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Summary 
 

Almost 50 years ago, carbon dioxide (CO2) dependent variants were described in 

non-autotrophic bacteria. However, the underlying mechanism of CO2-dependency 

are not clear. In this study, we demonstrate that the Staphylococcus aureus mpsAB 

operon does not only contribute to the production of membrane potential but is also 

vital for growth under atmospheric CO2 concentration. Deletion mutants of mpsA, 

mpsB, and mpsABC hardly grew under atmospheric air conditions but could be 

restored to near wild-type levels under elevated CO2 or bicarbonate concentrations. 

Uptake studies with radiolabeled sodium bicarbonate (NaH14CO3) revealed that 

MpsAB represents a bicarbonate/dissolved inorganic carbon (DIC) transporter. 

Additionally, an Escherichia coli carbonic anhydrase (CA) can mutant which is unable 

to grow under atmospheric air but can grow when elevated CO2 is present, can be 

complemented by S. aureus mpsAB and vice versa. This mutual complementation 

experiments indicate that both the DIC transporter and CA represent a DIC 

concentrating system that can functionally substitute each other. Compared to the 

wild type, production of hemolytic toxins are less in S. aureus mps mutants and they 

also display less virulence in mouse model of infection. Phylogenetic analysis reveals 

that MpsAB homologs are ubiquitous in bacteria and frequently occur side-by-side on 

the genome. Interestingly, the majority of bacteria possess homologs of either 

MpsAB or CA, while both are present in some highly pathogenic species. Taken 

together, MpsAB is proposed to act as a DIC transporter or bicarbonate 

concentrating system, potentially operating as a sodium bicarbonate cotransporter. 

In a separate work, the mechanisms behind the host cell internalization triggered by 

Lpl proteins was elucidated. Lipoprotein-like lipoproteins (Lpls) is encoded by the S. 

aureus lpl cluster on a pathogenicity island named νSaα island which consists of 10 

lpls paralogue genes. By using recombinant Lpl1 protein as a model of Lpls, the host 

receptor for Lpl-induced S. aureus USA300 invasion of human keratinocytes was 

identified as human heat shock protein Hsp90 via pull-down assay. Synthetic 

peptides which covers the Lpl1 sequence resulted in double to five-fold higher rate of 

S. aureus invasion in HaCaT cells and in primary human keratinocytes. Lpl-Hsp90 

interaction stimulates F-actin formation, leading to an endocytosis-like engulfment of 

S. aureus. 
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Zusammenfassung 
 

Vor fast 50 Jahren wurden kohlendioxidabhängige Varianten bei nicht autotrophen 

Bakterien beschrieben. Der zugrunde liegende Mechanismus der CO2-Abhängigkeit 

war jedoch nicht klar. In dieser Arbeit zeigen wir, dass das mpsAB-Operon 

Staphylococcus aureus nicht nur zur Bildung von Membranpotenzial beiträgt, 

sondern auch für das Wachstum unter atmosphärischer CO2-Konzentration von 

entscheidender Bedeutung ist. Deletionsmutanten von mpsA, mpsB und mpsABC 

wuchsen unter atmosphärischen Luftbedingungen kaum, konnten jedoch durch 

erhöhte CO2- oder Bicarbonatkonzentration auf nahezu Wildtyp-Niveaus 

wiederhergestellt werden. Aufnahmestudien mit radioaktiv markiertem 

Natriumbicarbonat (NaH14CO3) zeigten, dass MpsAB ein Transporter für Bicarbonat 

bzw. gelöstem anorganischen Kohlenstoff ist  (auch DIC genannt für ‚dissolved 

inorganic carbon‘). Zusätzlich kann eine Escherichia coli-Carboanhydrase (CA) -can 

Mutante, die in atmosphärischer Luft nicht, aber bei Vorhandensein von erhöhtem 

CO2 wachsen kann, durch S. aureus mpsAB komplementiert werden, und umgekehrt 

eine S. aureus mpsAB Mutante kann durch can aus E. coli komplementiert werden. 

Diese gegenseitigen Komplementationsexperimente zeigen, dass sowohl der DIC-

Transporter als auch die CA ein DIC-Konzentrieurungssystem darstellen, das sich 

funktionell ersetzen kann. Verglichen mit dem Wildtyp ist die Produktion von 

hämolytischen Toxinen in S. aureus mps-Mutanten geringer und sie zeigen auch 

eine geringere Virulenz im Maus-Infektionsmodell. Die phylogenetische Analyse 

zeigt, dass MpsAB-Homologe in Bakterien weit verbreitet sind und häufig 

nebeneinander im Genom auftreten. Interessanterweise besitzt die Mehrheit der 

Bakterien Homologe von entweder MpsAB oder CA, während in hoch pathogenen 

Arten sogar beide vorhanden sind. Wir postulieren, dass MpsAB HCO3
- in Symport 

mit Na+ transportiert (Natriumbikarbonat-Cotransporter); entsprechende Tranporter 

sind auch bei Säugern weit verbreitet. 

In einer weiteren Arbeit leistete ich einen Beitrag zur Aufklärung des Lpl-induzierten 

Invasionsmechanismus in Wirtszellen. Die Gene für die Lipoprotein-ähnlichen 

Lipoproteine (Lpls) sind bei S. aureus in einer Pathogenitätsinsel namens νSaα-Insel 

kodiert, die aus 10 lpl paralogen Geenen besteht. Mit Hilfe des rekombinanten Lpl1-

Proteins, das als Lpl-Modellprotein fungierte, wurde der Wirtsrezeptor für die Lpl-
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induzierte Invasion von humanen Keratinozyten durch S. aureus USA300 identifiziert. 

Es handelt sich um das humane Hitzeschockprotein Hsp90, das mittels Pull-Down-

Assay identifiziert wurde. Synthetische Peptide, die die Lpl1-Sequenz abdecken, 

führten zu einer 3-5-fach höheren Invasion von S. aureus in HaCaT-Zellen und in 

primären menschlichen Keratinozyten. Die Lpl-Hsp90-Wechselwirkung stimuliert die 

Bildung von F-Aktin, was zu einer endozytoseartigen Umhüllung von S. aureus führt. 
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1.1  Introduction 
 
1.1.1  Staphylococcus aureus  

Staphylococci were first described in 1880 when Scottish surgeon Alexander Ogston 

reported on the its isolation from a surgical abscess (Ogston, 1880, Licitra, 2013). He 

named the bacterial genus as Staphylococcus two years later (Ogston, 1882). 

Staphylococcus originates from the Greek word staphyle, which means ‘a bunch of 

grapes’ and kokkos means ‘berry’ (Licitra, 2013). Later in 1884, German physician 

Rosenbach divided the genus by the colonies’ pigmentation; S. aureus from the Latin 

word aurum, which means ‘gold’ and S. albus (now known as S. epidermidis) from 

the word albus for ‘white’ (Rosenbach, 1884).  

Taxonomically, Staphylococci are a member of the phylum Firmicutes, class Bacilli, 

order Bacillales and family Staphylococcaceae. Staphylococcus are Gram-positive 

cocci that forms irregular grape-like clusters and are non-motile and non-pore 

forming. They have  low DNA G+C content of 33-40% mol and most species are 

facultative anaerobes (Götz et al., 2006). Facultative anaerobes are defined as 

organisms that can respire in the presence of oxygen, organics, nitrate or nitrite as 

an electron acceptor and switch to carbohydrates fermentation in the absence of 

such electron acceptors. Bacteria described as facultative anaerobes usually 

possess high adaptability to different environments (Somerville, 2016). 

Out of all the Staphylococcus species, S. aureus is the most important pathogen in 

terms of human infections. It is a notorious bacterium that exists as a harmless 

commensal in the nose, with about 20% and 60% of the healthy people are 

persistent and intermittent carriers S. aureus respectively (Kluytmans et al., 1997). 

Nevertheless, it is also an opportunistic pathogen that is capable of causing a variety 

of diseases, including life-threatening infections such as endocarditis, osteomyelitis 

and bacteremia/sepsis (Gordon & Lowy, 2008). The ability of S. aureus to evade our 

immune system and to develop resistance to antibiotics have become an endless 

research interest over the years. Of particular concern are the emergence of 

Methicillin-resistant S. aureus (MRSA), and recently Vancomycin-resistant S. aureus 

(VRSA) strains (Chambers & Deleo, 2009).  
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1.1.2  Small colony variants 

In addition to the worrying trend of these antibiotics resistant strains, S. aureus 

infections are often complicated by its persistent and recurrent nature even with 

appropriate antibiotic treatment (Proctor et al., 1994). Over the past 20 years, the 

underlying mechanisms for such persistence in bacteria have been gradually 

elucidated and most of the pathways involve changes in metabolism (Proctor et al., 

2014). One of the prominent phenotypes linked to these chronic and recurrent 

infections are the small colony variants (SCVs). Numerous studies on SCVs have 

contributed greatly to the understanding of bacteria persistence (Proctor et al., 2006, 

Proctor et al., 2014).  

Early reports on a variant subpopulation of staphylococci, the so-called 

“Zwergkolonieen” which means “dwarf colonies” in old German spelling could be 

traced back to almost a hundred years ago (Kolle & Hetsch, 1906). In the following 

years, most studies designated these SCVs as dwarf or gonidial (G) colonies (Hale, 

1947, Goudie & Goudie, 1955). However, researchers at that time showed little 

interest in SCVs due to its occasional case reports and limited techniques to analyze 

its auxotrophy (Goudie & Goudie, 1955, Melter & Radojevic, 2010). Renewed interest 

in these SCVs emerged in the 1990’s when the phenotypic characteristics of S. 

aureus SCVs isolated from patients were studied and detailed analysis on molecular 

level was performed (Proctor et al., 1995).  

SCVs are defined as a slow-growing bacterial subpopulation with distinctive 

phenotypic and pathogenic traits (Proctor et al., 2006). Phenotypically, its slow 

growth leads to the development of micro or pinpoint colonies, characterized by 

being one-tenth of the size of normal wild-type colonies (1-3 mm in diameter) on solid 

media after 24-72 h of incubation (Proctor et al., 2006, von Eiff, 2006). In contrast to 

the normal staphylococcal phenotype, SCVs have no or strongly reduced 

pigmentation and hemolysis as well as atypical colony morphology (Proctor et al., 

2006). For example, thymidine-dependent SCVs frequently display an unusual “fried 

egg” -like colonies, with translucent edges surrounding a smaller, elevated pigmented 

center (Kahl et al., 2003). Low electrical potential across membrane and increased 

resistance towards aminoglycosides are reported as one of the phenotypic 

characteristics of S. aureus SCVs (Baumert et al., 2002, Koo et al., 1996, Proctor et 

al., 1995, Proctor et al., 1994). In addition, SCVs also have unusual biochemical 
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characteristics such as mannitol-salt-agar-negative and thus posing a challenge to 

clinical microbiologists with regard to its identification (Proctor et al., 2006).  

Although S. aureus SCVs are the most extensively studied species, a wide range of 

SCVs from bacterial genera and species have been reported, including 

staphylococcal species such as S. capitis, S. epidermidis, S. lugdunensis, S. 

pseudintermedius and S. warneri (von Eiff et al., 1999, Baddour et al., 1990, Adler et 

al., 2003, Seifert et al., 2005, Savini et al., 2014, Bogut et al., 2014). Examples of 

SCVs described for Gram-positive bacteria are Bacillus licheniformis, Enterococcus 

faecalis, Enterococcus faecium and Streptococcus tigurinus (Idelevich et al., 2013, 

Kubota et al., 2013, Grobner et al., 2012, Zbinden et al., 2014). The occurrence of 

SCVs in Gram-negative bacteria were reported for Brucella melitensis, Burkholderia 

cepacia, Burkholderia pseudomallei, Enterobacter aerogenes, Escherichia coli, 

Neisseria gonorrhoeae, Pseudomonas aeruginosa and Salmonella serovars (Hall & 

Spink, 1947, Haussler et al., 2003, Haussler et al., 1999a, Coman et al., 2008, 

Colwell, 1946, Borderon & Horodniceanu, 1978, Roggenkamp et al., 1998, Morton & 

Shoemaker, 1945, Haussler et al., 1999b, Jacobsen, 1910, Morris et al., 1943).  

Even though the slow growth rate in bacteria can be caused by many changes in 

their metabolism, SCVs recovered from clinical samples revealed only a limited 

number of defects. Two groups of SCVs that are being consistently recovered 

showed deficiency in electron transport and thymidine synthesis, in which their 

auxotrophic phenotypes can be reversed by supplementation (Proctor et al., 2006). 

Electron transport-defective SCV phenotype can be due to several genetic mutations. 

For example, a mutation in menD blocks the biosynthesis of menadione, which is 

isoprenylated to menaquinone and in turn accepts electron from NADH/FADH2 in the 

electron transport chain (Proctor et al., 2006, Bates et al., 2003). Another mutation, 

hemB blocks the biosynthesis of haem whereas ctaA blocks the biosynthesis of 

haemA, and both are involved in the cytochrome synthesis (von Eiff et al., 1997, 

Bates et al., 2003, Clements et al., 1999). Additionally, mutations in encoded by thyA 

(thymidylate synthase, which converts thymidine from uracil) results in a thymidine-

auxotrophic strain with typical SCV formation (Besier et al., 2007a, Besier et al., 

2007b, Chatterjee et al., 2008).  

Besides, defects in unsaturated fatty acids biosynthesis can also lead to SCV 

phenotype. The membrane-anchoring isoprenoid tail, synthesized from unsaturated 
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fatty acids is added to menadione to form menaquinone (Collins & Jones, 1981, 

Goldenbaum & White, 1974, Kaplan & Dye, 1976). As a result, the absence of this 

lipid would impair the electron transport chain formation (McNamara & Proctor, 

2000). Proctor (Proctor, 2019) summarized all mutations found in SCVs to date, with 

regard to reduced ATP and the metabolic pathways involved, as shown in Table 1.  

With regard to these auxotrophic SCVs, many researchers characterized the 

molecular basis of its virulence and regulation and some common features are 

reported irrespective of the underlying auxotrophism (Kahl, 2014). In comparison to 

the normal S. aureus phenotypes, the tricarboxylic acid cycle (TCA) cycle and the 

global regulator agr of these SCVs are found to be down-regulated and virulence 

factors such as adhesins are up-regulated and expression of α-hemolysin is 

decreased (von Eiff et al., 2006, Kohler et al., 2003, Seggewiss et al., 2006, 

Kriegeskorte et al., 2011, Moisan et al., 2006). An additional feature that is common 

among the hemin and menadione-dependent SCVs is the increased biofilm formation 

(Mitchell et al., 2008, Mitchell et al., 2010a, Mitchell et al., 2010b, Singh et al., 2009, 

Singh et al., 2010).   

In addition to these well-studied auxotrophism, SCVs with CO2 dependency have 

occasionally been isolated (Goudie & Goudie, 1955, Sherris, 1952, Hale, 1951, 

Thomas, 1955, Slifkin et al., 1971). In earlier times, these CO2-dependent SCVs were 

recovered from patients with soft tissue and skin infections (Goudie & Goudie, 1955, 

Sherris, 1952, Hale, 1951, Thomas, 1955, Slifkin et al., 1971). More recently, SCVs 

isolated from patients with various infections including respiratory and wound 

infections were found to be CO2-dependent (Gomez-Gonzalez et al., 2010). To date, 

however, none of the underlying mechanism of CO2 dependence have been 

elucidated.  
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Table 1: Metabolic pathways and mutations found in SCVs with reduced ATP 
Stage in 
electron 
transport 

Biochemical 
reaction 

Genes involved in 
electron transport 
pathways 

Mutated genes that 
produce SCVs 

Mutations 
discovered 
in clinical 
SCVs 

Dinucleotide 

oxidation 

NADH oxidation  ndh2 (major pathway) ndh2 No 

   nasED No 

   lqo, mqo, glpD No 

 FADH oxidation sdh, fadD 

 

sdhCAB 

 

No 

Membrane 

translocation of 

protons 

Makes a proton 

gradient 

mpsABC 

 

mpsA 

 

No 

  qoxABCD  

(Cyt aa3 oxidase) 

  

  cydAB  

(Cyt bd oxidase) 

cydAB 

 

No 

Transfer of 

electrons to 

cytochromes 

Menaquinone 

transfers electrons 

to cytochromes 

Menadione biosynthesis 

 

menB, menC, menE,

 menF 

 

Yes, yes, 

yes, yes 

 

   menG, aroD Yes, no 

   menA, menD Yes, no 

  Isoprenoid tail ispA, mvaS No, no 

Oxidation of 

cytochromes 

Electrons move 

from cytochrome to 

oxygen (nitrate) 

Heme biosynthesis 

 

hemB, hemG 

 

Yes, yes 

   hemC, hemD, hemE,

 hemH, hemQ 

No, no, no, 

no, no 

  Cytochrome protein 

biosynthesis 

ctaA, ctaB 

 

No, no 

 

   qoxB + cydAB No, no 

ATP production Proton reentry atpCDGAHFEBI No No 

Production of 

NADH 

 

Tricarboxylic acid 

cycle is major 

producer of NADH 

citB (reduced aconitase 

activity turns off TCA) 

thyA mutation 

suppresses 

citB activation 

Yes 

  odhAB (α-ketoglutarate 

dehydrogenase 

complex) 

odhA, odhB 

 

No, no 

 

Table reproduced from (Proctor, 2019), with written permission from ASM Press.  
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1.1.3 S. aureus metabolism  

In general, metabolism can be divided into two main parts; catabolism or ‘breaking 

down’ which generates energy and anabolism or ‘building up’ which requires energy. 

Metabolism can as well be separated into central, intermediary and additionally in 

eukaryotes, peripheral metabolism (Somerville, 2016). Central metabolism 

comprising of glycolytic (also known as Embden-Meyerhof-Parnas or EMP), pentose 

phosphate and TCA cycle pathways is both anabolic and catabolic. In this respect, all 

three pathways are complete for S. aureus except for TCA cycle where a glyoxylate 

shunt is lacking (Somerville & Proctor, 2009). These pathways provide S. aureus with 

the 13 biosynthetic intermediates needed to make all biosynthetic precursors 

(Somerville & Proctor, 2009, Somerville, 2016). Catabolism of carbohydrates are 

mainly through the glycolytic and pentose phosphate pathways; however when the 

culture medium is rich with nutrients, the TCA cycle is mostly repressed (Collins & 

Lascelles, 1962, Strasters & Winkler, 1963).  

 

1.1.4 Glycolysis 

In S. aureus, the majority of the sugars and sugar alcohols will enter into glycolysis 

following conversion into fructose-6-phosphate (Somerville, 2016). The process of 

glycolysis is illustrated in the upper half of Figure 1. For every molecule of glucose 

consumed, glycolysis produces two molecules of pyruvate and reduces two 

molecules of NAD+ to NADH (Somerville & Proctor, 2009). The catabolic fate of 

pyruvate depends considerably on the availability of oxygen whereas glycolysis is 

independent of oxygen (Somerville, 2016).  

During aerobic growth, pyruvate is oxidized to acetyl coenzyme A (acetyl-CoA) and 

CO2, driven by pyruvate dehydrogenase complex (Gardner & Lascelles, 1962). When 

certain TCA cycle intermediates are present in the culture medium, acetyl-CoA can 

be further oxidized by the TCA cycle (Goldschmidt & Powelson, 1953). During 

nutrient-rich growth, however, only a small number of acetyl-CoA  enters into the 

TCA cycle (Collins & Lascelles, 1962, Strasters & Winkler, 1963, Somerville et al., 

2003a). During exponential growth phase, acetyl-CoA is converted into acetyl-

phosphate, which can be used as a substrate for acetate kinase in substrate-level 

phosphorylation for the generation of ATP and acetate (Somerville et al., 2003b, 
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Somerville & Proctor, 2009). If oxygen is absent, anaerobic growth occurs where 

pyruvate is mainly metabolized to lactic acid, with the concurrent re-oxidation of 

NADH so that glycolysis can continue (Kendall A.I. et al., 1930, Krebs, 1937). 

Irrespective of the organic acids produced, accumulation of both lactic acid or acetic 

acid in the culture medium will cause to its acidification. However, if the growth 

conditions are favorable, both acids can be utilized as carbon sources provided that 

electron acceptor is available to facilitate oxidation of reduced dinucleotides 

(Somerville, 2016). 

 

1.1.5 Pentose phosphate pathway 

Besides glycolysis, catabolism of carbohydrates in S. aureus also occurs through 

pentose phosphate pathway. Three of the 13 biosynthetic intermediates (ribose-5-

phosphate, sedoheptulose-7-phosphate and erythrose-4-phosphate) are produced 

when activated carbohydrates are shunted into the pentose phosphate pathway 

(Warburg et al., 1935, Dickens, 1938, Somerville, 2016). At the same time, pentose 

phosphate pathway also reduces NADP+ to NADPH/H+ (Figure 1) which can function 

as an electron donor in biosynthesis (Somerville, 2016).  

 

1.1.6 TCA cycle 

Apart from supplying biosynthetic intermediates, the TCA cycle also play a role in the 

generation of reduced NADPH, NADH, FADH2 and menaquinol which act as electron 

donors in the electron transport chain and also generates a small amount of energy 

in the form of ATP (Somerville, 2016). Acetyl-CoA, which condensates with 

oxaloacetate, marks the entry of carbon into the TCA cycle. Due to the catabolite 

repression during exponential growth phase, low amount of carbon flows into the 

TCA cycle. Consequently, acetyl-CoA is shunted into the 

phosphotransacetylase/acetate kinase (Pta/AckA) pathway, leading to the 

accumulation of acetate in the culture medium. (Somerville, 2016). In this respect, S. 

aureus has plenty of acetate to fuel the TCA cycle during the post-exponential growth 

phase (Somerville, 2016).  

The TCA cycle starts with aldol condensation that adds two carbons from acetyl-CoA 

to oxaloacetate to generate citrate, losing two carbons as CO2 along the process and 
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regenerates oxaloacetate to keep the TCA cycle going (Figure 1). The  TCA cycle 

utilized the highest amount of NAD+ to release NADH. Subsequently, these NADH 

must be re-oxidized due to the NAD(P)+ requirement for the activity of multiple 

reactions in the cell, for example, dehydrogenases (Proctor, 2019).  

 

 

 

 
 
Figure 1: Central carbon metabolism in S. aureus. Glycolysis and TCA cycle pathways are 

illustrated in detailed while pentose phosphate pathway and electron transport chain are shown briefly. 

Dashed arrows indicate the flow of fermentation products (lactate and acetate) back into the cell for 

reutilization after the depletion of glucose. 
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1.1.7 Electron transport chain 

While the oxidation of NADH and FADH2 can occur through many reactions, the 

largest number of oxidation is achieved through the electron transport chain (Proctor, 

2019). S. aureus synthesizes only one quinone, menaquinone, that is formed from 

menadione (Proctor, 2019). In aerobic growth, electrons from NADH enter the 

electron transfer chain which are then transferred to menaquinone by NADH 

dehydrogenase complex (Bayer et al., 2006). In the case of S. aureus, this is 

accomplished by an alternative non-electrogenic type 2 NADH: quinone 

oxidoreductase (Ndh2), as shown in Figure 2 (Mayer et al., 2015). Additionally, 

electrons also enter the respiratory chain via alternative entry points such as 

respiratory complexes which do not coupled their substrate oxidation with cation 

translocation. Succinate dehydrogenase (Sdh), a representative of a typical complex 

II, L-lactate oxidoreductase (Lqo) and malate quinone oxidoreductase (Mqo) also 

feed the menaquinone pool (Collins & Jones, 1981, Gaupp et al., 2010, Fuller et al., 

2011, Stockland & San Clemente, 1969). Menaquinone then transfer the electrons to 

cytochromes and finally the electrons are transfer to oxygen, generating water.  

S. aureus has two terminal menaquinol oxidase for the reduction of terminal electron 

acceptor oxygen instead of cytochrome c oxidase (Faller & Schleifer, 1981, Faller et 

al., 1980, Thöny-Meyer, 1997). Cytochrome aa3 oxidase (QoxABCD) which 

translocate protons is most active when oxygen supply is abundant while cytochrome 

bd oxidase (CydAB) is active under reduced oxygen conditions and does not 

translocate cations (Thöny-Meyer, 1997, Clements et al., 1999, Hammer et al., 2013, 

Voggu et al., 2006, Cotter et al., 1997, Winstedt et al., 1998). The presence of a third 

terminal oxidase, cytochrome bo oxidase is still not clear as there is no gene 

annotation for it to date (Götz & Mayer, 2013).  

In the absence of oxygen, S. aureus can grow well anaerobically using nitrate or 

nitrite as alternative electron acceptors in the electron transfer chains (Somerville & 

Proctor, 2009). Anaerobic respiration is also linked to nitrate reductase complex and 

its activation involves an oxygen-sensitive two-component regulator, NreBC. Genes 

involved in the nitrate reduction to ammonia are activated by NreBC, coupled with 

NADH oxidation (Niemann et al., 2014).  
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Taken together, Ndh2 (NADH dehydrogenase), cytochromes and the nitrate 

reductase complex are the major complexes involved in oxidation of dinucleotides 

and transportation of protons across the membrane in S. aureus (Proctor, 2019). This 

produce a pH and electrochemical gradient (membrane potential, DY) across the 

membrane. The protons re-enter the cytoplasm through a large transmembrane 

protein complex, F0F1 ATP synthase (ATPase), with the production of ATP 

(Fillingame, 1997). The proton gradient is utilized by F0F1 ATP synthase to release 

ATP into the cytoplasm.  

 

 

 

 
Figure 2: Schematic of the S. aureus aerobic respiratory chain. The non-electrogenic Ndh2 

constitutes the main NADH:quinone oxidoreductase in S. aureus. Electrons enter the electron 

transport chain from NADH reduce menaquinone (MQ) to menaquinol (MQH2). In addition, the 

respiratory complexes succinate dehydrogenase (Sdh), L-lactate:quinone oxidoreductase (Lqo) and 

malate:quinone oxidoreductase (Mqo) also transfer electrons to menaquinone with oxidation of their 

respective substrates. Oxidation of the menaquinol by terminal oxidases cytochrome aa3 oxidase (Cyt 

aa3 ox), cytochrome bd oxidase (Cyt bd ox) and cytochrome bo oxidase (Cyt bo ox) eventually reduce 

oxygen and generating water and moving the protons across the membrane. Protons reenter the 

cytoplasm through ATP synthase complex and generate ATP. Dash lines means the Cyt bo ox is not 

identified conclusively. suc: succinate; fum: fumarate; L-lac: L-lactate; pyr: pyruvate; mal: malate; 

oxac: oxaloacetate; H+: proton; out: outside; in: inside; CM: cytoplasmic membrane. Figure adapted 

from (Mayer et al., 2015) and edited.  
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1.1.8  Membrane potential-generating system (mps) operon in S. aureus  

Previous work by (Mayer et al., 2015) investigated whether S. aureus have a type 1 

NADH: quinone oxidoreductase (Ndh1) which is an electrogenic proton pump that 

translocates cations such as H+ or Na+. Bioinformatics analyses showed that the 

typical nuo operon encoding Ndh1 (complex I) is absent in S. aureus but rather the 

putative Ndh2 which is non-electrogenic is present. This Ndh2 consists of 402 amino 

acids, with 28% sequence identity and 46% similarity to the E. coli Ndh2, and was 

demonstrated to be the major NADH-oxidizing enzyme in S. aureus.   

