MH542234.1 Terranova M 141288 Sepunavirus wastewater - (73)
MH321490.1 Quidividi M 141446 Sepunavirus wastewater - (73)
0Q448195.1 110 (COP-110) M 141874 Sepunavirus wastewater - (70)
MT596501.1 vB_SepM_BEO04 M 142331 Sepunavirus skin? - (56)
MH321491.1 Twillingate M 142592 Sepunavirus wastewater - (73)
MZz417323.1 PG-2021_1 M 143764 Sepunavirus wastewater - (51)
0dSPbet| (65)
MT880872.1 PhiSepi-HH3 - 147057 unclassified unknown like

Yinferred from systematic name

2skin of the forehead

3in S. epidermidis 14.1.R1 (isolated from human skin)

4in S. epidermidis PJl isolates (e.g. ST2 and ST83)

5 prophage induction of human mastitis isolate (S. epidermidis AEA1)

6 induction

7 prophage induction from isolate from nasal swab cultures, from settle plates exposed during the
operations in the operating theatre, or from clinical specimen (74)

8 cross-culturing of isolates from nose and skin of hospital staff and patient 'clinical' specimens (75)

9 lytic variant of Staphylococcus phage IPLA6 (isolated by prophage induction of human mastitis
isolate; S. epidermidis DD2Laa)

10 anterior nares of humans

11 clinical wastewater

12 46% query coverage only

BBintegrates into a FAD-dependent oxidoreductase in S. epidermidis 1457

14 unpublished; information recovered from NCBI database (44, 45, 76)
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Horizontal gene transfer by transduction

Transduction is a process, in which bacterial DNA is mis-packaged during replication
of a phage, and subsequently transferred to a new bacterial cell (46).

Transduction between Staphylococci usually relies on cluster B siphoviruses, and the
recipient strain does not necessarily need to be susceptible for lysis by the
transducing phage (46, 77). General transduction from S. aureus to different
Staphylococci and even into Listeria monocytogenes has been reported (17, 78), and
S. epidermidis infecting siphoviruses can transduce mobile genetic elements at least
between S. epidermidis strains of different STs (55). Surprisingly, interspecies
transduction, including non-aureus Staphylococci like S. epidermidis, S. felis, S.

sciuri, and S. pseudintermedius, is also facilitated by a giant myovirus (46, 79).

Phage defen se systems of S. epidermidis

Mechanisms other than the WTA receptor are known to limit the bacteriophage host
range. While superinfection exclusion after genome integration of temperate phages
is a limiting factor for further phage infection, very little is known about the exclusion
mechanisms of lysogenic phages infecting Staphylococci (59). One recent study
identified a phage-encoded phage defense protein of S. aureus (pdpsau), Which
prevents infection of Staphylococci form Kayviruses by encoding a transmembrane
protein which causes membrane permeability and leads to abortive infection (Abi)
(80). CRISPR-Cas systems are rare in Staphylococci, but restriction-modification
(RM) systems are quite common, and all four types of bacterial RM systems have
been found in Staphylococci (59). A recent study investigating 89 S. epidermidis
RefSeq genomes found 40% of them carrying RM systems, but less than 10%
carrying CRISPR-Cas systems (81, 82). In addition, several anti-phage systems have
orthologues in staphylococcal genomes, even though they are rarely found in S.
epidermidis (59, 81, 83). Furthermore, the serine/threonine kinase Stk2 has been
described to induce abortive infection (Abi) in S. epidermidis RP62a and other
Staphylococci upon infection with siphoviruses, via modification of several essential
cellular pathways (68). Other Abi systems, especially Abi2 seem to be common in S.
epidermidis, but further research considering its function and mode of action is
needed (81, 84). Recently, a single enzyme with nuclease and helicase activity was
described in S. epidermidis RP62a and named Nhi (nuclease-helicase immunity)

(85). This enzyme prevents infection of all three phage morphotypes of
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Staphylococcal phages and is dependent on the presence of certain single-stranded
DNA-binding proteins (SSBs) (85). Even though Nhi is widespread among different
phyla, including Firmicutes, Bacteroidetes, and Proteobacteria, less than 1% of all
bacteria and less than 5% of S. aureus or S. epidermidis genomes contain an Nhi
gene (81, 85). Surprisingly, many staphylococcal anti-phage defense systems are
encoded near, or within, the staphylococcal cassette chromosome (SCCmec) and

can be mobilized by SCCmec-encoded recombinases (81, 86).

Phage therapy for treatment o f S. epidermidis infections

Due to their ability to integrate into the genome and their lysogenic potential, previous
research on staphylococcal viruses has been focused on temperate phages (cluster
B) (41, 46). Many of which harbor fitness or virulence factors which benefit the host,
facilitate horizontal gene transfer via transduction (41, 46), or cause immune evasion
via unstable chromosome rearrangements and formation of small-colony variants
(SCVs) (87). Phage therapy targeting Staphylococci has therefore focused on strictly
lytic bacteriophages, mostly of the Kayvirus genus (88-91), and most of the effort to
determine bacteriophages useful in treating infections with Staphylococci are
exclusively focused on S. aureus (91). Several reports on animal models confirmed
the use of in vivo phage applications against S. aureus, both alone, and in
combination with antibiotic treatment (92). Treatment of vertebrates with different
phages, alone or in combination, were effective against systemic infection, skin and
soft tissue infections, bone and joint infections, and heart and pulmonary infections
(92). Several case studies proved similarly effective (92), but only 10 clinical trials
(13.07.2023) involving treatment of staphylococcal infections with bacteriophages are
currently listed at the clinicaltrials.gov website (5 in active status). A first study with
phage cocktail WPP-201 in patients with venous leg ulcers (VLUs) showed no
serious side effects (92), and other trials currently investigate the safety of topical
application of bacteriophages to treat infections with multiple pathogens (including S.
aureus), for diabetic foot ulcers (93, 94), pressure ulcers (95) and burn wounds (92,
96). One trial investigated the safety of topical administration of the well-known
phage cocktail AB-SAO1, which contains three S. aureus specific myoviruses, and
was previously show to target about 95% of all tested S. aureus strains with
considerable reduction of bacterial burden in a murine acute lung infection model (91,

97). This cocktail showed promising results for safety and treatment of chronic
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rhinosinusitis, or for endocarditis and bacteremia in combination with antibiotics (98-
100). Another trial currently investigates the safety, tolerability, and efficacy of
intravenous phage cocktail AP-SA02 in subjects with S. aureus bacteremia (101,
102). And one trial investigates the influence of bacteriophages on S. aureus
Prosthetic Joint Infection, which has already been successfully treated with myovirus
SaGR51g1 in a case study (103, 104). Altogether, phage application of S. aureus
infecting phages, generally seems to be safe, but treatment results are dependent on
individual case reports, and CoNS are neglected for now (92).
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Abstract

The species- and clone-specific susceptibility of Staphylococcus cells for
bacteriophages is governed by the structures and glycosylation patterns of wall
teichoic acid (WTA) glycopolymers. The glycocodes of phage-WTA interaction in the
opportunistic pathogen Staphylococcus epidermidis and in other coagulase-negative
staphylococci (CoNS) have remained unknown. We report a new S. epidermidis WTA
glycosyltransferase TagE whose deletion confers resistance to siphoviruses such as
0 E72 but enables binding of otherwise unbound podoviruses. S. epidermidis
glycerolphosphate WTA was found to be modified with glucose in a tagE-dependent
manner. TagE is encoded together with the enzymes PgcA and GtaB providing
uridine diphosphate-activated glucose. 0 E72 transduced several other CoNS
species encoding TagE homologs suggesting that WTA glycosylation via TagE is a
frequent trait among CoNS that permits inter-species horizontal gene transfer. Our
study unravels a crucial mechanism of phage-Staphylococcus interaction and of
horizontal gene transfer and it will help in the design of anti-staphylococcal phage

therapies.

Importance

Phages are highly specific for certain bacterial hosts, and some can transduce DNA
even across species boundaries. How phages recognize cognate host cells remains
incompletely understood. Phages infecting members of the genus Staphylococcus
bind to wall teichoic acid (WTA) glycopolymers with highly variable structures and
glycosylation patterns. How WTA is glycosylated in the opportunistic pathogen
Staphylococcus epidermidis and in other coagulase-negative Staphylococcus
(CoNS) species has remained unknown. We describe that S. epidermidis
glycosylates its WTA backbone with glucose and we identify a cluster of three genes,
responsible for glucose activation and transfer to WTA. Their inactivation strongly
alters phage susceptibility patterns, yielding resistance to siphoviruses but
susceptibility to podoviruses. Many different CONS species with related glycosylation
genes can exchange DNA via si phovi r us 0 Bg/tBat gduoogegmeodified
WTA is crucial for interspecies horizontal gene transfer. Our finding will help to

develop antibacterial phage therapies and unravel routes of genetic exchange.
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Introduction

Staphylococcus epidermidis is one of the most abundant colonizers of mammalian
skin and of nasal epithelia [1, 2]. Some nosocomial S. epidermidis clones also cause
invasive infections, in particular biofilm-associated infections on catheters or artificial
implants such as hip and knee joints or heart valves [3, 4]. Although S. epidermidis is
not an as aggressive pathogen as Staphylococcus aureus, biofilm-associated
infections are difficult to treat and cause a high burden of morbidity and costs for
health care systems. Many S. epidermidis clones are resistant to beta-lactams and
other antibiotics such as linezolid, which further complicates the treatment of S.
epidermidis infections [1].

The major invasive S. epidermidis clones seem to pursue two different virulence
strategies. The MLST type 2 (ST2) strains produce particularly strong biofilms [3, 5].
In contrast, ST10, ST23, and ST87 clones are only weak biofilm formers, but they
express an additional surface molecule that alters their host interaction capacities
and leads to a shift from commensal to pathogen behavior [6]. Surface properties
and host interaction of staphylococci are governed not only by surface proteins but
also by cell-wall anchored glycopolymers composed of alditolphosphate repeating
units called wall teichoic acids (WTA) [7, 8]. The WTA polymers of S. epidermidis and
other coagulase-negative Staphylococcus (CoNS) species have remained a
neglected field of research despite their potentially critical role for host colonization
and infection. Most S. epidermidis clones seem to express WTA composed of
glycerolphosphate (GroP) repeating units [9]. A recent study has shown that ST10,
ST23, and ST87 strains express an additional S. aureus-type WTA composed of
ribitolphosphate (RboP) repeating units, which shapes their interaction with human
epithelial and endothelial cells [6].

WTA is also crucial for binding of virtually all known Staphylococcus phages, which
use differences in WTA structure to recognize their cognate host species [10].
Phages of the Sipho- and podovirus groups often not only discriminate between
different WTA backbones but also between different types of backbone glycosylation.
Most Firmicutes link D-alanine esters and sugar residues to GroP or RboP repeating
units [7, 8]. Variation in glycosylation for instance by N-acetylglucosamine (GIcNAc)
in alpha or beta configuration or N-acetylgalactosamine (GalNAc) has been found to

govern the susceptibility patterns of S. aureus strains for different phages [11-14].
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The group of broad-host range myoviruses, however, requires WTA for binding but
does not discriminate between RboP and GroP WTA and does not require WTA
glycosylation [15-17].

WTA-phage interaction is of importance for phage-therapeutic strategies, which have
gained increasing attention recently [3, 18]. Moreover, they are critical for inter-
species horizontal gene transfer via transducing bacteriophages [19]. Such
transduction events have led to the transfer of resistance and virulence genes into
the genomes of S. aureus and other species, thereby allowing, for instance, evolution
of methicillin-resistant S. epidermidis (MRSE) and methicillin-resistant S. aureus
(MRSA) [20, 21]. Despite the critical role of WTA in these processes, the
biosynthesis, composition, and glycosylation of the canonical S. epidermidis WTA
has not been studied.

Here we demonstrate, that S. epidermidis strain 1457 glycosylates its GroP-WTA
with glucose and we identify the WTA glucosyltransferase gene tagE. S. epidermidis
tagE mutants showed complex changes in phage susceptibility patterns including
both, the loss, and the acquisition of susceptibility to certain phages, some of which
we found to be capable of transducing plasmid DNA between different CoNS

species.

Results

1. Disruption of a putative glycosyl transfe  rase gene cluster co nfers resistance
to phage 0 E72

Several new phages with the capacity to infect S. epidermidis have been reported
recently [22, 23]. Some of them have the capacity to transduce DNA between
different S. epidermidis lineages, raising the question, which bacterial target
structures are recognized by the phages ®inding proteins, and how universal these
target structures may be among different clones of S. epidermidis and other CoNS.
As most S. aureus phages recognize the sugar modifications of WTA [11-13, 24], it
was tempting to speculate that glycosylated GroP-WTA is also required for binding of
S. epidermidis phages. However, the enzymes responsible for WTA glycosylation in
S. epidermidis have remained unknown and it has also remained elusive, which

glycosylation patterns can be found on S. epidermidis GroP-WTA. To elucidate the
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WTA glycosylation pathways of S. epidermidis and explore its impact on phage
interaction we set out to identify and inactivate the responsible enzyme genes.

A library of transposon mutants of S. epidermidis 1457 was created using a xylose-
inducible Himarl transposase [25] and incubated with phage 0 E72, which is known
to infect and multiply in strain 1457 [22]. Two mutants, which were resistant to 0 E72
were identified and found to have the transposon integrated in two adjacent genes of
unknown function (Fig. 1a; Fig. 2a, d). The two genes were not in the vicinity of other
WTA-biosynthesis related genes, but their gene products shared similarity with
glycosylation-related enzymes. The gene B4U56 RS02220 product was 46% similar
to TagE of Bacillus subtilis, which glycosylates GroP-WTA with glucose residues [26]
and 48% similar to TarM of S. aureus, which glycosylates RboP-WTA with GIcNAc
(Fig. 1b) [27]. The adjacent gene B4U56 RS02215 encodes a protein with 59%
similarity to the phosphoglucomutase PgcA of B. subtilis, which isomerizes glucose-
6-phosphate to yield glucose-1-phosphate [28]. In addition, the product of gene
B4U56_RS02210, next to pgcA, was 85% similar to the GtaB enzyme of B. subtilis
generating UDP-glucose from glucose-1-phosphate and UTP [29]. Both, PgcA and
GtaB are required for glycosylation of GroP-WTA with glucose via TagE in B. subtilis
[30], although the two genes are not encoded together with tagE in B. subtilis [31,
32]. We assumed that the three enzymes might cooperate in S. epidermidis to

activate and attach glucose to GroP-WTA.
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Transposon insertion sites

a)
glycerol-3-phosphate transporter gluconate permease phosphoglucomutase
v v
o> THI e >y -
gluconate kinase uridylyltransferase glucosyltransferase
TagE(Sei1457) [ ----------------- MIYTVTSTLPLVHGGRTKSLLTRIRFLDKEMGIHNKILTTNYNANYNEVYQKFEENQLITKN -TQIENIYDWL 72
TagE (B.s. 168) MSLHAVSESNIKQIPDMDYYFISGGLPSNYGGLTKSLLLRSKLFGEECNQNTFFLTFRFDOLELSSKIDELYSNGKIDKKFTSVINLFDDF 90
TarM (5.3.COL) | --------------- MKKIFMMVHELDVNKGGMTSSMFNRSKEF-YDADIPADIVTFOYKGNYDEIIKALKKQGKMDRR-TKHYNVFEYF 73
TagE (S.e. 1457) SDFKLLSIPKTRFKKKTLYSEKDRDIEGLTSKVFNDGNVMRYYDQETYVLYRKFYEDTNIIEFEDVMSPISKKKIERREYNHFGQLHRKI 162
TagE (B.s. 168) --LSVRTNGKRSYEERIGLDQIKKQV---GMGKF-AKTLLRLFGKKNNEMSVVYYGDGETIRYVDYWND-KNQLIKREEYTKNGNLVLVT 173
TarM (5.a. COL) ---KQISNNKHFKSNKLLYKHISERLKN-TIEIEESKGISRYFDITTGT-YIAYIRKSKSEKVIDFFKD--NKRIERFSFIDN-KVHMKE 155
TagE (S.e. 1457) YFSSRTYHKILEEYFDTEGSIYCKKFF---NSQKANELDFIQIFKNQRIMKAFKNEKDLFKYYFEHRFKQND---IVFNDARLLDKPLLN 246
TagE (B.s. 168) HYDVQLNKMYLQEYINDQNQVYLDKLYVWNNEEKDVQLSHIIWYSLEGEIK-VKDESELRQYWIEYLQKQNDKPKLFLVDSRPQDKHVFK 262
TarM (S.a. COL) TENVD-NKVCYQVFYDEKGYPYISRNI--NANNGAVGKTYVLVNKKE----- FKNNLALCVYYLEKLIKDSKDSIMICDGPGSFPKMFNT 237
TagE (S.e. 1457) NCMNTKNV--LVFHNSHI--DGDNIKSSYKI----ALENSDKVAQYLLLTHMQKDDIQHAYGISDEKISIVPHFIKSYGQQDTHD---KE 325
TagE (B.s. 168) VKKSPSSYYGAITHNKHYGSNKYQIKGRYKE----VFSQMYNLDAVFFITEEQLEDFKLISGE-QETFFFTPHTIDKPLDPAVLNVPSEK 347
TarM (S.a. COL) NHKNAQKY--GVIHVNHH--ENFDDTGAFKKSEKYIIENANKINGVIVLTEAQRLDILNQFDV--ENIFTISNFVKIHNAPKHFQ---TE 318
TagE (S.e. 1457) DRFVFIGRLGKQKQVDHLIKSYNQFLKYGHQTKLAIYGADEQNQKQVILDLVKEYQIEDKVDLNDFTKHPLEEFKKSKASLLTSEYEGFG 415
TagE (B.s. 168) YKAVIISRLASMKNLIHAVKAFSLVVKEIPEAKLDIFGSGEDFEK--TKKEIEDTKLQNNVFLKGYTDNPDSEFQKAWLTISTSHFEGFG 435
TarM (S.a. COL) KIVGHISRMVPTKRIDLLIEVAELVVKKDNAVKFHIVYGEGSVKDK--TAKMIEDKNLERNVFLKGYTTTPQKCLEDFKLVVSTSQYEGQG 406
Yo 8% 0B E8Y VW seBoe0oYHY 88% oYUYo o0 3 8008 5 58 o o P c sBo

TagE (S.e. 1457) LTVMESIEVGCPVIAYDVRYGPGEIIEHGKNGYLVEPDNIEAFAAYMDKIIKNPLKHV--- -KTKETL--KY--EQAKNNYQKLFERVK- 496
TagE (B.s. 168) LSNMEALSNGCPVVTYDYDYGARSLVTDGANGYVIEQYNIEKLGQAIISLMKDESTHQKFSEQAFK-MAEKYSRPNYIENWAFALNQMIE 524
TarM (5.a. COL) LSMIEAMISKRPVVAFDIKYGPSDFIEDNKNGYLIENHNINDMADKILQLVNNDVLAAEFGSKARENIIEKYSTESILEKWLNLFNS--- 493

Figure 1: The tagE gene encodes a glycosyltransferase in S. epidermidis. a) Genetic locus identified
by transposon mutagenesis contains the S. epidermidis tagE, pgcA, and gtaB homologues.
Transposon insertion sites are labeled in gold. b) MUSCLE alignment of S. epidermidis TagE with B.

subtilis TagE and S. aureus TarM protein sequences.

2. S. epidermidis TagE is responsible for glucose addition to GroP-WTA

The three S. epidermidis genes were renamed according to the corresponding B.
subtilis genes tagE, gtaB, and pgcA. All three genes were inactivated by targeted
deletion to confirm their roles in phage susceptibility. The three mutants were as
resistant to 0 E72 infection as the transposon mutants, and complementation of the
tagE mutant with a plasmid-encoded copy of the gene locus restored wild-type level
0 E72 susceptibility (Fig. 2 c,f). The various transposon and targeted deletion
mutants were approximately 3-fold less susceptible to G E72 infection, but were not
completely resistant, suggesting that the phage may have additional, albeit less
effective ways to interact with S. epidermidis 1457. In a similar way, and even more
pronounced, the mutants had retained only limited capacities to bind G E72 particles
in liquid media (Fig. 2 d-f; Fig S1).
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Figure 2: 0 E72 shows decreased infection (a,b) and binding (d,e) of the tagE, pgcA, and gtaB
mutants. This deffect can be restored by complementing the tagE mutant with the genetic locus
containing tagE, pgcA, and gtaB on plasmid pRB473 (c,f). The data represent the mean + SEM of at
least three independent experiments. Ordinary one-way ANOVA was used to determine statistical
significance versus S. epidermidis 1457 wild type (WT), indicated as: not significant (ns), ‘P < 0.05, *P
<0.01, ™P < 0.001, ™P < 0.0001.

WTA isolated from 1457 wild type (WT) contained substantial amounts of glucose
when analyzed by an enzymatic glucose assay indicating that ca. 50% of the GroP-
WTA repeating units are modified with glucose (Fig. 3a). In contrast, none of the
WTA samples of any of the tagE, gtaB, or pgcA mutants was found to contain
glucose. High-performance liquid chromatography coupled to a mass spectrometry

detector (HPLC-MS) and nuclear magnetic resonance (NMR) spectroscopy
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confirmed the presence of glucose-substituted GroP repeating units in the wild type
and the absence of glucose in the mutants (Fig. 3b,c; Fig. S2). These findings reflect
earlier reports on the presence of glucose on S. epidermidis GroP-WTA [9] and they
confirm that the PgcA-GtaB-TagE pathway is required for GroP-WTA glycosylation
with glucose. NMR analysis indicated that the glucose units are a configured at the
anomeric center and attached to the C2-position of GroP. About 15% of the glucose
residues are modified with D-alanine at the O6-position of glucose (Fig. 3c; NMR
extended description). The U-configuration is reminiscent of the configuration of
GIcNAc on RboP-WTA introduced by the TagE-related TarM in S. aureus [27].
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Figure 3: WTA analysis of the S. epidermidis mu t a ntagg, @geA, agtaB and of agagE containing
the pRB473 plasmid carrying tagE, pgcA, and gtaB genes for complementation. a) Ratio of glucose
per phosphate content of WTA measured enzymatically. b) HPLC-MS: Extracted ion chromatograms
(EIC) of GroP-Gro ([ MH]- = 245.0432) and GroP-GroP ([ MH]- = 325.0095) with (GroP-Gro-Glc; [ M
H]- = 407.096) (GroP-GroP-Glc; [ M H]- = 487.0623) or without glucose substitution. ¢) 1H NMR
spectra reveal D-glucose on WTA of the S. epidermidis 1457 wild type (WT) (at the C2-position of
GroP), while deletion of tagE results in absence of glucose on WTA. For a) data represent the mean +
SEM of at least three independent experiments. Ordinary one-way ANOVA was used to determine

statistical significance, indicated as: not significant (ns), **P < 0.01, ***P < 0.001.
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The absence of glucose on GroP-WTA in the adagE mutant did not alter biofilm
formation by S. epidermidis 1457 (Fig. S3). Moreover, no differences in growth
kinetics (Fig. S1), cell wall thickness, or cell shape (Fig. S4) were observed in the
mutants, indicating that the absence of glucose on GroP-WTA has no major impact
on overall cellular properties of the S. epidermidis surface.

UDP-glucose generated by PgcA and GtaB is also required for biosynthesis of the
glycolipid diglucosyldiacylglycerol (DGIcDAG), which serves as anchor structure for
lipoteichoic acid (LTA) polymers in B. subtilis and many other Firmicutes (Fig 4a) [33-
35]. However, DGIcDAG is not essential for LTA biosynthesis because mutants
lacking the glycolipids still produce LTA attached to phosphatidylglycerol lipids [35,
36]. The S. epidermidis pgcA and gtaB mutants, but not the tagE mutant, also lacked
DGIcDAG, which was present in the parental strain (Fig. 4b), indicating that
DGIcDAG is synthesized in S. epidermidis by the same pathway as in B. subtilis and

S. aureus.
> > s og
a) ) 258558
o
Glc-6P - m X w23
pgcA l
Glc-1P front
gtaB i
Glc,-
ypfP l
Glc,-DAG
l origin
LTA

Figure 4: Glycolipid detection by TLC. a) LTA glycolipid biosynthesis pathway as described for S.
aureus and B. subtilis (adapted from [36]) . b) Glycolipid detection
naphtol/sulfuric acid. 5 pg of digalactosyldiacylglycerol (DGDG) was used as positive control, the
solvent methanol/chloroform (1:1) as negative control (n.cont.). One representative experiment of

three independent experiments is shown.
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3. Lack of WTA glucose impairs binding of known S. epidermidis siphoviruses
but promotes binding of  podoviruses

Several other phages in addition to t E72 were analyzed for an impact of GroP-WTA
glucose modification on phage binding and infection. The G E72-related siphoviruses
0 456, 0 459, and 0 27, which are known to bind to S. epidermidis 1457 [22], showed
reduced binding to the pgcA, gtaB, and tagE mutants compared to the wild type but
the reduction was less pronounced as for 0 E72 (Fig. 5a,f). 0459 was equally
reduced in its capacities to propagate in the mutants as 0 E72 (Fig. 5b). Despite their
capacity to bind S. epidermidis 1457, 0 27 and 0 456 did not form clear plaques on
wild-type or mutant strains. Two recently isolated myoviruses of the genus
sepunavirus, tIBE 0 4 a n d [3u]BBEoWd no reduction in their ability to bind and
infect the mutants, suggesting that these myoviruses are not dependent on glucose-
modified GroP-WTA (Fig. 5d,e). This behavior resembles the lacking impact of WTA
glycosylation on myovirus 0 K infection of S. aureus [13].

Several other phages, which bind S. epidermidis 1457 but cannot replicate in this
strain, behaved differently. Siphovirus 0 187, which is only distantly related to G E72
and requires GroP-WTA modified with GalNAc for infection of target cells [24], still
bound efficiently to the GroP-WTA glucose-deficient mutants (Fig. 5a), indicating that
the GroP-WTA glucose modifications are not necessary for 0 187 binding. 0 187 even
showed higher plasmid transduction efficiency in the absence of GroP-WTA glucose
residues (Fig. 6a). Furthermore, the podoviruses U UKE3, U Spree, and 0 BEO3 [37]
exhibited strongly increased binding to the pgcA, gtaB, and tagE mutants compared
to the wild type (Fig. 5 c,f), indicating that these phages are attenuated for binding in
the presence of glucose residues on GroP-WTA. Thus, the GroP-WTA glucose
residues are important for most of the known S. epidermidis phages albeit in quite

different ways, depending on the individual phage.
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Figure 5: TagE-glycosylated WTA increases binding of siphoviruses but reduces podovirus binding.
WTA glycosylation-deficient mutants of S. epidermidis show decreased binding of O E 7-t&lated
siphoviruses 0 459, 0456, and 027 (a), but increased binding of the podoviruses CUKE3, G Spr e e,
and 0 B(®,0nBile the GroP-GalNAc-specific siphovirus 0 187 still shows strong binding (a). WTA
glycosylation-deficient mutants of S. epidermidis show less plaque formation by G E 7-lated
siphovirus 0459 (b), while plague formation by the myoviruses 0 BEO4 (d) and 0 BE06 (e) remains
unchanged. f) Lytic zones and fysis from withouto by siphoviruses decrease in the absence of tagE
but increase for podoviruses. Myoviruses show formation of lytic zones independently of the presence
or absence of tagE. (pRB= pRB473 (empty vector control); comp = complementation with tagE, gtaB,
pgcA genes) The data represents the mean + SEM of at least three independent experiments.
Ordinary one-way ANOVA was used to determine statistical significance versus S. epidermidis 1457

wild type (WT), indicated as: not significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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4. The presence of tagE in the genomes o f CoNS species corresponds to the
capacity of 0 E72 to transduce these species

The tagE gene was found in virtually all available S. epidermidis genomes suggesting
that the substitution of GroP-WTA with glucose is a general trait in S. epidermidis.
Accordingly, 0 E72 bound well to the tested S. epidermidis strains from at least two
different sequence types (ST86, ST32) with one exception (Fig. 6b). Notably, G E72
did not bind to S. epidermidis E73 (ST23), which produces RboP-WTA in addition to
GroP-WTA [6]. However, a E73 tarlJLM2 mutant lacking RboP-WTA was effectively
bound by 0 E72 indicating that the additional RboP-WTA shields the surface of S.
epidermidis in a way that precludes binding of the phage.
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Figure 6: Correlation of TagE-related genes of CoNS species with phage transduction. a) 0 1 8 7
transduction of pRB473 is increased in the absence of glucosylated GroP-WTA. b) 0 E72 binds to
different strains of S. epidermidis but binding is prevented by RboP expression of strain E73. c¢) G E72-
mediated transduction of pBASE6 or pC183-S3-GFP to CoNS depends on high TagE homology. If
type strains were used to determine sequence similarity of Tage homologues, strain names are
marked with an asterisk. The data represents the mean + SEM of at least three independent
experiments. For a,b) unpaired t-test was used to determine statistical significance versus S.
epidermidis 1457 wild type (WT), indicated as: **P < 0.01, ****P < 0.0001.
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GroP-WTA has been reported in several other CoNS species. The nature of the
sugar modifications in these species has remained largely unknown, but several
CoNS have been reported to contain either glucose, GIcNAc or GalNAc attached to
WTA [9]. We succeeded in transducing many different CoNS species via G E72 with
either the staphylococcal shuttle vector pBASE or the green-fluorescent protein-
expressing plasmid pC183-S3 GFP. Some of the available CoNS genomes were
found to encode TagE homologs albeit with different degrees of sequence
conservation, ranging from 43% to 83% similarity (Table 1). Those species with TagE
similarities above 67% could be transduced by 0E72, while those with less
conserved TagE homologs did not take up DNA from t E72 (Fig. 6¢), suggesting that
only CoNS with highly conserved versions of TagE may glycosylate their GroP-WTA
in a similar way as in S. epidermidis while the others may glycosylate either other
WTA backbone types or may transfer other sugars. Among the tested species,
Staphylococcus pasteuri, Staphylococcus lugdunensis, Staphylococcus cohnii,
Staphylococcus caprae, Staphylococcus schleiferi, Staphylococcus carnosus,
Staphylococcus simulans, and Staphylococcus warneri strains were transducible with
0 E72. Isolates of two of these species, Staphylococcus cohnii and Staphylococcus
warneri, have indeed previously been described to produce GroP-WTA, which is
modified with glucose [9]. In contrast to the varying degrees of conservation of tagE,
the pgcA and gtaB genes are present in virtually all Staphylococcus genomes with
high sequence similarity, including S. aureus, probably because UDP-glucose is
required in all these species for DGICDAG glycolipid synthesis [36]. Among the
strains that encode highly conserved TagE homologues, tagE was encoded in the
vicinity of both pgcA and gtaB only in S. pasteuri and S. lugdunensis, in addition to S.
epidermidis (Table 1). Thus, phage G E72 represents a helpful tool for studying WTA
properties and an attractive vehicle for interspecies transduction of DNA among
members of the genus Staphylococcus.
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Table 1: Conservation of TagE homologs in CoNS strains used for transduction.

Species Strain name | Query cover [%]| Sequence Sequence tagE,  pgcA

identity [%] similarity | gtaB encoded
[%0] together

Staphylococcus | TU3298 100% 99% 99% Yes

epidermidis

Staphylococcus | D2-30 100% 99% 99% Yes

epidermidis

Staphylococcus | ATCC51129| 100% 69% 83% Yes

pasteuri

Staphylococcus | HKU0901 99% 64% 81% Yes

lugdunensis

Staphylococcus | ATCC29974| 99% 61% 79% No

cohnii

Staphylococcus | ATCC35538| 100% 52% 73% No

caprae

Staphylococcus | ATCC43808| 98% 50% 69% No

schleiferi

Staphylococcus | TM300 99% 48% 69% No

carnosus

Staphylococcus | ATCC27848| 99% 46% 69% No

simulans

Staphylococcus | ATCC27836| 99% 47% 67% No

warneri

Staphylococcus | ATCC29970| 99% 45% 65% No

haemolyticus

Staphylococcus | ED99 100% 43% 64% No

pseudointermedius

Staphylococcus | ATCC27844| 65% 28% 54% No

hominis

Staphylococcus | ATCC15305| 85% 24% 43% No

saprophyticus
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Discussion

WTA structures are known to be highly diverse among Firmicutes, often with species-
or even clone-specific composition [7, 38]. Most S. epidermidis produce a WTA type
that is entirely different from that of S. aureus with a GroP rather than a RboP
backbone. This study shows that S. epidermidis uses a GroP backbone with
unmodified or with alanylated glucose. It remains unclear why S. epidermidis and S.
aureus have developed such entirely different WTA types. The different structures
may limit the number of bacteriophages that can infect and harm either one or both
species. However, 0 K, one the most lytic bacteriophages, can lyse Staphylococcus
cells irrespective of the WTA backbone structure and a recent study has
demonstrated that several Staphylococcus phages can infect both, S. aureus and S.
epidermidis [39]. The differences in WTA may limit infections and concomitant
lysogenization or transduction events by specific members of the siphovirus group,
which depend much more on a specific WTA backbone and glycosylation type than
myoviruses. Notably, the presence of glucose on GroP-WTA prevented adsorption to
S. epidermidis by all tested podoviruses (0 UKE3, 0 Spree, and 0 BE03). The number
of available S. epidermidis-targeting phages is still very limited, which impedes more
extensive studies on the susceptibility of S. epidermidis wild-type and WTA mutant
strains for different phage types. Discovery programs for identification of new phages
that can infect S. epidermidis will help to clarify these questions in the future.

WTA is an important bacterial ligand for host receptors on mammalian immune cells
with critical roles in innate immunity [8, 40]. WTA glycosylated with GIcNAc can
activate the scavenger receptor langerin on skin Langerhans cells [41]. S. aureus is
found on the skin of atopic dermatitis patients eliciting skin inflammation in a process
that probably involves WTA-langerin interaction [8]. In contrast, S. epidermidis cannot
activate langerin [41], probably because its GroP-WTA is glycosylated with glucose. It
may be advantageous for S. epidermidis, one of the most abundant skin-colonizers
[1], and for other CoNS, to avoid skin inflammation by producing a non-inflammatory
WTA type decorated with glucose.

S. epidermidis uses the same pathway for GroP-WTA glycosylation with glucose
residues as described for B. subtilis [28]. Activation of glucose via the PgcA and
GtaB enzymes yields UDP-glucose as donor of glucose residues, which are
subsequently transferred to the WTA backbone by TagE. Other WTA
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glycosyltransferases apart for TarM [27], including those transferring glucose to
RboP-WTA in B. subtilis W23 (TarQ) [7, 11], GIcNAc to RboP-WTA in certain S.
aureus clones (TarS, TarP) [11, 42], or GalNAc to GroP-WTA in S. aureus ST395
(TagN) [24] share no or very low similarity with TagE. However, protein structure
prediction with Alphafold 2 revealed that TagE most likely forms a symmetric,
propeller-like homotrimer with each monomer divided into the characteristic
glycosyltransferase domain and the b-sheets containing trimerization domain as
previously described for the well-studied S. aureus glycosyltransferase TarM (Fig.
S5) [43-45].

In addition to glucose, WTA is usually also modified with D-alanine [38]. Since GroP
repeating units have only one free hydroxyl group for substitution with either D-
alanine or glucose, it is not surprising that only ca. 50% of the repeating units carried
glucose residues. The teichoic acid D-alanylation machinery attaches D-alanine to a
variety of different molecules including LTA, RboP-WTA, and GroP-WTA [46]. Its
limited specificity for acceptor substrates may explain why a minor portion of the
glucose residues on S. epidermidis GroP-WTA are also alanylated. GroP repeating
units are shorter than RboP repeating units, which may explain why the additional
RboP-WTA polymers of S. epidermidis E73 are probably longer and precluded
binding of G E72 to strain E73. The additional WTA may, therefore, represent a
further strategy to interfere with phage infection and with interaction of other WTA-
binding molecules.

Several other CoNS species appear to produce a similar WTA type as S. epidermidis
because they encode potential TagE proteins and interact with G E72. Interspecies
horizontal gene transfer via WTA-binding transducing phages appears to be rather
common among these species and may have contributed to the import of the
methicillin-resistance conferring mecA gene into S. epidermidis and, eventually, to S.
aureus to create MRSE and MRSA clones [20]. It remains mysterious how the barrier
for horizontal gene transfer between S. epidermidis and S. aureus that results from
the substantial differences in WTA structure could be overcome. Specific S.
epidermidis clonal lineages with both, GroP-WTA and S. aureus-type RboP-WTA
such as ST10, ST23, and ST87 [6] or the S. aureus lineage ST395 producing CoNS-
type GroP-WTA [14], may represent critical hubs for the exchange of genetic material

between the species S. epidermidis and S. aureus. Several CoNS species encode
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potential WTA glycosyltransferase homologs with only low or no similarity to TagE.
They may produce other WTA backbones or glycosylate their WTA with other sugars.
S. epidermidis often causes difficult-to-treat biofilm-based infections on implanted
materials, which frequently require surgical replacement [4]. Treatment with lytic
bacteriophages that could destroy S. epidermidis biofilms hold promise for the
development of new therapeutic strategies [3, 18]. Understanding how phages detect
suitable host bacteria and which S. epidermidis clones express corresponding
phage-binding WTA motives will be important for the success of such strategies. The
TagE-mediated WTA glycosylation with glucose might contribute to the narrow host
range of lytic podoviruses like  BEO3 [37]. Accordingly, finding podoviruses, which
bind to GroP-WTA glucose might help to develop efficient therapeutic phage
cocktails. Moreover, glycosylated WTA is a major antigen for protective antibodies
against S. aureus [42, 47, 48] and, probably, also S. epidermidis. It represents
therefore a particularly attractive antigen for vaccine development [48]. As for phage
therapy, the success of such vaccination strategies will depend on in-depth
knowledge on the structure and prevalence of WTA glycoepitopes among different S.
epidermidis lineages. Our study may motivate more extensive investigations on WTA

glycoepitopes in different staphylococcal pathogens and commensals.

Materials and Methods

Bacterial strains and growth conditions

S. epidermidis and S. aureus strains were cultivated in basic medium (BM) and
incubated at 37°C on an orbital shaker. E. coli strains were cultivated in lysogeny
broth (LB). Media were supplemented with appropriate antibiotics chloramphenicol
(10 eg/ml), or ampicillin (100 eg/ml). E. coli DC10b and S. aureus PS187
asauUSlahsdR were used as cloning hosts, S. epidermidis 1457 was used for gene
deletion studies. Bacteriophages and propagation strains used in this study are listed
in Table S1.

Transposon mutagenesis of S. epide rmidis strain 1457
The transposon plasmid pBTn described previously [25] was used to create a
transposon library in S. epidermidis 1457. The features of this temperature-sensitive

E. coli/S. aureus shuttle vector include a mini-transposon with an erythromycin
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resistance cassette flanked by inverted repeats from the horn fly transposon and a
xylose-inducible transposase Himarl, which can mobilize the mini-transposon and
integrate it into the chromosome with no bias for any specific sequence. Transposon
library construction has been described in detail before [27]. In short, S. epidermidis
1457 was transformed with pBTn followed by mobilization of the mini-transposon into
the genome upon xylose induction of the transposase. The pBTn plasmid was cured

via shifts to nonpermissive temperature.

Isolation of phage-resistant transposon mutants

To isolate phage-resistant mutants, the transposon mutant library was infected with
UE72 at a MOI of at least 100. After incubation for up to 4 h, the cells were
centrifuged at 5,000 x g for 10 min and plated on TSA agar containing erythromycin.
Single colonies of surviving mutants were transferred to fresh TSA agar plates
repeatedly. Phage resistance was confirmed by spot assays with 0 E72, and the
phage-resistant mutants were treated with 1 pg/ml mitomycin to test for and to
exclude lysogeny. To identify the site of transposon insertion, total DNA was isolated,
purified with the NucleoSpin® tissue kit (Macherey-Nagel, Duren), digested,
religated, multiplied with primers erm-For and erm-Rev (Table S2), which anneal to

the erythromycin resistance cassette of the mini-transposon, and sequenced.

Molecular genetic methods

For the construction of the tagE, pgcA, and gtaB mutants in S. epidermidis 1457, the
pPBASESG E. coli/S.aureus shuttle vector was used according to standard procedures
[49]. For mutant complementation, plasmid pRB473 was used [50]. The primers for
knockout and complementation plasmid construction are listed in (Table S2). Both
pBASE6 and pRB473 containing either the respective up- and downstream
fragments for knockout construction (pBASE6) or the complementation sequence
(pPRB473), were used to transform E. coli DC10b, and subsequently PS187
asauUSlahsdR by electroporation. The plasmids were subsequently transferred to S.
epidermidis strain 1457 by transduction with 0187 using S. aureus PS187

asauUSlahsdR as donor strain as described previously [51].
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Phage binding, infection, and transducti  on assays

Phage spot assays were performed as described previously [14]. All applied
bacteriophages (Table S1) were propagated in suitable bacterial host strains and
phage lysates were filtered to yield sterile phage suspensions. Test bacteria were
cultivated overnight in fresh BM. ODeoo = 0.1 was adjusted in 5 ml LB soft agar for the
preparation of bacterial overlay lawns. 10 ul of phage suspensions were spotted onto
the bacterial lawns. After overnight incubation at 37°C for podoviruses and
siphoviruses, and 30°C for myoviruses, phage clearing zones and individual plaques

were observed and recorded.

Phage adsorption efficiency was determined as described previously with minor
modifications [14]. Briefly, adsorption rates were analyzed by mixing approximately
108 PFU/ml in BM supplemented with 4 mM CacCl> with the tested bacteria at an
ODsoo of 0.5 and incubating for 15 min at 37°C. The samples were subsequently
centrifuged, and the supernatants were spotted on indicator strains to determine the
number of unbound phages in the supernatant. The adsorption rate was calculated

by dividing the number of bound phages by the number of input phages.

Transduction experiments were performed as described previously [14]. Briefly, 1 ml
of exponentially growing cultures of a recipient strain was adjusted to an ODeoo of 0.5.
The cells were sedimented by centrifugation and resuspended in 200 pl of phage
buffer containing 0.1% gelatin, 1 mM MgSQOa4, 4 mM CaClz, 50 mM Tris, and 0.1 M
NaCl. 200 pl of bacteria in phage buffer were mixed with 100 pl of lysates obtained
from S. aureus PS187 and S. epidermidis 1457 donor strains carrying plasmids of
choice. Samples were then incubated for 15 min at 37°C, diluted, and plated on

chloramphenicol-containing BM agar to count colonies.