In addition, a hypothetical protein exhibiting sequence similarity to the proton-

translocating subunit NuoL of E. coli complex I was identified. This nuoL-like gene in 

S. aureus was named mpsA, in which Mps stands for membrane potential-generating 

system and is embedded in an operon of previously of unknown function. mpsA is 

co-transcribed with mpsB and is further separated from the downstream mpsC by a 

weak transcription terminator while a second stronger rho-independent terminator is 

found downstream of mpsC (Figure 3). MpsA is a membrane protein consisting of 

494 amino acids with predicted 14 transmembrane helices (TMHs), similar to that of 

NuoL (Efremov & Sazanov, 2011). MpsB and MpsC, comprising of 901 and 120 

amino acids respectively, show no significant homologies to proteins of known 

function. Despite that, a conserved metal binding motif which is predicted to be zinc 

was identified in cytoplasmic protein MpsB. The mpsABC operon is highly conserved 

within the genus Staphylococcus, with MpsA, MpsB and MpsC showing 98-99% 

amino acid sequence identity in S. aureus strains and at least 50%, 46% and 71% 

identity respectively, in other Staphylococcus species (Mayer et al., 2015).  
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Figure 3: Homologue of the ion-translocating subunit NuoL of bacterial NADH:ubiquinone 
reoxidoreductase (complex I) in the genome of S. aureus, embedded in an operon of unknown 
function. The size of corresponding protein MpsA, MpsB and MpsC are 494, 901 and 120 amino 

acids respectively. MpsA (area In purple) shows homology with NuoL-like protein of bacterial complex 

I. Area shaded in green represent region with homology to a metal binding site, *predicted to be zinc 

(Zn). P: potential promoter region. Figure adapted from (Mayer et al., 2015) and edited.  

 

Deletion mutant of mpsA (DmpsA) and the whole operon (DmpsABC) caused a 

typical small colony variant (SCV)-like growth phenotype, with slow-growing and 

reduced or non-pigmented colonies on solid agar. The same observation was also 

seen in liquid medium where the growth of DmpsA in aerobic conditions was delayed 

in the first 24 h before reaching a similar OD578 of the wild-type SA113 (WT) at 72 h 

(Figure 4a) (Mayer et al., 2015). Such phenotype is typically seen in S. aureus SCVs 

because the colony size is limited by reduced availability of energy (Gaupp et al., 

2010, von Eiff et al., 1997, McNamara & Proctor, 2000). In both cases, DmpsABC 

was more severely affected than DmpsA, suggesting that all the three or at least 

mpsA and mpsB act together. The overlapping of the stop codon of mpsA with Shine-

Dalgarno sequence of mpsB indicates the possibility of translational coupling of both 

genes (Mayer et al., 2015).  
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Figure 4: The growth, pH profile and extracellular metabolites in S. aureus wild-type SA113, 
DmpsA, DmpsABC and its complemented mutants in aerobic conditions. a) Growth as indicated 

as indicated as cell density at OD578; b) extracellular pH; concentrations of extracellular c) acetic acid; 

d) D-lactic acid; e) L-lactic acid. Red line with circle indicates SA113. Figure adapted from (Mayer et 

al., 2015) and edited.  

 

The pH profile of the supernatant of the deletion mutants was also consistent with the 

growth profile, showing delayed acidification and re-alkalization compared to the wild-

type (Figure 4b). In WT, the characteristics drop in pH during the exponential growth 

phase was caused by excessive production and excretion of fermentation products 

(Mayer et al., 2015) (Figure 4c to e), in agreement with earlier report (Somerville et 

al., 2002). After the depletion of glucose, the pH subsequently rose because 

fermentation products were re-utilized and amino acids derived from the medium 

were also utilized, releasing pH-increasing ammonia (Somerville et al., 2002, 

Brückner & Titgemeyer, 2002, Egeter & Brückner, 1996, Jankovic & Brückner, 2002, 

Mayer et al., 2014, Somerville et al., 2003b). In both the mutants, the delayed 
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production of acetate reflects its growth retardation while the increased extracellular 

lactate concentrations displayed similarities seen in those with respiratory impairment 

(Mayer et al., 2015). Lactate production has been shown to be elevated under 

oxygen-depleted conditions (Kendall A.I. et al., 1930, Krebs, 1937).  

Given that E. coli NuoL participates in cation translocation and therefore, the DY-

generating unit of complex I, the DY of DmpsA and DmpsABC were assayed to 

evaluate its effect in S. aureus. Indeed, the DY generation was significantly 

decreased in the both mutants, with a more severe effect seen in DmpsABC. Mps 

was thus named because of this membrane potential phenotype (Mayer et al., 2015). 

As decreased DY is associated with tolerance towards aminoglycoside antibiotics for 

instance,  gentamicin, susceptibility of the mutants to gentamicin was also tested 

(Mates et al., 1982, Mates et al., 1983). The minimum inhibitory concentration (MIC) 

for the both mutants were increased in comparison to the WT (Mayer et al., 2015), 

consistent with reports that the uptake of gentamicin is dependent on DY (Mates et 

al., 1982, Bryan & Kwan, 1983, Eisenberg et al., 1984).  

Furthermore, the role of MpsABC in aerobic respiration was supported by the 

observation that both DmpsA and DmpsABC showed decreased oxygen consumption 

rates after induction with glucose and succinate. MpsABC are implied to be a 

membrane potential-generating system which can substitute the function of the ion 

translocation role of complex I in S. aureus. Such a suggestion is plausible since 

there is no classical complex I that can catalyze both NADH oxidation and cation 

translocation detected in S. aureus and Ndh2 is present and demonstrated to be 

active. Therefore, MpsABC are suggested to be involved in aerobic respiration and 

perhaps connected to Ndh2, either directly or indirectly (Mayer et al., 2015). 

Additionally, MpsABC was shown to possess a cation-translocating system, with Na+ 

transport capability by employing an E. coli strain with Na+/H+ antiporter deficiency, 

E. coli EP432,. Growth of E. coli EP432 expressing mpsA and mpsABC in 100 mM 

NaCl resulted in an OD578 of 0.1 and 0.18 respectively, while the control strain 

carrying the empty vector reached an OD578 of 0.14. This observation suggests that 

the presence of transmembrane protein MpsA alone creates a pore within the 

membrane of EP432, resulting in the leakage of Na+ into the cell and subsequently 

inhibits growth. Similar observation is expected for strain carrying MpsABC if such 
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outcome were caused by membrane perturbation. On the contrary, Na+ extrusion 

was achieved when all the three proteins are present, as seen with the increased 

NaCl tolerance (Mayer et al., 2015).  

Taken together, the results show that the importance of MpsABC for the growth of S. 

aureus and its absence is highly deleterious for this bacteria. MpsABC constitute a 

significant part of the respiratory chain in S. aureus, playing a role as an electrogenic 

unit responsible for membrane potential generation (Mayer et al., 2015).  

 

1.2  Objectives 

The present study continued the work of (Mayer et al., 2015). The major aim of this 

study was to analyze the function of MpsABC in greater detail, especially MpsB. This 

protein is of particular interest because MpsB contains a predicted metal biding site, 

which is reminiscent of a carbonic anhydrase (CA) motif. The importance of this 

enzyme has been shown in other pathogens such as E. coli and Streptococcus 

pneumoniae where CA is essential for its growth in CO2-poor environmental ambient 

air. Numerous metabolic process and biosynthetic needs require either bicarbonate 

(HCO3
–) or CO2. The only known pathway for supplying bicarbonate is through the 

hydration of CO2, a role traditionally played by CA.  

Therefore, the first aim of this study was to perform deletion mutant of mpsB, as well 

as other deletion mutants of the mps operon to access its contribution to the bacteria 

growth. Since CA deletion mutants of E. coli and S. pneumoniae can only grow in the 

presence of high CO2, growth studies with the mps deletion mutants were conducted 

in the atmospheric air as well as in high CO2 (5%) and bicarbonate supplementation. 

To this end, elevated CO2 and bicarbonate restored the growth delay of the mutants 

to almost WT level. To further evaluate the direct role of MpsABC in bicarbonate 

transport, the bicarbonate activity between the WT and DmpsABC were compared 

using radiolabeled NaH14CO3.  

In view of the potential CA motif in MpsB, the protein was expressed and isolated 

from S. aureus for the detection of CA activity. However, since there was no CA 

activity detected, complementation of a CO2-dependent E. coli mutant, EDCM636 

with mpsA, mpsB, mpsAB and mpsABC  and vice versa were carried out.  
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Since MpsABC was first demonstrated to be involved in membrane potential, the 

effect of 5% CO2 on the DY generation between the WT and DmpsABC were also 

addressed. In addition, the expression of mpsA under 5% CO2 conditions were also 

evaluated. Considering the significant effect of mps in major pathogen like S. aureus, 

the role of mps in virulence was characterized in terms of hemolytic toxins production 

and survival rate of Galleria mellonella larvae in an invertebrate infection model as 

well as an intranasal mouse infection model.  

Finally, the phylogenetic distribution of mpsAB homologs was examined in the 

genomes of Staphylococcal bacteria, Firmicutes and also multiple phyla of 

prokaryotes.  

 

1.3  Results 
 

1.3.1 Growth defect of DmpsABC in atmospheric air can be rescued by 
elevated CO2 and bicarbonate  

Previous study have reported that the deletion of the mpsABC operon in S. aureus 

strain SA113 caused a pronounced growth defect, showing the typical SCV-like 

growth phenotype (Mayer et al., 2015). In this study, single deletion mutants of 

DmpsA, DmpsB, DmpsC as well as a deletion of the entire operon, DmpsABC was 

constructed in in the agr-positive S. aureus strain HG001 (Herbert et al., 2010). The 

growth of the mutants in liquid medium under atmospheric growth conditions were 

analyzed. Figure 5 displays the slow growth of DmpsA, DmpsB, and DmpsABC, 

which did not reach the final cell density of the WT HG001 even after 72 h. On the 

contrary, DmpsC was not affected in its growth, suggesting that mpsC has no 

contribution to the activity of mpsAB. 
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Figure 5: Growth of HG001 mps deletion mutants under atmospheric air. Growth of wild type 

HG001, ∆mpsA, ∆mpsB, ∆mpsC and ∆mpsABC in atmospheric (A) conditions. The growth of all 

mutants was significantly lower compared to HG001, (**p < 0.01 by  unpaired two-sided t-test), except 

for ∆mpsC. No significant (ns) difference in growth between ∆mpsC and HG001 was found. Each point 

shown in the graph represents the mean value ± standard error mean (SEM) from three independent 

experiments. Figure adapted from (Fan et al., 2019) and edited.  

 

It is interesting to note that the growth of the mutants could be restored to almost WT 

levels when cultivated in liquid medium, Tryptic soy broth (TSB) under high (5%) CO2 

concentrations (Figure 6). By comparing the growth in the absence or presence of 

5% CO2 conditions, the latter significantly improved the growth of the ∆mpsABC 

(Figure 6a). The growth trend is comparable to that of the complemented mutant 

∆mpsABC(pRB473-mpsABC) under atmospheric conditions. The growth-promoting 

effect of CO2 was also observed in ∆mpsA and ∆mpsB (Figure 6b,c). The growth 

enhancing-effect of CO2 was also reflected in the colony size. In comparison between 

both growth conditions, the colonies of all the mutants in 5% CO2 were significantly 

bigger than those cultivated under atmospheric air (Figure 7). The colony size of the 

WT was generally not affected by CO2, although there was a slight increase in size. 
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Figure 6: Growth of HG001 mps deletion mutants. Growth of HG001, (a) ΔmpsABC, (b) ΔmpsA, (c) 

ΔmpsB and (d) ΔmpsC and their corresponding complemented mutants in atmospheric conditions (A) 

and 5% CO2. The growth of the ΔmpsA and ΔmpsC can also be complemented by plasmid pRB473 

carrying mpsA and mpsC respectively. The growth of ΔmpsB was complemented by plasmid pctuf 

carrying mpsB. Each point shown in the graph represents the mean value ± standard error mean 

(SEM) from three independent experiments. Figure adapted from (Fan et al., 2019) and edited.  
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Figure 7: Colony appearances of HG001 deletion mutants. Colony appearance of wild type 

HG001, ΔmpsA, ΔmpsB and ΔmpsC and its corresponding complemented mutant during five days of 

incubation in atmospheric conditions and 5% CO2. White bar represents a scale of 1 mm. Figure 

adapted from (Fan et al., 2019) and edited. 
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Considering that CO2 and bicarbonate are interconvertible in aqueous solution, 

complementation of ∆mpsABC using sodium bicarbonate (NaHCO3) was also 

attempted. For ∆mpsABC, growth medium was supplemented with 1-50 mM of 

NaHCO3 and growth was monitored for 24 h. There was no difference observed in 

the growth at low concentration of 1 mM NaHCO3 (Figure 8a). With increasing 

NaHCO3 concentrations of up to 50 mM, however, the growth increased gradually 

before achieving the final OD values similar to that of 5% CO2. Similarly, additions of 

NaHCO3 improved the growth of ΔmpsB in a concentration dependent manner up to 

70 mM during the course of 72 h (Figure 8b). For better clarity, the growth curves of 

ΔmpsB is illustrated using OD as a function of bicarbonate concentration at 8 h and 

24 h (Figure 8c). The growth studies suggest that the growth deficiency of mps 

mutants can be principally compensated, by supplementation of  5% CO2 and high 

concentrations of NaHCO3. 

Of note, the pH of the medium (TSB) increased with NaHCO3 supplementation, even 

though the pH effect did not play a vital role on the growth of the mutants. For the 

generation of Figure 6a, the pH levels were determined prior to the experiment. As 

shown in Table 2, the pH of the medium increased with the increased concentration 

of NaHCO3. Additionally, the effect of pH was evaluated on the growth of DmpsABC 

using 20 mM NaHCO3 which recorded an initial pH of 7.582.  

The growth of the DmpsABC in CO2 and NaHCO3 were similar (Figure 9a), although 

the extracellular pH of the medium with NaHCO3 was higher (Figure 9b), indicating 

that pH of the medium does not play a crucial role in promoting the growth. 

 

Table 2: pH of medium with addition of NaHCO3 
 
Supplementation pH of medium (TSB) at the beginning  

 
Aerobic (TSB only) 7.173 

1 mM NaHCO3 7.199 

5 mM NaHCO3 7.306 

10 mM NaHCO3 7.380 

50 mM NaHCO3 7.782 

CO2 (TSB only) 7.156 

 
Table adapted from supplementary information of (Fan et al., 2019) and edited. 
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Figure 8: Growth of HG001 mps deletion mutants can be complemented with NaHCO3.  
(a) Growth of ∆mpsABC in atmospheric (A) and with additions of NaHCO3 ranging from concentrations 

of 1 mM to 50 mM, and 5% CO2. The growth of ∆mpsABC with addition of 50 mM NaHCO3 was similar 

to that under 5% CO2, as there was no significance difference (ns) between the two conditions 

(p>0.05) by unpaired two-sided t-test (b) Growth of ΔmpsB in atmospheric (A) and with additions of 

NaHCO3 and also 5% CO2. Each concentration of NaHCO3 is indicated in the graph, ranging from 10 

mM to  100 mM. Additions of NaHCO3 improved the growth of ΔmpsB in a concentration dependent 

manner up to 70 mM. (c) The same graph as in (b) but illustrated with OD as a function of bicarbonate 

concentration at 8 h and 24 h. Each point shown in the graph represents the mean value ± standard 

error mean (SEM) from two independent experiments. Figure adapted from (Fan et al., 2019) and 

edited. 
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Figure 9: The (a) growth and (b) extracellular pH of WT HG001 and DmpsABC in atmospheric 
conditions (A) and 5% CO2 and 20 mM NaHCO3. Each point shown in the graph represents the 

mean value ± standard error mean (SEM) from two independent experiments. Figure adapted from 

supplementary information of (Fan et al., 2019) and edited.  

 

1.3.2 MpsABC increase the uptake of bicarbonate 

The rescue of the severe growth defect of ΔmpsABC by CO2 and bicarbonate 

pointed to the suggestion that MpsAB may have a role in CO2 and/or bicarbonate 

transport. Due to the difficulty in the determination of CO2 transport, the bicarbonate 

uptake activity using radiolabeled NaH14CO3 was employed instead. Both the WT 

and ∆mpsABC were grown aerobically until the respective exponential growth phase 

was reached and then washed to remove the growth media before resuspended to 

the same OD578 in Tris buffer. A trial of using a mixture of “cold” NaHCO3 and “hot” 

NaH14CO3 resulted the very low detection of 14C uptake due to the rapid evaporation 

of CO2, especially in the WT (Figure 10a). Therefore an aconitase inhibitor, 

fluorocitrate, was used to block the TCA cycle to ensure that the intracellular 

accumulation of NaH14CO3 can occur and not expired quickly by decarboxylation 

reactions of the TCA cycle. For this reason, the cell suspensions were pre-incubated 

with fluorocitrate and glucose as an energy source since the cells were resuspended 

in only Tris buffer. After adding NaH14CO3 (“hot” only), samples were promptly 
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harvested at specified time points and measurement of 14C uptake was performed 

using liquid scintillation counting. Within 120 sec, an immediate uptake occurred 

before reaching a steady state level (Figure 10b). In comparison to the WT HG001, 

DmpsABC exhibited a significant decline in 14C uptake in the first 120 sec. 

Subsequently, DmpsABC revealed a 6.6-fold lower radioactivity than the WT strain 

after 15 min, implying that the bicarbonate uptake was defective in the mutant.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Uptake of NaH14CO3 by HG001 and DmpsABC in the (a) absence and (b) presence of 
fluorocitrate. (a) Trial results of the NaH14CO3 uptake without pre-incubation of fluorocitrate. 0.1 mM 

of NaHCO3 (“cold”) and 50 µCi NaH14CO3 (“hot”) were added at time 0 to the each bacterial sample 

and 1 ml of cell samples collected at times indicated. Graph represent one replicate. 

(DPM=disintegrations per minute) (b) Cells were pre-incubated with fluorocitrate  for 30 mins prior to 

the addition of NaH14CO3 (50 µCi). NaH14CO3 was added at time 0 and 1 ml of cell samples collected 

at times indicated. Determination of H14CO3 uptake in terms of 14C accumulation in cells measured by 

liquid scintillation counting. The NaH14CO3 uptake in DmpsABC was significantly lower than WT 

HG001;  ***p < 0.001 by paired two-sided t-test. Each point shown in the graph represents the mean 

value ± standard error mean (SEM) from three independent experiments.  (CPM=counts per minute). 

Figure adapted from (Fan et al., 2019) and edited. 
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1.3.3 Impaired membrane potential in DmpsABC is rescued by elevated CO2  

MpsABC was previously described to represent a membrane potential-generating 

and cation-translocating system in S. aureus and ∆mpsABC is severely affected in 

DY generation (Mayer et al., 2015). Since elevated CO2 rescues the growth of 

∆mpsABC, the restoration of DY in the mutant grown under 5% CO2 was also 

examined. The DY of WT HG001 cultivated under atmospheric air was set equal to 

100% and used as a  basis for comparison with other strains. In atmospheric air, the 

DY of DmpsABC was dropped to only 18% of the WT but increased to 134% in the 

presence of 5% CO2 while it was 164% for the WT (Figure 11). The H+ ionophore 

CCCP was used as a negative control, causing a collapse of DY in all strains tested 

in both conditions. On the basis of these findings, both growth and DY generation 

could be restored by elevated levels of CO2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: ∆mpsABC cultivated in 5% CO2 displayed increase membrane potential (DY) in 

comparison to those cultivated in atmospheric conditions. BacLight bacterial DY kit was used to 

determine the DY by measuring the fluorescence intensity. The values for WT HG001 in atmospheric 

were set equal to 100%. Cells were cultivated until exponential phase in atmospheric (A) and 5% CO2 

(CO2). The H+ ionophore CCCP was used as a negative control, causing a collapse of DY in all strains 

tested in both conditions. Cultivation under 5% CO2 conditions resulted in a significantly higher relative 

membrane potential in HG001 and ∆mpsABC, (**p < 0.01 and ***p < 0.001 respectively), as 

determined by unpaired two-sided t-test) in comparison to their corresponding strains in atmospheric 

conditions. Every bar shown in the graph represents the mean value ± standard error mean (SEM) 

from four independent experiments (three independent experiments for CCCP), each with three 

technical replicates. Figure adapted from (Fan et al., 2019) and edited. 
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1.3.4 mpsA expression was downregulated under 5% CO2 conditions 

In view of the responsiveness of the mps mutants with the exception of ∆mpsC to 5% 

CO2, the influence of high CO2 levels on mps transcription was investigated. Thus, 

qRT-PCR was carried out to access the mpsA transcription in atmospheric and 5% 

CO2 conditions. Three different S. aureus WT strains were used for the purpose of 

excluding strain-specific effects, namely HG001, USA300 LAC and MW2 (USA400). 

RNA was isolated from exponential growth phase cells, cultivated under atmospheric 

air and in 5% CO2 and comparison of mRNA from both conditions were evaluated. 

Transcript abundance for every strain grown under 5% CO2 was normalized to its 

corresponding strain cultivated in atmospheric conditions. mpsA in HG001 cultivated 

in elevated CO2 was the most downregulated, at 2.5-fold, followed by USA300 2-fold 

and MW2 1.7-fold, relative to their growth in atmospheric air (Figure 12). Although 

the expression of mpsA under 5% CO2 was generally lower in all the three strains 

evaluated, only the downregulation in HG001 reached statistical significance 

(p<0.05). Additionally, Aureowiki also reported a downregulation of mpsA 

(SAOUHSC_00412) by CO2 under cell culture conditions (Fuchs et al., 2018).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: mpsA expression in three WT S. aureus strains HG001, USA300 and MW2 under 
atmospheric and 5% CO2 conditions. mpsA expression under 5% CO2 conditions was  normalized 

to its corresponding strains grown in atmospheric (A) conditions. Only the expression of mpsA in 

HG001 was significantly reduced under 5% CO2 in comparison to atmospheric conditions; *p < 0.05 by 

unpaired two-sided t-test. (ns = not significant). Every bar shown in the graph represents the mean 

value ± standard error mean (SEM) from four independent experiments, each with three technical 

replicates. Figure adapted from (Fan et al., 2019) and edited.  
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1.3.5 mpsAB complements an E. coli CA mutant and vice versa 

MpsB has been previously described to contain a metal binding motif consisting of 

His607, Cys622, and Cys625, resembling CA motif (Mayer et al., 2015). Hence, 

detection of CA activity was attempted with purified MpsB protein and cell extracts 

expressing MpsABC; however it was unsuccessful even with various methods. Owing 

to a lack of any detectable CA activity, complementation of a CO2-dependent E. coli 

mutant, EDCM636 with mpsAB was carried out. EDCM636 is an E. coli K-12 mutant 

in which the CA gene, can, was deleted (Merlin et al., 2003). As a consequence, this 

strain can grow in the presence of high CO2 but not under atmospheric air, a 

phenotype similar to that of HG001DmpsABC. Therefore, S. aureus mpsA, mpsB, 

mpsAB and mpsABC genes were inserted into EDCM636 while the vector alone, 

(pRB473) served as control. It is interesting to note that the growth of EDCM636 

under atmospheric air could not be restored by neither mpsA nor mpsB. On the hand, 

plasmids carrying mpsAB and mpsABC were able to restore the growth equally well, 

demonstrating that mpsC is dispensable. Under 5% CO2 conditions, all six strains 

were able to grow, as expected (Figure 13a).  

Following the successful complementation of EDCM636 by mpsAB, the next question 

to be addressed was whether the CA gene (can) from E. coli could complement the 

S. aureus DmpsABC. For this approach, the E.coli K-12 can was was expressed in 

DmpsABC(pTX30-can) under a xylose inducible promoter. In the absence of xylose, 

DmpsABC(pTX30-can) could barely grow under atmospheric air. However, growth 

was restored when the presence of xylose induced the expression of can (Figure 

13b) whereas all clones grew under 5% CO2 conditions. This observation indicates 

that both bicarbonate transporter mpsAB  and CA enable growth under CO2-poor 

atmospheric air and are interchangeable. While both the proteins differ in their 

activities, they constitute a CO2/bicarbonate concentrating system (CCS) that can 

functionally substitute each other.  
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Figure 13: mpsAB(C) complements an E. coli carbonic anhydrase mutant and vice versa.  
(a) Complementation of E. coli CA mutant (EDCM636) with plasmid pRB473 carrying mpsAB and 

mpsABC using its native promoter in atmospheric (left) and 5% CO2 (right). Clockwise from the top; 

EDCM636, EDCM636 pRB473 (empty plasmid), EDCM636 pRB473 mpsA, EDCM636 pRB473 mpsB, 

EDCM636 pRB473 mpsAB and EDCM636 pRB473  mpsABC (b) complementation of ∆mpsABC with 

pTX30, a xylose-inducible promoter plasmid carrying can, a CA from E. coli MG1655. Clockwise  from 

the top; wild-type HG001, ∆mpsABC, ∆mpsABC pTX30 (empty plasmid) and ∆mpsABC pTX30 can. 

Plates were supplemented with xylose (+) or without xylose (-). Figure adapted from (Fan et al., 2019). 