Electron microscopy

S. epidermidis 1457 wild type, eet a,gelp g caAd aeg t wdde grown until stationary
phase, and fixed atan ODssco f 10 i n 200 fidive (R% formaldetsydey 6 s
2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.4) for 24 h. Samples were then
centrifuged at 1,400 x g for 5 min, supernatant was discarded, pellets were

resuspended in approximately 20 pl agarose (3.9%) at 37°C, cooled to room
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temperature, and cut into small pieces. Postfixation was based on 1.0% osmium
tetroxide containing 2.5% potassium ferrocyanide (Morphisto) for 2 h. After following
the standard methods, samples were embedded in glycide ether and cut using an
ultramicrotome (Ultracut E, Reichert). Ultra-thin sections (30 nm) were mounted on
copper grids and analyzed using a Zeiss LIBRA 120 transmission electron

microscope (Carl Zeiss) operating at 120 kV.

WTA isolation

WTA was isolated as described previously [14, 52, 53] with minor modifications.
Briefly, bacterial cells from two liters of overnight cultures were washed and disrupted
with glass beads in a cell disrupter (Euler). Cell lysates were incubated at 37°C
overnight in the presence of DNase and RNase. SDS was added to a final
concentration of 2% foll owed by wultrasonica
several times to remove SDS. To release WTA from cell walls, samples were treated
with 5% trichloroacetic acid for 4 h at 65°C. Peptidoglycan debris was separated via
centrifugati ¢500 x(d.ODetarimimation bf4phosphate amounts as
described previously [53-55] was used for WTA quantification. Crude WTA extracts
were further purified as already described [27]. Briefly, the pH of the crude extract
was adjusted to 5 with NaOH and dialyzed against water with a Slide-A-Lyzer
Dialysis Cassette ( MWCO of Ihebno K-Bheer; Scientific). For HPLC-MS
analysis, 50 pl of 100 mM WTA sample were hydrolyzed with 200 mM NaOH at 60°C
for 2 h. The remaining dialyzed WTA was further lyophilized for long-term storage at -
2 0 dk Gsed for further analysis. 10-15 mg lyophilized WTA sample were used for
NMR. Detailed explanations of the HPLC-MS and NMR methods can be found as

extended descriptions of detailed methods.

Enzymatic determination of glucose in the WTA sample s

The High Sensitivity Glucose Assay Kit (mak181, Sigma-Aldrich) was used to
determine the glucose content in the WTA sample. 50 pl of dialyzed WTA samples
and 50 pl of 1 mM glucose standard solution were dried in a vacuum concentrator at
60°C. 100 pl of 0.5 M HCI was added to the samples and the standard solution and
cooked for 2 h in a water bath. The glucose standard was diluted 1:50 resulting in a

10 uM concentration and different volumes were used to cover a range of O - 100
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pmol. Samples were also diluted at least 1:50 and different dilutions of the samples
were tested in a 96-well plate. The assay was performed according to the
manufacturer 6s fluorestence mtensity was.measuned at excitation

wavelength 535 nm and emission wavelength 587 nm.

Glycolipid isolation, thin layer chromatography (TLC) and detection with U-
napht hol

The detection of glycolipids was performed similar to a previously described method
[36]. S. epidermidis 1457 and the respective mutants were grown to ODsoo of 3.5. 5
ml of bacterial suspension were washed and resuspended in 500 pl of 1200 mM
sodiumacetate (pH 4.7) and transferred into glass vials. 500 ul chloroform and 500 ml
methanol were added and the mixture was vortexed vigorously. The samples were
centrifuged at 4,600 x g for 20 min at 4°C and the lower phase was dried overnight
and resuspended in 25 yl methanol and chloroform in a 1:1 ratio. The whole sample
was applied to a high-performance thin-layer chromatography (HPTLC) silica gel 60
plate (10 x 10 cm; Merck) with a Hamilton syringe. A positive control containing 5 ug
digalactosyldiacylglycerol (DGDG, Sigma-Aldrich) was used. A Linomat 5 (Camag),
and an auto developing chamber (Camag), were used to apply the sample to the
TLC plate and to run it with a solvent containing 65:25:4 (viviv)
chloroform/methanol/H20. The dried TLC plate was spr ay e d wi tnaphtBoli®2 % U
methanol/H2S04/H20 25:3:2 (v/v/v) and the glycolipids were visualized by heating the

plate at 110°C for a few minutes.

In silico analysis

All statistical analyses were performed with Graph Pad Prism 9.2.0 (GraphPad
Software, La Jolla, USA). Multiple sequence alignment was performed with
SnapGene® 5.3.2 using MUSCLE. Protein structure prediction was done using
AlphaFold2 with ColabFold [44, 45].
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Supplementary Figures
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Fig. S1: 0 E72 prevents growth of S. epidermidis 1457 wild type (WT). Growth of the qtagE, pagpA,
gytaB mutants is only partially reduced by G E72 compared to growth without addition of phage.

Approximately 5x108 PFU/ml were used. Data represent mean + SEM of three independent
experiments.
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Fig. S2: Area-under-the-curve quantification of GroP-GroP-Glc residue ([ MH]- = 487.0623) total ion
current (TIC) chromatogram measured by HPLC-MS after chemical digest of S. epidermidis WTA.

Data represent mean = SEM of three independent experiments. Ordinary one-way ANOVA was used
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to determine statistical significance versus S. epidermidis 1457 wild type (WT), indicated as: not
significant (ns), **P < 0.01.
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Fig. S3: S. epidermidis 1457 biofilm formation was measured in BM and TSB medium. Biofilm

formation i s utagEdaletighendtant n t he @

a) | ‘
Ts0q ] | e
c
0 404 T
% 304 qpgcA quotaB
£ 20
©
= 10+
©
O 0 T T T T

& & & R

{D ©) QO >

F &L &

S. epidermidis 1457

Fig. S4: Electron microscopy at 12,500 x magnification indicates that cell wall thickness (a), and cell
shape (b), is unchanged in all mutants compared to the wild type. a) shows the mean cell wall
thickness of at least 11 different bacterial cells of each mutant or the wild type (WT). Ordinary one-way
ANOVA was used to determine statistical significance versus S. epidermidis 1457 wild type (WT),
indicated as: not significant (ns).
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Fig. S5: Structural prediction of the S. epidermidis TagE trimer with Alphafold2 [44, 45].

Table S1: Bacteriophages and bacterial strains used in this study.

Baceriophage | Propagation strain Morphology Reference or origin
UOTH S. epidermidig457 siphovirus CAOI N2 @t S
snpo S. epidermidiSE459 siphovirus CAOlF NR @t S
vnpc S. epidermidiSE456 siphovirus CAOI N2 @t S
UHT S. epidermidiSE27 siphovirus CAOlF NR @t S
UMp S. epidermidiSE15 siphovirus CAOI N& @t S
CMY T S. aureu$S187 siphovirus tlydiadosSy S
v Y90 S. epidermidi®SM18857 podovirus DSMz*

v{ LINBS |S.epidermidi®SM18857 podovirus DSMZ*

v.9no0 S. epidermidiSKNA73 podovirus Valente et al.*

v. =D S. epidermidi®SM20608 podovirus DSMz*

vt | dzf A S. epidermidi®SM20608 podovirus DSMz*

v b SLI2 Y dz| S. epidermidi®SM20044 podovirus DSMz*

v. 9N S. epidermidiSKNA34 myovirus Valente et al.*

vu. 9nc S.epidermidisSKNA34 myovirus Valente et al.*

v! f SE S. epidermidi®SM3269 myovirus DSMZ*

vy S. epilermidisRN4220 myovirus O'Flaherty et al.

* DSMZ: German Collection of Microorganisms and Cell Cultures

** Department of Intensive Care Medicine, Inselspital, Bern University Hospital, Switzerland
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Table S2: Primer sequences used for cloning and sequencing.

Primer name | Primer sequence Application

tagE FaFor ATCTGAATTCAGTAAATCAGCATCAATAAG| Deletion ofS. epigrmidistagE

tagE FiRev TTTGAGATCTGAAATTTTATAATGTGATTTA Deletion ofS. epidermiditagE

tagE FZor TATAAGATCTTAGGTATTCAGATGGTTTAG, Deletion ofS. epidermidisagE

tage FRev | ATTAGTCGACAATGCATTAGAAGTTAAATT( Deletion ofS. epidermiditagE

pgcA FiFor AAGGGAATTCCAAAAGAAATGTTACCAATA Deletion ofS. epidermidipgcA

pgcA FiRev | TTTGAGATCTTAATATCGAAATAGAATTAA( Deletion ofS.epidermidispgcA

pgcA FZ-or TACGAGATCTTTCGAAAACATAAAAAGTTC]| Deletion ofS. epidermidipgcA

pgcA FRev | TTTTGTCGACTTGAATGAAATCTAATTCATT Deletion ofS. epidermidipgcA

gtaB FiFor GTCTTGGAATTCTAATACCACTCGTATTTA( Deletion ofS. epidermidigtaB

gtaB FiRev | ATATAAGATCTACABACCACTGAAAAACAC Deletion ofS. epidermidigtaB

G

gtaB FZFor GTCAAGATCTTTTGATTATTAGAAAGGATA( Deletion ofS. epidermidigtaB

gtaB FZRev | TATCTGTCGACAACTTTAATCAATTTGAGTT Deletion ofS. epidermidigtaB

TagE Loal TCATGGTACCTTACTTTACTCTCTCAAACA/ Fragment synthesis fo

CompFor complementation of gene locu
containingtagE pgcA andgtaB

TagE Locul TTCTGTCGACATTCTTGATTAAGTTAATGT] Fragment synthesis fo

CompRev G complementation of gene locu
containingtagE, pgcA andgtaB

473 Eco CCTCAAGCTAGAGAGTCATTACCCC sequencing of pRE3 and
pBASE shuttle vectors

473 Hind CTGGATTTGTTCAGAACGCTCGG sequencing of pRE3 shuttle
vector

pBASE Hind | CTACTTCTTTCAAACTCTCTCTACG sequencing of pBase shutt
vector

erm-For CTATATTTAACGGGAGGAAA Sequencingfrom erythromycin
cassette forward

erm-Rev TAATCTAACGTATTTATCTGCGTA Sequencingfrom erythromycin

casette reverse
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Extended descriptions of detailed methods

WTA compositional analysis

HPLC-MS

Analysis of the WTA polymer composition was performed using an LTQ Orbitrap

Velos mass spectrometer (Thermo Fisher Scientific), connected to an ACQUITY
ultra-performance liquid chromatography (UPLC) system (Waters Corporation).

Separation in the UPLC was carried out using a Phenomenex C18-Gemini® column

(150 I 2 mm, 3 em, 110 j, Ph encaoteankd03% at 37
HCO2NH4 (A) and CHsCN ( B) buffer system. A single ru
was performed with a flow rate of 0.2 ml/min and a two-step gradient: after 2.5 min of
equilibration with 100% A, a 1-min gradient up to 5% B was followed by a 4-min

gradient up to 70% B. After 2 min at 70% B, a re-equilibration step of 2.5 min

followed with a flow rate of 4 ml/min. LC-MS data processing was done with

UmetaFlow GUI ([56], https://github.com/axelwalter/streamlit-metabolomics-statistics)

via extracted ion chromatograms with a mass tolerance of 10 ppm.

NMR

1H NMR spectra were recorded for both, wild-type and DtagE S. epidermidis strains,
and they were carried out on a Bruker DRX-600 spectrometer equipped with a cryo-
probe, at 298 K. Chemical shifts of spectra recorded in DO were calculated in ppm
relative to internal acetone (2.225 and 31.45 ppm). 2D NMR spectra were acquired
for S. epidermidis wild type only, the spectral width was set to 12 ppm and the
frequency carrier placed at the residual HOD peak, suppressed by pre-saturation.
Two-dimensional spectra (DQ-COSY, TOCSY, NOESY, gHSQC, and gHMBC) were
measured using standard Bruker software. For all experiments, 512 FIDs of 2,048
complex data points were collected, 32 scans per FID were acquired for
homonuclear spectra, and 100 and 200 ms of mixing time was used for the TOCSY
and NOESY spectra, respectively. Heteronuclear *H-13C spectra were measured in
the H-detected mode, gHSQC spectrum was acquired with 40 scans per FID, the
GARP sequence was used for 3C decoupling during acquisition; gHMBC scans
doubled those of gHSQC spectrum. During processing, each data matrix was zero-

filled in both dimensions to give a matrix of 4K x 2K points and was resolution-
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enhanced in both dimensions by a cosine-bell function before Fourier transformation;

data processing and analysis were performed with the Bruker Topspin 3 program.

NMR analysis of the WTA of the wild type (WT) strain of Staphylococcus
epidermidis

NMR analyses of the spectra displayed several signals in the anomeric region (5.5 1
4.4 ppm, Fig. 3c) of the proton spectrum with the one at 5.20 ppm being more
intense than the others. Then, inspection of the HSQC spectrum (Fig S6a) disclosed
that only the signals at ~ 5.2 and ~ 5.1 ppm arose by the anomeric position of
different monosaccharide residues, due to the characteristic values of the related
carbon atoms (Table S3, [57]). The full assignment of both proton and carbon
chemical shifts was possible with confidence only for the most abundant unit, labelled
with A. Thus, the anomeric proton at 5.2 ppm was labelled A1, and the combined
analysis of the TOCSY and COSY spectra determined that it was an U-glucose (Fig.
S6b). Indeed, the TOCSY spectrum showed that A1 correlated to four other protons
as occurs for gluco configured residues, and this information combined with those
from the COSY spectrum enabled the sequence assignment from H-2 to H-5 (Fig.
S6b, Table S3). Then, the identification of A6 was inferred by the finding of the H-4/H-
6 cross peak in the TOCSY spectrum (Fig. S6b) while the position of the other H-6
proton , | a b ewas detdrmiAe@ by the strong cross-peak in the COSY spectrum
(Fig. S6b). Finally, the identification of the carbon chemical shifts was inferred by
analysing the 'H-3C HSQC (Fig. S6a), which determined that A was a glucose unit
that was not further substituted due to the similarity of its carbon chemical shifts to
those reported for the reference glycoside [57]. The inspection of the HMBC
spectrum (not shown) reported a cross peak connecting H-1 of A to a carbon at 76.7
ppm in turn correlated to a proton at 4.12 ppm, later assigned to H-2/C-2 of a glycerol
(Gro) unit, labelled b.

Interestingly, H-1 of A was flanked by a second anomeric proton at 5.22 ppm (Fig.
S6b, Table S3), labelled as A 6and presenting a correlation pattern in the TOCSY
spectrum very similar to that of A, except for the fact that the density analogue to A1s
was missing while there was a new one relating H-1 to a proton at 4.21 ppm. The
identification of the sequence between the protons of this second spin system was
aided by the COSY spectrum and the additional signal at 4.21 was assigned to H-5,
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in turn correlated to the two H-6 protons at 4.66 and 4.44 ppm (Fig. S6b), highly
deshielded due to the O-acylation with an Ala residue as inferred by the long range
correlation with a carbonyl group at 171.5 ppm (not shown).

Then, the anomeric region reported a proton signal at 5.39 ppm, attached to a carbon
at 75.5 ppm with only one additional correlation in the COSY spectrum with a proton
at ca. 4.1 ppm, assigned with a hydroxy-methyl carbon at 64.9 ppm in the HSQC
spectrum (Figure S6a). The pattern of this unit, labelled a, was found to be consistent
with that of a Gro unit, phosphorylated at both ends and acylated with an Ala unit at

0-2, as described in the WTA polymers containing GroP motifs [42].

Finally, the HSQC spectrum contained three densities at 'H/*3C 4.04/70.8, and
4.12/76.7, labelled as c2, and bz, respectively, all identified with the aid of the values
reported in literature (Table S3). In detail, ¢ was a glycerol unit not further substituted
[42], while b had the glucose units (A and A plinked to O-2 [58]. Of note, the HSQC
spectrum contained other densities not related to the WTA polymer and presumably
belonging to other compounds co-purified with it. In some cases, it was possible to
recognize some amino acids, but it was never possible to establish the nature of the
compound(s) due to the low intensities of the signals or to the lack of the proper
correlations in the full set of NMR spectra acquired. The integration of the As1 and
A 61 densities in the TOCSY spectrum (Figure S6b) revealed that about 15% of this

monosaccharide was derivatized with an alanine at O-6.
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Table S3: NMR chemical shifts. H (600MHz) chemical shifts of WTA structural motifs found in S.

epidermidis wild type. The sample was dissolved in deuterated water (HOD, 550 m) and measured at

298 K. By convention, C-1 of the glycerol unit is placed at the left of the structural formula, P stands for

phosphate.
Residue motif 1, 16 (fc 2 3; 36 (f 4 5 6; 60
a 4.11x2 5.39 411x2 - - -
PO/\/\OP
Gro 64.9 75.5 64.9 - - -
Ala
b ~402x2* 412 ~4057 4.00¢* - -- --
PO/Y\OP
Gro a-Glc (A or AY) 66.6 76.7 65.8 - - -
c 3.85;3.90 4.04 3.85;3.90 - - -
AN
Gro PO OP 67.5 70.8 67.5 - - .
A HOH,C, 5.20 3.54 3.78 341 3.95 3.89; 3.77
HO
HO
t-a-Glc OHO__ 98.9 72.8 74.3 710 73.1 61.9
Ad AlaOH.C o 5.22 3.57 3.80 343 4.21 4.66; 4.44
HO~ m \
HO
t-a-Glc6Ala OHo-- 96.2 72.6 74.1 71.2 71.0 66.5
Ala (l)l - 4.23 1.62 - - -
H,N—CH-C--
[ 1715 50.1 16.6-- - - -
CHgj
* These signals can be exchanged.
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Fig. S6: NMR spectra recorded for WTA isolated from S. epidermidis wild type. a) Expansion of the
HSQC spectrum detailing the anomeric and the carbinolic region. b) Overlap of the TOCSY (black)
and COSY (cyan and red) spectra. In all the spectra, the most relevant densities are labelled with the
letter used in Table S3; as for the carbohydrate units (A and A J the anomeric signals are indicated

with a capital letter, while the Gro units (a, b, and c) are labeled with small letters.
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Abstract

Staphylococcus epidermidis expresses glycerol-phosphate wall teichoic acid (WTA),
but some healthcare-associated methicillin-resistant S. epidermidis (HA-MRSE)
clones produce a second, ribitol-phosphate (RboP) WTA, resembling that of the
aggressive pathogen Staphylococcus aureus. RboP-WTA promotes HA-MRSE
persistence and virulence in bloodstream infections. We report here that the TarM
enzyme of HA-MRSE (TarM(Se)) glycosylates RboP-WTA with glucose, instead of N-
acetylglucosamine (GIcNAc) by TarM(Sa) in S. aureus. Replacement of GIcNAc with
glucose in RboP-WTA impairs HA-MRSE detection by human IgG, which may
contribute to the immune-evasion capacities of invasive S. epidermidis. Crystal
structures of complexes with UDP-glucose, and with uridine diphosphate and
glycosylated poly(RboP) reveal the binding and glycosylation mechanism of this
enzyme and explain why TarM(Se) and TarM(Sa) link different sugars to poly(RboP).
The structural data provide evidence that TarM(Se) is a processive WTA
glycosyltransferase. Our study will support the targeted inhibition of TarM enzymes,

and the development of RboP-WTA targeting vaccines and phage therapies.

Teaser
New immune-escape strategy based on alteration of major surface antigen in the

opportunistic pathogen Staphylococcus epidermidis

Introduction

Staphylococcus epidermidis, a member of coagulase-negative staphylococci, is the
most frequently isolated Gram-positive bacterium from the skin and mucous
membranes of all humans(1, 2). The differences in skin features (thickness, folds,
lipid content, densities of hair follicles and glands) define the habitats of a large
number of clonal lineages(3, 4), as well as age-related dynamics of colonization(5).
S. epidermidis lineages colonize the skin of virtually every human as commensals(6,
7), maintaining the commonly benign relationship with their host. For instance, the
resident S. epidermidis is necessary for optimal skin immune fitness(8, 9). Many S.
epidermidis isolates can stimulate nasal epithelia to produce antimicrobial peptides,

killing pathogenic competitors(10), and Esp-secreting S. epidermidis strains are able
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to inhibit biofilm formation and nasal colonization of Staphylococcus aureus(11), an
aggressive pathogen that causes life-threatening infections in humans(12, 13).

In recent decades, however, some S. epidermidis clones have emerged as a major
cause of hospital-acquired infections, including bloodstream infections and infections
of indwelling medical devices, such as central intravenous catheters, prosthetic joint,
vascular grafts, surgical site, central nervous system shunt and cardiac devices(1,
14, 15). A major percentage of invasive S. epidermidis clones displays resistance to
methicillin and other antibiotics, which poses a substantial clinical burden due to
broad and severe treatment difficulties(5, 16-18). Such invasive infections are largely
caused by specific healthcare-associated methicillin-resistant S. epidermidis (HA-
MRSE) lineages, which are usually not found on human skin or mucous membranes.
While many of these clones have strong capacities to form biofilms on artificial
surfaces that protect them from antibiotics and host defenses(19), the emerging
ST10, ST23, and ST87 clones are poor biofilm formers but alter their surfaces in a
way that promotes their invasiveness(20). These clones produce an additional, S.
aureus-type wall teichoic acid (WTA), a glycopolymer governing interactions with host
cell receptors, immune effectors, and bacteriophages(21).