 

1.3.6 Oleic acid supplementation 

Fatty acids is one of the biosynthetic pathways involving a bicarbonate-dependent 

carboxylation step, and therefore could possibly attributed to the growth defect seen 

in DmpsABC (Aguilera et al., 2005). In order to examine whether this step is 

accountable for the growth impairment of the mutant in atmospheric CO2, the growth 

medium of DmpsABC and WT HG001 was supplemented with oleic acid using disk 

diffusion assay. No visible growth-promoting effect was seen in HG001 as the there 

was no difference in growth between the control and with 30 mM oleic acid dissolved 

in Tween 80 or NaOH (Figure 14). After 24 h incubation, HG001 grew equally well on 

the whole Mueller-Hinton agar (MHA) under all conditions tested.  
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Strain Medium
Without 

oleic acid 
30 mM Oleic 

acid in 
Tween 80

30 mM Oleic 
acid in 
NaOH

HG001 MHA

MHA + 
0.1% 

glucose

∆mpsABC MHA

MHA + 
0.1% 

glucose

In contrast, DmpsABC on MHA grew extremely slow, even with the addition of 

glucose. Figure 14 shows the agar plates of DmpsABC after 72 h of incubation under 

atmospheric air. Supplementation with oleic acid partially restored the SCV growth 

phenotype to a certain extent, although not as good as the wild type. Bacterial lawn 

can be seen surrounding the disks impregnated with oleic acid, with more confluent 

growth on disk with oleic acid diluted Tween 80 than in NaOH. The same trend was 

observed on MHA plates with addition of glucose, although the growth was not as 

confluent as on MHA alone. The observation of oleic acid which is an unsaturated 

fatty acid (UFA) could partially reverse the poor growth of DmpsABC under 

atmospheric conditions suggests that MspAB is linked to UFA biosynthesis, either 

directly or indirectly. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Supplementation of oleic acid improved the growth of ∆mpsABC under atmospheric 
air. The growth phenotype of HG001 and ∆mpsABC on MHA (with and without 0.1% glucose) after 24 

h and 72 h of incubation respectively using disk diffusion assay. Stocks of oleic acid were dissolved in 

ethanol and diluted with 0.1% Tween 80 and another dissolved and diluted in 50 mM NaOH, both at a 

final concentration of 30mM. Disks were impregnated with 10 µl of each of these oleic acid solutions 

and were laid on top of the MHA which was spread with bacterial suspension at an OD578 of 0.1. Disks 

impregnated with only the diluents (0.1% Tween and 50 mM NaOH respectively) were used as 

controls. Experiments were performed in three independent replicates. Scale bar indicates 2 mm. 
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1.3.7 DmpsA in atmospheric conditions produces fewer hemolytic toxins and 
is less pathogenic  

The impact of the of MpsAB observed on growth and DY raise the possibility that 

toxin production and virulence could also be affected. To address this point, DmpsA 

and HG001 grown under atmospheric and 5% CO2 was tested for hemolytic activity 

using sheep blood agar followed by cold shock treatment. The WT HG001 produced 

a hemolysis zone irrespective of the presence of 5% CO2. Under atmospheric air, no 

visible hemolytic zone was observed for DmpsA whereas toxin production was 

restored in the presence of 5% CO2, as seen from the clear halo on blood agar 

(Figure 15a). DmpsB and DmpsABC showed the same results (Figure 15b).  

In view of the decreased toxin production, the relevance of this effect in vivo was also 

investigated using G. mellonella larvae as an invertebrate infection model. During the 

course of five days, the survival rate of larvae injected with WT HG001, DmpsA and 

PBS as control were monitored. At the end of the period, 95% of the larvae in the 

PBS control group were alive. On the contrary, the survival rate of larvae infected 

with HG001 and DmpsA were 13% and 53% respectively (Figure 15c), indicating that 

the deletion of mpsA causing S. aureus to become less virulent 

The involvement of mpsAB to the pathogenesis of S. aureus was evaluated via an 

intranasal mouse infection model (pneumonia model) using female Balb/c mice. They 

were intranasally infected with HG001 and DmpsA and were sacrificed after 48 h. 

The lungs, kidneys and livers were recovered for the determination of bacterial 

burden. In comparison to the WT, significant lower bacterial load of DmpsA was only 

found in the lung although all the three organs generally showed a lower bacterial 

burden (Figure 15d). This mouse infection model demonstrated the attenuation of 

pathogenicity in DmpsA in comparison to the WT strain. Collectively, these findings 

indicate that mps as a functional bicarbonate transport system is important for fitness 

and pathogenicity in vivo. 
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Figure 15: ∆mpsA produces less hemolytic toxin in atmospheric conditions and is less virulent 

in animal infection models. (a) The production of hemolytic toxin WT HG001 and DmpsA cultivated 

at 37°C under atmospheric (left) and 5% CO2 (right), after overnight incubation (above) and cold shock 

treatment (below) (b) The production of hemolytic toxin in HG001 and its three mps mutant strains 

(DmpsA, DmpsB and DmpsABC) grown under atmospheric and 5% CO2 conditions (c) Kaplan-Meier 

plot of the survival of Galleria mellonella larvae infected with HG001 and DmpsA. The survival rate of 

larvae infected with DmpsA was significantly better in comparison to the larvae infected with wild-type 

HG001; ****p < 0.0001 as determined by Log-rank (Mantel-Cox) test (d) Comparison of bacterial 

burden  in WT HG001 and DmpsA in the lung, kidneys and liver using a 48 h intranasal mouse 

infection model (pneumonia model). In comparison to WT, significantly lower bacterial burden of 

DmpsA in the lung was found (*p=0.036) while no significant difference (ns) was found in bacterial 

burden in the kidney and liver between the two strains. The number of bacteria per organ based on 

determination of CFU in WT (n=8 mice) and DmpsA (n=9 mice) is shown. The vertical line denotes the 

median. The detection limit was 10 CFU per organ. Data were analyzed using two-tailed Mann 

Whitney test. Figure adapted from (Fan et al., 2019) and edited.  
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1.3.8 Phylogenetic distribution of mpsAB homologs 

Finally, the phylogenetic distribution of mpsAB was examined considering its major 

implications in S. aureus. Queries of the RefSeq database showed that genes 

homologous to mpsA and mpsB were detected in almost all staphylococci as well as 

in several species within the Firmicutes phylum (Figure 16 and 17). Many of these 

bacteria from Firmicutes are mostly from Bacillus and a few from Alicyclobacillus, 

Geobacillus, Parageobacillus, Sulfobacillus and Thermaerobacter. Moreover, mpsAB 

homologs are also found extensively in the genomes of numerous prokaryotes phyla 

including Proteobacteria, Actinobacteria, and Bacteroidetes (Figure 18). High 

conservation of MpsAB is seen in the genus Staphylococcus while a lesser degree is 

observed in Bacillus and other Firmicutes (Figure 16 and 19). In most genomes, 

homologs of mpsA and mpsB are mostly adjacent, except for a few in Actinobacteria 

and Proteobacteria. In one of the ferrous-iron-oxidizing bacteria, Acidimicrobium 

ferrooxidans, a single fused gene of mpsAB homologs is found (Figure 19).  

In addition, S. aureus mpsAB homologs were identified in other human pathogens, 

namely Bacillus anthracis, Legionella pneumophila and Vibrio cholerae (Table 3), 

where all three of them also contain genes encoding CA-like domain. Macrococcus 

caseolyticus JCSC5402, Staphylococcus carnosus TM300 and Staphylococcus 

pseudintermedius ED99 are the only members of the family Staphylococcaceae 

where mpsAB homologs are absent but CA homologs are present instead. Several 

other human pathogens also share this surprising feature; Gram-postive bacteria 

such as Listeria monocytogenes, Streptococcus pyogenes, Enterococcus faecalis, 

Enterococcus faecium, Mycobacterium tuberculosis, and Gram-negative bacteria like 

Helicobacter pylori, Escherichia coli and Pseudomonas aeruginosa (Table 3). The 

finding that these medically important bacteria have either CA or mpsAB homologs 

highlights the significance of bicarbonate/CO2 supply in microorganisms.  
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Figure 16: Homologs of mpsAB are highly conserved in Staphylococci. Maximum likelihood 

phylogenetic analysis of concatenated alignments of mpsA and mpsB homologs amongst the genus 

Staphylococcus. Node support is depicted by bootstrap values from 100 resamplings of the alignment 

when they exceeded 70%. Figure taken from supplementary information of (Fan et al., 2019).  
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Figure 17: mpsAB homologs are widely found in the Firmicutes phylum. Maximum likelihood 

phylogenetic analysis of concatenated alignments of mpsA and mpsB homologs amongst the phylum 

Firmicutes. Node support is depicted by bootstrap values from 100 resamplings of the alignment when 

they exceeded 70%. Collapsed clades are labeled by the genus of associated taxa. The number of 

taxa belonging to the respective clade is indicated in brackets. Figure taken from (Fan et al., 2019).  
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Figure 18: MpsABs homologs are widespread in multiple bacterial phyla. Maximum likelihood 

phylogenetic analysis of concatenated alignments of mpsA and mpsB homologs amongst the bacterial 

domain. Node support is depicted by bootstrap values from 100 resamplings of the alignment when 

they exceeded 70%. Collapsed clades are labeled by the shared taxonomic rank of associated taxa. 

The number of taxa belonging to the respective clade is indicated in brackets. Figure taken from 

supplementary information of (Fan et al., 2019).  
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Figure 19: Gene synteny displaying the genome organization around mpsAB in S. aureus and 
its homologs in selected genomes. Homologs of mpsAB are almost always collocated. mpsAB 

homolog exists as a single fused gene in Acidimicrobium ferrooxidans, depicted in bold arrow outline. 

The mpsAB gene always points to the right, even if it is located on the complementary strand. Figure 

taken from supplementary information of (Fan et al., 2019). 
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Table 3: Distribution of homologs of MpsAB and carbonic anhydrase (CA) in numerous species 
Species MpsAB homolog CA homolog 

Staphylococcus aureus aureus NCTC 8325 + - 

Staphylococcus carnosus carnosus TM300 - +(a) 

Staphylococcus pseudintermedius ED99 - +(a) 

Macrococcus caseolyticus JCSC5402 - +(a) 

Bacillus anthracis delta Sterne + +(a) 

Bacillus subtilis subtilis 168 + ++(a) 

Listeria monocytogenes R479a - +(b) 

Streptococcus pneumoniae R6 - +(a) 

Streptococcus pyogenes A20 - +(a) 

Enterococcus faecalis V583 - +(b) 

Enterococcus faecium DO - +(b) 

Mycobacterium tuberculosis H37Rv - +++(a)* 

Helicobacter pylori J99 - +(a) +(b) 

Escherichia coli O157:H7 Sakai (EHEC) - ++(a) 

Legionella pneumophila pneumophila Philadelphia-1 + +++(a)* 

Pseudomonas aeruginosa PAO1 - +++(a) 

Vibrio cholerae sv. O1 bv. El Tor N16961  + +(a) +(b) 

 
Homologies were deduced based on PFam domains search from finished bacterial genomes in 

Integrated Microbial Genomes & Microbiomes (IGM/G) database. MpsA, MpsB, prokaryotic type-CA 

and eukaryotic-type CA belongs to PFam00361, PFam10070, PFam00484 and PFam00194 

respectively. +/- indicates the presence or absence of homolog while (a) and (b) denotes prokaryotic 

and eukaryotic-CA respectively. *One of the three CAs listed is a gene fusion and has a probable 

transmembrane domain where the N-terminal part has PFam00916 (sulfate transporter family) and 

PFam00484 in the C-terminal part. Table taken from (Fan et al., 2019).  
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1.4  Discussion 
 
1.4.1 Growth impairment of mps deletion mutants and its rescue by elevated 
CO2/bicarbonate 

Although more than half a century has passed since the first CO2-dependent SCVs in 

S. aureus was documented, not much is known the genetic basis of such 

dependency and how S. aureus responds to changes in the availability of CO2. In this 

study, elevated CO2 levels (5%) or  ≥ 50 mM bicarbonate could mainly rescued the 

severe growth impairment of the DmpsABC under CO2-poor atmospheric levels 

(Figure 6-8). Of note, the atmospheric CO2 levels is 0.04% and thus 5% CO2 used in 

this study represents a 125 times increase in CO2 availability. In addition to growth, 

elevated CO2 also restored the defect in membrane potential and influenced gene 

expression as evident by the downregulation of mpsA in strain HG001. 

However, no growth impairment or phenotypic alteration seen when mpsC was 

deleted, indicating that it is not a functioning part of the mpsAB operon. Support for 

this hypothesis can be seen from the complementation of E. coli CA mutant by 

mpsAB alone and gene synteny showing that mpsC is not collated with homologs of 

mpsAB in other bacteria except for staphylococci. Overall, these findings argue for 

MpsAB as a bicarbonate or DIC transporter, capable of intracellular DIC 

accumulation. 

 

1.4.2 Role of MpsAB in bicarbonate uptake 

The role of MpsABC in bicarbonate uptake was further supported by uptake studies 

using radiolabeled NaH14CO3, where significant amount of H14CO3
- accumulated in 

the cytoplasm of the WT in comparison to DmpsABC. The first trial of the uptake 

experiment without fluorocitrate preincubation has led to an extremely low amount of 
14C uptake in both the strains, particularly in the WT (Figure 10a). In fact, the initial 

results almost looked opposite of what is expected, where the mutant had a higher 

uptake than the WT. This is due to the fact that S. aureus lacks a glyoxylate shunt 

which bypasses the decarboxylation steps of the TCA cycle. For each two carbons 

that enters the cycle as acetyl-CoA, two carbons escape in the form of CO2 

(Somerville, 2016). Therefore, cell suspensions were preincubated with fluorocitrate, 
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an aconitase inhibitor to block the catalyzation of stereospecific isomerization of 

citrate to isocitrate, thus preventing the loss of H14CO3
- from the cells in the form of 

CO2. As a result, a six fold higher 14C uptake in the WT was seen and further 

confirming the role of MpsAB. 

This experiment was tricky as CO2 evaporation has to be avoided as much as 

possible and this is most probably the reason for the increased deviations seen after 

5 mins. One consideration for substrate uptake is that the first 2 min are critical and 

in this experiment, the standard error means (SEM) were low within the given 

duration. The addition of fluorocitrate was unlikely to completely inhibit the TCA 

cycle; however the higher concentration could not be used because of the possible 

side effects that might occur. In this uptake study, 10 mM fluorocitrate was used while 

the concentration used in aconitase enzyme assay is usually 100 µM.  

 
1.4.3 Carbonic anhydrase (CA) and MpsAB 

CA, also known as carbonate dehydratase is a zinc-containing metalloenzyme that 

catalyze the inter-conversion of CO2 and water to bicarbonate and hydrogen ions 

(CO2  +  H2O  « HCO3
-+ H+). Therefore, it was postulated mpsAB could complement 

an E.coli CA deletion mutant in (EDCM636). The E. coli CA, encoded by the can 

gene belongs to the β-class CA family, is reported to be essential for growth under 

atmospheric air but not under elevated CO2 conditions (Merlin et al., 2003). Indeed, 

E. coli can mutant could be complemented by mpsAB and the other way around; S. 

aureus mpsABC mutant could be complemented by E. coli specific can. Because of 

the mutual complementation, it is presumed that MpsAB or MpsAB might have CA 

activity. However, there was no detectable enzyme activity was found in the purified 

protein or whole cell extracts. Despite the lack of CA activity, the successful 

complementation experiments suggest that both MpsAB and CA differ in their 

enzymatic mechanisms, yet they give rise to the same functional output; specifically 

to prevent CO2 expiration by trapping it in the form of bicarbonate for anaplerotic 

metabolism. Even though a functional TCA cycle produces a substantial amount of 

CO2, this CO2 would be lost because it not sufficiently concentrated for anaplerotic 

reactions. To avoid this, CA acts to convert CO2 to bicarbonate, significantly delaying 

the release of intracellular CO2 and supplying sufficient bicarbonate to meet the 

requirement of carboxylation reactions (Burghout et al., 2010).  
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1.4.4 MpsAB as a bicarbonate transporter 

The complementation of EDCM636 was only successful with both mpsA and mpsB, 

indicating that they work together as a transporter. The collocation of MpsAB 

homologs on chromosomes in numerous bacteria spanning many phyla further 

supports this concept (Figure 18 and 19). Moreover, the protein encoded by mpsA 

belongs to PFam00361, which comprised of a diverse family of membrane-spanning 

proton-conducting transporters, including NADH:quinone oxidoreductase subunits 

(complex I) (El-Gebali et al., 2019, Walker, 1992). In this connection, MpsABC have 

been previously shown to represent a cation-translocating system, capable of Na+ 

transport, bearing similarity to NuoL (Mayer et al., 2015). MpsB is a member of 

PFam10070, which consists of a family of conserved proteins in bacteria that have 

no characterized function.  

On the basis of these findings, a model is proposed for MpsAB as a sodium 

bicarbonate cotransporter (NBC) as depicted in Figure 20. These transporters are 

common in mammals, which play an important role in intracellular and whole body pH 

maintenance and also in trans-epithelial transport processes (Boron et al., 2009). 

Such bicarbonate cotransporters consist of 13 transmembrane domains, while MpsA 

likewise has 14 (Felder et al., 2016). It remains unclear whether mammals also need 

a MpsB homolog; though the NBC stoichiometry in Xenopus oocytes is 1 Na+: 2 

HCO3
-, suggesting a potential accessory protein interaction (Romero, 2001). Since 

CO2 is volatile, transporting it in the form of bicarbonate or DIC allows carboxylation 

reactions of anaplerotic metabolisms to proceed by trapping it in dissolved forms 

within the cytoplasm. Examples of such reactions in Firmicutes are pyruvate 

carboxylase feeding the TCA cycle, acetyl-CoA-carboxylase as the first enzyme of 

fatty acid synthesis, or phosphoribosylaminoimidazole carboxylase involved in purine 

biosynthesis. 
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Figure 20: Proposed model of MpsAB. MpsAB is proposed to represent a sodium bicarbonate 

cotransporter (NBC). Such transporters are common in mammalians and are expressed throughout 

the body. In contrast to CO2 which can diffuse passively in and out of the cells, bicarbonate (HCO3
-) 

requires a transporter to be transferred into the cells. In S. aureus, MpsAB most likely act together as 

cotransporter to transport Na+ and HCO3
-. Me2+ depicts a predicted metal binding site in MpsB, 

possibly Zn. Figure adapted from (Fan et al., 2019) and edited.  

 

1.4.5 Distribution of MpsAB 

Phylogenetic analysis indicated that mpsAB are extensively distributed among 

Firmicutes as well as throughout many phyla (Figure 16-18). Microorganisms with 

homologs of MpsAB adopt a broad range of different lifestyles, including CO2-fixing 

bacteria (e.g., Chloroflexus aurantiacus), nitrogen-fixing bacteria (e.g., 

Bradyrhizobium oligotrophicum and Frankia sp), hyperthermophilic (e.g., Aquifex 

aeolicus) as well as thermophilic and acidophilic (e.g., Acidimicrobium ferrooxidans 

and Acidithiobacillus caldus).  

Besides, MpsAB homologs were also identified in the gammaproteobacterial 

chemolithoautotroph Thiomicrospira crunogena (Mangiapia et al., 2017). As with S. 

aureus, co-transcription of T. crunogena genes Tcr_0853 and Tcr_0854 (mpsA and 

mpsB homologs respectively) and high-CO2-requiring mutant phenotype were 

reported, thereby representing a potential DIC transporter (Mangiapia et al., 2017). T. 

crunogena has CO2 concentrating mechanism (CCM), though the DIC uptake 

process is not clear, as cyanobacterial transporter homologs are absent. 

Nevertheless, it is believed that a DIC concentrating system in autotrophic bacteria is 

essential to ensure that Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase 
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(Rubisco) is saturated with CO2, thus allowing carboxylation to proceed at its 

maximum rate. 

 

1.4.6 Carbon concentrating mechanism   

The major carbon fixation cycle in nature, Calvin-Benson-Bassham (CBB) cycle uses 

one of the most ubiquitous, yet one of the least efficient enzymes known, Rubisco to 

fix CO2 (Liang et al., 2018). Despite its central role, problem with Rubisco arises 

because of its non-specific reaction with oxygen (Raven & Beardall, 2016). In this 

regard, the atmospheric air content in ancient times was relatively O2-low and CO2-

high. Given the CO2-rich atmosphere levels, CO2-fixing enzymes in autotrophic 

bacteria, for example Rubisco could function properly even with low affinity and 

limited specificity between CO2 and O2. However, over the subsequent 2.5 billion 

years, the atmosphere became O2-rich and CO2-poor due to oxygenic 

photosynthesis (Raven et al., 2017). As a result, the CO2 levels in the cytoplasm 

became too low for CO2 fixation and assimilation to work properly (Tabita et al., 2008, 

Shih et al., 2016). Thus it is presumed that autotrophic bacteria growing in 

atmosphere seem to uniformly have CCMs (Raven et al., 2017).  

Bacterial CCMs involve two main components. Firstly, inorganic carbon species (Ci; 

HCO3
- and CO2) are actively transported resulting in conditional accumulation of 

HCO3 in the cytosol. Secondly, the concentrated HCO3 is then employed to supply 

elevated CO2 concentrations around Rubisco, which is encapsulated in 

carboxysomes together with CA (Price, 2011). Because HCO3
- escapes less readily 

across the cell membrane, accumulation of charged HCO3
- is preferred to CO2. 

Active HCO3
– transport and facilitated uptake of CO2 produce a cytosolic HCO3 

concentration of more than 10 mM, which is approximately 30 times the equilibrium 

concentration of HCO3 in water at neutral pH at 25°C (Mangan et al., 2016).  

 

1.4.7 Bicarbonate transporters 

DIC transporters from four evolutionary distinct families were recently described in a 

number of sulfur-oxidizing chemolithoautotrophs (Scott et al., 2019). Two of such DIC 

transporters displayed DIC uptake activity despite sharing low protein identity with 

the well-studied cyanobacterial transporters, SbtA and SuIP-family bicarbonate 
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transporters (Scott et al., 2019). SbtA is an inducible, high affinity Na+-dependent 

HCO3
- transporter whereas BicA is a low-affinity, high-flux Na+-dependent HCO3

- 

transporter which belongs to the widespread SuIP/SLC26 family (Shibata et al., 

2002, Price et al., 2004). Both transporters are also acting as a probable Na+/HCO3
- 

symporter (Price, 2011). In addition, heterologous expression of chromate ion 

transporter (Chr) from Hydrogenovibrio thermophilus in E. coli also demonstrated DIC 

uptake capability (Scott et al., 2019). The last family of transporters reported by the 

same study is a two component DIC transporter encoded by the genes Tcr_0853 and 

Tcr_0854 in Hydrogenovibrio crunogenus (previously known as T. crunogena), as 

previously discussed earlier (Mangiapia et al., 2017, Scott et al., 2019).  

Another well-documented DIC transporter found in cyanobacteria is BCTI, an 

inducible, high-affinity HCO3
- transporter encoded by the cmpABCD operon and is a 

member of the ATP binding cassette (ABC) transporter family (Omata et al., 1999). It 

is likely that these transporters vary in terms of affinities for DIC or transport 

mechanisms (as cation symporter or anion antiporter) and forms of DIC (CO2, HCO3
-, 

CO3
2-), thus providing advantages under certain growth conditions (Scott et al., 

2019). Among all these transporters families, MpsAB belong to the same family 

whose protein encoded by Tcr_0853 and Tcr_0854 from H. crunogenus with respect 

to function and homology. Both protein have 29-30% sequence identity. In 

Firmicutes, this transporter and its function have not been reported so far.  

 

1.4.8 MpsAB as bicarbonate transporter in S. aureus  

Like many other Firmicutes, staphylococci are neither autotrophic nor have common 

carboxysome structures or Rubisco. This surprising finding leads to a thought-

provoking question: why do they require DIC concentrating system such as MpsAB? 

The most logical explanation would be that under atmospheric CO2 levels, insufficient 

HCO3
- is being to supplied to the enzymes involved in substrate carboxylation. As a 

result, higher concentration of HCO3
- is needed for proper activity. Biotin-dependent 

pyruvate carboxylase, for instance, play a key role in fueling the TCA cycle with 

oxaloacetate (discussed in detail in later section). Impairment of this reaction would 

result in impairment not only of TCA cycle but also of respiration and membrane 

potential. Such characteristics are precisely the observed phenotype of mpsABC 

mutant, which displayed the common features of SCV under atmospheric CO2 and 
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comparable with the S. aureus hemB mutant (von Eiff et al., 1997, Mayer et al., 

2015).  

It is also tempting to suggest that MpsAB may be fulfilling a role generally played by 

CA or other known bicarbonate transporter from cyanobacteria, which function to 

prevent the depletion of cellular DIC. The absence of such enzyme or transporter in 

S. aureus means a DIC concentrating mechanism is likely to be significant for its 

growth and survival because CO2 or HCO3
- is essential for many cellular processes. 

S. aureus needs to adapt to a diverse environmental conditions, as reflected by the 

different niches it occupies; from commensal inhabitant on environmentally exposed 

skin and mucous membranes to colonizer and pathogen inside the mammalian host. 

During this process, one of the apparent environmental conditions would be 

encountered by S. aureus is the differences in CO2 levels. Sufficient intracellular 

HCO3
–/CO2 supply would be assured by having a DIC concentrating mechanism. 

Taken together, these hypotheses could explain the role of MpsAB outside of known 

carbon-fixing bacteria.  

 

1.4.9 Importance of bicarbonate 

The importance of bicarbonate can be attributed to its demand considering its 

requirement in three classes of pathways (Merlin et al., 2003). Bicarbonate and/or 

CO2 is incorporated into the cell mass from biosynthesis of amino acids such as 

arginine and aspartic acid and nucleic acids uracil and adenine (Merlin et al., 2003, 

Langereis et al., 2013). When grown on simple substrate, 1 g atom per mole of 

arginine or nucleotide base is derived from bicarbonate ion and they are incorporated 

by carboxylase-catalyzed reactions (Merlin et al., 2003).  

Bicarbonate is also required for fatty acid biosynthesis, through incorporation into 

malonyl-CoA via acetyl-CoA carboxylase which is the first committed step of this 

process (Fujita et al., 2007). In a subsequent condensation step, CO2 is released. For 

every two-carbon unit incorporated into lipid, one molecule of bicarbonate is required 

(Merlin et al., 2003).  

Another crucial role of bicarbonate is in central metabolism, considering that it is the 

substrate for biotin carboxylase to generate carboxybiotin (discussed below), which 

in turn serves as substrate for other carboxylases like PEP-, or pyruvate carboxylase. 
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This enzyme catalyzed the formation of oxaloacetate from pyruvate to replenish the 

TCA cycle and biosynthetic reactions. The E. coli biotin carboxylase, for instance, 

has a relatively high Km value for bicarbonate at 16 mM, suggesting that the enzyme 

has a very poor affinity for bicarbonate (Chou et al., 2009). This scenario implies that 

a high concentration of bicarbonate within the cell is required to feed the TCA cycle 

and fatty acids synthesis and also indirectly affects respiration and membrane 

potential. In this context, reduced TCA cycle activity means fewer reducing 

equivalents NADH and FADH2 are being produced, leading to decreased electrons 

delivery to the electron transport chain. As a result, the lower electron flux translates 

to diminished membrane potential which is required to generate ATP and 

consequently an impaired respiration. Support for this hypothesis can be observed 

from the severe decline in membrane potential generation in DmpsABC in this study 

and also decreased oxygen consumption in previous study (Mayer et al., 2015). 

 

1.4.10  Carboxylation enzymes and biotin-dependent enzymes 

The significance of bicarbonate emphasizes the roles of enzyme like CA or 

bicarbonate transporter MpsAB that are far more extensive than previously 

recognized. From a chemical reactivity point of view, CO2 would seem to be a more 

suitable substrate than bicarbonate for carboxylation reactions considering it would 

be more prone to nucleophilic attack. On the other hand, the equilibrium between 

dissolved CO2 and bicarbonate at physiological pH implicates that the concentration 

of bicarbonate is 20-fold greater in aqueous medium. Because bicarbonate is a more 

polar molecule compared to CO2, it is likely to have stronger potential for binding to 

enzyme. Even though the decarboxylation reactions in catabolic processes produce 

CO2, a number of carboxylation enzymes have evolved to use bicarbonate as 

substrate rather than CO2 (Chegwidden et al., 2000).  