WTA is the most abundant peptidoglycan-linked glycopolymer presented on the cell
surface of most Bacillota (formerly known as Firmicutes), serving essential functions
in cell wall integrity, susceptibility to bacteriophages, and resistance to antimicrobial
molecules and host proteins(21, 22). S. epidermidis usually produces glycerol 3-
phosphate (GroP) WTA, which is modified with D-alanine and variable sugar
residues. In contrast, most clones of the aggressive pathogen S. aureus express
ribitol 5-phosphate (RboP) WTA, which is modified by D-alanine and N-
acetylglucosamine (GIcNAc)(21, 22). GIcNAc can be linked to the RboP repeating
units in three different ways, which shape host and phage interactions differently(23).
The housekeeping glycosyltransferase Tar S c at aO-GlichAcglatiorb of
poly(RboP) backbone at C4 position(24, 25). Some S. aureus clones also encode
Tar M, which modifies WTA t hGGlchNAc(R&). Rpcertly,
we identified a third glycosyltransferase, TarP, which is encoded on a prophage in
some S. aureus clones, and which is responsible for C3-b-O-GIcNAcylation(27).

WTA glycosylation with GIcNAc is essential for the S. aureus host colonization
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capacities(28). The type of RboP-WTA GIcNAc linkages shapes the immunogenicity
and interaction with certain groups of bacteriophages(23).

The emerging HA-MRSE clones, ST10, ST23 and ST87, produce in addition to
GroP-WTA, a second, RboP-WTA using the tarlJLM2 gene cluster(20). This cluster
encodes Tarl, TarJ, and TarL enzymes that assemble the poly(RboP) backbone, as
well as a WTA glycosyltransferase, TarM. These genes are closely related to the
corresponding genes in S. aureus and have probably been acquired by horizontal
gene transfer. Production of RboP-WTA impairs S. epidermidis nasal colonization,
but promotes persistence in the bloodstream, leading to increased mortality in a
mouse sepsis model(20). Thus, RboP-WTA can alter the lifestyle of S. epidermidis
from commensal to pathogenic and enable S. epidermidis to exchange DNA with S.
aureus via Siphoviruses that bind to RboP-WTA and are major vehicles for horizontal
gene transfer in staphylococci(20, 29, 30).

Here we report that TarM of S. epidermidis (TarM(Se)) incorporates glucose, instead
of GIcNAc into RboP-WTA, which disables S. aureus-specific human IgG to detect S.
epidermidis and is probably used by HA-MRSE to remain partially undetectable in the
bloodstream. Extensive structural characterization of TarM(Se)c117r with donor and
acceptor substrates, in particular, with product uridine diphosphate (UDP) and
glycosylated poly(RboP) explains the binding model of poly(RboP) and the catalytic
mechanism of a retaining WTA glycosyltransferase. Moreover they provide an
explanation for the enzymatic differences between TarM(Se) and the corresponding
S. aureus enzyme TarM(Sa). Our structures demonstrate that TarM(Se) is a
processive WTA glycosyltransferase and provide an excellent basis for the
development of TarM inhibitors that could help to impede the virulence and immune-
evasion capacities of HA-MRSE and of methicillin-resistant S. aureus (MRSA)

clones.

Results

RboP-WTA synthesized by the S. epidermidis tarlJLM2 cluster differs in its antigenic
properties from those of RboP-WTA from S. aureus

The tarM(Se) gene encodes a protein, TarM(Se), with 83% sequence similarity to the
S. aureus TarM(Sa), which has been shown ear | i er t o c &t
GlcNAcylation of RboP-WTA backbone at C4 position utilizing UDP-GICNAc as donor
substrate(26, 31, 32) (fig. S1). S. epidermidis E73, a clinical isolate that harbors the
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tarlJLM2 gene cluster, was therefore assumed to produce the same type of
glycosylated WTA as S. aureus strains with tarM(Sa). Although most S. aureus also
carry the tarS gene, TarM(Sa) has been shown to be dominant over TarS leading to
RboP-WT A,  wh i-glybosyiated with GIcNAc(33). Since WTA is a major surface
antigen of S. aureus and the WTA GIcNAc residues are essential components of the
antigenic epitope(27, 34), we compared binding of human IgG to S. aureus RN4220
and S. epidermidis E73 with or without tarM(Se) (Fig. 1A). Human IgG pooled from
several healthy donors was used as virtually every human has abundant anti-S.
aureus IgG antibodies as a consequence of previous S. aureus infections(35).
tarM(Se), the last gene of the tarlJLM2 operon was deleted in E73, yielding mutant
E 7 3tarSe) with unaltered growth behavior, biofilm formation, or amount of WTA
(fig. S2).

The E73 wild-type strain bound substantially lower amounts of human IgG than
RN4220, a tarM(Sa)-expressing S. aureus strain (Fig. 1A). It should be noted that an
RN4220 mutant lacking protein A (Spa), which binds 1gG unspecifically via the Fc
part(36), was used to monitor only antigen-specific IgG binding. While a moderate
difference was expected because of differences between S. aureus and S.
epidermidis surface protein antigens, the difference in IgG binding was much more
substantial (Fig. 1A), suggesting that the dominant WTA antigen epitopes may differ
between the two strains. Moreover, deletion of tarM(Se) in E73 did not further reduce
IgG binding. To exclude potential contributions of non-WTA antigens we analyzed the
binding of a previously described monoclonal 1IgG1 (mAb 4461) directed against
RboP-WT A w i-GIchNAc@7). Notably, E73 wild type bound mAb 4461 in a dose-
dependent manner but much less effectivelyas RN 4 2 2 0 . | n c daanM(Sela st E
did not bind mAb 4461. Thus, TarM(Se) is essential for binding of mAb 4461 to S.
epidermidis E73 RboP-WTA but its glycosylation product may differ from that of
TarM(Sa).

To further analyze if TarM(Sa) and TarM(Se) differ in their activities, binding of
pool ed human | gG an dtarMi@epcompledentedt with agplasinid-se
encoded copy of either tarM(Sa) or tarM(Se) was compared (Fig. 1B).
Complementation with tarM(Sa) led to a strong and dose-dependent increase of I1gG
and mAb 4461 binding that exceeded by far the binding capacity of E73 wild type. In

contrast, complementation with tarM(Se) only restored wild-type level binding of IgG
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and mAb 4461 but led to no further increase. These data indicate that TarM(Se) is

functional and shapes the immunogenicity of S. epidermidis but that its glycosylation

product may differ from that of TarM(Sa) in its capacity to bind human IgG and mAb
4461.
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Fig. 1. TarM(Se) decreases binding of IgG to S. epidermidis or S. aureus with RboP-WTA. (A) S.

aureus RN4220 binds much higher amounts of IgG from pooled human serum or of monoclonal IgG1
(mAb 4461) directed against RboP-WTA with U-GIcNAc than S. epidermidis E73. Inactivation of
tarM(Se) does not further reduce pooled IgG binding to E73. (B) Complementation of E73 agarM(Se)

with tarM(Sa) leads to much higher 1gG binding than complementation with tarM(Se). The data

represents the mean + SEM of at least 3 independent experiments. Two-way ANOVA was used to

determine statistical significance. *P < 0.05, AP < 0.01, P < 0.001, §P < 0.0001, significantly different

versus S. epidermidis E73 wild type.
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S. epidermidis TarM(Se) incorporates glucose instead of GICNAc into RboP -
WTA

While the composition of the E73 RboP-WTA backbone has recently been
reported(20), the type of backbone glycosylation has not been analyzed yet. WTA
isolated from E73 with or without tarM(Se) was analyzed by mass spectroscopy-
coupled high-performance liquid chromatography (HPLC-MS) to detect sugar-
modified RboP repeating units (Fig. 2). Notably, GIcCNAc was absent from E73 RboP-
WTA while it could be detected in the WTA of S. aureus RN4220. Instead, E73 wild
type contained glucose-modified RboP repeating units, which were absent from
those of RN4220. Deletion of tarM(Se) led to absence of glucose but
complementation with a tarM(Se) copy restored the wild-type phenotype,
demonstrating that TarM(Se) is required for RboP modification with glucose. RboP
units lacking glycosylation were also prominent in E73 wild type suggesting that
TarM(Se) glycosylates only a subfraction of the RboP polymers or of the RboP
repeating units of a given polymer (Fig. 2A). RN4220 lacking all WTA
gl ycosyl tr atnasrf M(r %a)eapiplafnedtegd with tarM(Se) also lacked
GIcNAc but contained glucose-modified RboP units (Fig. 2B). Overall,
complementation with tarM(Se) led to a smaller degree of RboP glycosylation

compared to complementation with tarM(Sa).

Figures and Figure Legends
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Fig. 2. TarM(Se) glycosylates RboP -WTA with glucose rather than GIcNAc. (A) Mass
spectroscopy-coupled high-performance liquid chromatography (HPLC-MS) demonstrates the
tarM(Se)-dependent presence of RboP-glucose but absence of RboP-GIcNAc in S. epidermidis E73
WTA. (B) Complementation of S. aureus RN4220 adarM(Sa)asgarS with tarM(Sa) restores the
presence of RboP-GIcNAc but complementation with tarM(Se) allows synthesis of RboP-glucose.

Shown are extracted ion chromatograms.

In order to confirm that TarM(Sa) and TarM(Se) use different donor substrates, we
set out to define the substrate specificity of TarM(Se). Four UDP-activated sugars,
UDP-glucose, UDP-galactose, UDP-N-acetylgalactosamine, and UDP-GICNAc were
used as donors for glycosylation. TarM(Se) was able to glycosylate purified
poly(RboP) in a UDP-glucose dependent manner,confi r mi ng t hat the enz:
O-glucose transferase activity. However, TarM(Se) does not exclusively accept UDP-
glucose as donor substrate, it can also use UDP-galactose, although the latter is less
efficient than UDP-glucose (table S1A). When purified poly(GroP) was used as
acceptor substrate, the activity of TarM(Se) was reduced to 2 - 30% compared with
that for poly(RboP), indicating that TarM(Se) binds GroP-WTA less well (table S1B).
Thus, S. epidermidis strains with tarlJLM2 may use TarM(Se) with its altered
glycosylation pattern to generate a WTA polymer that is less immunogenic and may
support the bacteria in the evasion of host defense and, potentially, of phage

infections.

Phage F11 binds to glucose -modified RboP -WTA with similar efficacy as to
GlcN Ac-modified RboP -WTA.

Glycosylated WTA represents the receptor structure for most of the known
Staphylococcus phages, some of which can also discriminate between bacterial
hosts with different glycosylation types(27, 33, 38). The currently known S.
epidermidis phages only use GroP-WTA as receptor and a S. epidermidis phage
binding to RboP-WTA has never been found(39). To analyze how the replacement of
GIcNAc by glucose on RboP-WTA may change the susceptibility to phages, the S.
aureus RN4220 strain panel with or without tarM(Sa) or tarM(Se) was tested for
susceptibility to a variety of S. aureus-specific phages (Fig. 3). The Myovirus FK
infected all strains, which confirms previous studies, which showed that FK requires

only the WTA backbone for binding, irrespective of WTA glycosylation. The
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Podovirus F68, which only infect S. aureus with RboP-WTA glycosylated by TarS
wi t 46IcNAC(33), and the Siphoviruses F187 and FE72, which infect only the S.
aureus lineage CC395 with GroP-WTA(40) or GroP-WTA producing S.
epidermidis(39), respectively, did not infect any of the other strains. Siphovirus F11,
however, which infects S. aureus str ains -Gwtc NAc UGoNAC
glycosylation(33), also infected RN4220 with tarM(Se) as its only WTA
glycosyltransferase gene (Fig. 3A). Likewise, tarM(Se) expression allowed F11 to
bind to and to transduce RN4 2 2 Ot a @eM( S a )lagking ritS own WTA
glycosyltransferases (Fig. 3B, 3C). Thus, the receptor-binding protein of F11 can

accommodate either RboP-GIcNAc or RboP-glucose.
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Fig. 3. S. aureus phage F11 does not discriminate between RboP  -WTA with GIcNAc or glucose.

(A) RboP-WTA glycosylation with glucose does not affect replication of Myovirus FK or Podovirus F 68

in S. aureus RN4220 but allows replication of Siphovirus F11 in a similar way as glycosylation with

GIcNAc. (B) and (C), RboP-WTA glycosylation with glucose permits binding (B) and DNA transduction

C by F11 in a similar way as gl ycos yof taree independentt h Gl ¢ N
experiments are shown. Si gnispa ((Pa<n@.001d 8P f<fODO0E)nvere s Vv s . |
calculated byoneeway ANOVA wi t h -tBsu(wosded).6s post
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Overall str ucture and domain organization of TarM(Se) homotrimer and
TarM(Se)c117r monomer

In order to understand why the closely related TarM(Sa) and TarM(Se) proteins use
different donor substrates, we solved the structure of unliganded full-length TarM(Se)
from S. epidermidis at 3.2 A resolution (Fig. 4A, table S2). Like its homolog
TarM(Sa)(31, 32), TarM(Se) forms a symmetric, propeller-like homotrimer, with three
blades projecting from the central hub that mediates trimerization via its trimerization
domain(31, 32) (TD, residues 69 1 201, Fig. 4A, B). Each blade of the homotrimer
contains a catalytic domain with a canonical GT-B fold, consisting of an N-terminal
acceptor substrate-binding domain (ABD, residues 1 1 68, and 202 - 302) and a C-
terminal nucleotide-binding domain (NBD, residues 303 i 492, Fig. 4B). In line with
this property, the elution profile of TarM(Se) from size exclusion chromatography
corresponds to a molecular weight of 162 kDa (Fig. 4C), suggesting that it exists as

homotrimer in solution.
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Fig. 4. Overall structure of TarM(Se) and interactions of TarM(Se) ci17r With UDP -glucose or
4RboP-(CH2)e-NH,. (A) Crystal structure of TarM(Se) homotrimer. Trimerization domain (TD) is
indicated. (B) Crystal structure of TarM(Se)ci17r monomer with product UDP (yellow) and 4RboP-
glucose (4RboP, green, glucose at C4 position of the second unit of 4RboP, yellow). The nucleotide-
binding domain (orange), acceptor-binding domain (blue), and TD (boron) are indicated. (C) Size
exclusion chromatography elution profiles of TarM(Se) homotrimer (black) and TarM(Se)cii7r
monomer (orange). Based on calibration of the column, TarM(Se) wild type and TarM(Se)c117r mutant
proteins have estimated molecular weights of 162 kDa (n = 6) and 55 kDa (n = 8), respectively, in
agreement with the calculated molecular weights of 180 kDa for a TarM(Se) homotrimer and 60 kDa
for monomeric TarM(Se)cui7r. (D) Chemical structure of synthetic 4RboP-(CH2)sNH2. The unit
numbers are indicated. (E) The binding site of UDP-glucose (yellow) in the TarM(Se)ci17r-UDP-
glucose complex structure with key amino acids (cyan), Q330 was highlighted in red. Hydrogen bonds
and salt bridges are shown as black dashed lines. (F) Superposition of TarM(Se)-UDP-glucose
complex structure with TarM(Sa)-UDP-GIcNAc (PDB code 4X7M). Residues of TarM(Se) and

TarM(Sa) are shown as cyan and magenta, respectively. UDP-glucose in TarM(Se) is colored yellow
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and UDP-GIcNAc in TarM(Sa) salmon. The identical residues are labelled as black, Q330 in TarM(Se)
and T330 in TarM(Sa) are highlighted in red with yellow background. (G) Interactions of TarM(Se)c117r
with 4RboP-(CH2)sNH: (green) in the binary structure, RboP1 and RboP2 are indicated.

Since the resolution of the native TarM(Se) structure was limited to 3.2 A, we
generated a G117R mutant (TarM(Se)c117r). This mutation modifies an amino acid at
the trimer interface and was designed to yield monomeric protein that might form
better-diffracting crystals(32). Indeed, the mutant protein TarM(Se)cii7r formed
crystals that diffracted to 2.06 A (Table 1). TarM(Se)c117r iS monomeric both in the
crystal (Fig. 4B) and in solution (Fig. 4C), and the activities of the native and mutant
proteins are similar (table S3). In order to prepare complexes with reaction partners,
a compound mimicking WTA, comprising four RboP repeating units (4RboP-
(CH2)sNH2), was synthesized and used for cocrystallization (Fig. 4D, Supplementary
Fig. 1). We obtained binary structures of TarM(Se)c117r bound to either UDP-glucose
or 4RboP-(CHz)sNHz. Furthermore, we solved the structure of a ternary complex of
TarM(Se)c117r bound to the product UDP and to glycosylated 4RboP-(CHz)sNH-.
Analysis of the electron density in the ligand binding site clearly shows that the
glycosylation reaction has taken place. Collectively, the structures of the
TarM(Se)c117r complexes provide detained insight into both ligand binding and the

mechanism of catalysis.

Dissertation i Christian Beck 75



Chapter 3 Alnvasive Staphylococcus epidermidis use a unique processive wall teichoic acid

Table 1. Data collection and refinement statistics for TarM(Se)

and TarM(Se) c117r-UDP-4RboP -glucose

glycosyltransferase to evade immune recognition

c117R, TarM(Se)c117r-UDP-glucose

TarM(Se,\JmR* TarM(Se);mF;UDP- TarM(Se);mR»UDP
(PDB 7QD7) glucose* (PDB 8P1X) -4RboRglucose*
(PDB 8P20)
Data collection
Space group P21212; P22:2¢ P1

Cell dimensions

a b, c(A) 58.68, 88.42, 97.49 58.65, 88.73, 98.05 58.62, 7575, 129.40

U, D), 2 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.01, 90.04, 90.03
Resolution (A) 44.212.06 (2.11-2.06)  49.032.03 (2.082.03) 49.232.85 (2.922.85)
Rmerge 11.2 (165.6) 16.4 (198.4) 25.8 (181.9)
1/s(l) 14.93 (1.55) 15.64 (1.42) 5.80 (0.88)
Completeness (%) 100.0 (100.0) 100.0 (100.0) 99.9 (100.0)
Redundancy 12.8 (12.5) 13.2 (13.1) 4.6(4.2)
Refinement
Resolution (A) 43.722.06 49.032.03 49.212.85
No. reflections 32047 33765 51972
Ruwork / Riree 21.85/23.61 20.10/23.81 22.65/26.2
No. atoms

Protein 3722 3847 14004

Ligand 36 356

lons 9 18 3

other molecules 35 33 64

Water 218 293 734
B-factors

Protein 49.7 38.5 59.6

Ligand 38.4 60.7

lons 52.1 49.0 75.5

other molecules 54.6 48.1 72.4

Water 50.5 425 43.1
R.m.s. deviations

Bond lengths (A) 0.004 0.004 0.003

Bond angles () 1.081 1.143 1.094

Values in parentheses are for the highest-resolution shell. *Diffraction data from a single crystal were

used to obtain the structure.

The UDP-glucose binding site

UDP-glucose is firmly held in a deep pocket through multiple contacts, leaving only
t h ephdsphate and glucose moiety exposed to the acceptor substrate (Fig. 4E, Fig.
6B, Table 1, fig. 3A). The backbone amide and carbonyl groups of Thr383 form two
hydrogen bonds with the O2 and N3 atoms of the base, providing specificity for
uridine, and the aromatic ring system of the base is stacked against the Tyr382 side
chain. The ribose moiety forms three interactions with the protein. The C2 and C3

hydroxyls interact with the Glu41ll side chain, and the C3 hydroxyl is additionally
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hydrogen-bonded to the side chain of Thr20. The tandem backbone amide groups of
Leu407 and Ser 4 0-ghosghater ¢f &) DR-gludose eand @nother main-
chain amide group from Glyl7 interact s  w-phtodphate. In addition, the side chains
of Arg326 and Lys331, each -phogpmate.tTheglucese!l t br i
moiety contacts TarM(Se)cii7r through multiple interactions. The side chains of
Asn304 and His249 are hydrogen-bonded to the C6 hydroxyl group, the backbone
amide group of Gly406 interacts with C4 hydroxyl, and the Glu403 side chain and
backbone amide groups of Gly404 and GIn405 contact with the C3 hydroxyl group.
The side chain of GIn330 is hydrogen-bonded to the C2 hydroxyl. Interestingly, the
related enzyme TarM(Sa), which accepts UDP-GIcNAc as donor substrate, has a
threonine at this position(31). Thus, the longer GIn330 side chain appears to allow
TarM(Se) to distinguish UDP-glucose from UDP activated bulkier sugars, such as
UDP-GalNAc and UDP-GIcNAc (table S1A). The binding site for UDP-glucose in
TarM(Se) is composed of eight amino acids, seven of which are identical to that for
UDP-GIcNAc in TarM(Sa)(32). The only difference is GIn330 in TarM(Se) and Thr330
in TarM(Sa), which clearly suggests a key role for this residue in allowing TarM(Se)
to discriminate against the use of UDP-GICNAc as a donor substrate (Fig. 4F).
Analysis of all 13 HA-MRSE TarM(Se) sequences available in the BLAST database
revealed that GIn330 is conserved in all copies of the gene, suggesting that all S.

epidermidis strains with tarlJLM2 can produce RboP-WTA carrying glucose.

The poly(RboP) binding site in the binary structure

The 4RboP-(CH2)eNH2 compound was introduced into the TarM(Se)c117r crystals
through cocrystallization. However, interpretable electron density was only observed
for two RboP units and one phosphate group (Fig. 4G, fig. S3B, table S2), suggesting
that the remainder of the molecule is not ordered. We were not able to identify the
unit number of 4RboP-(CH2)sNH2 due to the lack of the electron density. After we
obtained the ternary complex structure of TarM(Se)ciizr with product UDP and
glycosylated 4RboP-(CHz2)sNH2, the RboP unit number in the binding site could be
assigned. The side chain of Lys233 forms a salt bridge with phosphate group of
RboP1 (the first RboP unit of 4RboP-(CH2)sNH2), and the Asn203 side chain, the
backbone amide groups of Val204 and 1le188 contact the same phosphate. The

ribitol moiety of RboP1 forms three hydrogen bonds with the side chains of Asn9 and
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GIn265, as well as the backbone carbonyl group of Gly229. Three main-chain amide
groups interact with the phosphate group of RboP2. Two of these are from tandem
backbone amide groups of Gly229 and Ser230, and the third one is contributed by
Asn9; this phosphate group is also hydrogen-bonded to the side chain of Ser230.
The ribitol moiety of RboP2 has only contacts with the side chain and backbone
amide group of Glul0. The phosphate group of RboP3 interacts with tandem
backbone amide groups of Metl8 and Thrl9, and is further hydrogen-bonded to the
Thrl9 side chain. We could not find any electron density for the ribitol moiety of

RboP3, the entire RboP4 unit, and the linker region of the molecule.