A broad number of carboxylation enzymes catalyze reactions for which CA or MpsAB 

could be expected to supply HCO3
–/CO2 for biosynthesis and metabolism. Some of 

these enzymes are known to bind bicarbonate as substrate but typically convert it to 

CO2 or its activated form (Chegwidden et al., 2000). Such carboxylating enzymes 

require biotin as co-factor, therefore are called biotin-dependent carboxylases. Table 
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4 shows the selected prokaryotic carboxylases and its corresponding carboxylation 

reactions. 

Figure 20 shows biotin structure and examples of the major carboxylation reactions 

involving the transfer of CO2 to the respective substrate using biotin as a co-factor. 

Biotin is covalently bound to the carboxylase or transcarboxylase it serves as a co-

factor. A peptidyl linkage is formed between the carboxylic acid moiety of biotin and 

the ε-amino group of peptidyl lysine of the enzyme. This biotin-lysine adduct is 

termed biocytin and it is released after biotin-containing carboxylases is degraded by 

biocytinase (Rucker R.  B. et al., 2008).  

 

 

Table 4: Prokaryotic carboxylation enzymes using HCO3– / CO2 as substrate 

Substrate EC 
number 

Enzyme Reaction Co-
factor 

HCO3
- 4.1.1.31 phoshoenolpyruvate 

carboxylase 

phosphoenolpyruvate+ HCO3
– +  

ATP ⇆ oxaloacetate + ADP + Pi 

 

 6.3.4.16 carbamoyl-phosphate 

synthase 

ammonia + ATP + HCO3
–  + H2O ⇆ 

carbamoyl-phosphate + ADP + Pi 

 

 6.4.1.1 pyruvate carboxylase pyruvate + ATP + HCO3
– ⇆	

oxaloacetate + ADP + Pi 

biotin 

 6.4.1.2 acetyl-CoA carboxylase acetyl-CoA + ATP + HCO3
– ⇆	

malonyl-CoA + ADP + Pi 

biotin 

 6.4.1.3 propionyl-CoA carboxylase propanoyl-CoA + ATP + HCO3
– ⇆	

methylmalonyl-CoA + ADP + Pi 

biotin 

 6.4.1.4 methylcrotonoyl-CoA 

carboxylase 

3-methylcrotonoyl-CoA + ATP + 

HCO3
– ⇆		

3-methylglutaconyl-CoA + ADP + Pi 

biotin 

 6.4.1.5 geranyl-CoA carboxylase geranyl-CoA + ATP + HCO3
– ⇆		

3(4-methylpent-3-en-1-yl)-pent-2-

enedioyl-CoA + ADP + Pi 

biotin 

CO2 4.1.1.39 Rubisco D-ribulose-1,5-biphosphate + CO2  

⇆ 2 D-3-phosphoglycerate 

 

 6.3.4.14 biotin carboxylase biotin-carboxyl-carrier protein + ATP 

+ CO2 ⇆	carboxylbiotin- carboxyl-

carrier protein + ADP + Pi 

biotin 

Table adapted from (Smith & Ferry, 2000) and edited.  
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Figure 20: Biotin structure and examples of biotin-dependent carboxylations. Biotin is covalently 

bound to the enzymes by a peptide bond between carboxylic acid moiety and the ε-amino group of 

peptidyl lysine of the enzyme. Biocytin, the biotin-lysine adduct is released after biotin-containing 

carboxylases is degraded by biocytinase. Examples of major biotin-dependent carboxylation reactions 

involving the transfer of CO2 to its corresponding substrate. Carboxylase involved are depicted above 

the arrow. PC: pyruvate carboxylase; ACC: acetyl-CoA carboxylase, PCC: propionyl-CoA carboxylase, 

CPS: carbamoyl-phosphate synthase. Figure adapted from (Rucker R.  B. et al., 2008) and edited. 

 

1.4.11   MpsAB is indirectly linked to UFA biosynthesis 

As discussed in the previous section, the biosynthetic pathways for nucleic acids, 

fatty acids and a few amino acids comprise a biotin-dependent carboxylation step 

which require bicarbonate. This requirement could be responsible for the observed 

growth defect of DmpsABC under atmospheric CO2 conditions. Indeed, 

supplementation of UFA oleic acid at 30 mM could partially restore the growth of the 

mutant, although not to the same extent as the wild type. This observation implies 

that one of the potential functions of bicarbonate is related, at least indirectly to fatty 

acids biosynthesis. MpsAB is probably supplying bicarbonate needed for the 

carboxylation step for acetyl-CoA to be incorporated into malonyl-CoA as the first 

step of fatty acid biosynthesis  (Fujita et al., 2007).  
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Consistent with this observation, a S. pneumoniae (TIGR4) CA deletion mutant 

supplemented with sodium hydrogen carbonate and several metabolic intermediates 

(adenine, arginine, uracil, aspartic acid) as well as saturated fatty acid (SFA) palmitic 

acid and oleic acid only showed growth restoration with sodium hydrogen carbonate, 

as expected (Burghout et al., 2010). This S. pneumoniae CA deletion mutant also 

exhibited the same poor growth phenotype as S. aureus DmpsABC under 

atmospheric CO2 conditions. While the other metabolites could not reverse the CO2 

dependence of the S. pneumoniae CA deletion mutant, only oleic acid could in part 

rescue its growth. This indicates that  UFAs are more easily depleted under CO2 poor 

conditions although the synthesis of SFAs and UFAs basically take place through the 

same pathway (Marrakchi et al., 2002, Burghout et al., 2010). In contrast, 

supplementation with similar metabolic intermediates did not complement the growth 

defect of a nontypeable Haemophilus influenzae (strain Rd) CA deletion mutant, 

except for sodium bicarbonate (Langereis et al., 2013).  

 

1.4.12   Virulence attenuation by MpsAB 

Apart from the less hemolytic toxins being produced, the virulence attenuation of the 

DmpsA can also be observed in vivo. The killing rate of those infected by the mutant 

was significantly lower in the G. mellonella larvae survival model. Likewise, significant 

reduction in the DmpsA bacteria burden of the lung in the intranasal mouse infection 

was also seen. A lung infection model (pneumonia model) was chosen in this study 

due to the higher CO2 concentrations and therefore the DmpsA was expected to have 

a greater opportunity to grow. Within this context, the CO2 formed during respiration 

is transported by blood through the venous system to the lungs, where the CO2 

concentration in exhaled air is approximately 3.8% of the tidal air or 450 liters per day 

(Cherniack & Longobardo, 1970).  

Nevertheless, no statistically significant difference was found in bacteria burden of 

the kidney and liver of HG001 versus DmpsA. One explanation for this is that the 

primary organ infected by S. aureus was lung and from there, spreads to other 

organs throughout the course of infection. The spread of bacteria is a complex 

process in which the bacteria have to pass several barriers from the lung epithelium, 

followed by blood vessels endothelium and again afterwards the blood vessels 
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endothelium to establish infections in other organs. Hence, the kidney and liver have 

a lower infection burden than in the lung, consistent with observation by (Lee et al., 

2010). 

 

1.4.13   MpsAB and the link to fitness and pathogenicity 

Given the somewhat interchangeable role of MpsAB and CA, their existence and 

distribution in Firmicutes were compared. Either one of the genes tend to be present 

in this phyla; in some instances the presence of both genes are found in the same 

strain or species, such as in B. anthracis and B. subtilis (Table 3). Similarly, this 

finding also applies to some pathogenic Gram-positive and Gram-negative bacterial 

species. Remarkably, the occurrences of  mpsAB homologs and at least two CA 

homologs are found in some highly pathogenic species for instance Legionella 

pneumophila and Vibrio cholera, whereas two or three CA homologs are identified in 

Mycobacterium tuberculosis, Helicobacter pylori, E. coli O157:H7 and Pseudomonas 

aeruginosa. The relevance of the distribution of mpsAB and CA in these bacterial 

species or strain is still unclear. The occurrence of several CA genes homologs 

and/or mpsAB and the combined results in this study establish that there is an 

important linkage between DIC concentrating mechanism and both fitness and 

pathogenicity in these microorganisms. The reduced virulence of DmpsA is assumed 

to be due to very low levels of bicarbonate in the cells. In this respect, membrane 

potential and ATP which are important for toxin secretion, are subsequently affected. 

 

1.4.14   The link between metabolism and pathogenicity and virulence  

Bacteria, like any other organisms need carbon and energy for vital processes such 

as growth and replication. These requirements are fulfilled with a process called 

catabolism where complex organic molecules like carbohydrates, lipids and proteins 

are being broken down enzymatically. Carbon and energy can be derived from the 

environment by non-pathogenic bacteria by means of host symbiosis or as freely-

living microorganism and in pathogenic bacteria, at least on a temporary basis by 

acting as a parasite or in a destructive manner from the host organism. The latter is 

achieved to some extent via synthesis of a wide variety of virulence determinants 

capable of causing the death of host cells and then catabolizing macromolecules. 
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Thus, it is no surprise that nutrient availability controls the regulation of various 

virulence determinants (Somerville & Proctor, 2009). In fact, one of the earliest 

physiological findings described was the link between the synthesis of virulence 

determinants (erepsin/protease) and nutrient availability (Berman & Rettger, 1916, 

Berman & Rettger, 1918, Kendall et al., 1913).  

In this regard, the connection between metabolism and its effects on the virulence 

and antibiotic resistance have only recently been investigated in detail. A large 

number of studies involving TCA cycle in the regulation or influence of staphylococcal 

virulence and/or virulence factor biosynthesis have been reported. One of the early 

example is that inactivation of the TCA cycle resulted in a glutamate auxotrophy and 

caused the metabolic inhibition of delta-toxin (hld) biosynthesis. Due to the absence 

of glutamate, the message of delta-toxin in the form of RNAIII is present but its 

translation does not occur. This metabolic inhibition of delta-toxin translation could be 

reversed by supplementing the growth medium with excess glutamate (Somerville et 

al., 2003a). Unpublished observations from C.Y. Lee and G.A. Somerville also 

mentioned that inactivation of TCA cycle hinders the biosynthesis of oxaloacetate for 

conversion to phosphoenolpyruvate (PEP) and utilization in gluconeogenesis. As a 

result, the bacteria is not able to synthesize the biosynthetic precursors of capsule 

(Somerville & Proctor, 2009). A more recent study reported that pyruvate causes 

changes in the entire metabolic flux and increase the pathogenicity in S. aureus. 

Pyruvate was demonstrated to induce the generation of virulence factors like pore-

forming leucocidins, resulting in the increased virulence of MRSA clone USA300 

(Harper et al., 2018). Altogether, these reports add to growing evidence of a 

consistent relationship between metabolism and pathogenicity as well as virulence.  

 

1.5  Concluding remarks 

Integrating all of the insights derived from this study, MpsAB is proposed to represent 

a DIC transporter that is crucial for the growth of S. aureus under CO2-poor 

atmospheric air. The functionality of MpsAB in this regard may help shed some light 

on previous findings on CO2-dependent variants. This transporter system underlies 

the significance of CO2/bicarbonate in the fitness, pathogenicity and virulence of S. 

aureus. Moreover, homologs of mpsAB are ubiquitously found in a wide range of 

microorganisms which adopt various lifestyles and inhabit a diverse array of niches. 
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Defying the conventional views of DIC transporters, MpsA has a pivotal role even in 

non-autotrophic bacteria via concentration of bicarbonate for anaplerotic pathways 

that are applicable across diverse microorganisms. A noteworthy observation in this 

work was that MpsAB and CA could functionally substitute each other in the mutual 

complementation experiments, further corroborating the importance of bicarbonate. 

In this connection, many pathogenic species possess either MpsAB or CA while both 

are found in some of them, indicating their crucial function in growth and virulence.  

However, there are many questions that remain to be elucidated. The presence of a 

predicted metal binding site reminiscent of a CA-like domain in MpsB hinted at the 

enzymatic activity of MpsB. As CA was not detectable in this study, it remains a 

puzzling question whether the CA activity is extremely low or that MpsA and MpsB 

must function together in an intact cell that require a cation gradient. The former can 

be tested by reconstituting the purified protein into proteoliposomes and then recover 

its CA activity while the latter can be investigated, perhaps using a series of CA 

inhibitors. In addition, the precise mechanisms of how this transporter function could 

be explored through in vitro reconstitution and structure determination. Since the 

tendency for either MpsAB or CA is fully evident in staphylococcal species, it would 

be interesting to express staphylococcal CA, for example S. carnosus CA in MpsAB- 

containing S. aureus or vice versa. If fitness in terms of growth is the key benefit of 

having a DIC concentrating system, having both CA and MpsAB would therefore 

result in a much higher growth in comparison with the wild-type. 
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2.1  Introduction 

Although initially classified as an extracellular pathogen, S. aureus is now considered 

as a facultative intracellular pathogen (Sendi & Proctor, 2009). Many cell types can 

ingest S. aureus, where the bacteria can survive within these host cells for various 

periods of time (Fraunholz & Sinha, 2012). Some strains of S. aureus are reported to 

be able to trigger internalization by non-professional phagocytes (NPPCs) such as 

endothelial, epithelial, fibroblast and osteoblast (Peacock et al., 1999, Almeida et al., 

1996, Usui et al., 1992, Ellington et al., 1999). This bacterial internalization is a 

strategy that enable them to evade the host immune response and survive inside the 

host cells as well as confer protection against the antibiotics administered.  

Adhesion to the host cells is a prerequisite for any internalization into NPPCs. In this 

regard, this process mostly involves fibronectin (Fn)-bridging between Fn-binding 

proteins (FnBPs) on the bacteria and α5β1 integrin on the host cell surface (Tran Van 

Nhieu & Isberg, 1993, Sinha et al., 1999, Fowler et al., 2000, Grundmeier et al., 

2004). Although this pathway is mainly recognized as the major internalization 

process, many other so-called secondary mechanisms also exist.  

Generally, such mechanisms involve proteins called microbial surface components 

recognizing adhesive matrix molecules (MSCRAMMs). Examples of these proteins 

are bacterial major autolysin (Atl), clumping factor A (ClfA), serine aspartate repeat-

containing protein D (SdrD) and serine-rich adhesin for platelets (SraP) (Josse et al., 

2017, Zapotoczna et al., 2013). With the exception of Atl, these MSCRAMMs have a 

cell-wall anchoring sequence found in their C-terminal part while a signal peptide and 

subsequently ligand binding region are found in the N-terminal region (Josse et al., 

2017). These alternative mechanisms are postulated to be an adaptation of bacterial 

internalization strategies in response to various environmental conditions. Therefore, 

in the absence or lack of Fn for example, invasion can be triggered by using 

alternative binding partners and/or upregulating either side of adhesion machinery 

(Josse et al., 2017). 
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2.2  Objectives 

Recent work has shown host cell internalization can be induced by a certain class of 

lipoproteins (Nguyen et al., 2015). The so-called “lipoprotein-like” (lpl) genes are 

located in a cluster of pathogenicity island called νSaα, which are non-phage and 

non-staphylococcal cassette chromosome genomic islands. This genomic island is 

found in all S. aureus genomes sequenced to date (Diep et al., 2006, Shahmirzadi et 

al., 2016).  There are ten paralogous genes (lpl 0410-0419) within the νSaα island, 

encoding lpl protein with high sequence similarity and another two accessory genes 

(Nguyen et al., 2015).  

To assess the role of lpl gene cluster particular in virulence, the whole gene cluster 

was deleted in S. aureus USA300. The deletion mutant displayed a significant 

decrease in S. aureus invasion into human keratinocytes and mouse skin, as well as 

lower pathogenicity in a murine kidney abscess model (Nguyen et al., 2015). In 

addition, the Lpl lipoproteins also delay the G2/M phase transition in HeLa cells 

(Nguyen et al., 2016). However, the mechanisms underlying the host cell 

internalization triggered by Lpl proteins remained unknown. Therefore, the aim of this 

study was to identify the host cell receptor for Lpl-induced S. aureus invasion in 

human keratinocytes and to unravel this mechanism.  

By performing pull-down assay using recombinant Lpl1 protein as a model of Lpls, 

the host receptor for Lpl-induced S. aureus USA300 invasion of human keratinocytes 

was identified as human heat shock protein Hsp90. Further experiments were 

performed to confirm its role in triggering the host cell invasion. First, the host cell 

receptor, Hsp90 was blocked using specific antibodies and geldanamycin, a Hsp90 

activity inhibitor. This is further confirmed by silencing the expression of Hsp90α 

mRNA by an antisense RNA (siRNA). Next, the mechanism of which causes the 

internalization of the bacteria into the host cell was determined by checking actin 

polymerization. Finally, the Lpl epitopes that trigger the internalization of S. aureus 

was also identified. 

 

 

 



Chapter 2 

 60 

2.3  Results and discussion 

The Lpl used in this study is termed Llp1-his and was obtained from purified C-

terminal his-tagged Lpl protein lacking the lipid signal (-sp). It was isolated from the 

cytoplasmic fraction of S. aureus SA113 carrying pTX30::lpl-his (-sp) as described 

earlier (Nguyen et al., 2015). The purification of Lpl-his was visualized by SDS-PAGE 

(Figure 21) which showed a band size of approximately 35 kDa. The total amount of 

protein was determined by Bradford assay. The The purified Lpl-his was then used to 

perform the pull-down experiments and Lpl1-Hsp90α/β interaction studies such as F-

actin formation, ATPase activity and also far-western blot experiments.   

 

 
 

Figure 21: SDS-PAGE gel stained with Coomassie blue showing purified Lpl1-his. M: prestained 

protein leader (Fermentas); lysate: cell lysate from the cytoplasmic fraction of S. aureus SA113 

carrying pTX30::lpl1-his (-sp); wash: wash fractions during Ni-NTA purification 1-4; Elution: elution 

fraction after purification.  

 

It was previously reported that the internalization into a human keratinocytes cell line, 

HaCat cells and human primary cells were increased by the Lpl lipoproteins from S. 

aureus (Nguyen et al., 2015). It is postulated that the protein part of the Lpl interacts 

with the potential host receptor since the lipid moiety is anchored to the cytoplasmic 

membrane. Pull-down experiment was employed to identify the potential host cell 

receptor, with purified Lpl1-his as a ‘bait’ and bound to the Ni-NTA column before 

being loaded with HaCat cell lysate. As shown in Figure 22, the most evident band 
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on the SDS-PAGE was Lpl-his, followed by a few faint bands which were used for 

further analysis. Nano-HPLC-MS/MS identified the HaCat-specific proteins as human 

heat shock Hsp90 alpha (Hsp90α) and beta (Hsp90β) proteins.  

Hsp90 proteins are about 90 kDa in size and are expressed extensively in various 

cell types, consisting of 1-2% of the total cellular proteins content (Whitesell & 

Lindquist, 2005). Both proteins are highly homologous, with 94% similarity and 86% 

identity. They function as molecular chaperones and are important players in protein 

homeostasis under stress conditions (Hoter et al., 2018). In human, at least two 

isoforms are found; α and β which are inducible and constitutively-expressed forms 

respectively but the functional differences between them are poorly understood 

(Sreedhar et al., 2004). However, Hsp90α is well-documented to be involved in 

promoting cell motility which is important for both wound healing and cancer (Li et al., 

2012). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Human Hsp90 interacts with S. aureus Lpl-1 protein in pull-down experiments. 
Purified Lpl1-his was bound to NTA column and loaded with HaCat cells lysate. Elution fractions were 

ran on SDS-PAGE followed by Coomassie blue staining. M: prestained protein leader (Fermentas); 

Control: Control elution fraction without Lpl1-his; Lpl1-his: experimental elution fraction using Lpl1-his 

as bait and HaCaT cell lysate as source of human proteins; Lpl1 is indicated with a black arrow. Bands 

used for further analysis are indicated by grey arrows. Experiment was performed by Tribelli P.M. and 

figure adapted from (Tribelli et al., 2019).  
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After identifying that Hsp90 on the host cell surface interacts with Lpl1 on the surface 

of S. aureus USA300, further experiments confirmed its role in triggering the host cell 

adherence and invasion. Polyclonal antibodies against Hsp90 (α-Hsp90αβ) resulted 

in a seven-fold decrease in the invasion of USA300 in HaCat cells. For further 

validation, these antibodies were also tested using USA300Δlpl in which the entire lpl 

cluster was deleted and its complemented mutant USA300Δlpl (pTX-lpl1) (Nguyen et 

al., 2015). The polyclonal α-Hsp90αβ antibodies did not have any effect on the 

invasion of USA300Δlpl, but showed a decrease in invasion again in the 

complemented mutant. Similar observation could be seen with both the monoclonal 

antibodies specific against Hsp90α (α-Hsp90α) and Hsp90β (α-Hsp90β), causing a 

four to five-fold decrease in the invasion of USA300, indicating that both isoforms can 

trigger invasion.  

Despite this observation, it is postulated that Hsp90α play the major role in facilitating 

the Lpl-triggered invasion based to the finding that silencing the expression of 

Hsp90α by siRNA significantly decreased the invasion while the silencing of Hsp90β 

expression was unsuccessful. In agreement with this hypothesis, the interactions of 

Hsp90α with other pathogens or defined compounds are also reported. For instance, 

Hsp90α acts as a receptor for adhesin A of Neisseria meningitidis and dengue virus 

as well as implicated in the diphtheria toxin  uptake in host cells (Bozza et al., 2014, 

Reyes-Del Valle et al., 2005, Schuster et al., 2017).  

In addition, the effect of geldanamycin, a widely known cell permeable anti-neoplastic 

compound which inhibits Hsp90 activity was also investigated (Gorska et al., 2012). It 

was found that geldanamycin decreased the invasion of USA300 of about three-fold 

in a concentration-dependent manner. With regard to this observation, a 

geldanamycin analogue, 17AAG was also tested. This compound is a Hsp90 

inhibitor, and its inhibition leads to a decrease in F-actin formation (Taiyab & Rao, 

2011).  Following the treatment of HaCat cells with Lpl1-his, a 20% increase in F-

actin formation was observed. It is suggested that the interaction between Hsp90 and 

the extracellular domain of HER-2, a ligand-less kinase receptor on the membrane, 

triggers signaling and leads to actin polymerization (Sidera & Patsavoudi, 2008). 

An interesting observation is that pre-incubation of HaCat cells at 39°C led to an 

almost two-fold increase compared to the control at 37°C, indicating that high 

temperature as in fever favors the host cell invasion by S. aureus via Hsp90α 



Chapter 2 

 63 

upregulation. It is believed that pathogens such as S. aureus would invade and hide 

in non-professional cells to escape the T-lymphocytes killing, because fever 

increases the migration of these lymphocytes.  

Given the fact that high number of lpl genes are found in epidemic S. aureus strains, 

it is believed that this lpl gene cluster may be responsible for the increased 

disseminative activity of certain isolates of S. aureus (Nguyen et al., 2015). In this 

regard, the pathogen is protected from immune defense and antibiotics by 

internalizing itself into host cells. In the case of S. aureus, since intracellular 

pathogens are better protected, is speculated that Lpl have a role in the rapid 

spreading of these lineages. 

In conclusion, a model for the HSp90 role in USA300 invasion is proposed based on 

the findings in this work (Figure 23). The Lpls bound on the membrane of S. aureus 

interacts with the Hsp90 localized on the host cell surface. As a result of this Lpl-

Hsp90 interaction, F-actin formation is induced leading to an endocytosis-like 

engulfment of S. aureus. Such internalization is most likely based on the zipper 

mechanism, which occurs following interaction of host cell receptor with a bacterial 

protein (Colonne et al., 2016). In this regard, intracellular signaling cascade is 

triggered via activation of adapter proteins and kinases, followed by F-actin formation 

resulting in endocytosis (Colonne et al., 2016). On the basis of this interaction, a new 

host cell invasion principle is revealed.  
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Figure 23: Proposed model for the role of Hsp90 in the invasion of S. aureus USA300. 
Lipoproteins (Lpls) on the surface of USA300 interact with HSp90 molecules on the host cell surface. 

The part of Lpl1 that showed interaction belong to the C-terminal sequences. Such interaction triggers 

F-actin formation, thus increasing the USA300 invasion. G-actin: monomer of actin protein; F-actin: 

filamentous actin. Figure adapted and edited from (Tribelli et al., 2019). 
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ARTICLE

MpsAB is important for Staphylococcus aureus
virulence and growth at atmospheric CO2 levels
Sook-Ha Fan1,5, Patrick Ebner1,5, Sebastian Reichert1, Tobias Hertlein2, Susanne Zabel3,
Aditya Kumar Lankapalli4, Kay Nieselt 3, Knut Ohlsen2 & Friedrich Götz1

The mechanisms behind carbon dioxide (CO2) dependency in non-autotrophic bacterial

isolates are unclear. Here we show that the Staphylococcus aureus mpsAB operon, known to

play a role in membrane potential generation, is crucial for growth at atmospheric CO2 levels.

The genes mpsAB can complement an Escherichia coli carbonic anhydrase (CA) mutant, and

CA from E. coli can complement the S. aureus delta-mpsABC mutant. In comparison with the

wild type, S. aureus mps mutants produce less hemolytic toxin and are less virulent in animal

models of infection. Homologs of mpsA and mpsB are widespread among bacteria and are

often found adjacent to each other on the genome. We propose that MpsAB represents a

dissolved inorganic carbon transporter, or bicarbonate concentrating system, possibly acting

as a sodium bicarbonate cotransporter.
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Early concepts of the function of CO2 in bacterial growth can
be traced back to as early as a century ago. However, con-
vincing experimental evidence only surfaced in 1935 when

Gladstone reported that CO2 is an essential factor in the growth
of bacteria1. The growth-promoting effect of CO2 was observed in
various bacteria, including Staphylococcus aureus, particularly
when glucose was substituted by another carbon source. Many
years later, CO2-dependent S. aureus was isolated from abscesses
and osteomyelitis2,3. These strains, though very rare, were well
documented as dwarf or gonidial (G) strains and usually pro-
duced tiny colonies in the absence of additional CO2

4. Although
G strains can be isolated from lesions, their virulence is low in a
mouse infection model3. Since the early 1970’s, the CO2 depen-
dence of staphylococci has been largely overlooked due in part to
the routine cultivation of clinical isolates in CO2 incubators.

Renewed interest in these so-called dwarf colonies, now referred to
as small colony variants (SCVs), was initiated in large part because
they were frequently associated with persistent and relapsing infec-
tions such as airway infections and osteomyelitis5–7. In most cases,
SCVs consist of mutants that are frequently affected in respiration
comprising thymidine, hemin, or menadione auxotrophs8–10. How-
ever, unlike the earlier dwarf mutants described by Slifkin3 the
respiratory mutants cannot be complemented by elevated CO2. There
are several reports where CO2-dependent SCVs of S. aureus have
been isolated from patients with catheter-related bacteremia, endo-
carditis, wound infections, respiratory infections, or nasal coloniza-
tion11. This shows that CO2-dependent SCVs play a role in certain
infections and further studies are necessary to unravel the genetic and
biochemical basis of this type of auxotrophy.