The ternary comple x structure of TarM(Se) ciizr with product UDP and
glycosylated 4RboP -(CHz2)sNH2

Although crystals of TarM(Se)c117r cocrystallized with 4RboP-(CH2)sNH2 were used
for soaking of UDP-glucose and 4RboP-(CH2)sNH2, electron densitiy was only
observed for the product UDP and glycosylated 4RboP were observed in the binding
sites (Fig. 5C). This demonstrates that the reaction has taken place, confirming that
the crystallized protein is enzymatically active(41). Most of the interactions between
UDP and TarM(Se)c117r in the ternary complex are the same as in those seen in the
binary structure. For the binding site of 4RboP-(CH2)sNH2, the electron density for
4RboP is well defined and allows for unambiguous placement of the ligand, including
its orientation. In the initial refinement, we noticed a disc-shaped, strong positive
difference Fourier electron density that connected to C4-hydroxyl of RboP2 in all four
copies of the TarM(Se)cii7r ternary complex in the asymmetric unit. We used
4RboP-glucose instead of 4RboP, did further refinement, and concluded that our
ternary structure represents a complex of TarM(Se)ciizr with product UDP and
glycosylated 4RboP that carries a glucose residue at C4 position of RboP2 (4RboP-
glucose) (Fig. 5, Table 1). The interactions between RboP1 and TarM(Se)c117r are all
conserved as in the binary structure. Four interactions for the phosphate group of
RboP2 in the binary structure are present in the ternary complex structure, while the
ribitol moiety of RboP2 contacts the side chain of Glul0 and the glucose at C4
position is hydrogen-bonded to the GIn265 side chain. The phosphate group of
RboP3 is fixed by two tandem backbone amide groups of Gly16, Glyl7, Metl8, and
Thrl9, and its ribitol moiety is hydrogen-bonded to the side chains of Arg326 and

Dissertation i Christian Beck 78



Chapter 3 Alnvasive Staphylococcus epidermidis use a unique processive wall teichoic acid

glycosyltransferase to evade immune recognition

GIn330. The phosphate group of RboP4 forms a salt bridge with Lys263 and is
further hydrogen-bonded to the side chain of Asn255, while the ribitol moiety also
interacts with the Asn255 side chain (Fig. 5A, B). For convenience of description, the
binding sites for the phosphate groups of RboP1, RboP2, RboP3, and RboP4 are
referred to as P1, P2, P3, and P4, respectively. As shown in Fig. 5, the key
interactions between TarM(Se)cii7r and 4RboP-glucose are formed mainly by
backbone amide groups that serve to anchor phosphate groups of 4RboP-glucose
into the P1, P2, and P3 sites, while Arg326 and GIn330 side chains interact with the
ribitol moiety of RboP3, with help from Lys263 and Asn255, leading the poly(RboP)
fragment to adopt a V-shaped conformation, in which the phosphate group of RboP3
is located at the vertex. As a result of these interactions, 4RboP-glucose rests in an
extended electropositive groove on the TarM(Se) surface (Fig. 6A). The observed
binding mode for phosphate groups and the extended electropositive groove on the
TarM(Se) surface is similar to that of 3RboP bound to TarP, a structure of an
inverting WTA glycosyltransferase (Fig. 6C) that we have determined earlier(27).
TarM(Se) is a retaining WTA glycosyltransferase, therefore, the relative positions of

donor and acceptor substrates in TarM(Se) and TarP are different (Fig. 6B, C).
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Q330

@’g

" glucose

Fig. 5. Interactions of TarM(Se) c117r With product UDP and glycosylated 4RboP  -(CH2)sNH:
(4RboP-glucose) and reaction mechanism of TarM(Se). (A) The binding sites of product UDP

(yellow) and 4RboP-glucose in TarM(Se)c117r-UDP-4RboP-glucose complex structure with key amino

acids (cyan), focuses on the binding site of 4RboP-glucose for clarity. The linker region is omitted due

to no electron density for it. 4RboP is colored green and glucose on C4 of RboP2 colored yellow. D-

ribitol 5-phosphate units, RboP1, RboP2, RboP3, and RboP4, are labelled. The binding sites for
phosphate group of RboP1, RboP2, RboP3, and RboP4 are indicated as P1, P2, P3, and P4,
respectively. Hydrogen bonds and salt bridges are shown as black dashed lines. (B) Upon 180° and

35° rotation of (A) focuses on the active center. P1, P2, P3, and P4 for phosphate binding sites and
C4-hydroxyl of RboP3 in the active center are labeled. The unit numbers are omitted for clarity. (C)
Simulated-anneal ing (mFo 1 DFc) amdi4RboRwgiuposeanfthe DadbMSefeye | | 0 w)
UDP-4RboP-gl ucose complex structure (grey mesh, at 1.5
residue on 4RboP colored yellow. The product UDP, RboP unit numbers and glucose residue on

4RboP are indicated. (D) View into the active center of TarM(Se). RboP2 and RboP3 are labeled. The

red arrow indicates how the C4-hydroxyl of RboP3 could nucleophilically attack C1 of UDP-glucose on

t h efacél
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Key residues for ¢ atalysis and reaction mechanism of  TarM(Se)

As shown in Fig. 5, Arg326 anphosphgtsd@ &hé bot h
donor substrate, so that the glucose moiety lies in a correct orientation for the
attacking of the nucleophile. Simultaneously, they could stabilize negative charges on
the leaving phosphate group. The side chains of Arg326 and GIn330 interact not only
with the donor substrate, but also with 4RboP-glucose, with help from Lys263,
enforcing the RboP unit in the active center to adopt a proper orientation for
glycosylation. Our mutation analysis and previous studies show that substitution of
Arg326, Lys331, and GIn330 into alanine renders the enzyme inactive(31, 32) (table
S3). Thus, we propose that these three residues are essential for catalysis. Glu403
rests near the side chain of Lys331, the distances between the side chains of these
two residues are similar in the TarM(Se)c117r-UDP-glucose binary structure and the
ternary structure of TarM(Se)ci17r-UDP-4RboP-glucose (2.76 and 3.03 A,
respectively), which indicates that the side chain of Glu403 could interact with
Lys331, helping it in correct orientation during the catalytic cycle. In line with this
assumption, the activities of E403A and K263A mutant proteins are severely reduced
compared with that of the wild type protein (table S3). Therefore, Glu403 and Lys263
are both important for binding and catalysis. Asn9, Glul0, Asn203, Lys233, Asn255,
and GIn265 are involved in the binding of 4RboP-glucose, as alanine mutant proteins
of these residues are all well folded and homotrimeric (fig. S3C, D). K233A and E10A
showed 21.7% and 30.9% remaining activities, respectively, while the other four
mutant proteins displayed more than 50% activity, suggesting that a single mutation
in this region is not sufficient to affect poly(RboP) binding due to the multiple
interactions.

To interpret the catalytic mechanism of TarM(Se), we changed UDP in Fig. 5B into
UDP-glucose and omitted most residues except Arg326, GIn330, and Lys331 (Fig.
5D). As Fig. 5D shows,theC4-hydr oxyl of t he wunifateoRUIDB-P3 r es
glucose, the distance between the C4-hydroxyl of RboP3 and the putative anomeric
ClofUDP-gl ucose is 2.64 . Fphosphhte @2B1atomeof UDBRt 3. 3 4
is well within hydrogen bonding distance of the C4-hydroxyl of RboP3 (Fig. 5B, C,
Fig. 6B). The observed geometry and distances nicely support an internal
nucleophilic substitution (Sni)-like mechanism(42, 43). In this mechanism, the

phosphate group of UDP-glucose would serve as a base catalyst, activating the C4-

Dissertation i Christian Beck 81



Chapter 3 Alnvasive Staphylococcus epidermidis use a unique processive wall teichoic acid

glycosyltransferase to evade immune recognition

hydroxyl of RboP3 and the activated nucleophile could attack the anomeric C1 of
UDP-gl ucose dmcehe tbus 3Oiglgdosylated gRboR-WTAUThe
nucleoside diphosphate leaving group could be stabilized by the side chains of
Arg326 and Lys331.

Fig. 6. Electrostatic potential surface representation of 4RboP -glucose binding site in TarM(Se)

and relative positions of donor and acceptor substrates in TarM(Se) and TarP from S.aureus
(PDB code 6H4M). (A) Electrostatic potential surface representation of 4RboP-glucose binding site in
TarM(Se), with electrostatic potential +5 kcal/mole in blue to -5 kcal/mole in red. 4RboP is colored
green and glucose residue on 4RboP yellow. (B) Relative position of product UDP (yellow) and
4RboP-glucose in TarM(Se)c117r, a retaining WTA glycosyltransferase, in surface presentation (grey).
4RboP-glucose is colored as in (A). The unit numbers and C4-hydroxyl of RboP3 in the active center
are indicated. (C) Relative position of UDP-GIcNAc (yellow) and 3RboP (green) in TarP from S.aureus,
an inverting WTA glycosyltransferase, in electrostatic potential surface representation, with +5
kcal/mole in blue to -5 kcal/mole in red. Mg?* is shown as ball, colored magenta. RboP3 and C3-

hydroxyl of RboP3 in the active center are indicated.

TarM(Se) is a processive WTA glycosyltransferase

In S. aureus, all three enzymes, TarM(Sa), TarS, and TarP, glycosylate RboP-WTA

with GIcNAc, butatsa me or di ff er ent - @ro-configurabom(84, 6n ei t h
27). These glycosyltransferases are predicted to act as processive enzymes(32, 44,

45). However, so far, no structural evidence for this hypothesis is available. In our

ternary complex structure, the UDP molecule occupies the binding site of UDP-

glucose; the glucose residue is covalently bound at the C4 position of RboP2 in
4RboP-(CH2)sNH2, the phosphate group of RboP2 occupies P2 site and the C4-

hydroxyl of RboP3 i s pl acphasphatecod UDP t(Fig. 5t Fige 6BpFig.

7C), suggesting at least three reaction steps have been completed during the crystal
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soaking with UDP-glucose and 4RboP-(CH2)eNH2. First, UDP-glucose docks into its
position, the RboP1 phosphate group of 4RboP-(CHz2)sNH2 binds to the P2 site, and
the phosphate groups of RboP2 and RBoP3 bind to P3 and P4 sites, respectively,
putting the C4-hydroxyl of RboP2 at the active center for glycosylation (Fig. 7A).
Second, glycosylation of the C4-hydroxyl of RboP2 occurs (Fig. 7B). Third, the
glycosylated 4RboP-(CH2)sNH2 chain moves forward through the active center for
one unit, so that the phosphate group of RboP1 is shifted to the P1 site just as the
crystal snapshot of the ternary complex structure shows. We do not know how many
steps really take place in the whole catalytic cycle of TarM(Se), but we think it is likely
that the crystallographic snapshot of the active center in the ternary structure of
TarM(Se)c117r-UDP-4RboP-glucose represents the rate-determining step of this
cycle and this snapshot is just the step before the exchange of product UDP for UDP-
glucose for the second catalytic cycle. Therefore, our ternary structure of
TarM(Se)c117r with UDP and 4RboP-glucose demonstrates (i) that TarM(Se) is a
processive enzyme; (ii) that TarM(Se) starts the processive reaction from the second
unit of the poly(RboP) chain, here RboP2; (iii) that the glycosylated poly(RboP) chain
moves forwards through the active center for one unit after each catalytic cycle; and
(iv) that each RboP unit of the poly(RboP) chain except the first one is glycosylated,
which is consistent with previous findings for S aureus RboP-WTA using NMR and
MS analysis(46).

C
| v

/
RboP1 ‘

i) i \ /
¥ § . ir *‘”;/ N,

g RboP2 \%)
) L= S oA

Fig. 7. TarM(Se) is a processive WTA glycosyltransfera  se. (A) Binding of UDP-glucose (yellow)
and 4RboP (green) in proposed first step of the processive reaction (the linker region of 4RboP-
(CH2)eNH2 is omitted for clarity). The key amino acids in the ternary complex structure are shown
(cyan). RboP1, RboP2, RboP3, and RboP4 are labeled. The binding sites of phosphate group of
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RboP1, RboP2, RboP3, and RboP4 are labeled as P1, P2, P3, and P4, respectively, same as in Fig.
2. The phosphate group of RboP2 is located at P3. Red arrow indicates that the C4-hydroxyl of RboP2
attacks nucleophilically C1 of UDP-glucose. (B) Glycosylation of 4RboP in the proposed second step
of the processive reaction. Product UDP is colored yellow, 4RboP green and glucose residue on
4RboP is colored yellow. P1, P2, P3, P4, and the unit numbers of 4RboP are indicated. (C) Crystal
snapshot after sliding of 4RboP-glucose for one RboP unit. The phosphate group of RboP1 is shifted
to P1 site from P2. UDP and 4RboP-glucose are colored as in (B). P1, P2, P3, P4, and unit numbers

are labeled.

Discussion

We demonstrate here that TarM(Se) modifies RboP-WTA with glucose, instead of
with GIcNAc by TarM(Sa) from S. aureus. Invasive HA-MRSE clones with tarlJLM2
may use the altered glycosylation pattern generated by TarM(Se) to support their
immune evasion capacities. Our study also reveals phenotypic consequences of the
replacement of GIcNAc with glucose on RboP-WTA. In order to decipher the reaction
mechanism, we determined several structures of TarM(Se) in complex with ligands
that together serve to outline the binding mode as well as the likely catalytic pathway
of this glycosyltransferase. The ternary complex structure of TarM(Se)c117r bound to
UDP and 4RboP-glucose provides, for the first time, clear evidence that a
glycosyltransferase glycosylates WTA in a processive manner. This is in line with the
observations that WTAs extracted from bacterial cells are heavily modified with
sugars(22, 46), and t he WTA <chains cont aiomr -
configuration(47, 48). The enzyme activity and theoretical potential for the processive
ability of the TarM(Sa) homotrimer and TarM(Sa)eciirk monomer are similar,
suggesting the trimerization does not impact the substrate binding, catalysis, and
processivity(32). In our ternary complex structure, the ribitol moiety of RboP4 rests in
the center of the acceptor substrate-binding domain, while the phosphate group of
RboP1 (P1 site) lies at the interface of acceptor substrate-binding and trimerization
domains, indicating that the poly(RboP) chain moves into the active center from the
entry site (E), and the glycosylated poly(RboP) chain leaves the TarM(Se) surface
near the P1 site (Fig. 8A, B). The C1-hydroxyl group of RboP4 in molecule A is 33.7
A away from molecule B in the homotrimer, which corresponds to a length of 3.7
RboP units. Therefore, it is not possible that three TarM(Se) molecules in the

homotrimer glycosylate the same poly(RboP) chain at same time in the processive
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reaction. This is consistent with the observation about similarities of the activity and
processive ability of TarM(Sa) homotrimer and TarM(Sa)ciizr monomer(32).
Interestingly, the processive ability of the trimeric TarS wild-type protein is 18-fold
higher than that of a C-terminally truncated enzyme that lacks the trimerization
domain, suggesting a contribution of the trimerization domain or trimerization to the
processivity of TarS(44).

To date, no complex structure of TarM(Sa) with its donor and acceptor substrates is
available. The ternary structure of TarM(Se)-UDP-4RboP-glucose allows us to predict
also how poly(RboP) binds to the homologous TarM(Sa) enzyme (Fig. 8C). The
binding sites for the four phosphate groups of 4RboP-glucose in TarM(Se) are all
conserved in TarM(Sa), the essential residues for catalysis Arg326 and Lys331 are
present in both enzymes and the third one, GIn330, binds specifically the C2-
hydroxyl of UDP-glucose in TarM(Se), while a threonine in TarM(Sa) accommodates
the large volume of GICNAc at C2 position(32). The other nine residues, which are in
contact with 4RboP-glucose, eight are identical or conserved. Therefore, we
conclude that the poly(RboP) chain adopts similar conformations in TarM(Sa) and in
TarM(Se) and, thus, the S. aureus TarM(Sa) is expected to use the same Sni-like

mechanism for its catalytic reaction.
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)

TarM(Se) N9 E10 T19 N203 S230 K233 N255 K263 Q265 R326 Q330 K331
TarM(Sa) HS E10 T19 N203 $230 K233 N255 K263 $265 R326 T330 K331

Fig. 8. UDP and 4RboP -glucose in TarM(Se) homotrimer and comparison of the essential
residues for catalysis and poly(RboP) binding in TarM(Se ) with the corresponding residues in
TarM(Sa) from S.aureus (PDB code 4X7R). (A) UDP and 4RboP-glucose in TarM(Se) homotrimer
(blue, molecule A; orange, molecule B; grey, molecule C). UDP and 4RboP-glucose are shown as full-
atom models. UDP is colored yellow, 4RboP green, and glucose residue on 4RboP is colored yellow.
Trimerization domains are indicated. (B) UDP and 4RboP-glucose in TarM(Se) homotrimer, focusses
on molecule A. The nucleotide-binding domain (green), acceptor substrate-binding domain (blue) and
trimerization domain (boron) of molecule A are labeled. RboP1, RboP4, the entry site (E) of
poly(RboP) chain into the active center and the region of glycosylated poly(RboP) chain leaves
TarM(Se) surface (near P1) are indicated. The distance (33.7 A) from C1-hydroxyl of RboP4 in
molecule A to the nearest point of molecule B is shown as black dashed line. (C) Comparison of the
essential residues for catalysis and poly(RboP) binding in TarM(Se) with the corresponding residues in
TarM(Sa) from S.aureus. Residues of TarM(Se), UDP and 4RboP-glucose are colored as in Fig. 2.
TarM(Sa) residues are colored magenta and UDP violet. Only residues of TarM(Se) and T330 in
TarM(Sa) are labelled for clarity. Q330 in TarM(Se) and T330 in TarM(Sa) are highlighted as red with
yellow background. Key residues for catalysis and binding of 4RboP-glucose are shown at the bottom,

with nine identical (red) and one conserved (blue).
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Glycosylated RboP-WTA has been considered as a promising vaccine antigen
against S. aureus because it is highly abundant on the bacterial surface and is
largely invariant except for variation of the glycosidic linkages(34, 37). Accordingly,
the majority of anti-S. aureus antibodies in human sera are directed against
glycosylated RboP-WTA(34). Our recent report of nosocomial S. epidermidis clones
with RboP-WTA has raised hopes that such a vaccine could also protect from S.
epidermidis infections(20). Our study indicates that in addition to RboP-GIcNAc, a
broadly active anti-Staphylococcus vaccine should also include RboP-glucose
epitope to cover major invasive S. epidermidis clones such as ST10, ST23, and
ST87. These emerging S. epidermidis lineages do usually not colonize the human
nose or skin but are often found as the cause of invasive infections(20). As S.
epidermidis infections are usually restricted to hospitalized and immunocompromised
patients, the adaptive immune systems of the majority of the human population have
probably not been exposed to tarlJLM-expressing S. epidermdis clones, which may
explain the apparent absence of IgG specific for RboP-glucose epitopes in pooled
human sera. In addition, the type of glycosylation is crucial for the immunogenicity of
RboP-WTA(27). While TarP and TarM(Sa), which are found only in a minority of the
S. aureus strains and are dominant over the housekeeping RboP-WTA
glycosyltransferase TarS, lead already to a substantial reduction in the
immunogenicity of WTA(27, 37), glycosylation by TarM(Se) may have the same or
even a stronger impact on the immunogenic properties of RboP-WTA. In-depth
immunological studies will unravel how the various glycosylation types affect the
capacity of the human immune system to raise protective antibodies. Notably,
coupling of TarP-modified RboP-WTA to an immunogenic carrier protein has been
shown to restore full antigenicity of WTA(49), which opens attractive avenues for the
development of anti-Staphylococcus vaccines directed against major WTA epitopes.

Nosocomial S. epidermidis clones have been shown to harness RboP-WTA because
the additional polymer increases their invasiveness and persistence in the
bloodstream(20). Future studies on the interaction of the various RboP-WTA
glycosylation variants with human epithelial and endothelial receptors will reveal how
WTA polymers with glucose contribute to the establishment of infection and evasion
of immune responses. Interestingly, the replacement of GIcNAc with glucose on

RboP-WTA did not alter the bacterial susceptibility to the Siphovirus F11 and,
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potentially, other serogroup-B phages, which share similar receptor-binding proteins.
This finding extends our knowledge on the receptor and host preferences of
Staphylococcus-specific phages and it will help in the development of phage therapy
approaches, which will become promising alternatives for the treatment of multi-
resistant S. aureus and S. epidermidis infections(50). In addition, our ternary complex
structure of TarM(Se)-UDP-4RboP-glucose, together with the structure of TarP-UDP-
GIcNAc-3RboP(27), can now serve as a solid platform for the development of new
inhibitors that could render MRSA and MRSE susceptible to human host defenses,

and attenuate their virulence.

Materi als and Methods

Bacterial strains and growth conditions.

S. aureus strain RN4220 was used for phage propagation and as test strain for
phage binding and transduction experiments. S. aureus JP1794 and PS187-H VW1
were used as donor strains for SaPl particle propagation as described below. E. coli
DC10B was used as a cloning host. E. coli BL21(DE3) was used for protein
expression. RN4220 and PS187 were used as donor strains for plasmid transduction.
S. epidermidis and S. aureus strains were cultivated in tryptic soy broth (TSB)
medium or Mueller-Hinton broth (MHB), or otherwise noted and incubated at 37°C on

an orbital shaker. E. coli strains were cultivated in lysogeny broth (LB). Media were

supplemented with appropriate antibioti
(10 g/ ml), or ampi c iSlepidemidis &tr@il® E73 \gas fmom xhe .

strain collection used in our previously published study(20) .

Molecular genetic methods.

For t he const tadMSe)imutant in §. egiderenidisas&E73, the pBASEG-
erm/lox1 shuttle vector was used according to standard procedures. For mutant
complementation to S. epidermidis E73 and S. aureus RN4220, plasmid pRB474
was used. The primers for knockout and complementation plasmid construction are
listed in table S4. The pRB474 with tarM(Sa) were constructed by the method and
primers mentioned in a previous study. Plasmid transduction to S. epidermidis strains
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was performed using F11 with S. aureus RN4220 as donor strain or F187 with S.
aureus PS187 as donor strain as described previously(51).

For TarM(Se) overexpression, the DNA sequence containing the coding region of
tarM(Se) was chemically synthesized, inserted into pET-11U at Ndel and BamHlI
sites, and single mutations were introduced from the synthesized tarM(Se) using the
same restriction sites (GenScript Biotech, Netherlands, B.V.). Obtained amplicons
were confirmed by sequencing and were used to transform E. coli B21(DE3) for

expression.

IgG binding.

S. epidermidis and S. aureus were grown overnight, washed, and adjusted to an
ODeoo of 0.4 in PBS containing 0.1% BSA. 25 pl of the diluted bacteria were
incubated with 25 pl serial dilutions of pooled human IgG (Merck, 14506) or mAb
4461 In a 96-well plate for 30 min at 4°C(37, 52). The samples were subsequently
washed, centrifuged, and incubated with fluorescein thioisocyanat labeled goat anti-
human | g GFITE(canjugate 22 ug/ml) (Merck, AQ112F) for 20 min at 4°C in
the dark. Labeled bacteria were washed, centrifuged, and fixed with 1%
paraformaldehyde for 20 min at room temperature in the dark. The bacteria were
centrifuged again, resuspended in PBS and surface-bound 1gG was measured by
flow cytometry using a BD FACS Calibur. 10 pg/ml isotype control IgG directed
against HIV protein gp120 (b12-1gG) was used in experiments with mAb 4461. The
whole bacterial population was gated, and the mean FL-1 fluorescence was analyzed
with FlowJo version 10.8.1. The WTA-specific mAb 4461 as well as the B12 isotype

control were described previously(53).

Phage binding, infection, and transduction assays.

Phage spot assays to test the bacterial susceptibilities were performed as described
previously(40). Myovirus FK, Siphoviruses F11, F187, and FE72, and Podovirus F68,
were freshly propagated in suitable bacterial host strains and filtered to yield sterile
phage suspensions. Final concentrations of the phages were adjusted to
approximately 1 x 10° plaque-forming units (pfu) /ml. Test bacteria were cultivated
overnight in fresh TSB to densities of ODes00=0.5. 100 pl of the suspensions were

added to 5 ml soft-agar for the preparation of bacterial overlay lawns. 10 pl of each
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phage suspension were spotted onto the bacterial lawns. After 37°C overnight
incubation, phage clearing zones were observed and recorded.

SaPI transfer experiments were performed according to standard procedures(40).
Briefly, approximately 8.0x107 cells of a recipient strain grown overnight were mixed
with 100 pl of lysates obtained from S. aureus donor strain JP1794 or PS187-H VW1
bearing the tetracycline resistance marker-labelled SaPlbovl ( 1.§x10° PFU ml?)
after addition of 100 pl transducing F11 lysate. Samples were then incubated for 15
min at 37°C, diluted, and plated on tetracycline-containing TSB agar to count
transductant colonies.

The adsorption efficiency of FK, F11, F68, F187 and FE72 was determined as
described previously with minor modifications(40). Briefly, adsorption rates were
analyzed using a multiplicity of infection (MOI) of 0.1. The adsorption rate was
elucidated by determining the number of unbound phages in the supernatant and

dividing the number of bound phages by the number of input phages.

WTA isolation.

Cell walls and WTA were isolated and purified according to previously described
methods(54). In brief, bacteria were grown in TSB (with 0.25% glucose) in a shaker
at 37°C overnight. Bacterial cells were collected and disintegrated with a FastPrep-24
instrument (MP Biomedicals). The bacterial lysates were incubated with DNase |
(Roche) and RNase A (Sigma) at 37°C overnight. Cell walls were then obtained by
sonification of lysates and repeated washing of the insoluble cell walls with 2%-SDS
solution. The WTA was released from peptidoglycan by treatment with 5%
trichloroacetic acid and then dialyzed in water using a Spectra/Por3 dialysis
membrane (MWCO of 3.5 kDa; VWR International GmbH). Obtained soluble WTA
was quantified by determining the content of phosphate as previously described(54).
To quantify the WTA amount per cell, 300 ul cell wall suspension was mixed with 300
pl 1-M NaOH and incubated at 60°C with constant shaking of 600 rpm for 2 hours.
The phosphate content in supernatants of this mixture was then measured by
phosphate assay(54). The same amount of 300 ul cell wall was dried in a Speedvac
concentrator and weighted to determine the phosphate amount per cell wall dry

mass.
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WTA compositional analysis.

Identification of the WTA polymer type was performed using an Ultimate 3000RS
HPLC system (Dionex) coupled to a micrOTOFII electrospray-ionization (ESI) TOF
mass spectrometer (Bruker). Purified WTA was mixed 1:1 with 2-M NaOH and
incubated at 60°C with constant shaking of 600 rpm for 2 hours and then used in the
composition analysis. For HPLC, a Gemi
Phenomenex) was used at 37°C with a flow rate of 0.2 ml/min. A 5-min equilibration
step with 100% buffer A (0.1% formic acid, 0.05% ammonium formate) was applied,
followed by a linear gradient of 0 to 40% buffer B (acetonitrile) for 30 min. A final
washing step with 40% buffer B for 5 min and a re-equilibration step (100% buffer A)
for 5 min completed the method. Samples were ionized via ESI in positive ion mode.
Exact masses in positive ion mode were presented as extracted ion chromatograms
with Data Analysis (Bruker). Base peak chromatograms were used for sample

normalization.

Semiquantitative biofilm assay.

S. epidermidis biofilm formation was analyzed using 96-well delta microtiter plates
(NUNC) as described previously(20) with the following modifications. Overnight
cultures of bacterial cells were diluted in fresh TSB with 1% glucose and distributed
into the 96-well plates with each well containing 200 pl diluted bacterial cells. After
incubation at 37°C for 1 h, the bacterial cells in the plates were washed gently three
times in PBS and then stained with 0.1% crystal violet solution. The stain was
washed off gently under slowly-running water and plates were dried. Finally, 5%
acetic acid was added to the wells to dissolve the staining. The absorbance was

measured at 570 nm using a MicroELISA autoreader (Bio-Rad).

Synthesis of 4RboP -(CH2)sNH2. 4RboP-(CH2)éNH2 was synthesized according to
the scheme described previously(55) (fig. S1). The analytic data can be found in

Supplementary information.
Protein expression and purification.

E. coli BL21(DE3) were grown in LB or TB medium at 30°C. Expression of tarM(Se)
was induced with 0.5 mM IPTG at 22°C at an ODeoo of 0.6. After 15 hours cells were
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harvested, washed with wash buffer (50 mM Tris-HCI, pH 8.0, 1 mM EDTA), and

lysed by sonication in lysis buffer (70 mM NaH2POa, pH 8. 0, 1 M-NacCl,
mercaptoethanol, 20% glycerol, 10 U/ml of benzonase nuclease). After centrifugation
(15,000 g), the supernatant was filtered wit
FF column (GE Healthcare, 5 ml), and washed with buffer A (50 mM NaH2POa, pH

8. 0, 1 M N a-@ercaptdetbanal) RD%glycerol) supplemented with 42 mM

imidazole and buffer B (buffer A with 60 mM imidazole). Finally, the protein was

eluted with buffer C (buffer A with 500 mM imidazole), and the fractions were pooled

and further purified by size-exclusion chromatography on a Superdex 200 increase

10/30 column equilibrated with buffer D (20 mM triethanolamine, pH 7.8 (for
TarM(Se)c117r) , or 8.5 (for TarM(Se) and mut-ant pr
mercaptoethanol, 5% glycerol). The peak fractions were pooled and concentrated to

3.0 (for TarM(Se)) or 2.4 mg/ml (for TarM(Se)c117r) for crystallization.

Glycosyltransferase activity ass  ay.

The activity of TarM(Se) and mutated proteins was determined with the ADP Quest

Assay kit (Di scover Rx) . The r e &DR-glucose ov 01 u me
other UDP-activated sugars, 1.5 mM purified poly(RboP) WTA from RN4220
gdarM(Sa)gdarS or poly(GroP) WTA from S. epidermidis E 7 3tarlé§Se). The reaction

was started by addition of proteins and incubated at room temperature for 1 hour.

Released UDP was converted into a fluorescence signal that was detected in a 384-

well black assay plate with 530 nm excitation and 590 nm emission wavelengths

using TECAN Infinite M200.

Circular dichroism (CD).

CD measurements were performed on a JASCO J-720 spectropolarimeter (Gross-
Umstadt, Germany). Purified TarM(Se) and mutant proteins (1.4 - 3.2 mg/ml in buffer
D) were diluted with H20 to a final concentration of 0.2 mg/ml. A path length of 0.1
cm was used and the samples were scanned at a speed of 100 nm/min. Spectra
were recorded at room temperature with an accumulation of 10 in the range of 250 i

190 nm and evaluated using the software Spectra Manager (Jasco).
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Crystallization and data collection.

Crystals were obtained by hanging drop vapor diffusion. For native TarM(Se), 1 pl
protein solution (3 mg/ml) was mixed with 1 pl reservoir solution containing 15% PEG
1,000, 6 mM hexaamminecobalt (Ill) chloride, 0.1 M Tris-HCI, pH 6.9 at 12°C. For
TarM(Se)c117r mutant protein (2.4 mg/ml) the reservoir solution composed of 10%
PEG 20,000, 25% PEG MME 550, 0.1 M MES/imidazole, pH 6.9, 0.03 M NaNOs,
0.03 M NazHPO4, 0.03 M (NH4)2SO4 at 20°C. The crystals of TarM(Se)ci117r were
used for soaking of UDP-glucose (26 mM) for 5 min. For crystals of TarM(Se)c117r
with 4RboP-(CH2)eNH2, 30 mM 4RboP-(CH2)eNH2 was introduced in the protein
solution and 1 pl protein solution was mixed with 1 pl reservoir solution containing
10% PEG 20,000, 25% PEG MME 550, 0.1 M MES/imidazole, pH 6.9, 0.02 M
sodium formate, 0.02 M ammonium acetate, 0.02 M trisodium citrate, 0.02 M sodium
potassium tartrate (racemic), 0.02 M sodium oxamate. The crystals of TarM(Se)c117r
with 4RboP-(CH2)sNH2 were used for soaking of UDP-glucose (20 mM) and 4RboP-
(CH2)sNH2 (41 mM) together for 5 min.

For data collection the crystals were cryo-protected with 20% MPD in reservoir
solution and flash-frozen in liquid nitrogen. Diffraction data were collected at

beamline XO6DA of Swiss Light Source in Villigen, Switzerland.

Structure solution and refinement

All data were reduced using XDS/XSCALE software packages(56). The structure of
native TarM(Se) was solved by molecular replacement using PHASER software and
a version of TarM(Sa) (PDB code 4WAC) was modified by CHAINSAW and then
used as search model(31, 57, 58). The final structure of native TarM(Se) was
achieved by cycles of iterative model modification using COOT(59), and restrained
refinement with BUSTER and REFMAC5(60, 61). One chain of TarM(Se) was then
used as search model to solve the structure of TarM(Se)ciizr by molecular
replacement. The two binary structures and one ternary complex structure of
TarM(Se)ci117r with UDP-glucose or 4RboP-(CHz2)sNH2 or both together were solved
by molecular replacement using PHASER and the unliganded TarM(Se)cii7r
structure was used as a search model. UDP-glucose in TarM(Se)c117r-UDP-glucose
structure, 4RboP-(CH2)sNH2z in TarM(Se)c117r-4RboP-(CHz2)sNH2 structure, as well as
UDP and 4RboP-glucose in the ternary complex structure were removed from the
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models to calculate the simulated annealing (mF, T DF¢) omit maps using
PHENIX(62). The coordinate and parameter files for 4RboP and 4RboP-glucose
were calculated by the PRODRG server(63). All structure figures were generated by
PyMOL and the models were evaluated using MolProbity(64, 65). Statistics for the

data collection and refinement are reported in Table 1 and table S2.

Statistical informat ion.
Statistical analysis was performed using the Prism 8.0 package (GraphPad

Software). P values of O0.05 were considered
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Supplementary Informatioh and 2

Table S1. Substrate specificity of TarM(Se).
A, Donor substrate specificity of TarM(Se) using poly(RboP) WTA as acceptor substrate.

Sugar nucletide Enzymatic activity  Activity of UDP-glucose
(nmol/mg*min) in %
UDP-glucose 1.85 100
UDP-galactose 0.98 53
UDP-GalNAc 0.53 29
UDP-GIcNAc 0.3 16

B, Donor substrate specificity of Ta8e)using polf{GroP)WTA as acceptor substrate.

Sugar nucleotide Enzymatic activity  Activity of UDP-glucose
(nmol/mg*min) and polyRboP WTA in
%
UDP-glucose 0.55 30
UDP-galactose 0.46 25
UDP-GalNAc 0.05 3
UDP-GIcNAc 0.04 2
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Table S2. Data collection and refinement statistics for TarM(Se) and TarM(Se)

glycosyltransferase to evade immune recognition

c117r-4RboP -

(CH2)6NH.
TarM(Se)native TarM(Sek1mr-
(PDB 7QNT) 4RboR
(CH2)sNH2*(PDB
7QH9)
Data collection
Space group P& P1

Cell dimensios

a, b, c(A)

u, ®, o
Resolution (A)

Rmerge

I /s()
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork/ Rfree
No. atoms
Protein
Ligand
lons
other molecules
Water
B-factors
Protein
Ligand
lons
other molecules
Water
R.m.s. deviations
Bond lengths (A)
Bond angles |

154.01, 154.01,
207.72
90.00, 90.00, 120.0C 89.97, 90.01, 90.02
48.993.21 (3.29 49.232.69 (2.76

58.87, 70.57, 137.38

3.21) 2.69)
20.9 (229.8) 6.1(142.7)
15.57 (1.64) 9.98 (0.70)
100.0 (100.0) 95.2 (97.4)

20.6 (20.F 2.5 (2.5)
48.993.21 49.212.69

45535 58472
22.77/25.72 24.26/25.28

13389 14001

124
16 3
12 4
264 240
93.7 97.9
99.7

77.4 38.4

91.2 29.4

52.8 42.5

0.002 0.004

1.020 1.296

Values in parentheses are for the highiesblution shell-Diffraction data from a
single crystal were used to obtain the strretu
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Table S3. Enzymatic activities of

mutated TarM(Se) proteins

Function TarM(Se)variant  Activity of wild type in %
Trimer interface G1l17R 96.0
Catalysis R326A Not activel:32

Q330A 5.7

K331A Not active!32

E403A Not active!>2
Poly(RboB binding N9A 51.0

E10A 30.9

N203A 64.7

K233A 21.7

N255A 100.1

K263A 17.2

Q265A 67.6
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Table S4. Primers used in this study

Primer name primer sequence
tarM(Se)
knockout
tarM(Se)pBASE
lup CGATGGTACCGCTTTATTTAAAAGAAATATATCTGATAG/
tarM(Se)pBASE
1dn TAATATTACCTCATTATTTATTTCTTAAATGC
tarM(Se)pBASE
2up TAAATAATGAGGTAATATTAGTATCCATTTTTCTATTATTCAGTT
tarM(Se)pBASE
2dn GTCAGTCGACCTATTTGACTATTATCAACTONMONTEE
tarM(Se)
expression in
pRB474
GTCGGATCCAAAGGAGGTTATATA
tarM(Se) F ATGAAACAAACTTATATGATTGTAAATGAGTTGG
tarM(Se) R CCGATGAATTCTTAGTTAAACAATTGTTTCCATTTCACC,
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TarM(Se )
TarM(Sa )

TarM(Se )
TarM(Sa)

TarM(Se)
TarM(Sa)

TarM(Se)
TarM(Sa)

TarM(Se)
TarM(Sa)

TarM(Se)
TarM(Sa)

TarM(Se)
TarM(Sa)

TarM(Se)
TarM(Sa)

TarM(Se)
TarM

glycosyltransferase to evade immune recognition

QIYM VNELDVNKGGNMIRMET R SKEFED SCDI| ' TFDEKAN < g 60
KEFEMWHELDVNKGGNESVENR SK D 2AD| VTFDYKEN ] Q 60
AA A
DKRTQVHI | MEN I 05 KINYNY [l KDS\EI KENSRISR EFNI G 120
DRRTKMY| =YFKQISN (SHK Hel KNTIE| EESKEISR YFDI €T 120
AYINRE TECH R Y VK 1A |= L 20 180
AVIRKSKSH DNNREER ID HM CYe 0\ 180
IN (S| GKTYEVIOKEKOFKN CSYELEKLI ([RDENDNI FICDGPGSFPKEK TNHHZile]
IN CAVGKTWLYNKKEFKNNIAEQY YYLEKLI [NOSKDS|I MCDGPGSFPKIEN NHHeZ)
A A A
NVKKFAVIHVNHYKNFDDTG CEBY | ERNANKINGWM. TEAQKNDI IEKY 300
NACKYGVIHVNHHENFDDTG EHNY | IEINANKINGWAL TEACRED | ENQFBV =N EFERRC{0[¢]
A A A A
\VISNF IN'I pIEBNRBINNBNKN YV GHISREVReKEL [ AKINVVECDNSVEFHL Y QG S0
[TISNF VK [gNASKISISCHEKEVGHISRW HIKIRE (S AE(R\ VKKD NAVKFHE Y GEGSYAE(S]0)
A A AA
KSKI [ENLI QESN LK L Al |5 FROVIISTSQFEGQGLEIEAMLIR 420
KEKI IAKIM EDKN LS P FKEWSTSQIEGQGLBIEAMI 420
A A A

AFDVKYGPSDNKDEKNGYLIENSE KINMANKIL KLEHENEL SSSEGKHGRDTI I B Y Qlakats]e]
AFDFKYGPSDRE DNKNGYLIENAN NeMADKIL QLVNNBN L AANSEGSKAREN |  ENYSERAE0)
EKL - 492

ESIL L S 493

Fig. S1. Sequence alignmen t of TarM (Se) from S. epidermidis and TarM (Sa) from S. aureus. The

alignment was calculated with pairwise sequence alignment tool GGSEARCH2SEQ?®8. Identical amino

acids are shown in black boxes and similar amino acids are shaded in gray. The amino acids that are

involved in binding of UDP-glucose (red), 4RboP-glucose (green) and catalysis (magenta) are

indicated as filled triangle.
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Fig. S2. TarM(Se) expression does not change the overall WTA amounts and does not affect ~ S.

epidermidis biofilm f ormation or growth behavior. (A), Growth curves of S. epidermidis E73 with or

without tarM(Se) in TSB. Means of three independent experiments are shown. (B), The characteristic

of negative biofilm formation in E73 is not altered by deletion of tarM(Se). The laboratory S.

epidermidis strains ATCC12228 (biofilm negative) and 1457 (biofilm positive) were included as control

strains. (C), Total WTA phosphate amount per cell wall dry weight of the indicated S. epidermidis

strains. None of the minor differences is significant. Me ans N s. d. of three indepe
are shown in (B) and (C).
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Fig. S3. Simulated-anneal i ng ( mFo 1 sobBDP}glucosaiartd 4RbaPp-(CH2)sNH: in
the binary structures and characterization of Tar M(Se) wild type and mutant proteins . (A),
Simulated-anneal i ng ( mFo 1 UDP-glycose (yeilow) imilam(Se)di17r-UDP-glucose
complex structure (grey mesh, at 2.0 ) (B), Simulated-annealing (mF o 1 DFc) olRboR-
(CH2)eNH: (green) in TarM(Se)e117r-4RboP-(CH2)sNH2 complex structure (grey mesh, at 1.5 ). (C),
Circular dichroism spectra of wild type and mutant TarM(Se) proteins (for wild type, G117R, Q330A
and K263A, n = 3; for N9A, E10A, and K233A, n = 2). (D), Size exclusion chromatography elution
profiles of wild-type and mutant TarM(Se) proteins (for wild type n = 6; for Q330A, K263A and E10A, n
= 3; for N9A and K233A, n = 2). Mutant proteins N203A, N255A and Q265A showed similar circular
dichroism spectra and size exclusion chromatography elution profiles (data not shown).
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glycosyltransferase to evade immune recognition

Supplementary Information 1
Synthesis of 4RboP -(CH2)sNH.. The RboP tetramer was synthesized according to Fig. 1. as

described previously®s.