We previously investigated whether S. aureus possesses a type 1
electrogenic NADH:quinone oxidoreductase (Ndh1), a proton
pump that translocates cations, such as H+ or Na+ 12. It turned
out that such an Ndh1 is not present in staphylococci; however,
we found S. aureus has a homolog of the Escherichia coli specific
NuoL protein, one of the core components of the proton
pumping mechanism in E. coli13. We named the gene mpsA
(membrane potential-generating system), because an mpsA
mutant was severely defected in membrane potential generation
and also grew like an SCV12. This connection and in light of the
recent attention on SCVs, we sought to determine the function of
the mps operon.

In S. aureus, mpsA is cotranscribed with the mpsB gene, and is
separated by a weak transcription terminator from the down-
stream mpsC. It was unknown at that time whether mpsC con-
tributes to the MpsAB function. MpsA, like the NuoL homolog is
a membrane protein with predicted 14 transmembrane domains,
while MpsB is a cytoplasmic protein with a predicted metal
binding site. While MpsABC lacks NADH oxidation activity, it
participates in Na+ transport as mpsABC complemented an
Na+/H+ antiporter-deficient E. coli strain, suggesting that
MpsABC constitutes a cation-translocating system12.

Here, we extend our previous observations by analyzing the
function of MpsABC in greater detail. In principle, this study
builds on the work of the 1970s, in which dwarf colonies were
found to be complemented by CO2. We show that MpsAB
increase the uptake of bicarbonate and represents a new class of
dissolved inorganic carbon (DIC) transporter. DIC transporters
are responsible for creating an elevated concentration of intra-
cellular bicarbonate and supplying it to carboxysomes and
Rubisco. Such transporters are most well studied in cyano-
bacteria14, but are not fully described in other autotrophic bac-
teria. In S. aureus, SCV-like mpsAB mutants cannot supply and
store sufficient bicarbonate from atmospheric air to feed the
important carboxylase reactions in central metabolism. The
severe growth defect can only be compensated by increased CO2/
bicarbonate supplementation. Importantly, MpsAB homologs are

widespread in bacteria and were recently found in autotrophic
bacteria functioning as DIC transporters to supply carboxysomes
and RubisCO with bicarbonate/CO2

15,16.

Results
Growth defect of ΔmpsABC is rescued by elevated CO2 /
NaHCO3 . As previously reported, deletion of the mpsABC operon
in S. aureus strain SA113 resulted in a severe growth defect, with the
typical SCV-like phenotype12. To further characterize this operon,
we constructed single deletion mutants of ΔmpsA, ΔmpsB, and
ΔmpsC, as well as a deletion of the entire operon, ΔmpsABC, in the
agr-positive S. aureus strain HG00117. The mutants were analyzed
for growth in liquid culture under atmospheric growth conditions.
As shown in Fig. 1a, the mutants ΔmpsA, ΔmpsB, and ΔmpsABC
grew slowly and did not achieve the final OD of the wild type (WT)
strain HG001, even after 72 h. The growth delay was most pro-
nounced in the first 24 h. In contrast to ΔmpsA and ΔmpsB, the
growth of ΔmpsC was not affected, indicating that mpsC does not
contribute to the mpsAB activity.
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Fig. 1 Growth of HG001 ∆mpsABC. a Growth of wild type HG001, ∆mpsA,
∆mpsB, ∆mpsC, and ∆mpsABC in atmospheric (A) conditions. The growth of
all mutants except ∆mpsC was significantly lower compared to HG001,
**p < 0.01 by unpaired two-sided t-test. ∆mpsC showed no significant
difference (ns) in growth compared to HG001. Each point shown in the
graph represents the mean value ± standard error mean (SEM) from three
independent experiments. Source data are provided as a Source Data file.
b Colony appearances of wild type HG001, ∆mpsABC, and its
complemented mutant (plasmid pRB473-mpsABC) during 5 days of
incubation in atmospheric (A) conditions and 5% CO2. White bar
represents a scale of 1 mm
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Interestingly, growth of all mutants could be restored to near
WT levels under elevated (5%) CO2 concentrations. During the
course of 5 days incubation in 5% CO2, the colonies of all
mutants were significantly larger than those grown in atmo-
spheric air. Growth of the WT strain was largely uninfluenced by
CO2, although the colony size was slightly increased (Fig. 1b and
Supplementary Fig. 1). The growth-promoting effect of CO2 was
also seen in liquid medium (Fig. 2a and Supplementary Fig. 2).
Comparison of the growth in tryptic soy broth (TSB) in the
absence or presence of 5% CO2 revealed that growth of the
∆mpsABC mutant was significantly improved in the presence of
CO2 (Fig. 2a). This growth tendency is similar in the
complemented mutant ∆mpsABC(pRB473-mpsABC) under
atmospheric conditions. Given that CO2 and bicarbonate are
interconvertible in aqueous solution, we also attempted to
complement ∆mpsABC with sodium bicarbonate (NaHCO3).
NaHCO3 at concentration ranging from 1 to 50 mM were added
to the growth medium and growth of ∆mpsABC was followed for
24 h. At low concentrations (1 mM NaHCO3) no difference in the
growth of ∆mpsABC was observed (Fig. 2b). However, with
increasing concentrations of up to 50mM NaHCO3, its growth
increased steadily before reaching final OD values comparable
with those of 5% CO2. Similar observation was also seen with
∆mpsB (Supplementary Fig. 3a and 3b). The pH of the medium
(TSB) increased with the addition of NaHCO3, however the effect
of pH of the medium did not play a crucial role on the growth of
ΔmpsABC (see Supplementary Note 1, Supplementary Table 3
and Supplementary Fig. 8). The results indicate that the growth

deficiency of ∆mpsABC can be largely compensated by the
addition of 5% CO2 and high concentrations of NaHCO3.

MpsABC increase the uptake of bicarbonate. The diminished
ability of the ΔmpsABC mutant to grow under atmospheric
conditions as well as the rescue of this defect by CO2 and
bicarbonate led us to the suggestion that MpsAB may play a role
in CO2 and bicarbonate transport. As the determination of the
CO2 transport is very difficult, we compared the bicarbonate
uptake activity in the WT strain HG001 and the ∆mpsABC
mutant with radiolabeled NaH14CO3. Both strains were grown
aerobically in TSB until reaching its respective exponential
growth phase before being washed to remove the growth media
and resuspended to the same OD578 in Tris buffer. Prior to the
addition of NaH14CO3, the cell suspensions were incubated with
fluorocitrate and glucose. Fluorocitrate, an aconitase inhibitor,
was added to block the TCA cycle so that NaH14CO3 accumu-
lated intracellularly and is not immediately expired by the dec-
arboxylation reactions of the TCA cycle. Glucose was added as
energy source because the cells were resuspended in only Tris
buffer. After addition of NaH14CO3, samples were rapidly har-
vested at several time points and the 14C uptake was measured by
liquid scintillation counting. The immediate uptake occurred
within 120 s until a steady state level was reached (Fig. 3a).
Compared with the WT strain HG001, ΔmpsABC showed sig-
nificantly decreased 14C uptake in the first 120 s. After 15 min,
ΔmpsABC showed a 6.6-fold lower radioactivity than the WT
strain indicating that the bicarbonate uptake was impaired in the
mutant.

mpsAB complements an E. coli CA mutant and vice versa.
Previously we described that MpsB contains a metal binding
motif (His607, Cys622, and Cys625), which is reminiscent of a
carbonic anhydrase (CA) motif12. Therefore, we tried to detect
CA activity with purified MpsB alone and cell extracts expressing
MpsABC. However, we were unable to detect any CA activity
with various methods. In the absence of any detectable enzymatic
data, we asked if mpsAB could complement a CO2-dependent E.
coli mutant, EDCM63618. EDCM636 is an E. coli K-12 mutant in
which the CA gene, can, was deleted. As a result, this strain is
unable to grow under atmospheric air, but can grow in the pre-
sence of high CO2. This phenotype of EDCM636 is similar to that
of HG001ΔmpsABC; hence, we investigated whether mpsAB can
restore growth of EDCM636 under atmospheric conditions. To
do this, we inserted the S. aureus mpsA, mpsB, mpsAB, and
mpsABC genes into E. coli strain EDCM636. The vector alone,
pRB473, served as control. Interestingly, neither mpsA nor mpsB
alone could restore growth of EDCM636. Plasmids containing
mpsAB and mpsABC were able to restore the growth equally well
(Fig. 4a), indicating that mpsC was dispensable. As expected, all
six strains were able to grow under 5% CO2 conditions (Fig. 4a).

Since mpsAB restored the growth of EDCM636, we asked if the
CA gene (can) from E. coli could complement the S. aureus
ΔmpsABC. To address this question, can from E.coli K-12 was
expressed in ΔmpsABC(pTX30-can) under a xylose inducible
promoter. As shown in Fig. 4b, without xylose ΔmpsABC(pTX30-
can) could not grow under atmospheric air. However, when can
expression was induced by xylose, growth was restored. All clones
grew in the presence of 5% CO2 (Fig. 4b), suggesting that both the
bicarbonate transporter and CA enable growth under atmo-
spheric CO2 level and both are interchangeable. Although the
activities of bicarbonate transporters and CA are different, they
represent a CO2/bicarbonate concentrating system that can
functionally replace each other.
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Fig. 2 Growth of HG001 ∆mpsABC can be complemented with 5% CO2 and
NaHCO3. a Growth of HG001, ∆mpsABC in atmospheric (A)conditions and
5% CO2. The growth of the mutant can also be complemented by plasmid
pRB473 carrying mpsABC (compl.). Each point shown in the graph
represents the mean value ± standard error mean (SEM) from three
independent experiments. b Growth of ∆mpsABC in atmospheric (A) and
with additions of NaHCO3 ranging from concentrations of 1 to 50mM, and
5% CO2. The growth of ∆mpsABC with addition of 50mM NaHCO3 was
similar to that under 5% CO2, as there was no significance difference (ns)
between the two conditions (p > 0.05) by unpaired two-sided t-test. Each
point shown in the graph represents the mean value ± standard error mean
(SEM) from two independent experiments. Source data are provided as a
Source Data file
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Impaired membrane potential in ΔmpsABC is rescued by 5%
CO2 . Previously, it was reported that MpsABC represents a
membrane potential-generating and cation-translocating system,
and that membrane potential was severely affected in the
∆mpsABC mutant12. Because elevated CO2 restores the growth of
∆mpsABC, we wondered whether 5% CO2 also restores the
membrane potential in this mutant. The membrane potential of
the WT strain, HG001, grown under atmospheric air was set
equal to 100% and was used as a comparator for other strains
(Fig. 3b). In the ΔmpsABC mutant, the membrane potential was
decreased to only 18% of HG001. In contrast, the presence of 5%
CO2 increased the membrane potential of the ΔmpsABC mutant
and the WT strain up to 164% and 134%, respectively. As a
negative control, the H+ ionophore CCCP caused a collapse of
the membrane potential in all strains tested both in atmospheric
CO2 and in the presence of 5% CO2. Based on these findings,
elevated CO2 not only restores growth but also the membrane
potential generation in the ΔmpsABC.

mpsA expression was downregulated under 5% CO2 condi-
tions. Since the mps deletion mutants, except ∆mpsC, are
responsive to 5% CO2, we postulated that the expression of
mpsAB could be affected by CO2. To investigate whether high
CO2 levels influence mps transcription, Quantitative Reverse
Transcriptase-PCR (qRT-PCR) was performed to determine the
transcription of mpsA in atmospheric and 5% CO2 conditions. To
exclude strain specific effects, three different WT S. aureus strains
were used, namely HG001, USA300 LAC, and MW2 (USA400).
RNA was isolated during the exponential growth phase and the
mRNA of mpsA from the three strains grown in atmospheric air
and in 5% CO2 were compared. Transcript abundance for each
strain cultivated in 5% CO2 was normalized to its corresponding
strain grown in atmospheric conditions. Relative to the growth in
atmospheric air, mpsA in HG001 grown in CO2 was down-
regulated the most, namely 2.5-fold, in USA300 2-fold, and in
MW2 1.7-fold (Fig. 3c). In short, mpsA expression was lower in
5% CO2 compared with atmospheric conditions in all three
strains tested; however, only mpsA downregulation in HG001
reached statistical significance (p < 0.05). A downregulation of
mpsA (SAOUHSC_00412) by CO2 was also observed under cell
culture conditions, as reported in Aureowiki19.

ΔmpsA produces fewer hemolytic toxins and is less pathogenic.
Because the CO2/bicarbonate transporter MpsAB is important for
growth and membrane potential generation, we predicted that the
mutant would have less toxin production and be less virulent. To
examine this question, the hemolytic activity of ΔmpsA and HG001
grown in atmospheric and 5% CO2 was tested on sheep blood agar
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Fig. 3 Uptake of NaH14CO3 by HG001 and ΔmpsABC, membrane
potential determination and mpsA expression. a Cells were preincubated
with fluorocitrate for 30 mins prior to the addition of NaH14CO3

(50 μCi). NaH14CO3 was added at time 0 and 1 ml of cell samples
collected at times indicated. The H14CO3 uptake was determined by
14C accumulation in cells measured by liquid scintillation counting. The
NaH14CO3 uptake in ΔmpsABC was significantly lower than WT HG001;
***p < 0.001 by paired two-sided t-test. Each point shown in the graph
represents the mean value ± standard error mean (SEM) from three
independent experiments. (CPM= counts per minute). b ∆mpsABC
grown in 5% CO2 showed increased membrane potential compared
with those grown in atmospheric conditions. Membrane potential was
determined by fluorescence intensity measurements using BacLight
bacterial membrane potential kit. The values for WT HG001 in
atmospheric were set equal to 100%. Cells were grown to exponential
growth phase in atmospheric (A) and 5% CO2 (CO2). As a negative
control, the H+ ionophore CCCP caused a collapse of the membrane
potential in all strains tested both in atmospheric CO2 and in the
presence of 5% CO2. When grown under 5% CO2 conditions, HG001
and ∆mpsABC showed significantly higher relative membrane potential
(**p < 0.01 and ****p < 0.0001, respectively, as determined by unpaired
two-sided t-test) compared with their corresponding strains in
atmospheric conditions. Each bar shown in the graph represents the
mean value ± standard error mean (SEM) from four independent
experiments (three independent experiments for CCCP), each with three
technical replicates. c mpsA expression in three wild-type Staphylococcus
aureus strains HG001, USA300, and MW2 under atmospheric and 5%
CO2 conditions. The relative expression of mpsA under 5% CO2

conditions, normalized to its corresponding strains grown in atmospheric
(A) conditions. Only mpsA expression in HG001 is significantly lower in
5% CO2 compared with atmospheric conditions; *p < 0.05 by unpaired
two-sided t-test. (ns= not significant). Each bar shown in the graph
represents the mean value ± standard error mean (SEM) from four
independent experiments, each with three technical replicates. Source
data are provided as a Source Data file
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followed by cold shock treatment. Consistent with our hypothesis, no
visible hemolytic zone was seen in ΔmpsA when cultivated in
atmospheric air, while the presence of 5% CO2 restored toxin pro-
duction as indicated by a clear halo on blood agar (Fig. 5a). The same
result was also observed for the ΔmpsB and ΔmpsABC mutants
(Supplementary Fig. 4). The WT strain HG001 formed a hemolysis
zone independent of the presence of 5% CO2.

Following the finding of decreased toxin production from
ΔmpsA, we were interested to find out if this effect is relevant
in vivo. To characterize the role of mps on virulence, Galleria
mellonella larvae were used as an invertebrate infection model.
The survival rate of larvae injected with WT HG001, ΔmpsA, and
PBS as control were observed over the course of 5-day period
(Fig. 5b). In the PBS control group, 95% of the larvae were alive at
the end of the 5-day period. In contrast, larvae infected with
HG001 showed a survival rate of only 13% after the 5-day period,
while 53% of the larvae survived when infected with ΔmpsA.
These results indicate that deletion of mpsA rendered S. aureus
less virulent in an invertebrate infection model.

To assess the contributions of mpsAB to S. aureus pathogenesis
using an intranasal mouse infection model (pneumonia model),
female Balb/c mice were intranasally infected with HG001 and

ΔmpsA. After 48 h, mice were sacrificed and the lungs, kidneys,
and livers were recovered to determine the bacterial burden.
Although the ΔmpsA generally exhibited a lower bacterial burden
in all three organs, only the bacterial load in the lung was
significantly lower compared with its WT strain HG001 (Fig. 5c).
These results indicate that the ΔmpsA is attenuated in
pathogenicity compared with its WT strain in this mouse
infection model. Taken together, these findings suggest that a
functional bicarbonate transport system (mps) is required for
fitness and pathogenicity in vivo.

Phylogenetic distribution of mpsAB homologs. Considering the
significant effect of mpsAB in S. aureus, we examined the phy-
logenetic distribution of both genes. Searching the RefSeq data-
base revealed genes homologous to mpsA and mpsB were found
in a number of species that span the Firmicutes phylum (Fig. 6).
These included bacteria from the genus Staphylococcus, Bacillus
and a few from Alicyclobacillus, Geobacillus, Parageobacillus,
Sulfobacillus, and Thermaerobacter (Fig. 6 and Supplementary
Fig. 6). Furthermore, homologs of mpsAB were also widespread in
genomes from multiple phyla of prokaryotes (Supplementary
Fig. 7). Among those which were well depicted in the phyloge-
netic tree are from the phyla Proteobacteria, Actinobacteria, and
Bacteroidetes. MpsAB are highly conserved in the genus Staphy-
lococcus and to a lesser extent in Bacillus and other Firmicutes
(Supplementary Fig. 5). Apart from few exceptions in Actino-
bacteria and Proteobacteria, in most genomes mpsA and mpsB
homologs are always adjacent. In Acidimicrobium ferrooxidans, a
ferrous-iron-oxidizing bacterium, mpsA and mpsB homologs
exist as a single fused gene (Supplementary Fig. 5).

Apart from S. aureus, mpsAB homologs were found in a few
human pathogens such as Bacillus anthracis, Legionella pneumo-
phila, and Vibrio cholerae (Table 1). Interestingly, all these three
pathogens also carry genes encoding protein with CA domain in
addition to mpsAB homologs. In the family of Staphylococcaceae,
only Macrococcus caseolyticus JCSC5402, Staphylococcus carnosus
TM300, and Staphylococcus pseudintermedius ED99 do not have
mpsAB homologs. Instead, they carry genes with CA homologs.
This surprising observation also extend to a number of human
pathogens; Listeria monocytogenes, Streptococcus pyogenes, Enter-
ococcus faecalis, Enterococcus faecium, Mycobacterium tubercu-
losis, Helicobacter pylori, Escherichia coli, and Pseudomonas
aeruginosa (Table 1). All these important pathogens have CA
homologs instead of mpsAB homologs, emphasizing the impor-
tance of bicarbonate/CO2 supply to the microorganisms.

Discussion
Despite an almost 50-year-old observation of CO2-dependent S.
aureus growth, little is known about the genetic basis of S. aureus
regarding its response to changes in CO2 availability. In the present
work, we demonstrate that the growth defect of the ΔmpsABC
mutant under atmospheric CO2 levels could be largely rescued by 5%
CO2 (Fig. 2a) or by ≥ 50mM bicarbonate (Fig. 2b). Uptake studies
with radiolabeled NaH14CO3 indicates that MpsABC contributed to
a significant accumulation of H14CO3

− in the cytoplasm of the WT
strain (Fig. 3a). The bicarbonate uptake experiment is tricky because
we had to prevent CO2 evaporation as much as possible. This is most
likely the reason why we observed increased variations after 5min.
However, one should consider that for substrate uptake, the first 2
min are crucial. During this time range, the standard error mean
(SEM) values were really small. We assume that the addition of
fluorocitrate was probably not inhibiting the TCA cycle completely;
we do not dare to increase the concentration any higher because of
the side effects it may cause (we used 10mM fluorocitrate and the
normal concentration used for aconitase enzyme assay is 100 μM).
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Fig. 4 mpsAB(C) complements an E. coli carbonic anhydrase mutant and
vice versa. a E. coli carbonic anhydrase mutant (EDCM636) can be
complemented with mpsAB and mpsABC using plasmid pRB473 under the
control of its native promoter in atmospheric (left) and 5% CO2 (right).
Clockwise from the top; EDCM636, EDCM636 pRB473 (empty plasmid),
EDCM636 pRB473 mpsA, EDCM636 pRB473 mpsB, EDCM636 pRB473
mpsAB, and EDCM636 pRB473 mpsABC. b ∆mpsABC can be complemented
with carbonic anhydrase, can from E. coli MG1655 using pTX30, a xylose-
inducible promoter plasmid. Clockwise from the top; wild-type HG001,
∆mpsABC, ∆mpsABC pTX30 (empty plasmid), and ∆mpsABC pTX30 can .
Plates were supplemented with xylose (+) or without xylose (−)
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Deletion of the mpsC gene showed no phenotypic alterations or
growth defect, suggesting it is not a functional part of the mpsAB
operon. Furthermore, the E. coli CA mutant could be com-
plemented with only mpsAB, and the gene synteny revealed that
mpsC is not collocated with mpsAB homologs in other bacteria
than staphylococci. Taken together, these observations speak in
favor of MpsAB representing a bicarbonate or DIC transporter
with the ability to accumulate intracellular DIC.

CAs are Zn2+ metalloenzymes, which catalyze the reversible
hydration of CO2 (CO2+H2O ↔ HCO3

−+H+). For this rea-
son, we hypothesized that a CA mutant in E. coli (EDCM636)

could be complemented by mpsAB. The E. coli can gene encodes a
β-class CA, which is essential under atmospheric but not at 5%
CO2

18. As expected, the E. coli can mutant could be com-
plemented by mpsAB and vice versa; the S. aureus mpsABC
mutant could be complemented by E. coli specific can (Fig. 4).
Due to the mutual complementation, we thought that MpsB,
MpsAB, or MpsABC might have CA activity. Unfortunately, we
were unable to detect CA activity using purified proteins or with
whole cell extracts. The absence of CA activity in MpsAB suggests
that MpsAB and CA have different enzymatic mechanisms, yet
they serve the same function; namely, preventing evaporation of
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Fig. 5 ∆mpsA produces less hemolytic toxin in atmospheric conditions and is less virulent in animal infection models. a Hemolytic toxin production in
HG001 and ΔmpsA grown in atmospheric (left) and 5% CO2 (right) at 37 °C after overnight incubation (above) and after cold shock treatment (below).
b Kaplan–Meier plot of the survival of Galleria mellonella larvae infected with HG001 and ΔmpsA. Larvae injected with PBS were used as control. Larvae
infected with ΔmpsA showed significantly better survival rate compared with the larvae infected with wild-type HG001; ****p < 0.0001 as determined by
Log-rank (Mantel–Cox) test. Results are representative of four independent experiments. c Comparison of wild-type HG001 and ΔmpsA in a 48 h intranasal
mouse infection model (pneumonia model) in the lung, kidneys, and liver. The bacterial burden of ΔmpsA in the lung was significantly lower (*p= 0.036)
compared with HG001. There was no significant difference (ns) in bacterial burden in the kidney and liver between the two strains. The number of bacteria
per organ based on determination of CFU in n= 8 (WT HG001) and n= 9 mice (ΔmpsA) is shown. The vertical line indicates the median. The detection
limit was 10 CFU per organ. Data were analyzed using two-tailed Mann–Whitney test. Source data are provided as a Source Data file
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CO2 by trapping it as bicarbonate for anaplerotic metabolism.
Although a considerable amount of CO2 is produced by a func-
tional TCA cycle, this CO2 will be lost in the cytoplasm due to an
insufficient concentration for anaplerotic reactions. To prevent
this from happening, CA catalyzed the formation of bicarbonate
from CO2, which significantly delays the release of intracellular
CO2 and providing bicarbonate required for carboxylation
reactions20.

The observation that EDCM636 could only be complemented by
both MpsAB suggests they function together as a transporter. This is
also supported by the collocation of mpsAB homologs in many
microorganisms across multiple phyla (Fig. 6, Supplementary Figs. 5
and 7). Furthermore, MpsA belongs to PFam0036121, which consists
of a diverse family of proton-conducting membrane transporters,

including NADH:quinone oxidoreductase subunits (complex I)22. In
this regard, we demonstrated that MpsABC constitutes a cation-
translocating system, capable of Na+ transport similar to the obser-
vation regarding NuoL12. MpsB on the other hand belongs to
PFam10070, a family of conserved proteins in bacteria of unknown
function. Based on these observations, we propose a model that
MpsAB is a sodium bicarbonate cotransporter (NBC) as illustrated in
Fig. 7. Such NBC transporters are prevalent in mammals23, having
important functions in maintaining intracellular and whole-body pH,
as well as contributing to the transepithelial transport processes. The
bicarbonate cotransporters are composed of 13 transmembrane
domains24, similar to MpsA which has 14. It is unknown whether
mammals also require an MpsB homolog; although the NBC stoi-
chiometry in Xenopus oocytes is 1 Na+: 2 HCO3

−, indicating a
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possible accessory protein interaction25. As CO2 is volatile, trans-
porting bicarbonate or DIC helps to “trap” it in the cytoplasm for the
carboxylation reactions of anaplerotic metabolism. In Firmicutes,
these include pyruvate carboxylase fuelling the TCA cycle, acetyl-
CoA-carboxylase as the first enzyme of fatty acid synthesis, or
phosphoribosylaminoimidazole carboxylase involved in purine
biosynthesis.

Phylogenetic analysis revealed that mpsAB are widespread, not
only among Firmicutes, but also across multiple phyla (Fig. 6 and
Supplementary Fig. 7). Bacteria that possess homologs of MpsAB

have diverse lifestyles; for example hyperthermophilic (e.g.,
Aquifex aeolicus), thermophilic and acidophilic (e.g., Acid-
imicrobium ferrooxidans and Acidithiobacillus caldus), CO2 fixing
bacteria (e.g., Chloroflexus aurantiacus), and nitrogen-fixing
bacteria (e.g., Bradyrhizobium oligotrophicum and Frankia sp).
In addition, MpsAB homologs were also described in the
gammaproteobacterial chemolithoautotroph Thiomicrospira cru-
nogena15. Similar to S. aureus, the T. crunogena genes Tcr_0853
(mpsA homolog) and Tcr_0854 (mpsB homolog) were cotran-
scribed, constitute a probable DIC transporter, and its mutants
required elevated DIC for growth15. Although T. crunogena has
CO2 concentrating mechanisms (CCMs), its DIC uptake process
is unclear due to the lack of cyanobacterial transporter homologs.
That being said, it is assumed that in autotrophic bacteria, a DIC
concentrating system is necessary to ensure that Rubisco is
saturated with CO2, so that carboxylation proceeds at its
maximum rate.

Another problem with the “ancient” Rubisco is that it also
reacts with oxygen26. In this respect, the atmospheric CO2 con-
tent in ancient times was high, while that of O2 was low. In a
CO2-rich environment, the CO2-fixing enzymes in autotrophic
bacteria, such as Rubisco could work properly despite its low
affinity and limited discrimination between CO2 and O2. How-
ever, due to oxygenic photosynthesis in the subsequent 2.5 billion
years, the atmosphere became O2 rich and CO2 poor27. As a
consequence, the cytoplasmic CO2 levels became too low for
proper CO2 fixation and assimilation28,29. Therefore, it is
assumed that autotrophic bacteria that grow in atmosphere
appear to uniformly have CCMs27. Bacterial CCM involves two
main functions: (a) active transport of inorganic carbon species
(HCO3

− and CO2) to concentrate HCO3
− within the cell, and (b)

the pool of HCO3
− is then utilized to provide elevated CO2

concentrations around primary CO2 fixing enzyme, Rubisco,
encapsulated in carboxysomes which also contain CA14. Recently,
DIC transporters from four evolutionary distinct families were
described in several genera of sulfur-oxidizing chemolithoauto-
trophs16. Two of these DIC transporters demonstrate DIC uptake
even though they share low protein identity with the well-
characterized cyanobacterial transporters, SbtA- and SuIP-family
bicarbonate transporters. SbtA is an inducible, high-affinity
Na+-dependent HCO3

− transporter30, while BicA, a member of
the SuIP family, is a low-affinity, high-flux Na+-dependent
HCO3

− transporter31. Heterologously expressed chromate ion
transporter from Hydrogenovibrio thermophilus JR2 is also cap-
able of DIC uptake16. The fourth type of transporter is a two
component DIC transporter encoded by the genes Tcr_0853 and
Tcr_0854 in Hydrogenovibrio crunogenus (previously known as T.
crunogena) as discussed previously15,16. Another well-
characterized DIC transporter expressed in cyanobacteria is
BCTI, encoded by the cmpABCD operon is an inducible, high-
affinity HCO3

− transporter belonging to the ATP binding cas-
sette transporter family32. It is thought that these transporters
differ in their affinities and mechanisms for transport (as cation
symporter or anion antiporter), which provide advantages under
specific growth conditions16. Out of all these distinct transporters
families, MpsAB belongs to the same type as encoded by
Tcr_0853 and Tcr_0854 from H. crunogenus in terms of function
and homology; MpsAB is 29–30% identical to Tcr_0853 and
Tcr_0854 . Such transporters and their function were so far not
described in Firmicutes.

Staphylococci, like most other Firmicutes, are neither auto-
trophic nor do they possess typical carboxysome structures or
Rubisco. The question is, therefore, why do they need MpsAB as a
DIC concentrating system. The most rational answer would be
that enzymes involved in substrate carboxylation are not suffi-
ciently supplied with HCO3

− under atmospheric CO2, thus

Table 1 Distribution of MpsAB and carbonic anhydrase (CA)
homologs in various species

Species MpsAB homolog CA homolog
Staphylococcus aureus aureus
NCTC 8325

+ −

Staphylococcus carnosus
carnosus TM300

− +(a)

Staphylococcus pseudintermedius ED99 − +(a)

Macrococcus caseolyticus JCSC5402 − +(a)

Bacillus anthracis delta Sterne + +(a)

Bacillus subtilis subtilis 168 + ++(a)

Listeria monocytogenes R479a − +(b)

Streptococcus pneumoniae R6 − +(a)

Streptococcus pyogenes A20 − +(a)

Enterococcus faecalis V583 − +(b)

Enterococcus faecium DO − +(b)

Mycobacterium tuberculosis H37Rv − +++(a)*
Helicobacter pylori J99 − +(a)+(b)

Escherichia coli O157:H7 Sakai (EHEC) − ++(a)

Legionella pneumophila pneumophila
Philadelphia-1

+ +++(a)*

Pseudomonas aeruginosa PAO1 − +++(a)

Vibrio cholerae sv. O1 bv. El
Tor N16961

+ +(a)+(b)

Homologies were inferred based on PFam domains search from finished bacterial genomes in
Integrated Microbial Genomes & Microbiomes (IGM/G) database. MpsA, MpsB, prokaryotic
type-CA, and eukaryotic-type CA belongs to PFam00361, PFam10070, PFam00484, and
PFam00194, respectively. The symbol +/− indicates the presence or absence of homolog,
while (a) and (b) indicates prokaryotic and eukaryotic-CA, respectively. Asterisk indicates that
one of the three CAs is a gene fusion and has a probable transmembrane domain in which the
N-terminal part has PFam00916 (sulfate transporter family) and PFam00484 in the C-
terminal part
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Fig. 7 Proposed function for MpsAB. We proposed that MpsAB represents
a sodium bicarbonate cotransporter (NBC). These transporters are
prevalent in mammalians and are expressed throughout the body. Unlike
CO2 which can diffuse passively in and out of the cells, bicarbonate
(HCO3

−) needs to be transferred into the cells via a transporter. In
S. aureus, MpsAB most likely function together as cotransporter to
transport Na+ and HCO3

−. Me2+ indicates a metal binding site in MpsB
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require a higher HCO3
− concentration for proper activity. For

example, the biotin-dependent pyruvate carboxylase has a central
function in fueling the TCA cycle with oxaloacetate. If this
reaction is impaired, not only the TCA cycle but also respiration
and the membrane potential would be impaired. This is exactly
the observed phenotype of the mpsABC mutant, which exhibited
the typical features of SCV in atmospheric CO2 and similar to the
S. aureus hemB mutant10,12. It is also tempting to speculate that
MpsAB serve to prevent the depletion of cellular DIC, a role
which is conventionally played by CA or other known cyano-
bacterial bicarbonate transporter. S. aureus has neither of them,
however since CO2 or HCO3− is crucial for many cellular pro-
cesses, a DIC concentrating mechanism is likely to be important
for its growth and survival. As a major pathogen S. aureus needs
to adapt to different niches; as commensal inhabitant on envir-
onmentally exposed skin and mucosal surfaces to colonization
and infection inside the mammalian host. Variations of CO2
levels are one of the evident conditions it would encounter in this
process, and having a DIC concentrating mechanism would
ensure its sufficient supply intracellularly. Collectively, these
hypotheses could explain the role of MpsAB beyond the known
carbon-fixing bacteria.

Due to the interchangeable role of MpsAB and CA, we sought
to compare the occurrence of both the genes in Firmicutes. In this
phyla, there is tendency that either one of them is present; in
some cases both genes are present in one strain/species, for
example in B. anthracis and B. subtilis (Table 1). This same
observation appears to hold true for selected species of Gram-
positive and Gram-negative pathogens (Table 1). Interestingly,
highly pathogenic species for example Legionella pneumophila
and Vibrio cholera have MpsAB homologs as well as at least two
CA homologs, while Mycobacterium tuberculosis, Helicobacter
pylori, E. coli O157:H7, and Pseudomonas aeruginosa have two or
even three CAs. The importance of the distribution of MpsAB
and CA in the respective strains or species is not yet clear.
Nevertheless, the occurrence of two and even three CA genes,
and/or MpsAB suggests that DIC concentrating mechanism play
an important role in fitness and pathogenicity. We assume that
the decreased virulence of the mpsA mutant is due to the very low
intracellular bicarbonate levels. Bicarbonate is the substrate for
biotin carboxylase that produces carboxybiotin, the substrate for
other carboxylases, such as PEP−, or pyruvate carboxylase that
feed the TCA cycle. For example, the Km value for bicarbonate of
the E. coli biotin carboxylase is comparatively high at 16 mM33,
indicating that the enzyme has a very low affinity for bicarbonate.
This suggests that a high level of intracellular bicarbonate is
needed to fuel the TCA cycle, respiration, fatty acid biosynthesis,
and membrane potential. ATP and membrane potential are
important for toxin secretion.

The virulence attenuation of the ΔmpsA was also seen in vivo.
In the Galleria mellonella larvae survival model, the killing rate by
the mutant was significantly decreased (Fig. 5b). In the intranasal
S. aureus mouse infection model (pneumonia model), the CFU/
lung was also significantly decreased with ΔmpsA (Fig. 5c). We
have chosen a lung infection model because the CO2 content in
the lung is higher and we expect that the mpsA mutant might
have a better chance to grow. CO2 is produced during respiration
and is carried by the blood through the venous system to the
lungs, where it is exhaled with a concentration of ~3.8% in the
tidal air or 450 l of CO2 per day34. There was no statistically
significant difference in bacterial burden in the kidney and liver
between HG001 and the mpsAmutant. This can be explained that
the lung was the primary organ that was infected with S. aureus.
From there, S. aureus spreads to other organs during the course of
infection. Spreading is a complex process as the bacteria have
several barriers to pass: first the lung epithelium and endothelium

of blood vessels, and then again the endothelium of blood vessels
to establish infections in other organs. Thus, infection burden in
kidneys and liver was lower than in the lung, as it has also been
observed by Lee et al.35.

In conclusion, we propose that MpsAB constitutes a DIC
transporter that is important for growth of S. aureus under low,
atmospheric CO2 conditions. This transporter system underlies
the importance of CO2/bicarbonate in the fitness and patho-
genicity of S. aureus and may help shed some light on earlier
observations about CO2-dependent variants. Furthermore,
mpsAB homologs are widespread in diverse groups of micro-
organisms that adopt different lifestyles and occupy a wide range
of niches. In contrast to the dogma of DIC transporters, MpsAB
plays an important function even in non-autotrophic bacteria by
concentrating bicarbonate for anaplerotic pathways that are
relevant across most microorganisms. An interesting finding in
our study was that MpsAB and CA could functionally replace one
another in our mutual complementation experiments, further
supporting the essentiality of bicarbonate. Within this context, a
number of the pathogenic species have either MpsAB or CA,
whereas both are present in some of these species, suggesting
their roles in growth and virulence.

Methods
Bacterial strains and growth conditions. The strains used in this study are listed in
Supplementary Table 1. For cloning procedures, all staphylococcal and E. coli strains
were cultivated at 37 °C with shaking at 150 rpm in basic medium (BM) (1% soy
peptone, 0.5% yeast extract, 0.5% NaCl, 0.1% glucose, and 0.1% K2HPO4, pH 7.2),
unless specified otherwise. All cultures were grown in 10ml medium using baffled
100ml shake flasks (flask-to-medium ratio 10:1) as recommended36,
with the exception of growth studies, which were grown in 15ml medium (flask-to-
medium ratio 7:1). The medium was supplemented with the following antibiotics,
where applicable at the indicated final concentrations: chloramphenicol at 10 μgml−1,
tetracycline at 25 μgml−1, for staphylococcal strains and 100 μgml−1 ampicillin and
30 μgml−1 kanamycin for E. coli strains.

Growth studies of staphylococcal strains. TSB (Sigma-Aldrich) and TSA plates
(Sigma-Aldrich) were used for growth studies involving S. aureus. For growth
characterization on solid medium, S. aureus strains were precultured for 24 h at
37 °C under continuous shaking starting from a single colony. Cultures were then
diluted to 10−5–10−7 and an aliquot of 100 μl was plated on TSA plates. The plates
were incubated for 5 days at 37 °C under atmospheric and 5% CO2 conditions. The
5% CO2 level was achieved in a CO2 incubator (Heraeus Instruments). The colony
size and appearance on TSA was observed every 24 h for 5 days and documented
with a Leica M125 stereomicroscope. For growth characterization in liquid med-
ium, S. aureus cells were precultured in TSB as described above. S. aureus strains
involved were WT HG001, ΔmpsA, ΔmpsB, ΔmpsC, and ΔmpsABC that were
transformed with pRB473-mpsA, pRB473-mpsB, pRB473-mpsC, and pRB473-
mpsABC, respectively. Main cultures were inoculated to OD578= 0.05 and grown
under atmospheric and 5% CO2 conditions at 37 °C under continuous shaking.
Aliquots were taken at 2, 4, 6, 8, 10, 12, 24, 48, and 72 h for OD578 measurements.

Growth studies of ΔmpsABC with bicarbonate supplemented media. Media
were supplemented with NaHCO3. Precultures were grown as described above.
Main cultures were cultivated as described above as well, but with the addition of
the supplements at final concentrations of 1, 5, 10, and 50 mM and grown under
atmospheric conditions. ΔmpsABC grown under atmospheric and 5% CO2 con-
ditions were used as controls.

Complementation experiments of ΔmpsABC and EDCM636. With regards to S.
aureus ΔmpsABC complemented with can from E. coli, the cultures were inoculated
and were adjusted to OD578= 5, then the strains were streaked on agar plates
containing no xylose or 0.5% xylose (filter sterilized). Complementation of
EDCM636 with pRB473-mpsA, pRB473-mpsB, pRB473-mpsAB, and pRB473-
mpsABC, were also performed as described above, with the exception that BM and
BMA were used instead of TSB and TSA.

Construction of the S. aureus deletion mutants. All oligonucleotides used in this
study are listed in Supplementary Table 2. Nucleotide and amino acid sequences
were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG). The
deletion mutants S. aureus HG001 ΔmpsB (KEGG accession no.
SAOUHSC_00413) and ΔmpsC (SAOUHSC_00414) were constructed as marker-
less deletions using allelic replacements as described by Bae and Schneewind37.
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Briefly, 1 kb upstream and 1 kb downstream of mpsB and mpsC, respectively were
amplified from the chromosomal DNA of S. aureus HG001. The fragments were
assembled with linearized (Bg1II restriction enzyme) plasmid pBASE638 by Gibson
assembly39 using Hi-Fi DNA Assembly Master Mix (New England Biolabs). The
resulting plasmids were first introduced into E. coli DC10B40 and then into S.
aureus RN4220 via electroporation before transformation of S. aureus HG001.
Deletion of the genes were confirmed by PCR and sequence analysis. For S. aureus
HG001 ΔmpsA and ΔmpsABC, pKOR137 carrying up- and downstream flanking
regions of ∼2 kb each for both deletions12 were used.

Construction of complementation vectors. Complementation of ΔmpsB was
carried out with plasmid pCtufamp41 and ΔmpsC with plasmid pRB47342. For
construction of complementation vector for mpsB, mpsB was amplified and then
assembled into linearized pCtufamp plasmid (HindIII and PacI restriction enzyme)
by Gibson assembly. As for construction of complementation vector for mpsC, the
putative native promoter sequence for mpsABC as well as mpsC were amplified and
then inserted into linearized pRB473 (EcoRI restriction enzyme). The putative
promoter regions were determined by DNA sequence analysis. The constructed
plasmids were first introduced into E. coli DC10B then into S. aureus RN4220
before being transformed into S. aureus HG001 ΔmpsB and ΔmpsC, respectively.
For complementation of ΔmpsA and ΔmpsABC, recombinant vector plasmids
pRB473-mpsA and pRB473-mpsABC from previous study12 were isolated and the
corresponding deletion mutants were transformed as described above. In addition,
all constructed pRB473 derivatives were transformed into EDCM636, an E. coli
MG1655 derivative harboring a kanamycin resistance marker replacing a deletion
of the CA encoding gene can. It was purchased from E. coli Genetic Stock Center,
Yale University. Additional complementation vectors pRB473-mpsB and pRB473-
mpsAB were constructed and transformed into EDCM636, including the empty
vector.

Construction of pTX30-can. The xylose inducible plasmid pTX3043 was used for
expression of can (KEGG accession no. b0126). Therefore, can was amplified from
the chromosomal DNA of E. coli MG1655. The insert was inserted into the line-
arized pTX30 (BamH1 and EcoR1 restriction enzymes) using T4 DNA ligase
(Thermo Scientific). The resulting plasmids was transformed into S. aureus
RN4220 via electroporation before being transformed into ΔmpsABC.

Quantitative RT-PCR. qRT-PCR was carried out to determine the gene expression
of mpsA in three WT S. aureus strains, namely HG001, USA30044, and MW245
under atmospheric and 5% CO2 conditions. All bacteria precultures were pre-
cultivated in atmospheric and 5% CO2 conditions, respectively, for 24 h. Main
cultures were inoculated at an OD578= 0.1 for each strain and grown in its
respective growth conditions for 3 hrs. Subsequently an aliquots of OD578= 2.0
were harvested. RNA isolation was carried out using a RNeasy Mini kit (Qiagen)
according to manufacturer’s instructions. The resulting RNA was treated with RQ1
RNase-Free DNase (Promega). Subsequently, the RNA was analyzed for DNA
contamination using ReproFast DNA Polymerase (Genaxxon Bioscience) with no-
RT control PCR. Power SYBR® Green RNA-to-CT™ 1-Step Kit (Applied Biosys-
tems) was used in AviaMx Real-Time PCR System (Agilent Technologies) with
primers directed to mpsA using 50 ng of RNA as template in each reaction. DNA
gyrase subunit B (gyrB) was used as housekeeping gene control. The RNA used in
qRT-PCR was isolated from four independent experiments. The relative expression
of mpsA under 5% CO2 was normalized to its corresponding strains grown in
atmospheric conditions.

Bicarbonate uptake analysis. Main cultures were inoculated to an OD578= 0.1
and grown until exponential growth phase for 3 h (S. aureus HG001) and 18 h
(ΔmpsABC). Cells were then centrifuged and washed with 10 mM Tris buffer at pH
7. Cells were resuspended in Tris buffer and adjusted to OD578 of 1 in a final
volume of 10 ml. Fluorocitrate and glucose at a final concentration of 10 mM and
5mM, respectively, were added to both cell suspensions before incubated at room
temperature with magnetic stirring for 30 min. After that, 50 μCi of NaH14CO3
(specific activity 58 mCi mmol−1, Hartmann Analytic) was added. One milliliter of
samples was collected at time 0 (before the addition of NaH14CO3), 0.5, 1, 2, 4, 6, 8,
10, and 15 min. After each sample was collected, cells were immediately filtered by
vacuum filtration onto membrane filters (WhatmanTM ME 25 mixed cellulose ester
membrane filters 0.45 μm) and washed with 10 ml of Tris NaCl buffer (10 mM Tris
with 100 mM NaCl). The membrane filters were then placed in a vial containing
10 ml of liquid scintillation cocktail (Ultima Gold, PerkinElmer). Radioactivity
retained on the membrane filters was taken as H14CO3 uptake which was deter-
mined by 14C accumulation in cells, measured by liquid scintillation counting (LKB
Wallac 1209 RackBeta liquid scintillation counter). Results were recorded as counts
per minute (CPM).

Hemolysis assay. To analyze hemolytic toxin production, overnight cultures of
HG001 ΔmpsA, ΔmpsB, and ΔmpsABC grown in 5% CO2 were used. Each bacterial
strain was adjusted to an OD578 of 2 and streaked onto blood agar (Oxoid). In
addition, to better visualize the hemolysin halo zones, cultures were grown in
atmospheric (16 h for HG001 and 48 h for ΔmpsA) and in 5% CO2 conditions (16 h

for both HG001 and ΔmpsA). An aliquot of same OD578 was collected for each
strain before being centrifuged to remove the cell pellets. The remaining super-
natant was filtered and concentrated with SpeedVac. The concentrated supernatant
was then dropped into blood agar. All plates were incubated at 37 °C under
atmospheric and 5% CO2 conditions respectively for 24 h before subjected to cold
shock treatment for 72 h.

Galleria mellonella larvae infection model. Final-stage instar larvae of G. mel-
lonella were purchased from Reptilienkosmos.de, Germany. Ten larvae weighing
between 300 and 600 mg were infected with S. aureus HG001 and ΔmpsA,
respectively. Bacteria were grown in TSB at 37 °C with shaking for 24 h (HG001)
and 48 h (ΔmpsA). Cells were washed twice and resuspended in Dulbecco’s
Phosphate-Buffered Saline (DPBS) (GibcoTM) before being adjusted to an OD578,
which corresponds to 5 × 108 colony-forming unit (CFU) for each strain. Each
larva was injected with 5 × 106 cells. Larvae injected with DPBS served as control
group. The larvae were incubated at 37 °C for 5 days after infection and surviving
larvae were counted every day starting from 24 h after infection. The experiments
were replicated four times. Data collected from each independent experiment were
pooled for statistical analysis, resulting in n= 40 for every strain.

Membrane potential measurement. Main cultures were grown to exponential
growth phase for HG001 (3 h in atmospheric and 5% CO2, respectively) and also
for ΔmpsABC (18 h in atmospheric and 3 h in 5% CO2 conditions). Cells were
washed once in phosphate-buffered saline (PBS) before adjusted to an OD578 of 0.4.
Membrane potential was determined using BacLight bacterial membrane potential
kit (Invitrogen) according to the manufacturer’s protocol. Briefly, 10 μl of the dye
3,3′-diethyloxacarbocyanine iodide (DiOC2[3]) was added to the bacterial sus-
pension samples and incubated for 30 min. Then, 200 μl of the stained or unstained
sample was applied to a black, flat-bottomed 96-well plate to determine the red and
green fluorescence intensity using a microplate reader (Tecan Infinite M200).
Excitation and emission wavelengths were chosen as recommended by the kit’s
protocol. The fluorescence intensities of wild-type HG001 grown in atmospheric
was set equal to 100%.

Mouse infection experiments. Overnight cultures of HG001 and ΔmpsA in Brain
Heart Infusion Broth (BHI) medium were diluted to a final OD600 of 0.05 in 50 ml
fresh BHI medium and grown until exponential growth phase (3.5 h for HG001
and 6 h for ΔmpsA) at 37 °C with 5% CO2. After centrifugation, the cell pellet was
resuspended in BHI with 20% glycerol, aliquoted and stored at −80 °C. For the
generation of in vivo infection, aliquots were thawed and washed twice with PBS.
The infectious dose used for infection was very similar for both strains (2.1 × 108
CFU/HG001 and 1.7 × 10 CFU/ΔmpsA in 20 μl). A sample of the infection
inoculum was plated on TSB agar plates in order to control the infection dose. For
the intranasal S. aureus infection model (pneumonia model) we used female Balb/c
mice (8 or 9 per group, 6 weeks, Janvier Labs, Le Genest-Saint-Isle, France). They
were intranasally infected with 2.1 × 108 CFU of HG001 and with 1.7 × 108 CFU of
ΔmpsA. During infection, mice were scored twice a day and the severity of infection
was determined accordingly to recognize if humane endpoint was reached. After
48 h of infection, mice were sacrificed, the lungs, kidneys, and livers recovered,
homogenized and plated in serial dilutions on TSB agar plates incubated overnight
at 37 °C with 5% CO2 in order to determine the bacterial burden. Significant
difference in the CFU counts in the organs between the two groups was determined
with Mann–Whitney test.

Ethics statement. All of the animal studies were approved by the local government
of Lower Franconia, Germany (approval number 55.2-2532-2-155) and performed
in strict accordance with the guidelines for animal care and experimentation of
German Animal Protection Law and the DIRECTIVE 2010/63/EU of the EU. The
mice were housed in individually ventilated cages under normal diet in groups of
four to five throughout the experiment with ad libitum access to food and water.

Phylogenetic analysis of mpsA and mpsB homologs. Homologs of mpsA
(YP_498998.1) and mpsB (YP_498999.1) from S. aureus were identified from the
RefSeq database46 using Microbial Protein BLAST. All searches were either con-
ducted within the whole Bacteria domain, or restricted to the bacterial phylum
Firmicutes or the bacterial genus Staphylococcus. Since several species have more
than one putative homologs of mpsA and mpsB, we restricted the hits only to those
protein pairs of mpsA and mpsB, whose coding sequences, extracted from the
respective GenBank files, are in immediate proximity in the genome. The protein
sequences of mpsA and mpsB homologs were aligned separately using Clustal
Omega (version 1.2.1)47. The multiple sequence alignments (MSAs) were subse-
quently concatenated into one single MSA comprising 350 taxa (Bacteria), 83 taxa
(Firmicutes), and 29 (Staphylococcus), respectively. Phylogenetic trees were con-
structed using maximum likelihood (ML) analysis provided by the program
RAxML (version 8.2.9)48. The GAMMA Model of rate heterogeneity was used and
all model parameters were estimated by RAxML. LG (Bacteria, Staphylococcus) and
JTT (Firmicutes) with empirical base frequencies were determined to be the best-
scoring (likelihood score) protein substitution model. Results were assessed using
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100 bootstrap replicates. The best tree was visualized using TreeGraph2 (version
2.14.0–771 beta)49.

Occurrence of MpsAB and CA homologs based on PFam domains. The
occurrence of MpsAB and CA homologs were inferred based on PFam domains21
search from finished bacterial genomes in Integrated Microbial Genomes &
Microbiomes (IGM/G) database50. MpsA, MpsB, prokaryotic type-CA, and
eukaryotic-type CA belongs to PFam00361, PFam10070, PFam00484, and
PFam00194, respectively. Results were presented as the presence (if yes, the fre-
quency it was found in a particular species) or absence of the respective PFam
domains.