D) BnO BnQ Y

DMTIO_~_~ 0N
|
OBn OCE
OBn OBn O NHCbz  45-dicyanoimidazole (DCI), ACN an QBH Q Ao~~~ NHCbz
HO ; : 0-P-0" "N H OVY\/O_? (o)
\/Y\/ é)CE L CEO
OBn 2) (10-camphorsulfonyl)oxaziridine (CSO), ACN n 4

3) Dichl tic acid, DCM i
) Dichloroacetic aci 1) NHz, H,0, dioxane

2) Hy, Pd, water, dioxane
3) Dowex Na*

DMTr = dimethoxytrityl
CE = cyanoethyl repeat 3x
Cbz = Benzyloxycarbonyl
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Supplementary Information 2
Analytical data of Fig. 1. Synthesis of 4RboP-(CH2)sNH>:

60 BrO IR (neat, crit): 3447, 298, 2866, 1717, 1506, 1456, 1267,
n® BnO CNEO
”%VYVO\F}OMNH%Z 1028, 1009, 746, 698H NMR (400 MHz, CRCN) t = 1.27
1] 3
o a (m, 4H, CH-hexyl spacer), 1.40 1.41 (m, 2H, Ck-hexyl

spacer), 1.58 1.59 (m, 2H, Ck-hexyl spacer), 2.522.59 (m,8H, 4x CH-cyanoethyl), 3.06
(g, 2H, J= 6.4 HzCH>-N hexyl spacer), 3.673.79 (m, 3H, CHRbo, CH-Rbo), 3.84- 4.13
(m, 22H, 12x CHRbo, CH-O hexyl spacer, 4x CHcyanoethyl), 4.17 4.40 (m, 14H, 7x
CH2-Rbo), 4.50- 4.69 (m, 24H, 12x CKBn), 5.05 (s,2H, CH-Cbz), 5.72 (bs, 1H, NH),
7.25- 7.35(m, 65H, Harom);*C-APT NMR (101 MHz, CRCN) i = 20.1, 20.2, 20.2 (CH
cyanoethyl), 25.7, 26.8, 30.4, 30.7, 30.8 ¢Qidxyl spacer), 41.4 (CGN hexyl spacer), 61.5
(CH2-Rbo0), 63.1, 63.1, 63.2 (GHtyanoethyl), 66.6 (CHCbz), 67.5, 67.7, 67.8, 68.3 (gH
Rbo), 68.9, 69.0 (CHO hexyl spacer), 72.7,30, 73.1, 73.1, 74.5, 74.5, 74.6 (£Bh),
78.3, 78.6, 78.9, 78.9, 79.0, 79.1, 80.6 {Rbb), 118.3 118.6 (G-cyanoethyl), 128.4, 128.6,
128.6, 128.7128.8, 128.9, 128.9, 129.3, 129.3, 129.4 {@bim), 139.1, 139.2, 139.3, 139.5,
139.7 (G-arom), 158.0(C=0); 3P NMR (162 MHz, CRCN) ii= 0.2, 0.2, 0.2;0.0,-0.1, -
0.1,-0.2,-0.2; HRMS: [M+H] calculated for GiH119N4024P32401.9343, found 2401.9241

o H NMR (600 MHz, DO) {i = 1.39- 1.40 (m, 4H, 2x Chihexyl
) 0\;1((?1/0?%0\(/}% spacer), 1.55 1.68 (m, 4H, 2x Chthexyl spacer), 2.97 (t, 2H, J=
o o, * 7.2 Hz CH-N hexyl spacer), 3.62 (ddH, J= 12.0 Hz, J= 7.2 Hz,

CHg-ribitol), 3.72 (t, 1H, J= 6.6 HzZCH-ribitol), 3.76- 3.82 (m, 4H, CH/CHtribitol), 3.82-
3.84 (m, 1H, CH/CHliribitol), 3.85- 3.96 (m, 16H, 14 CH/CHribitol, CH,-O hexyl spacer),
3.97-4.06 (m, 7H, CH/CHHribitol); 13C-APT NMR (151 MHz, DO) Ui = 25.4, 26.0, 27.5 (3x
CHz-hexyl spacer)30.3 (d, J= 7.6 Hz, CHhexyl spacer), 40.3 (CHN hexyl spacer), 63.2
(CHz-ribitol), 67.0- 67.4 (7x CH-ribitol/CH2-O hexyl spacer), 71.773.0 (10x CHribitol);
3P NMR (162 MHz, DO) U = 1.8, 1.6; HRMS: [M+H" calculated for @sHsoNO29Ps
974.2201, fond 974.2202.
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Abstract (241 words)

The Lpl proteins represent a class of lipoproteins that was first described in the
opportunistic bacterial pathogen Staphylococcus aureus, where they contribute to
pathogenicity by enhancing F-actin levels of host epithelial cells and thereby
increasing S. aureus internalization. The model Lpl protein, Lpll was shown to
interactwi t h the human heat shock proteins
this interaction may trigger all observed activities. Here we synthesized Lpl1-derived
peptides of different lengths and identified two overlapping peptides, namely L13 and
L15, whichint er acted with Hsp90U. Unl i ke Lpl
F-actin levels and S. aureus internalization in epithelial cells but they also decreased
phagocytosis by human CD14* monocytes. The well-known Hsp90 inhibitor,
geldanamycin, showed a similar effect. The peptides not only interacted directly with
Hsp9o0U, but al so wi t pll. Whilee L15mand h18 rsignificandlyt
decreased lethality of S. aureus bacteremia in an insect model, geldanamycin did
not. In a mouse bacteremia model L15 was found to significantly decreased weight
loss and lethality. Although the molecular bases of the L15 effect is still elusive, in
vitro data indicate that simultaneous treatment of host immune cells with L15 or L13
and S. aureus significantly increase IL-6 production. L15 and L13 represent not
antibiotics but they cause a significant reduction in virulence of multidrug-resistant S.
aureus strains in in vivo models. In this capacity, they can be an important drug alone

or additive with other agents.

Introduction

The opportunistic human pathogen Staphylococcus aureus can cause severe
community acquired and nosocomial infections. Different proteins on the bacterial
surface support its adherence to and/or internalization into host cells by either directly
binding to a defined host cell receptor or by interacting with a matrix protein such as
fibronectin whi ch i integtinnonthe hbst celissrface @, 2). h e
Among the cell envelope-bound proteins, the bacterial lipoproteins (Lpp) represent a
distinct class of proteins. They are anchored to the outer leaflet of the cytoplasmic
membrane by an N-terminal lipid moiety (3); in Gram-negative bacteria they can in
addition be anchored to the inner leaflet of the outer membrane (4). Many
lipoproteins are part of an ABC transport system that takes up nutrients or have an

essential role in respiration or protein folding (5).
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S. aureus and few other species have so-called Lpl lipoproteins which are typically
encoded I n a <cluster of paral ogous genes
Depending on the strain, 3 to 9 Ipl genes may be encoded in this island (6, 7). As
classical lipoproteins Lpl proteins have a typical lipo-box signal peptide and
contribute to activation of the innate immune system via the toll like receptor 2 (TLR2)
pathway. However, the function of their protein moiety has been long unknown. Only
in the last few years it emerged that the Ipl gene cluster is involved in the interaction

of S. aureus with host cells and in the virulence of S. aureus.

When the entire Ipl gene cluster was deleted, both, adherence to host cells and
internalization of S. aureus by epithelial cells and keratinocytes were impaired (8, 9).
Additionally, in a murine kidney abscess model, mice challenged with the S. aureus
Ipl mutant displayed a reduced bacterial burden in the kidneys, indicating that the Ipl
cluster contributes to virulence. Further interaction studies using purified Lpl1, that is,
the first encoded Lpl protein in the cluster, revealed that Lpl1 acts as a cyclomodulin
by delaying G2/M phase transition in HelLa cells (10). However, unlike other
staphylococcal cyclomodulins, such as phenol-soluble modulins (PSM) (11), Lpll
shows no cytotoxicity even at high concentrations. Since internalization and
propagation of S. aureus within the host cells takes place in the G2 phase (12), an
extension of the latter by the Lpl proteins could explain their contribution to host cell

invasion on the molecular level (9).

A breakthrough in understanding the function of this subclass of lipoproteins was
achieved when pull-down experiments revealed that the Lpll binds preferentially to
the isoforms of the human heat shock protei (13). Artibgali®sO U an d
against Hsp90 decreased S. aureus invasion in primary human keratinocytes as well
as in immortalized ones (HaCaT cells). Additionally, inhibition of the ATPase function
of Hsp90 or silencing of Hsp90 U expr essi on by siRHueusal so d
i nvasion in HaCaT <cell s. While Hsp90C is ¢
isoform is heat inducible and appears to play a major role in the interaction with Lpl1.
Pre-incubation of HaCaT cells at 39°C incr eased both Hsp908 expre

aureus invasion. Lpl1-Hsp90 interaction induces F-actin formation thus triggering an
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endocytosis-like internalization (13). Such a mechanism based on Lpl-Hsp90
interaction represents a new strategy of host cell invasion.

Geldanamycin for example inhibits the essential ATPase activity of Hsp90, resulting
in the inactivation, destabilization and degradation of Hsp90 client proteins. Since
these processes play an important role in the regulation of cell cycle, cell growth, cell
survival, apoptosis and oncogenesis, geldanamycin inhibits the proliferation of cancer
cells and shows anti-cancer activity in animal studies (14). Nonetheless, its
pharmaceutical application is limited by its high cytotoxicity (14, 15).

The aim of this study was to identify domain sequences of the Lpll protein that
interact with Hs p 9. &dJ this purpose, we synthesized peptides covering the entire
Lpll protein. We identified two peptides, L13 and L15, whi ch i nter a
and Lpll1, inhibited the internalization of S. aureus by host cells, and provided partial

protection against S. aureus infection in insect and mouse infection models.

Materials and Methods

Bacterial strains and cell lines. N/TERT-1 cells were a kind gift from Dr. J.
Rheinwald, Harvard Medical School, Boston, USA (16). N/TERT-1 cells were cultured
in 24 well plates with keratinocyte serum-free medium (K-SFM) (Gibco, Invitrogen
Corp.), supplemented with bovine pituitary extract (BPE) (25 €g per ml), EGF (0.2 ng
per ml), and CaClz (0.4 mM). HaCaT cells were maintained in Dulbecco's Modified
Eagle Medium (DMEM) (Thermo Fisher, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS) (BiochromAG, Berlin, Germany) and 1% penicillin-
streptomycin (Thermo Fisher, Waltham, MA, USA). MONO-MAC-6 (MM®6) cell lines
were maintained in Gibco Roswell Park Memorial Institute 1640 Medium (RPMI
1640) (Thermo Fisher, Waltham, MA, USA) supplemented with 10% FBS, 2 mM L-
glutamine, non-essential amino acids, 1 mM sodium pyruvate and 10 pg/ml human
insulin. S. aureus Newman and USA300 were cultured aerobically in Tryptic Soy
Broth (TSB) at 37 °C. The bacterial strains were stored at -70°C. Upon aerobic
culture, bacterial cells were washed with sterile phosphate-buffered saline (PBS),

and adjusted to the desired concentration.
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Peptide synthesis. The amino acid sequences of peptides used in this study are
given in Table S1. The peptides were synthesised by Apeptide (Shanghai, China)
with a purity of >95%, dis sol ved i n water at 1 B@uvhof
L15, 30 puM of L13 and 5 pM of geldanamycin were used in in vitro studies unless

described otherwise.

Invasion studies in HaCaT and N/TERT -1 cells . The invasion protocol was adapted
from our previous papers (13, 17). 5x10° Keratinocytes were seeded in a 24 well
plate (Greiner, Frickenhausen, Germany) to attain a monolayer of ~10° cells/well. S.
aureus was grown overnight at 37°C, centrifuged and suspended in invasion medium
(DMEM with 10% FBS for HaCaT and K-SFM for NTERT-1 cells). The adherent
keratinocytes were washed with PBS and supplemented with invasion medium
followed by treatment with 20 uM of L15, 30 pM of L13 or 5 pM geldanamycin
(Sigma-Aldrich, Germany) or monoclonal antibodies specific against Hsp90U
(UHsp90U, Abcam) for 1 h. After 1h, 100 pl of bacterial suspension was added to
each well to attain a MOI (multiplicity of infection) of 30 and incubated with cells for
1.5 h. Subsequently, the extracellular bacteria were killed with treatment of 2.5 eg/ml
lysostaphin (Sigma-Aldrich, Germany)) for 1.5 h. The cells were then washed, lysed,
mechanically detached by scraping, diluted and enumerated on TSA (Tryptic Soy

Agar) plates to quantify the intracellular bacteria.

CD14* monocyte isolation. Peripheral Blood Mononuclear cells (PBMCs) were
isolated by density gradient centrifugation following the previous study (18). From the
pool of PBMCs, monocytes were isolated by positive selection with anti-human CD14
microbeads (Miltenyi Biotech, Bergisch-Gladbach, Germany) following a previously
reported protocol (18). The purity was analysed by flow cytometry on a BD Accuri C6
(BD Biosciences, Heidelberg, Germany) with anti-human CD14-FITC, CD45-PE and
propidium iodide (BD Biosciences, Heidelberg, Germany) and ranged from 85% to
98%.

Phagocytosis assay. For the phagocytosis, 106 CD14* monocytes were seeded in 1
ml of medium (RPMI supplemented with L-Glutamine and 10% FCS) in a 12 well
plate (Greiner, Germany). The cells were incubated with 20 uM of L15, 30 uM of L13
or 5 uM of Geldanamycin for 60 min at 37 °C and 5% CO2 before addition of
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bacteria. For the phagocytosis assay, bacterial cells were resuspended in 100 pl
RPMI medium at MOI of 30 and incubated with monocytes for 90 min. The cells were
washed once with PBS and 0.5 ml of medium supplemented with 2.5 pg/ml of
Lysostaphin was added for 90 min to remove the extracellular bacteria. Then,
monocytes were washed twice with PBS and resuspended in 0.5 ml of milliQ dH20.
The cells were scraped, and the lysed solution was transferred into a new 1.5 ml
Eppendorf tube for a 5 min sonication (frequency 80, power 100) at room
temperature to prevent the bacterial cell clumping by using ultrasonic water bath
Elmasonic P (Elma Schmidbauer Gmb, Singen, Germany). 10 pl fractions of
undiluted, 101, 102 and 1072 dilutions were inoculated on tryptic soy agar (TSA)
plates and incubated overnight at 37 °C. The numbers of internalized bacteria were
determined based on the manual counting of bacterial colony forming units (cfu)

recovered on the agar plates.

Bacterial Growth kinetics . S. aureus precultured in TSB overnight were inoculated
to OD~0.01 into a 48 well plate and L15 and L13 were added to study the effect of
peptides on bacterial growth using Varioskan LUX Multimode Microplate Reader.
With this instrument, a kinetic measurement of OD578 nm was obtained every 1 h for

a total of 24 h, at 37°C with continuous shaking.

Peptide - Hsp90U/Lpl1 interaction studies with immunoblotting . Two pg of each
peptide was blotted (dot blot) directly on PDV nitrocellulose membrane and blocked
with ROTI®BIlock (Carl Roth, Germany). After washing, the membrane was then
incubated with 20 £g of recombinant Hsp90U (Abcam)/Lpll-his protein at 4 °C
overnight. In case of interaction studieswi t h H §£-plgpB0U (produced in mouse,
Abcam) was used as the primary antibody and for interaction studies with Lpl1-his,
Anti-6X His tag antibody (also produced in mouse, Sigma-Aldrich, Germany) was
used. Alkaline phosphatase conjugated goat-U-mouse IgG (Sigma-Aldrich, Germany)
served as the secondary antibody. Detection was done using BCIP®/NBT solution
(Sigma, Germany). Lpl1-his was isolated and purified as described in our previous

paper (13).

F-actin measurement . 5 x 10* cells were seeded in black flat bottom 96 well cell

culture microplate (Greiner, Germany) and incubated overnight. The cells were then
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incubated with peptides or geldanamycin for 1.5 h. After incubation, the cells were
washed, permeabilised with 0.1% (v/v) Triton X-100 and stained with ActinGreenE
488 ReadyProbes® (Thermo Fischer, Germany) for 30 min. After the staining, the
cells were washed and measure for its fluorescence at Excitation/Emission: 495/518
nm (19).

Cytotoxicity studies . MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay was employed to analyze the cytotoxicity of peptides and
geldanamycin to the cells. 5 x 10° cells were seeded in a 96 flat bottom well plate and
incubated for 2.5h or 24 h at 37 °C with 5% COa2. The cells were then treated with
increasing concentration (0 to 200 uM) of peptides or geldanamycin for 24 h. After
the incubation, 10 ¢l of the MTT labelling reagent is added to each well to attain a
final concentration 0.5 mg/ml, followed by 4 h incubation. Metabolically active cells
convert the yellow tetrazolium salt to purple formazan crystals, which were solubilized
using the solubilization solution (DMSO) and measured for absorbance at amax/oref -
570/690 nm (20).

Galleria mellonella larvae studies . Galleria mellonella larvae, purchased from
Feeders & more GmbH, Germany, were sorted based on weight and used within one
week. Ten larvae per group with weight average of 500 mg/larvae were injected with
bacteria and/or peptides on its last proleg using a BD insulin syringe. The dosage
used for the experiment were 60 mg/kg for peptides, 5 mg/kg of geldanamycin and
20 mg/kg for vancomycin. Each larva was injected with 10ul of L15 (last left proleg)
1h before administration of 106 cfu S. aureus (last right proleg). The larvae were
maintained at 37 °C and observed for mortality every day over the course of 5 days.

Hemolysin activity . 6 mm Whatman empty Antibiotic Assay Discs were impregnated
with L15 or L13 and allowed to dry. Once dried, the discs were placed on sheep
blood agar plates, inoculated with S. aureus and incubated at 37 °C overnight. The

halo obtained was measured and compared.

Mouse studies . Eight- to 10-week-old female NMRI mice were purchased from
Envigo (Venray, Netherlands) and stored under standard temperature, light, and
nutrition conditions in the animal facility of the Department of Rheumatology and

Inflammation Research, University of Gothenburg. Due to its poor solubility in PBS,
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L13 was not used in mouse experiments. To study the effect of L15 on S. aureus
bacteremia two separate experiments were performed. The mice were treated
intraperitoneally with L15 (10 mg/kg) in 200 pl of PBS every 12 hours, starting 2
hours before inoculation with bacteria and continuing until the animals were
sacrificed. Mice were challenged with septic dose of 2 x 108 CFU/mouse of S aureus
Newman. To induce the S. aureus systemic infection in NMRI mice, 0.2 ml of S.
aureus Newman suspension was inoculated intravenously into the tail vein of the
mice. During the course of the experiments, the mice were regularly weighed until the
mice were sacrificed. After sacrificing the mice at day 7, kidneys from mice were
aseptically removed, homogenised, serially diluted with PBS and enumerated to
quantify the bacterial CFUs.

Immune stimulation. Human peripheral blood mononuclear cells (PBMCs) from
buffy coat blood samples of healthy donors were stimulated with the indicated doses
of L15 and L13 for 20 hours. For the subsequent bead-based immunoassay, the cell
culture supernatants of a total of four buffy coats per immunoassay were used. Each
of the stimulations was performed in biological duplicates. The secreted cytokines
were then identified and quantified using the immunofluorescent bead-based
immunoassay LEGENDplex® Human Macrophage/Microglia Panel (13-plex) and the
corresponding Data Analysis Software from BioLegend. Muramyl Dipeptide (MDP)
which activates the NOD-2 receptors was used as the positive control.

Bioinformatics analysis . The 3D structure of Lpll was predicted using the protein
structure prediction server Robetta using RoseTTAFold modelling method (21). The
obtained .pdb structure was then visualized in PyMOL (Schrédinger). The homologs
of S. aureus USA300 Lpll in different bacteria were identified using the Protein
BLAST tool on the NCBI server. The comparison of different lipoprotein homologs

from different bacteria was done in Snapgene using Clustal Omega algorithm.

Statistical analysis . GraphPad Prism was employed for statistical analysis.
Student's t tests or one-way analysis of variance (ANOVA) were used to check the
statistical significance of different results. P value > 0.05 was considered as not
significant (ns). In figures, significant differences are represented as follows: * p <
0.05; ** p < 0.01; ** p < 0.001; and **** p < 0.0001.
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Ethical Statement. The use of human peripheral blood mononuclear cells (PBMCs)
from buffy coats was approved by the Ethics Committee of the Medical Association of
Westphalia-Lippe and the University of Munster (Approval number 2021-063-f-S) and
the Ethics Committee of the Medical Faculty of the University of Tlbingen and the
Medical Clinic TUbingen (approval number 084/2021B0O2). Buffy coats were obtained
from the German Red Cross Blood transfusion west (Hagen, Germany) and the
Transfusion Blood Bank of the Medical Clinic Tubingen. The Ethics Committee of
Animal Research of Gothenburg approved all experiments conducted on mice. The
mouse experiments were performed in accordance with the Swedish Board of

Agriculture's regulations and recommendations on animal experiments.
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Results

Lpll-derived peptides L1 5 and L13 decrease S. aureus USA300 internal isation
by keratinocytes in a Hsp90 mediated way. In our previous work, we demonstrated
that the Ipl cluster of S. aureus USA300 triggers invasion of S. aureus into HaCaT
cells. In the USA300qgdpl mutant, the rate of invasion was 2.5-fold lower compared
with wild type (6). We identified two Lpll-derived peptide sequences (L26 and L27)
that boosted S. aureus internalization to the same extent as the whole Lpll protein
(blue -labeled peptide regio ns in Fig. 1A ).