CA assays. CA assay was performed using purified N-terminal strep-tagged MpsB
protein. Two methods were used to detect CA activity, electrometric and colori-
metric methods. The electrometric method refers to enzymatic assay of CA for
Wilbur-Anderson Units (EC 4.2.1.1), as listed in the website of Sigma-Aldrich
(document CR BIOT-MAJ-1013), based on cited references51–53. One Wilbur-
Anderson unit will cause the pH of a 20 mM Trizma buffer to drop from 8.3 to 6.3
per minute at 0 °C. The assay is briefly described here and the full protocol can be
found on Sigma-Aldrich’s website54. Assay buffer was prepared at 20 mM using
Trizma Base and purified water (Milli-Q) and the pH was adjusted to 8.3 with 2 N
Sulfuric Acid. CO2 saturated solution was used as substrate and was prepared by
placing a small piece of dry ice into cold Milli-Q water for at least 30 min prior to
the experiment. CA enzyme standard solution was used as control. It was prepared
fresh prior to the experiment by dissolving 2 mg of CA from bovine erythrocytes
lyophilized powder, ≥2000 W-A units mg−1 protein (Sigma-Aldrich, Germany).
Then the concentrated standard solution was diluted to 60–90 Uml−1. This con-
centration corresponds to a reaction time between 10 and 20 s. The buffer reference
standards (pH 4,7, and 10) and pH electrode to equilibrate to <3 °C before cali-
brating the pH meter with each of the reference buffer. All solutions and dram vials
were kept cold on ice prior to use. To perform the blank reaction, 3 ml of ice cold
assay buffer and 0.05 ml of ice cold purified water were pipetted into a dram vial
with a micro stir bar. The temperature of the reaction mixture was checked with
thermometer and proceed to the next step if the temperature was <3 °C, by placing
the pH electrode in the solution, with stirring. After the pH had reached >8.5, 2 ml
of ice cold CO2 saturated solution was added. The time required for the pH to
change from 8.3 to 6.3 was recorded. This step was repeated a few times and once
the blank time of 65 s was reached, the experiment proceeded immediately with CA
control. For control, 3 ml of ice cold assay buffer was added to the dram vial and if
the temperature was <3 °C and subsequently when the pH > 8.5, 2 ml of ice cold
CO2 saturated solution was added to the reaction mixture. When the pH reached
8.4–8.5, 0.05 ml of CA standard solution was added. The time required for the pH
to change from 8.3 to 6.3 was recorded. If the time is not in the 10–20 s range, a
more concentrated enzyme standard must be prepared. If the blank average time
(from a minimum of five blank values) was in the range of 70–100 s, the experi-
ment could proceed with purified MpsB protein. The steps for MpsB protein were
the same as control, in which 0.05 ml of MpsB was used instead of CA standard
solution. The CA Uml−1 is determined as:

Units ml!1 enzyme :
Tblank average ! Tsample average

! "
=df

Tsample average

! "
0:05ð Þ

where df=Dilution factor
T= Time (in seconds) required for the pH to change from 8.3 to 6.3 as per the

Unit Definition
0.05=Volume (in milliliter) of enzyme used
We found that this method is unreliable because of the difficulty in maintaining the

temperature at <3 °C. Therefore, inconsistencies in the pH readings and subsequently
the deviations in the time for the pH change from 8.3 to 6.3 resulted in inaccurate and
non-reproducible readings. Therefore, we attempted another assay using colorimetric
method. The colorimetric method to detect CA activity was performed according to
previous studies20,55 with slight modifications. The assay was based on changing-pH/
dye indicator method using a Tecan Infinite M200 injector system. Briefly, two reaction
buffers were prepared: (a) a buffer using phenol red as indicator (200mM), 50mM
HEPES, and 200mM Na2SO4 at pH 6.5, 7, and 7.5, (b) a buffer using m-cresol purple
as indicator (200mM), 50mM TAPS, and 200mM Na2SO4 at pH 7.5 and 8.4. CO2
saturated water was prepared by placing a small piece of dry ice in Milli-Q water for at
least 30mins prior to the experiment. Purified MpsB protein was diluted in buffers and
the reaction was initiated by adding an equivalent amount of CO2 saturated water with
the Tecan injector system. The subsequent color changes of the pH-sensitive dye
indicators were monitored by Tecan microplate reader every 0.2 s for 1min at 558 nm
(pH 6.5–7.5) or 578 nm (pH 7.5–8.4). All reactions were performed at room
temperature (~25 °C) and in a final volume of 1ml. The CA activities (if any) of MpsB
protein and positive control CA from bovine erythrocytes lyophilized powder (Sigma-
Aldrich, Germany) were measured at final concentrations of 100 and 0.1 μgml−1,
respectively. A total of 50mM Tris-HCl at corresponding pH of the buffers was used as
nonenzymatic controls. Due to the nondetectable CA activity, we repeated the assay
with whole cell lysate of wild-type HG001, ΔmpsB, and ΔmpsABC with and without

addition of NADH and finally with resting cell suspensions of the three strains.
However, no detectable CA activity was observed.

Statistical analyses. Data are presented as mean values and SEM from at least three
independent biological replicates unless specified otherwise. Data from the mouse
experiment are presented as median values. Normal distributions were analyzed by
Student's t-test. The larvae infection model was analyzed using Log-rank
(Mantel–Cox) test. For the mouse infection experiments, two-tailed Mann–Whitney-
test was employed to compare the difference of CFU counts in the organs between the
mutant clones with the WT HG001. All statistical analyses were performed using
GraphPad Prism 6.0 software. A p value of <0.05 was considered to be statistically
significant, with n represents independent biological replicates.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The source data underlying Figs. 1a, 2, 3, 5b & c, 6 and Supplementary Figs. 2, 3, 6, and 7
are provided as a Source Data file. Other data supporting the findings of this work are
available within the paper and its Supplementary Information files, or from the
corresponding author upon request.
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Abstract

Staphylococcus aureus is a facultative intracellular pathogen. Recently, it has been

shown that the protein part of the lipoprotein‐like lipoproteins (Lpls), encoded by

the lpl cluster comprising of 10 lpls paralogue genes, increases pathogenicity, delays

the G2/M phase transition, and also triggers host cell invasion. Here, we show that

a recombinant Lpl1 protein without the lipid moiety binds directly to the isoforms

of the human heat shock proteins Hsp90α and Hsp90ß. Synthetic peptides covering

the Lpl1 sequence caused a twofold to fivefold increase of S. aureus invasion in

HaCaT cells. Antibodies against Hsp90 decrease S. aureus invasion in HaCaT cells

and in primary human keratinocytes. Additionally, inhibition of ATPase function of

Hsp90 or silencing Hsp90α expression by siRNA also decreased the S. aureus invasion

in HaCaT cells. Although the Hsp90ß is constitutively expressed, the Hsp90α isoform

is heat‐inducible and appears to play a major role in Lpl1 interaction. Pre‐incubation

of HaCaT cells at 39°C increased both the Hsp90α expression and S. aureus invasion.

Lpl1‐Hsp90 interaction induces F‐actin formation, thus, triggering an endocytosis‐like

internalisation. Here, we uncovered a new host cell invasion principle on the basis of

Lpl‐Hsp90 interaction.
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1 | INTRODUCTION

Many bacterial pathogens trigger internalisation into non‐professional

phagocytes, which is crucial to virulence because this shields the

pathogen from certain immune defenses, antibiotics and enables the

proliferation in relatively protected niches. Although previously con-

sidered an exclusively extracellular pathogen, Staphylococcus aureus

is now regarded as a facultative intracellular pathogen that triggers

internalisation by non‐professional phagocytic cells (NPPCs) such as

endothelial, epithelial, and mammary cells as well as fibroblasts or

osteoclasts and can persist intracellularly for various periods of time

(Bayles et al., 1998; Lowy, 1998; Sinha et al., 1999). Clinical studies

also indicate a possible role for an intracellular staphylococcal reser-

voir in recurring diseases, such as rhinosinusitis or osteomyelitis

(Clement et al., 2005; Kalinka et al., 2014; Mohamed et al., 2014).

Staphylococcus aureus can also survive for long periods inside profes-

sional phagocytes, such as macrophages (Kubica et al., 2008) and poly-

morphonuclear neutrophils (PMN; Voyich et al., 2005). Additionally,

infected PMNs can transmit the infection to naive mice (Gresham

et al., 2000). Indeed, there is evidence that phagocytes could facilitate

S. aureus infection because bacterial cells can survive after phagosomal

escape (Koziel et al., 2009; O'Keeffe et al., 2015).

Staphylococcus aureus post‐invasion events in non‐professional

phagocytes are only partially understood. It has been shown that they

are able to escape the phagosome, which is associated with the induc-

tion of cell death (Bayles et al., 1998; Esen et al., 2001; Menzies &

Kourteva, 1998; Wesson et al., 1998) and intracellular persistence

(Garzoni & Kelley, 2009). The phagosomal escape is triggered by

phenol‐soluble modulin alpha (PSMα) (Grosz et al., 2014) and a cyclic

dipeptide, phevalin, produced by a non‐ribosomal peptide synthetase

(NRPS) (Blättner et al., 2016; Zimmermann & Fischbach, 2010).

A prerequisite for any internalisation into NPPCs is host cell adhe-

sion. This step mainly involves fibronectin (Fn), forming a bridge

between α5β1 integrin on the cellular side and Fn‐binding proteins

on the bacteria (Fowler et al., 2000; Grundmeier et al., 2004; Sinha

et al., 1999; Tran Van Nhieu & Isberg, 1993). The FnBP‐Fn‐α5β1

integrin pathway is widely acknowledged to be the main

internalisation process. However, there are various so‐called second-

ary mechanisms. These mechanisms mainly involve bacterial serine

aspartate repeat‐containing protein D (SdrD), clumping factor A (ClfA),

serine‐rich adhesin for platelets, and the major autolysin, Atl (Josse,

Laurent, & Diot, 2017; Zapotoczna, Jevnikar, Miajlovic, Kos, & Foster,

2013). These proteins are microbial surface components recognising

adhesive matrix molecules (MSCRAMMs) and (except for Atl) have a

cell‐wall anchoring sequence located in their C‐terminal portion (Josse

et al., 2017). For example, SdrD binds, for example, directly to

Desmoglein 1 in keratinocytes, promoting adhesion (Askarian et al.,

2016; Corrigan, Miajlovic, & Foster, 2009). Additionally, ClfA can

interact through fibrinogen bridges to the alpha‐V beta‐3 integrin

(αV β3) or complex bridge involving von Willebrand factor, the

secreted von Willebrand factor binding protein and the αV β3 integrin

that promotes adhesion in vascular endothelial cells (Claes et al., 2017;

McDonnell et al., 2016). On the other hand, SraP adheres to gp340, a

salivary scavenger protein, in A549 cell line (Yang et al., 2014). The

major autolysin, Atl, mediates S. aureus internalisation via direct inter-

actions with Hsc70 (Hirschhausen et al., 2010). It has been speculated

that the various internalisation mechanisms allow the bacteria to

expand their internalisation to changing environmental conditions;

for example, in the absence or scarcity of Fn, they can make use of

alternative binding partners to trigger invasion (Josse et al., 2017).

Recently, a certain class of lipoproteins, the so‐called “lipoprotein‐

like lipoproteins” (Lpls) were found to induce host cell internalisation

(Nguyen et al., 2015). The lpl‐genes are clustered on a pathogenicity

island called νSaα island (non‐phage and non‐staphylococcal cassette

chromosome genomic island), which is present in all S. aureus strains

tested so far (Diep et al., 2006; Shahmirzadi, Nguyen, & Götz, 2016).

The lpl cluster comprises 10 lpl paralogous genes that encode 10 Lpl

proteins with high sequence similarity and two accessories genes

(Nguyen et al., 2015). When the entire lpl gene cluster is deleted in

S. aureus USA300, the mutant showed a marked decrease in invasion

of S. aureus into human primary keratinocytes and mouse skin and also

showed a decreased pathogenicity in a mouse sepsis model (Nguyen

et al., 2015). The Lpl lipoproteins not only trigger host cell invasion,

but also delay the G2/M phase transition in HeLa cells (Nguyen

et al., 2016). As the number of lpl genes is particularly high in epidemic

S. aureus strains, it is assumed that the lpl gene cluster might contrib-

ute to increased dissemination and epidemic spreading by shielding

the pathogen from the immune defence and antibiotic treatment

(Nguyen et al., 2015). However, the mechanism of how Lpl proteins

trigger the host cell internalisation was unknown.

Here, we identified the human heat shock protein Hsp90 as the

host receptor for Lpl‐induced S. aureus USA300 invasion of human

keratinocytes using Lpl1 as a model of Lpls for in vitro experiments.

The Hsp90‐Lpl interaction triggers a cascade of reactions including

ATPase activity and F‐actin formation, indicating that the bacterial

internalisation underlies an endocytosis‐like process.

2 | RESULTS

2.1 | Human Hsp90 interacts with S. aureus Lpl1
protein in pull‐down experiments

Previously, it has been shown that Lpl lipoproteins from S. aureus

USA300 increase the internalisation into HaCaT cells, a human

keratinocyte cell line and also in human primary cells (Nguyen et al.,
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2015; Nguyen, Peisl, Barletta, Luqman, & Götz, 2018). As the lipid

moiety is anchored in the cytoplasmic membrane, we expect that

the protein part interacts with the potential host cell receptor. To cap-

ture the host cell receptor, we used Ni‐NTA (nikel‐nitrilotriacetic acid

agarose)‐bound Lpl1‐his as a bait. Lpl1 from USA300 was used as our

model Lpl protein. It was expressed without the lipo signal peptide and

with a C‐terminal His‐tag in S. aureus SA113 (pTX30::lpl1‐his) and puri-

fied by Ni‐NTA affinity chromatography. Purified Lpl1‐his was bound

to Ni‐NTA and loaded with HaCaT cell lysate. After extensive washing,

the HaCaT proteins bound to Lpl1‐his were eluted with 250 mM imid-

azole and 500 mM NaCl.

The elution fraction containing the proteins that interacted with

the Lpl1‐his and the control fraction (in which the cell lysate passed

through Ni‐NTA without bound Lpl1‐his) were separated by SDS‐

PAGE followed by Coomassie blue staining (Figure S1a).

The most prominent band on the SDS‐PAGE was Lpl1‐his. There

were five lower‐sized protein bands that were not present in the con-

trol lane and were used for further analysis by Nano‐HPLC‐MS/MS.

The identified HaCaT‐specific proteins are listed in Table 1. We only

considered HaCaT proteins that were present in the Lpl1‐bound Ni‐

NTA but not in the control column. The most abundant proteins with

the highest coverage and posterior error probability (PEP) of 0.01 or

lower were the human heat shock Hsp90 alpha (Hsp90α) and beta

(Hsp90β) proteins. Both proteins are highly homologous, sharing

94% similarity and 86% identity. Hsp90 proteins are approximately

90 kDa; however, the Lpl1‐interacting proteins were about 15 kDa.

This indicates that the detected Hsp90 proteins were truncated, most

likely due to proteolytic degradation, although a protease inhibitor

cocktail was used during the preparation of HaCaT cell lysate.

2.2 | Hsp90α and Hsp90β are localised to the cell
surface in HaCaT cells

It has been described that both the Hsp90α and Hsp90β isoforms

were found on the cellular surface in different cell lines and tissues

(Bozza et al., 2014; Eustace et al., 2004; Suzuki & Kulkarni, 2010).

Here, we confirmed that both the Hsp90 proteins were localised to

the cell surface of HaCaT cells and co‐localised with FM 5‐95 stained

membrane via immunofluorescence analysis (Figure 1).

2.3 | Hsp90 antibodies block USA300 adherence and
invasion

To further confirm the contribution of Hsp90 in Lpl‐triggered invasion

into HaCaT cells, we blocked Hsp90 proteins with specific antibodies

in invasion assays in the presence of fetal serum to mimic in vivo con-

ditions where soluble fibronectin is present. We used monoclonal anti-

bodies specific against Hsp90α (α‐Hsp90α) and Hsp90β (α‐Hsp90β)

and a polyclonal antibody that recognises both Hsp90α and Hsp90β

(α‐Hsp90αβ). Pre‐incubation of the HaCaT cells with polyclonal α‐

Hsp90αβ antibodies caused a decrease in the invasion of USA300

from 145.3 ± 40 CFU to 19.1 ± 8.8 CFU per 1 × 105 HaCaT cells, indi-

cating that the antibodies caused a sevenfold decrease in invasion

(Figure 2a). To further validate our results, we investigated the impact

of the polyclonal α‐Hsp90αβ antibodies on the internalisation of

USA300Δlpl and its complemented mutant USA300Δlpl (pTX‐lpl1). In

USA300Δlpl, the entire lpl cluster was deleted (Nguyen et al., 2015).

In this strain, the polyclonal α‐Hsp90αβ antibodies showed no effect

on invasion; however, in the lpl‐complemented mutant, the invasion

was decreased again (Figure 2a). As fibronectin binding protein

(FnBPs)‐fibronectin‐α5ß1 integrin pathway is a key mechanism for S.

aureus adherence and invasion into the host cells, we verified that

the FnBPs expression was similar in the wild type USA300 and the

Δlpl mutant (Figure S1b).

We also investigate whether S. aureus adherence was affected by

α‐Hsp90α monoclonal antibodies. When HaCaT cells were pre‐

blocked with α‐Hsp90α, S. aureus adherence was almost threefold

decreased, from 21,960 ± 3,721 to 7,969 ± 1,951 CFU per 1 × 105

HaCaT cells (p < 0.05, one‐way ANOVA).

The invasion frequency was normalised to the unblocked HaCaT

cells, which was set at 1.0 and was used as a comparator for further

experiments. Pre‐incubation with monoclonal α‐Hsp90α caused a

decrease in invasion from 1.0 to 0.20 ± 0.05, whereas pre‐incubation

with monoclonal α‐Hsp90β caused a decrease in invasion from 1.0 to

TABLE 1 Proteins identified by Nano‐HPLC‐MS/MS analysis from pull‐down experiments

Protein name Gene name

Heat shock protein HSP 90‐beta HSP90AB1

Heat shock protein HSP 90‐alpha HSP90AA1

Eukaryotic initiation factor 4A‐I;Eukaryotic initiation factor 4A‐II EIF4A1;EIF4A2

Tubulin beta‐4B chain;Tubulin beta‐4A chain TUBB4B;TUBB4A

Tubulin alpha‐1B chain;Tubulin alpha‐1A chain;Tubulin alpha‐3C/D chain;Tubulin alpha‐3E chain TUBA1B;TUBA1A;TUBA3C;TUBA3E;TUBA4A

Pre‐mRNA‐processing factor 19 PRPF19

Aldose reductase AKR1B1

Not identified 1

Not identified 2

Isocitrate dehydrogenase [NADP] cytoplasmic IDH1
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0.27 ± 0.08; in both cases, the invasion was decreased to fivefold and

fourfold, respectively. As a control, we used human IgG that has no

effect on internalisation (Figure 2b).

We also investigated the influence of Hsp90 proteins in human

embryonic kidney 293 cell line which is untransfected by TLR2

(HEK‐0). The result was similar to our earlier observation; α‐Hsp90α

decreased the internalisation by fivefold (Figure S2).

Additionally, we investigated the role of Hsp90α in USA300 inva-

sion on primary keratinocytes by using α‐Hsp90α to block Hsp90α.

Pre‐incubation with α‐Hsp90α decreased the USA300 invasion by

twofold (Figure 2c).

2.4 | Geldanamycin blocks S. aureus invasion in
HaCat cells

Geldanamycin is a well‐known cell permeable anti‐neoplastic com-

pound that competes with ATP binding in Hsp90, thus inhibiting

Hsp90 activity (Gorska et al., 2012). Here, we investigated whether

this compound affects USA300 internalisation. Indeed, the addition

of geldanamycin at a concentration of 5 μM decreased the USA300

invasion in a dose‐dependent manner by approximately threefold

(Figure 2d). These results further confirm the role of Hsp90 in

USA300 invasion. It should be mentioned that geldanamycin had no

growth‐inhibiting effect on S. aureus at all used concentrations.

2.5 | Silencing of Hsp90α expression by siRNA
causes a decrease of USA300 invasion

We have shown that the blocking of both Hsp90α and Hsp90β by anti-

bodies caused a fourfold to fivefold decrease in invasion of S. aureus

cells. However, for reasons of simplicity, we focus mainly on Hsp90α

in the following experiments. Hsp90α is a protein that is inducible by

oxidative and heat stress (Prodromou, 2016; Profumo et al., 2018),

and is reported to interact with envelope proteins of certain viruses

and lipopolysaccharide of Gram‐negative bacteria (Reyes‐Del Valle,

Chavez‐Salinas, Medina, & Del Angel, 2005; Triantafilou, Triantafilou,

& Dedrick, 2001). Silencing the Hsp90α mRNA expression by an anti-

sense RNA (siRNA) caused a decrease in invasion by approximately

twofold (Figure 3a). As a control, random siRNAwas used and no effect

on invasion was seen (Figure 3a). The silencing of Hsp90 expression

was also confirmed by Western blot analysis (Figure S3a).

2.6 | High temperature‐induced expression of
Hsp90α causes an increase of USA300 invasion

Hsp90α is an inducible heat shock protein. Its expression increases

when the temperature increases, whereas the Hsp90β isoform is con-

stitutively expressed (Prodromou, 2016). An increased body tempera-

ture (fever) is frequent during bacterial infection. Therefore, we

investigated if an increased temperature upregulates Hsp90α expres-

sion, thus leading to an increased USA300 invasion. In order to study

this, HaCaT cells were pre‐incubated for 2 hr at 39°C prior to the inva-

sion assay. The higher temperature used resulted in an almost twofold

(1.86 ± 0.24) increase in invasion relative to the control at 37°C

(Figure 3b). To confirm that the increased invasion was indeed due

to the increased Hsp90α expression, we blocked it with α‐Hsp90α;

as expected, it caused a decrease in invasion at 39°C (Figure 3b).

The increased Hsp90α expression at 39°C was also confirmed by

Western blot analysis (Figure S3b).

FIGURE 1 Hsp90α and Hsp90β are
localised to the cell surface in HaCaT cells.
Seeded and fixed with 4% paraformaldehyde
were 1 × 105 HaCaT cells.
Immunofluorescence was performed using α‐
Hsp90α or α‐Hsp90β as primary antibody and
α‐mouse IgG‐Alexafluor488 as secondary
antibody. Control samples were treated the
same as experimental samples but without
primary antibody. FM5‐95 was used as
membrane stain. α‐Hsp90α: primary mouse
antibody to Hsp90α;α‐Hsp90β: primary
mouse antibody to Hsp90β.
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3 | USA300 DOES NOT ALTER Hsp90
EXPRESSION OR LOCALISATION IN HaCaT
CELLS

We investigated if USA300 or Lpl1‐his affected Hsp90α expression

by using Western blot analysis. Neither USA300 nor purified Lpl1‐

his affected Hsp90α expression within a period of 6 hr after the

addition of USA300 (Figure S4a). In addition, we also tested whether

USA300 affects Hsp90α localisation by using flow cytometry analysis

in non‐permeabilized HaCaT cells. The amount of Hsp90 on HaCaT

surface was similar after 1.5 hr exposure of the cells to USA300

(Figure S4b).

FIGURE 2 Hsp90 antibodies or inhibitors block USA300 invasion. (a) 1 × 106 HaCaT cells with or without pre‐incubation during 1 hr with α‐
Hsp90αβ or control human IgG (IgG). Cells were further infected with Staphylococcus aureus USA300 strain, USA300 Δlpl mutant strain, or
USA300 Δlpl + pTXlpl with a MOI of 30 in DMEM medium, supplemented with 10% FBS. Host cells were infected for 1.5 hr followed by
lysostaphin treatment for 1.5 hr. Cells were lysed and USA300 CFU was determined by plating on TSA agar plates. The experiments were
performed in at least three independent biological replicates. Error bars indicate standard deviation. The statistical was calculated by using Student
t test; **p < .01; *p < 0.05, comparing with the control for each strain. (b) Invasion assays using S. aureus USA300 wild type were performed as
described above but specific isoform antibodies (35 μg ml−1) were used: α‐Hsp90α, α‐Hsp90β, and human IgG (IgG) as an extra control. Relative
invasion was calculated by normalising USA300 invasion in treated HaCaT cells to USA300 invasion in untreated control cells (C). The experiments
were performed at least in three independent biological replicates with at least three technical replicates. Error bars indicate standard deviation.
The statistical was calculated by using One‐way Anova with multiple comparison to invasion in the control (C) sample, **p < 0.01, *p < 0.05. (c)
Primary human keratinocytes were cultured in collagen‐coated tissue flasks in epidermal keratinocyte medium. Keratinocytes were differentiated
with 1.7 mM CaCl2 in epidermal keratinocyte base medium 24 hr prior to experiments. Incubated with or without α‐Hsp90α or a control human
IgG prior to USA300 invasion using an MOI of 30 were 2.5 × 105 differentiated keratinocytes. Relative invasion was calculated by normalising
USA300 invasion in treated cells to USA300 invasion in cells without treatment (C). The experiments were performed using cells from three
independent donors with at least three technical replicates. Error bars indicate standard deviation. The statistical was calculated using one‐way
ANOVA with multiple comparison with the control (C) sample, *p < 0.05. (d) Pretreated with different concentrations of geldanamycin during 1 hr
were 1 × 106 cells. Relative invasion was calculated by normalising to invasion in control (C) cells. The experiments were performed in at least
three independent biological replicates. Error bars indicate standard deviation. The statistical was calculated by using one‐way ANOVA with
multiple comparison with the control (C) sample, *p <0 .05, **p < 0.01, ***p < 0.001. USA300, S. aureus USA300. MOI, multiplicity of infection;
CFU, colony‐forming unit; α‐Hsp90α, primary mouse antibody to Hsp90α; α‐Hsp90β, primary mouse antibody to Hsp90β; α‐Hsp90αβ, primary
rabbit antibody to Hsp90αβ
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3.1 | Lpl1 ‐Hsp90α/β interaction boosts F‐actin
formation

It has been reported that the geldanamycin analogue, 17AAG, an

Hsp90 Inhibitor, decreased F‐actin formation upon Hsp90 inhibition

(Taiyab & Rao Ch, 2011). Therefore, we investigated if actin polymer-

isation could be enhanced by Lpl1‐his in an Hsp90‐dependent manner.

Indeed, F‐actin formation could be enhanced by >20%, following

treatment of HaCaT cells with Lpl1‐his (Figure 4a). This was confirmed

by the addition of α‐Hsp90α, which caused a decrease of F‐actin

formation to the control level (Figure 4a). These results showed that

Lpl1 triggers F‐actin formation in an Hsp90‐dependent manner.

3.2 | Lpl1 ‐Hsp90α/β interaction has no effect on
Hsp90 ATPase activity

Next, we investigated if Lpl1 would directly affect Hsp90α ATPase

activity. The addition of Lpl1 to a functional Hsp90α did not signifi-

cantly affect the ATPase activity, whereas the specific inhibitor

FIGURE 3 Changes in Hsp90 expression lead to modified USA300
invasion in HaCat cells. (a) Transfected with a commercial siRNA
against Hsp90α (siRNAHsp90α) were 5 × 105 HaCaT cells, a random
siRNA (siRNArandom) with or without RNA but with lipofectamin as a
control (C) sample. The cells were incubated 24 hr prior to the invasion
assay. Relative invasion was calculated by normalising USA300
invasion in treated cells to the control (C) sample. (b) Pre‐incubated at
39°C during 2 hr and afterwards incubated with or without α‐Hsp90α
(35 μg ml‐1) for 1 hr at 37°C before the invasion assay were 1 × 106

HaCaT cells. Control cells were incubated at only 37°C (control: C).
Relative invasion was calculated by normalising USA300 invasion in
temperature‐treated HaCaT cells to USA300 invasion in control (C)
cells. All experiments were performed at in least three independent
experiments with at least three technical replicates. Error bars
indicate standard deviation. The statistical was calculated using one‐
way ANOVA with multiple comparison with the control (C) sample,
*p < 0.05; **p < 0.01; ***p < 0.001. USA300, Staphylococcus aureus
USA300; α‐Hsp90α, primary mouse antibody to Hsp90α

FIGURE 4 Lpl1 interaction with Hsp90α triggers F‐actin formation
but did not affect ATPase activity. (a) HaCaT cells were seeded into
96 ‐well black microtiter plate for 48 hr. Cells were pre‐incubated with
or without α‐Hsp90α antibodies for 1 hr. Afterwards, 35 μg ml−1 of
Lpl1‐his protein was added and cells were incubated during 1.5 hr. F‐
actin was stained with ActinGreenTM 488 ReadyProbes® (Thermo
Fischer). The amount of F‐actin formation in treated cells were
determined by the measurement at 495 nm for the excitation and 518
nm for the emission, normalised to the untreated control. Relative F‐
actin formation was calculated to HaCaT cells without treatment (C).
(b) ATPase activity was determined in vitro as pmol of phosphate per
μg Hps90α per minute and the ATPase activity was normalised to the
control (Hsp90α assay). The experiments were performed in three
independent experiments with three technical replicates.
Statistical significance was calculated by using one‐way ANOVA,
*p < 0.05; **p < 0.01; ***p < 0.001. F‐actin, filamentous actin;
α‐Hsp90α, primary mouse antibody to Hsp90α; GA, geldanamycin
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geldanamycin inhibited the ATPase activity by 46% (Figure 4b). These

results showed that Lpl1 did not directly affect the ATPase activity of

Hsp90.