(A) MKYKTERREAMGYLKRFALYISVMILIFAIAGCGKGNETKEDSKEEQIKKSFAITLDMYPIKNLEDLYDKEGYRDSEFKKGDKGMWTIYTDFAKS
1 ! 10/ ! :
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Fig. 1. Schematic overview of the smaller peptide fragments of Lpll and their invasion activity

in host cells. (A) Representation of the peptide fragments used in the study. L15 and L13, labelled in
red, reduced S. aureus internalization in HaCaT cells. L26 an L27, labelled in blue, increased S.
aureus internalization. Most of the other synthesized peptides showed no effect in S. aureus
internalization in HaCaT cells (labelled in grey). Localisation of (B) L15 (highlighted in red), (C) L13
(highlighted in red) and (D) L27 (highlighted in blue) in the Lpll-protein. The 3D structure of Lpll was
predicted using the protein structure prediction server Robetta using RoseTTAFold modelling method

and visualized in PyMOL.
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Here, we further dissected the Lpll-protein into smaller peptide fragments and
examined these for their invasive activity by host cells. All Lpll-derived peptides
tested are marked in Fig. 1A. Most of the synthesized peptides showed no effect
(grey -labeled peptide regions in Fig. 1A). However, we found two small peptides
that produced the opposite effect, namely, they decreased S. aureus internalization
by host cells (red-labeled peptide regions in Fig. 1A ). We named these two
peptides L13 and L15. L13 is part of L15 and they are 9 and 15 amino acids long,
respectively; (Fig. 1A). Both peptides are part of a beta-sheet region of the Lpll-
protein (Fig. 1B). Preincubation of HaCaT cells with L13 or L15 caused a 50-60 %
decrease in uptake of S. aureus USA300 compared to untreated control (Fig. 2A). As
an additional control we included the well-known Hsp90 inhibitor geldanamycin (5
€M), a benzoquinoid from Streptomyces hygroscopicus that is known to inhibit the
ATPase activity of Hsp90. As expected, geldanamycin reduced the internalization of
S. aureus USA300 by HaCaT cells by approximately 75% (Fig. 2A). As a positive
control, we also tested the peptides L26 and L27, which increased invasion by
approximately 1.5-fold (see Table 1). All other peptides had no effect on the
internalization of S. aureus into HaCaT cells. (Please note, L26 and L27 were called

P10 and P11 respectively in our previous paper (13))
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Table 1: Effect of tested Lpl1-derived peptides

for its effect on HaCaT cells

on their invasion potential, F-actin levels in HaCaT cells and binding to Hsp90a. In all the studies, 35 pg/ml of peptides were tested

Relative Invasion Interaction with Relative F-actin

Name Sequence Mo of AA Molarity (M) in HaCaT Hsp90a« level in HaCaT
L1 ¥ GKGNETKED 9 35.82 1.02 + 034 Mo 0.95 + 0.49
L2 55 TLDMYPIKNLED 12 2414 112+ 040 Mo 099 £0.13
L3 & LYDKEGYRDS 10 28 1.00 +0.11 Mo 1.03 £0.1
L4 7T EFKKGDKGMWT 11 26.32 0.93 + 012 No 0.94 £ 0.08
LS {O:sup }B1U/0: 34 877 159+ 076 No 0.97 £ 0.08

sup)GDEGMWTIYTDFAKSNEP

GELDDEGMVLNLDRNTR
L& 5 MWTIYTDFAKS 11 25.74 0.98 + 0.68 Mo 0.91+01
L7 = [YTDFAKSNKPCEL 14 2215 110+ 0.18 No 1.03 £ 0.08
LB % MKPGEL [ 53.03 1.28 + 034 No 0.96 £ 0.05
L9 %2 DDECGMVLNLD 10 3125 1.0+ 044 No 1.06 + 0.07
L10 U3 NTRTAKGHYFVTTFYRNG 18 16.43 1.10 £ 0.17 Yes 0.99 + 0.08
L13 18 GHYFVTTFY 9 30.97 0.45 + 0.08 Yes 0.87 £0.03
L15 Y8 TAKGHYFVTTFYRNG 15 19.88 04009 Yes 0.83 £ 0.04
L12 12 FYRNGKLPDEKNYKI 15 1852 0.94 + 0.11 Mo (.98 + 0.06
L14 31 KLPDEKNYKI 10 28 0.78 £0.26 No 0.98 £ 0.08
L16 37 NYKIEMENNKIILLD 15 1891 0.92 £ 037 Yes 1.08 £0.23
L17 141 EMEKNMKIIL 9 3182 105+ 026 No 1.09 +0.20
L18 ¥ NNKIILLDEVEDDKL 15 19.77 1.05+ 036 Mo 1.09 £ 0.22
L19 5! DEVKDDELKEQKIENF 15 1892 1294+ 037 Mo 097 +0.11
L20 16 [ENFKFFGQYAN 12 2385 115+ 020 No 1.03 £0.11
L21 IS ENFKFFGOYANLKELRE 17 16.43 1.20 £ 025 Yes 1.09+£0.13
L22 TTLRKYNNGDVSINENVPSYDV 20 1522 129+ 013 No 0.97 £0.09
L23 24 12.59 1.09 £ 046 No 0.96 £ 0.05

Y NNGDVSINENVPSYDVEYKMSNE
L24 MY DVEYEMSNE 10 27.34 0.95+ 012 No 0.94 +0.08
L25 M DEIVKELRSEYMIST 15 19.23 10+ 006 Mo 103 +0.16
L26 {0:sup )204(/0: 64 472 150+ 0,17 Yos 125 +0.13

sup)DEIVKELESEYNISTEKSPILEK

MHIDGDLKGSSVGYRELE!

DFSKRENSKLSVIEFLSYKPAKK
L27 {0:sup }211{/0: 18 7.03 155+ 017 Yoz 136 +0.12

sup)RSRYNISTEKSPILKMHIDG

DLEGSSVGYRKLEIDFSKREMSE
L28 HISTEKSPILKMHIDGD 15 20.96 1.0+027 No 0.90 = 0.04
L29 HTHIDGDLEGSSVGYRK 15 21.47 1.214+£033 No 0.90 £ 0.05
L30 MSFSKRENSKLSWIEFL 15 19.44 1.24 £ 0,32 No 09 0.1

Geldanamycin 5 0.25 £ 013 MNA 0.88 £ 0.03

Lpll Yes

BSA Mo
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We also investigated whether L15 and L13 mediated internalization of S. aureus by
the host cell is dependent on Hsp90U. For this purpose, we pretreated HaCaT cells
with anti-Hsp90U (U-Hsp90U) antibody, which decreased S. aureus invasion by
89.3% (0.11 + 0.09) (Fig. 2A). This suggested that the interaction of the peptide with
Hsp90U plays a crucial role in host cell internalization.

Similar results were obtained with the N/TERT-1 keratinocyte cell line (Fig. 2B),
which is often used as a substitute for primary keratinocyte cells because of the
limited availability and high inter-donor variability of the latter. N/TERT-1 cells are
immortalized and behave essentially like primary human keratinocytes in terms of
host defense gene and protein expression and epidermal differentiation (22). It

should be noted that the peptides/geldanamycin at the tested concentration and

exposuret i me, di dndt cause any toxlicels{ig.Se.i t her
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Fig. 2. Bioactivity of L15 and L13 with respect to invasion and F -actin levels. One-hour-half long

pretreatment (1.5 h) with L15 and L13 inhibits the invasion of S. aureus USA300 into (A) HaCaT and

(B) N/TERT-1 cell lines. Pretreatment of cells with geldanamycin (Gel), a known Hsp90 inhibitor, or

with U-Hsp90U (Hsp90U) antibody also reduced USA300 invasion into the keratinocytes. L15, L13 and

geldanamycin reduced F-actin levels in (C) HaCaT and (D) N/TERT-1 cells. The cells were treated

with 20 uM of L15, 30 uM of L13 or with 5 uM of geldanamycin for these analyses. In (A) and (B) C

indicates control; In (C) and (D) UT indicates untreated cells. Error bars show standard deviation of the

mean of 3 biological replicates .-tesP*px®DouEp<OOEr*e obt air
p < 0.001; and **** p < 0.0001.
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L15 and L13 reduc ed F-actin levels in keratinocytes and directly interact with

Hsp90U. In our previous work, we showed that the parent protein, Lpl1, increased F-
actin levels in HaCaT cells (13), whereas geldanamycin (17-AAG) decreased F-actin
levels in breast cancer cells (Taiyab & Rao Ch, 2011). Here we investigated whether
L15 and L13 influenced actin polymerization and found that both peptides, similarly to
geldanamycin, caused a significant decrease in F-actin levels in both HaCaT and
N/TERT-1 cell lines (Fig. 2C and D). In HaCaT cells L15 decreased the relative F-
actin content to 0.83 £ 0.04, L13 to 0.87 = 0.03, and geldanamycin to 0.88 + 0.03. In
N/TERT-1 cells we observed a similar decrease in F-actin levels for all three
compounds, L13 (0.81+0.03), L15 (0.9+0.02) and geldanamycin (0.82+0.03). As
expected, L26 and L27, which induced increased host cell invasion, caused an

increase in F-actin levels (Table 1).

A concentration dependent effect of the peptides L15 and L13 on S.aureus USA300
invasion into HACaT cells were carried out (from 0 7 50 uM). A significant reduction
of intracellular USA300 were observed from a concentration of 20 uM on for both L15
and L13 (Fig. 2E and F) . For L15, the relative invasion or intracellular bacterial count
remained almost similar from concentration 20 to 50 uM (from 0.33 £ 0.24 to 0.40 +
0.05) as compared to the untreated control (1.0 £ 0.0). In case of L13, a
concentration dependent reduction in USA300 invasion into HaCaT were seen from
207 40 uM (0.67 £ 0.05 to 0.41 £ 0.03) as compared to the untreated group. At 50
UM L13, no significant change in the intracellular USA300 count was observed (0.73
+0.18).

In our previous work, we showed that Lpl1 interacts directly with Hsp90U (13). Here,
we performed similar experiments with the synthetic peptides by blotting them directly
onto PDV nitrocellulose membrane and testing for binding to Hsp90U via
immunoblotting. The results are summarized in Table 1. Most of the Lpll-derived
peptides showed no binding to Hsp90U as exemplified by peptides L1 to L3.
However, peptides that either promoted (L26 und L27) or inhibited (L13 and L15)

invasion and F-actin levels also interacted with Hsp90U (Fig. 3A).

L15 and L13 were also observed to interact directly with their mother protein Lpll,
when tested with dot blot method. Her e, 2 Og L 15 wasbldttdd divectly
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on PDV nitrocellulose membrane and tested for their binding to Lpll-His via

immunoblotting. Hs p 9 0 U w aspoditigeent! BSA as negative control (Fig. 3B).

(A) - =
SHEIESRIESHIEGE NN RO RS @ ||
L1 L2 L3 L13 L15 L26 L27 Lpl1 BSA
L T J
Hsp90a - interaction
(B)

- - - -
\) . - -
A v
r\.' ., 1@ ! ]
=t V- \ L3

- - -

L15 L13 Hsp9%a BSA

Lpl1 - interaction
Fig. 3. L15 and L13 interacts whntdractionHo$ ppfl Caktl Lpllndérived p | 1
peptides with Hsp90U by dot blot analysis. Here we showed that most of the Lpl1-derived peptides do
not interact with Hsp90 as exemplified with L1 to L3. The C-terminal localized peptides L26 and L27
bind to Hsp90, but like the parent Lpll they boost internalization and F-actin levels. The L13 and L15

peptides also bind to Hsp90 but show an opposite effect. BSA was used as another negative control.

(B) Dot blot image showing the direct interaction of L15, L13 with Lpll viai mmunobl ot ti ng.

and BSA was used as the positive and negative control respectively.

L15 and L1 3 are non -toxic to HaCaT and MM6 cells. Considering their potential as
antimicrobials, we investigated whether L15, L13 and geldanamycin (as a control)
are cytotoxic to human cells over a concentration range of 1 - 200 uM and for 24 h.
Cytotoxicity was tested using the MTT assay in human keratinocytes ( HaCaT cells)
and human monocytic cells (MM6 cells). The percentage of viable cells after 24 hours
of treatment with L15 ranged from 94.95 + 24.03 (200 pM) to 122.27 + 20.79 (1 uM)
for MM6 cells and 87.39 * 7.84 (200 puM) and 100.76 + 4.20 (1 uM) for HaCaT cells.
Cell viability upon L13 exposure ranged between 82.43 + 8.59% (200 uM) and
106.71 £ 6.40% (1 uM) in MM6 cells and 83.79 + 11.13 (200 uM) and 103.05 + 10.06
(1uM) in HaCaT cells. Overall, it can be said that a slight reduction in viability was
only observed at the highest concentration of 200 uM for both L13 and L15. In
contrast, geldanamycin exhibited relatively high cytotoxicity also at lower
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concentrations (Fig. 4A and B). In HaCaT cells, viability decreased gradually from a

concentration of 50 uM, and in MM6 cells already from 10 puM.

(A) HaCaT
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Conc (uM)
Fig. 4. Unlike geldanamycin, L15 and L13 show little or no cyto toxicity. (A) HaCaT keratinocytes
and (B) Mono Mac 6 (MM6) cells were incubated with increasing concentration (0 to 200 puM) of
peptides or geldanamycin for 24 h and the viability of cells was determined using MTT cytotoxicity
assay. Error bars show standard deviation of the mean of 3 biological replicates. P values were
obt ained b ytesstprde: it @®<s0.0T; *** p < 0.001.

L15 and L13 significantly decrease lethality of S. aureus bacteremia in insect model
but they do not affect growth or hemolytic activity of S. aureus. The larvae of Galleria
mellonella, or Greater Wax Moth, are a recognized experimental model for studying

the virulence of various pathogens and for evaluating the efficacy of antimicrobial
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compounds. The large size of the larvae ensures easy handling and direct injection
of a drug into the larval hemocoel. Ten microliters of L15 (60 mg/kg), L13 (60 mg/kg)
or geldanamycin (5 mg/kg) were injected into their hemocoel of G. mellonella one
hour prior to inoculation of S. aureus USA300 or S. aureus Newman, respectively.
Larval survival was then followed for 5 days. Fig. 5A shows the killing rate of larvae
infected with S. aureus USA300 alone and treated with L15 (20 uM), L13 (30 uM), or
geldanamycin (5 pM). All infected untreated larvae died by the end of the third day.
However, when the larvae were pretreated with L15 or L13, 30% and 23% of the
larvae still survived on day 5, respectively. When the larvae were infected with S.
aureus Newman, the picture was similar. When pretreated with L15 or L13, 36% or
46% of the larvae, respectively, survived on day 5 (Fig. 5B). When pretreated with
vancomycin (20 mg/kg), 100% of the larvae survived, whereas geldanamycin had no
or rather a negative effect on survival. The tested doses of peptides, geldanamycin,

and vancomycin were not toxic to larvae.
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Fig. 5. L15 and L13 rescue larvae from S. aureus infection . Ten Galleria mellonella larvae per
group, with average weight of 500 mg/larvae, were injected with bacteria and/or peptides on their last
proleg using a BD insulin syringe. Each larva was injected with 10 pl of either of the two peptides, or
geldanamycin or vancomycin (last left proleg) 1h before administration of 10® colony forming units
(cfu) S. aureus (last right proleg) (A) USA300 and (B) Newman. The dosages used for the experiment
were 60 mg/kg for peptides, 5 mg/kg of geldanamycin and 20 mg/kg for vancomycin. The larvae were
maintained at 37 °C and observed for mortality every day over the course of 5 days. A total of three

biological replicates are represented in the graph.

Since L15 and L13 could partially protect larvae from S. aureus infection, we then
investigated whether they affected growth or the expression of virulence markers
such as hemolysis. However, we did not detect any effect on growth (Fig. S2A), nor
was hemolysis activity markedly affected (Fig. S2B).
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L15 significantly decrease lethality  of S. aureus bacteremia in mice . The results
seen in larvae infection model encouraged us to test the same protective effect in
mice. Here we chose the better soluble peptide, L15. To test this, NMRI mice were
intravenously infected with S. aureus Newman. The clinical outcomes were
monitored during the course of a 7-day infection. L15 treated mice were compared
with the control mice receiving PBS.

The mice infected with S. aureus Newman began to lose weight after infection. In the
L15-treated mice, weight loss was significantly reduced in L15 treated compared to
control mice (Fig. 6A). No significant difference was observed with regard to the
bacterial load in the kidneys (Fig. 6B). Regarding the mortality rate, 40 % of the
animals in the control group died, whereas all mice treated with L15 survived during
the 7-day observation period (Fig. 6C), indicating that L15 treatment significantly

decreased lethality of S. aureus bacteremia.
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Fig. 6. L15 treatment ameliorates systemic  S. aureus infection in mice. NMRI mice were
intraperitoneally treated with L15 (10 mg/kg) or PBS (control) starting two hours before intravenous
inoculation of S. aureus Newman strain (2x10% CFU/mouse). Treatment with peptides or PBS was
then continued every day, twice/day, until animals were euthanized on day 7. (A) Weight development
over the seven-day monitoring. (B) Bacterial load in kidneys (CFU) on day 7 post-infection (n=10 (4
died)). (C) Mortality of mice infected with S. aureus Newman. P-values determined using Mann-
Whitney U-test with data expressed as the mean + standard error of the mean (A) or median (B). * p <
0.05, * p < 0.01.
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L15 and L13 influence the response of innate immune cells to S. aureus. To
understand the molecular basis of the protective effect of L15 and L13 we carried out
immune stimulation studies with human peripheral blood mononuclear cells (PBMCs)
from buffy coat blood samples of healthy donors. We tested the ability of the two
peptides to induce IL-6, IL10, IL-12p70, IL12-p40, IL-23, TNFa, IL-13, IL-1RA, IP-10
and TARC. L15 was relatively inert with respect to cytokine inducing activity in
PBMCs (Fig. S3).

We then stimulated S. aureus USA300 infected PBMCs from four to five healthy
donors with L15 or L13 (20 and 30 pM, respectively) and compared it to the
unstimulated USA300 infected PBMCs. It turned out that both peptides significantly
increased IL-6 (n=5) but not TNF-alpha production (n=4) (Fig. 7A and B).
Geldanamycin (5 uM) inhibited both the production of IL-6 and TNF-alpha in infected
PBMCs. Later, we examined whether the peptides affected phagocytosis of S.
aureus. The phagocytosis was performed in CD14* monocytes purified from PBMCs
(n=4). The assay revealed that both peptides significantly decreased phagocytosis of
S.aureus into CD14* monocytes: L15 by about 22.6 + 7.67% and L13 by about 62.0 £
6.80% (Fig. 7C). Geldanamycin (5 pM) showed no significant impact on

phagocytosis.
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Fig. 7. Influence of L13 and L15 on the response of host innate immune cells. Release of IL-6 (A) and
TNF-alpha (B) in the supernatant of S. aureus-infected PBMCs was assayed by ELISA 20 h after
stimulation with L13 or L15 or geldanamycin. C indicates control cells without peptide pretreatment.
Samples from 4 donors were carried out in triplicate. (C) Effect of L15 and L13 on S. aureus USA300
phagocytosis by primary human CD14* monocytes; control (C) was without peptide pretreatment.
Samples from 4 donors were carried out in duplicate. Error bars represent SEM. Statistic significances
were calculated between the peptide treated cells compared to control (C) by using one-way ANOVA
analysiswi t h Tukeydés multiple c¢omp,&tpk0Dolnnst @t : * p<
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Multiple sequence alignment identifies Lpl1 homologs in other species. We also
investigated in which microorganisms Lpll homologs occur. Protein BLAST analysis
revealed that Lpll proteins with high similarity are present not only in different
staphylococcal species but also in different unrelated bacterial species (Fig. 8). Lpll
homologs from Staphylococcus hyicus, Staphylococcus schweitzeri, and
Staphylococcus argenteus showed identities of 88%, 97%, and 88%, respectively,
and the corresponding L15 and L13 homologous sequences in these lipoproteins
were identical. The Lpll-homolog was also found in some Staphylococcus
epidermidis strains, however, the corresponding L15 sequence was not exactly the
same. Listeria monocytogenes had an Lpll homolog with a sequence similarity of 80
% and Ligilactobacillus ruminis with 74 %. Even Gram-negative species such as
Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa had a very
similar lipoprotein with percent sequence similarity of 75, 90, and 85, respectively.
Interestingly, the corresponding L15 sequence of P. aeruginosa was identical to that
of S. aureus. Lpll protein was blasted against all organisms. We obtained similarities
only against bacteria and within the bacteria only against these pathogenic species.
The limitation to these species suggests that Lpl protein plays an important role in the

pathogenicity and/or fitness of these bacteria, which should be further investigated.

Fig. 8. Multiple sequence alignments of Lpll from S. aureus USA300 with other bacteria. These
include Staphylococcus epidermidis SE62, Staphylococcus hyicus NCTC 8294, Staphylococcus
schweitzeri NCTC 13712, Staphylococcus argenteus B3-25B, Listeria monocytogenes ATCC 15313,
Ligilactobacillus ruminis ATCC 27780, Escherichia coli NCTC 9001, Klebsiella pneumoniae NCTC
9633 and Pseudomonas aeruginosa PA216. The lipoprotein signal peptide is indicated by the bracket,

the conserved core region by the bar and the L15 sequence is boxed.
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