3.3 | Lpl1‐his interacts directly with purified Hsp90α
and Hsp90β

By using far‐western blot assay, we could detect interactions between

Lpl1‐his and purified Hsp90α and Hsp90β, whereas no interaction was

seen when bovine serum albumin (BSA) as a control (Figure S5). In

order to find out which protein domains of Lpl1 are interacting with

the Hsp90 proteins, peptides covering the Lpl1 sequences were syn-

thesised and assayed for invasion and F‐actin formation (Table S1).

The synthesised peptides covered almost entirely the length of Lpl1

protein. Lpl1 has a conserved “core” region near the N‐terminus that

shows high similarity with the other Lpl proteins (Nguyen et al.,

2015). Because of this similarity, we thought that peptides from the

core region might have an effect. However, it turned out that only

some C‐terminal localised non‐core peptides affected internalisation

and F‐actin formation (Table S1). The peptides P2, P10, and P11

enhanced internalisation and significantly increased F‐actin formation

(Figure 5a‐c). As a control, we showed that α‐Hsp90α blocked the

stimulating effect of P10 and P11 on invasion (Figure 5a).

We also tested the interaction of Hsp90α with the mentioned pep-

tides that increased S. aureus invasion and F‐actin formation using far‐

western blot assay. P10 and P11 were found to interact with Hsp90α,

as well as with Hsp90β. No interaction with P2 was seen, presumably

due to weak binding (Figure S4). All the other peptides that showed no

effect on invasion also exhibited no detectable binding to Hsp90α.

4 | DISCUSSION

Almost all pathogenic bacteria have developed the ability to directly

invade or to trigger invasion into non‐phagocytic host cells. Triggering

the internalisation of pathogenic bacteria into the host cells is a sur-

vival strategy because the human body is constantly patrolled by

immune cells and contains antibodies and other molecules that can

target and kill the bacteria. Therefore, the environment inside the host

cells provides a safe place to avoid detection by the immune system.

Internalised staphylococci may induce apoptosis, autophagy, or

exist freely within the cytoplasm (Mauthe et al., 2012; Menzies &

Kourteva, 1998).

There are several reports describing S. aureus surface proteins that

interact with specific receptors of the host cell. For example,

fibronectin‐binding proteins bind via fibronectin to α5β1 integrin

(Sinha et al., 2000) or human Hsp60 (Dziewanowska et al., 2000),

and Atl binds to the heat shock cognate protein Hsc70 (Hirschhausen

et al., 2010). However, the host cell receptor for Lpl lipoproteins was

still unclear (Nguyen et al., 2015).

Here, we show that Lpl1, which served as a model Lpl‐lipoprotein,

interacts with the human heat shock protein Hsp90 to trigger host cell

invasion in HaCaT cells and primary keratinocytes. Hsp90 (90 kDa)

proteins are expressed abundantly in a variety of cell types amounting

to 2–3% of total proteins. They represent molecular chaperones and

have a central role in protein homeostasis under stress conditions

(Albrecht, Raue, Rosenstein, Nieselt, & Götz, 2012). At least two iso-

forms can be found in humans, the inducibly expressed Hsp90α and

FIGURE 5 Impact of Lpl1‐derived synthetic peptides on USA300
invasion and F‐actin formation. (a) Pre‐incubated with different
peptides of 64 or 38 amino acids length (35 μ ml‐1, sequences inTable
S1) during 1 hr prior to invasion assay using USA300 were 1 × 106

HaCaT cells. In some experiments, α‐Hsp90α was added and pre‐
incubated during 1 hr prior to the peptide incubation. Relative
invasion was calculated by normalising USA300 invasion in HaCaT‐
treated cells to USA300 invasion in untreated cells (C). (b) Pre‐
incubated with different peptides of 15 amino acids length (35 μ ml−1,
sequences in Table S1) during 1 hr prior to invasion assay using
USA300 were 1 × 106 HaCaT cells. Relative invasion was calculated by
normalising USA300 invasion in treated HaCaT cells to USA300
invasion in untreated cells (C). (c) F‐actin formation. HaCaT were pre‐
incubated with or without α‐Hsp90α antibodies for 1 hr. Afterwards,
35 μg ml−1 of each peptide was added and cells were incubated for 1.5
hr. F‐actin was stained with ActinGreenTM 488 ReadyProbes®
(Thermo Fischer). The amount of F‐actin formation in treated cells
were determined and normalised to the untreated control (C). All the
experiments were performed in at least triplicates and in three
independent replications. Error bars indicate standard deviation.
Statistical significance was calculated by using one‐way ANOVA
with multiple comparisons with the control (C). *p < 0.05; **p < 0.01;
***p < 0.001. USA300, Staphylococcus aureus USA300; F‐actin,
filamentous actin; α‐Hsp90α, primary mouse antibody to Hsp90α
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the constitutively expressed Hsp90β (Zuehlke, Beebe, Neckers, &

Prince, 2015).

The activities of Hsp90 proteins are diverse and not completely

analysed. They are found to be membrane‐bound, intracellularly, and

are also as secreted form. Hsp90α for example, is membrane‐bound

but can be secreted in response to tissue injury. A well‐characterised

function of secreted Hsp90α is to promote cell motility, a crucial event

for both wound healing and cancer (Li, Sahu, & Tsen, 2012). The

anchoring of Hsp90α and Hsp90β to the plasma membrane involves

co‐localisation with heparan sulfate proteoglycans (HSPGs) on the cell

surface (Snigireva, Vrublevskaya, Afanasyev, & Morenkov, 2015).

Hsp90α secretion is proposed to occur through the exosome pathway

(Snigireva, Vrublevskaya, Skarga, & Morenkov, 2016). The presence of

extracellular Hsp90 protein was found in normal tissues like dermal,

epidermal, endothelial cells and in the nervous system development

(Cheng et al., 2008; Cheng et al., 2011; Miyakoshi et al., 2017;

Profumo et al., 2018; Sidera, Samiotaki, Yfanti, Panayotou, &

Patsavoudi, 2004), and also during pathological processes like cancer

or autoimmune diseases (Albrecht et al., 2012; Eustace et al., 2004;

Tsutsumi & Neckers, 2007; Weidle, Maisel, Klostermann, Schiller, &

Weiss, 2011).

Using specific antibodies against both α and β forms, we could

block the invasion of S. aureus, suggesting that both forms can trigger

invasion. However, we speculate that Hsp90α primarily functions to

facilitate Lpl‐triggered invasion for the following reasons: (a) We tried

to silence Hsp90α and Hsp90β expression by siRNA. This worked per-

fectly with Hsp90α, whereas silencing of Hsp90ß expression was

unsuccessful, which is in agreement with other reports (Didelot

et al., 2008; Lee, Jang, & Chung, 2010). Silencing of Hsp90α caused

a significant decrease in Lpl‐triggered invasion. (b) In particular, the

Hsp90α protein has been reported to interact with pathogens or

defined compounds. For example, Hsp90α serves as a receptor for

dengue virus (Reyes‐Del Valle et al., 2005), adhesin A of Neisseria

meningitidis (Bozza et al., 2014), and is involved in the uptake of diph-

theria toxin in host cells (Schuster et al., 2017).

Expression of Hsp90α is inducible by oxidative stress and

increased temperature. Therefore, we investigated whether increased

temperature such as 39°C affects invasion. Interestingly, pretreatment

of HaCaT cells at 39°C prior to the invasion assay led to an almost

twofold increase in invasion relative to the control at 37°C. This sug-

gests that fever favours S. aureus host cell invasion by upregulating

Hsp90α (Figure S2c). Fever is an evolutionarily conserved response

that promotes T‐lymphocyte trafficking through Hsp90‐induced

alpha4 integrin activation and signalling in T cells, thus enhancing

immune surveillance during infection (Lin et al., 2019). However, fever

induces many factors, among them is the pyrogenic cytokine

interleukin‐6 (IL‐6) which is involved in the mobilisation of lympho-

cytes to the lymphoid organs that are the staging ground for immune

defence (Evans, Repasky, & Fisher, 2015). Although fever increases

the migration of T‐lymphocytes, some pathogens like S. aureus try to

escape the lymphocyte killing by hiding in nonprofessional cells.

At present, we do not know which partners are involved in the Lpl‐

Hsp90‐triggered signalling cascade. Proteins and complexes described

as potential clients of Hsp90 are growing constantly and include

kinases and receptors (Miyata, Nakamoto, & Neckers, 2013). For

example, it is assumed that Hsp90 interacts with the extracellular

domain of the Her‐2 receptor in the membrane and this interaction

triggers signalling in which the cytoplasmic Hsp90 also participates

in actin polymerisation (Sidera & Patsavoudi, 2008; Taiyab & Rao Ch,

2011). The Lpl‐Hsp90‐induced internalisation of S. aureus is probably

on the basis of a zipper mechanism in which an intracellular signalling

cascade involving the activation of adapter proteins and kinases and

the formation of F‐actin leading to endocytosis (Colonne, Winchell,

& Voth, 2016). Thus, rapid actin polymerisation causes internalisation

of the pathogen into non‐phagocytic cells.

In addition, we attempted to identify the Lpl1 epitopes that trigger

S. aureus internalisation, increased F‐actin formation and displayed

direct interaction with Hsp90α. We found two overlapping peptides,

which consist of 64 and 38 amino acids and both are located at the

C‐terminal part of Lpl1 (Figure S5). This finding is reasonable, as this

part is the tip of the Lpl proteins and most likely protrudes out of

the cell wall. The similarity of the two epitopes to other Lpl‐proteins

is around 65%.

The lpl gene cluster is localised on a pathogenicity island, termed

νSaα. This island is predominant in S. aureus clonal complexes that

are spreading worldwide. The key for any additional invasion mecha-

nism lies in the increased ability of a pathogen to hide (and multiply)

intracellularly in a safe environment. The internalised cells are

protected not only from the host's own innate and adaptive immune

response, but also from antibiotics. Interestingly, the number of tan-

dem lpls' is particularly high in S. aureus clones that are known to

spread worldwide. For example, the USA300 lineage is spreading rap-

idly and this lineage is distinguished by a high number of tandem lpl

repeats (Carrel, Perencevich, & David, 2015; Tickler et al., 2017). We

posit that the Lpls play a role in the rapid spreading of such lineages,

as intracellular pathogens are better protected. With the identification

of Hsp90 as a receptor for Lpls, we laid the basis for the development

of drugs that block Hsp90 mediated invasion.

In conclusion, we propose a model (Figure 6) in which the

membrane‐bound S. aureus Lpls interact with the cell surface localised

Hsp90. This interaction triggers a cascade of reactions involving

ATPase in an indirect manner, given that geldanamycin blocked S.

aureus invasion and the ATPase activity and F‐actin formation are

not affected by Lpl1, resulting in an endocytosis‐like engulfment of

bacteria.

5 | EXPERIMENTAL PROCEDURES

5.1 | Bacterial strains, antibodies, and cell lines

Bacterial strains used in this study are listed inTable S2. Bacteria were

grown aerobically at 37°C in either basic medium, BM (1% soy pep-

tone, 0.5% yeast extract, 0.5% NaCl, 0.1% glucose and 0.1%

K2HPO4, pH 7.4) or tryptic soy broth (TSB, Sigma). When appropriate,

the media was supplemented with tetracycline (25 μg/ml, Carl Roth,
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Karlsruhe, Germany). HaCaT, a keratinocyte human cell line, was

obtained from the Department of Dermatology at the University of

Tübingen and cultured 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). Cells

were cultured at 37°C under 5% CO2. Antibodies used are listed in

Table S2.

5.2 | Purification of Lpl1‐his

Lpl1‐his (‐sp) named Lpl1‐his is an Lpl‐1 version that lacks the lipid sig-

nal (‐sp) and has a his tag at the C‐terminal and was isolated from the

cytoplasmic fraction of S.aureus SA113 (pTX30::lpl1‐his (‐sp)), as

described previously (Nguyen et al., 2015). Briefly, clones carrying

pTX30 were first cultivated in the absence of xylose until OD578nm

of approximately 0.5 was reached. Xylose (0.5%) was added to induce

Lpl1‐his expression and cultured for 4 hr. Bacterial cells were har-

vested and the pellet was washed with Tris buffer (20 mM Tris, 100

mM HCl, pH 8.0). Bacterial cells lysis were performed using Tris buffer

containing protease inhibitor tablet (Merck, Darmstadt, Germany) and

lysostaphin (30 μg/ml, Sigma‐Aldrich, Germany) and incubating it at

37°C for 2 hr to disrupt the cell wall. Cytoplasmic fraction was

obtained after ultracentrifugation at 235,000 × g for 45 min at 4°C.

The supernatant was incubated with Ni‐NTA super flow beads

(Qiagen, Germany). After overnight incubation, the NTA beads were

intensively washed and eluted with buffer containing 400 mM imidaz-

ole. Lpl1 was concentrated via centrifugal ultra‐filter unit with a

molecular mass cut‐off of 10 kDa (Sartorius AG, Göttingen, Germany).

The obtained protein was dialysed using D‐Tube Dialyzer Maxi

MWCO 6‐8 kDa. (Novagen Cod) with DPBS (phosphate buffer saline

without calcium or magnesium, Gibco). Finally, the Lpl1‐his purifica-

tion was verified by SDS‐PAGE and the total protein amount was

determined using a Bradford assay kit.

5.3 | Synthesis of Lpl1 derivative peptides

Lpl1 derivative peptides were designed on the basis of the sequence

(Nguyen et al., 2015) and structural analysis performed with Phyre2

(Kelley, Mezulis, Yates, Wass, & Sternberg, 2015) and listed in Table

S1. The peptides were synthesised by Apeptide (Shanghai, China) with

a purity of >95%. The peptides solution at 1 mg/ml was prepared in

water and stored at −20°C.

5.4 | Pull‐down experiments

Pull‐down experiments were performed as described before

(Hirschhausen et al., 2010). Briefly, confluent HaCaT cells from one

cell culture flask (75 cm2, Greiner Bio‐One) were detached, washed

twice with DPBS, and then resuspended in lysis buffer (containing

30 mM Hepes, 1 mM EDTA, 14 mM NaCl, 2 mM MgCl2, 1% Triton

X‐100, 1 mM DTT, and protease inhibitors). The complete cell lysis

was assured by additional mechanical disruption using a 21‐G needle

(BD Bioscience). Next, the cell lysate was centrifuged. A 10 ml dispos-

able column (Pierce) containing 500 μl of the Ni‐NTA agarose (Qiagen)

equilibrated with washing buffer (30 mM Hepes, 10 mM imidazole,

500 mM NaCl, 10 mM b‐mercaptoethanol) was used. Then, 25–50

μg of Lpl1‐his protein was bound to the Ni‐NTA column and washed

three times with three‐column volumes with washing buffer. Next,

500 μl of the HaCaT cell lysate was added and the column was inten-

sively washed with washing buffer (five washes with three‐column

volumes). Bound proteins were eluted with elution buffer (30 mM

Hepes, 250 mM imidazole, 500 mM NaCl, 10 mM b‐mercaptoethanol).

The elution fraction was precipitated with Strata Clean Resin and con-

sequently analysed by SDS‐PAGE. To ensure that proteins from cell

lysates do not directly interact with Ni‐NTA agarose, a control was

performed using the same procedure but without the addition of

Lpl1‐his. Next, an SDS‐page gel was run and stained with Coomasie

Blue reagent, and bands present in experimental samples (with Lpl1‐

his) and in the control (without Lpl1‐his) were analysed Nano‐HPLC‐

MS/MS analysis.

5.5 | Nano‐HPLC‐MS/MS analysis

Nano‐HPLC‐MS/MS was used to analyse the protein bands from the

Lpl1‐HaCat cells pull‐down experiment. Excised protein bands were

digested in‐gel using trypsin. Nano‐HPLC‐MS/MS analysis was done

on an LC‐MS/MS analysis on a Proxeon Easy‐nLC 1200, coupled to

a LTQ Orbitrap Elite mass spectrometer with a setting of 60 min

gradient and Top15 CIDMS. Data was processed using MaxQuant

software suite v.1.5.2. 8 (Cox and Mann, 2008). Employing the

Andromeda search engine (Cox et al., 2011), the spectra were

searched against Homo sapiens and S. aureus and a database compris-

ing the sequence of Lpl1‐his. False discovery rate (FDR) was set to 1%

at both the protein and peptide level and posterior error probability

(PEP) was set to 0.01, or smaller, for each peptide to consider a valid

identification. The most abundant proteins with high coverage and

FIGURE 6 Proposed model for Hsp90 role in USA300 invasion.
Lipoproteins (Lpl) in Staphylococcus aureus USA300 surface interact
with Hsp90 molecules on the host cell surface. The portion of Lpl1
that showed interaction belongs to the C‐terminal sequences. The
interaction triggers F‐actin formation, thus increasing USA300
invasion. G‐actin, monomer of actin protein; F‐actin, filamentous actin
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low FDR and PEP below 0.01 were Hsp90 alpha (Hsp90α) and beta

(Hsp90β) proteins. Both of the isoforms of Hsp90 were found in the

analysed samples: alpha Hsp90 (Accession No: P_005339) and beta

Hsp90 (Accession No: P_001258899) encoded by HSP90AA1 and

HSP90AB1, respectively.

5.6 | Invasion and adherence assays of HaCaT cells

Invasion assay was performed as described previously (Nguyen, Peisl,

et al., 2018). For bacterial infection, 2.5 × 105 HaCaT cells were

seeded into 24‐well plates and incubated at 37°C under 5% CO2 for

48 hr. After 48 hr, cells were washed two times with DPBS and then

1 ml DMEM supplemented with 10% FBS, but without the addition

of antibiotics. Afterwards, the cells, in the presence of DMEM supple-

mented with 10% FBS, were incubated with different antibodies or

peptides (Table S1 and Table S2) for 1 hr prior to the addition of bac-

teria. Before stimulation, the strains were cultured for 16 hr inTSB and

washed two times with DPBS. Bacterial pellets were resuspended in

DMEM/F‐12 without any supplements and incubated with host cells

for 1.5 hr. For detection of invaded bacteria, cells were treated with

2.5 μg ml−1 lysostaphin (Sigma‐Aldrich, Germany) for an additional

1.5 hr to remove extracellular bacteria. Keratinocytes were lysed with

0.1% Triton X‐100, 0.5% Trypsin, and 0.3 mgml−1 DNase in DPBS.

Serial dilutions were performed and 10 μl of several dilutions were

seeded on agar plates. Internalised bacteria were determined on the

basis of the calculation of bacterial colonies grown on the agar plates.

In some experiments, cells were pre‐incubated for 1 hr with α‐

Hsp90α, α‐Hsp90β, or α‐Hsp90αβ or human IgG as a control (Table

S2) in different concentrations (17.5 or 35 μg ml−1).

Adherence experiments were performed in the presence of 10%

FBS similar to the invasion assays but without the addition of

lysostaphin. HaCaT cells were lysed and serial dilutions of the lysates

were performed. Ten microliters of the dilutions were seeded on agar

plates. Internalised bacteria were not considered because their contri-

bution to adherence is very low. Adhered bacteria were determined as

CFU per 106 HaCaT cells.

5.7 | Hsp90α induction and siRNA experiments

For siRNA‐mediated gene silencing, predesigned RNA oligonucleotide

targeted against human Hsp90α (siRNAHsp90α) or a random siRNA

negative control (Silencer™ Negative Control No. 1 siRNA, Thermo

Scientific) were used. HaCat cells of 2.5 × 106 were seeded in 24‐well

plates and after 24 hr, cells were transfected with 6 μl of 10 μM

dsRNA oligonucleotide or without dsRNA using Lipofectamin

RNAiMAX reagent according to the manufacturer's instructions

(Invitrogen, Carlsbad, CA). After 24 hr, invasion assay was performed

as described above. For heat shock Hsp90α induction, 24‐wells plate

with 1 × 106 HaCaT cells per well was pre‐incubated for 2 hr at

39°C prior to the invasion assay.

5.8 | Primary human keratinocytes invasion

Primary human keratinocytes were isolated from human foreskin after

routine circumcision from the Loretto Clinic in Tübingen as previously

described (Nguyen et al., 2018). Primary human keratinocytes were

cultured in collagen‐coated tissue flasks (Corning, BioCoatTM) in epi-

dermal keratinocyte medium (CELLnTEC) at 37°C under 5% CO2. At

24 hr prior to experiments, keratinocytes were differentiated with

1.7 mM CaCl2 in epidermal keratinocyte base medium (CELLnTEC).

Confluent cells, approximately 2.5 × 105 cells per well, were used for

USA300 invasion experiments with an MOI of 30. For blocking, cells

were incubated with α‐Hsp90α or human IgG (17.5 μg ml−1) for 1 hr

prior to the invasion assay.

5.9 | F‐Actin measurement

Seeded into black cell culture microplate (Greiner, Germany) were 2.5

× 104 HaCat cells in 200 μl for 48 hr prior to incubation with 35 μg

ml−1 of Lpl1 or the derivative peptides for 1 hr. In some cases, HaCaT

cells were pre‐incubated with 35 μg ml−1 of α‐Hsp90α antibody for 1

hr prior to the addition of Lpl1 or peptide. F‐actin levels were mea-

sured as described before (Nguyen, Peisl, et al., 2018), using

ActinGreen™ 488 ReadyProbes® (Thermo Fischer). The treated cells

were washed with DPBS, permeabilized with 0.25% (v/v) Triton X‐

100, stained with the dye for 30 min and washed again with DPBS.

Then, the fluorescence was measured at 495 nm for the excitation

and 518 nm for the emission using Tecan Reader.

5.10 | Immunofluorescence of surface Hsp90

To detect Hsp90α on the cellular surface, an immunofluorescence

assay was carried out. Briefly, 2.5 × 105 of HaCaT cells were seeded

in CellView glass bottom culture dish (Greiner, Germany) for 36 hr.

Afterwards, the cells were washed three times with DPBS and fixed

with paraformaldehyde 4% in DPBS at pH 7 before incubating it for

10 min at room temperature. The cells were washed again three times

with DPBS and blocked with 3% of BSA (Sigma) in DPBS for 30 min at

room temperature. The cells were washed and incubated overnight at

4°C with the corresponding antibodies. α‐Hsp90α or α‐Hsp90βmouse

monoclonal antibodies (Table S2) used were diluted at 1:50. Cells were

intensely washed and incubated with the secondary antibody donkey

α‐mouse IgG H&L pre‐absorbed Alexa Fluor® 488 (Abcam) in a 1:450

dilution for 1 hr at room temperature. Cell membranes were stained

with FM5‐95 in a 1:1000 dilution for 5 min. Controls with incubation

of the cells with only the secondary antibody was also performed.

Cells were imaged using the Zeiss Axio Observer Z1 fluorescence

microscope equipped with a C Plan‐Apo 63x/1.4 Oil DIC objective

(Zeiss) and an ORCA‐Flash 4.0 LT camera (Hamamatsu). Images were

acquired and analysed via ZEN 2.6 imaging software package (Zeiss)

and Fiji software (Schindelin et al., 2012)
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5.11 | Far‐western blot experiments

The study of Hsp90α or Hsp90β binding with Lpl1‐his proteins was

performed by far‐western blot assay according to previous study

(Nguyen, Peisl, et al., 2018). Briefly, 10 μg of Lpl1‐his or BSA (as a neg-

ative control) was loaded in a polyacrylamide gel in native conditions.

Proteins were transferred to a PDV nitrocellulose membrane (Bio‐Rad,

USA) and was blocked with 3% BSA for 1 hr. The blocked membrane

was incubated with 20 μg of recombinant Hsp90α or Hsp90β recom-

binant protein (Abcam) overnight at 4°C. For immunoblotting, mono-

clonal specific α‐Hsp90α or α‐Hsp90β antibodies (Abcam) were used

as first antibody and goat‐α‐mouse IgG (Sigma, Germany) as second-

ary antibody. The detection of the reaction was performed with

BCIP®/NBT solution (Sigma, Germany) according to the manufac-

turer's instructions. In the case of synthetic peptides, 2 μg of each

peptide was blotted directly to the PDV nitrocellulose membrane

following the same steps described above but with 6 μg of recombi-

nant Hsp90α.

For fibronectin binding proteins (FnBPs) detection, we followed

the protocol described previously with modifications (Mongodin

et al., 2002). Briefly, cells from S. aureus USA300 wild type and Δlpl

strain were lysed with lysostaphin and treated with DNAse. Protein

concentration was determinate using Braford assay and 10 μg of

proteins were loaded into a polyacrylamide gel in native conditions.

For immunoblotting, the steps described above were followed but

the membrane was incubated with 30 μg of fibronectin (Sigma

Aldrich, Germany) overnight at 4°C. After extensive washes, the

membrane was incubated with monoclonal primary antibody to

human fibronectin (clone FN3, eBioscience) overnight at 4°C and

with GapA polyclonal primary antibody as a loading control (Nega

et al., 2015). Goat‐α‐mouse IgG (Sigma, Germany) as secondary

antibody. The detection of the reaction was performed with

BCIP®/NBT solution (Sigma, Germany) according to the manufac-

turer's instructions.

5.12 | Western blot experiments

Western blot experiments were performed using standard techniques.

Briefly, protein concentration in the samples was determined by

Bradford assay. Proteins were ran on an SDS‐page and then trans-

ferred to a PDV nitrocellulose membrane and blocked with 3% BSA.

The blocked membrane was incubated with α‐Hsp90α (Thermo Fisher,

Table S2) or α‐GDPH (Thermo Fisher, Table S2) as a loading control

(Thermo Fisher) and goat‐α‐rabbit IgG or goat‐α‐mouse IgG was used

as secondary antibody. Pre‐stained protein ladder (Fermentas) was

used as molecular weight marker.

5.13 | Flow cytometry assay (FACs)

In a MOI of 30 as described previously, 1 × 106 HaCaT cells were

exposed to USA300. Cells were washed with DPBS and further incu-

bated for 1 hr with DMEM/F‐12, supplemented with lysostaphin and

2 mM of EDTA. Cells were desegregated, centrifuged, and incubated

for 30 min with α‐Hsp90α in PBS and 1% fetal calf serum (FCS) in

1:100 dilution or with an isotype control (Sigma) or the secondary

antibody alone as control. The cells were washed in PBS and 1%

FCS and further incubated for 30 min with donkey α‐mouse IgG

H&L pre‐absorbed Alexa Fluor® 488 (Abcam) in 1:1000 dilution. Cells

were resuspended in 100 μl of PBS, and 4% paraformaldehyde was

added to a final volume of 300 μl. Fluorescence intensity was deter-

mined with a BD FACSCalibur. We analysed 10 000 events and the

data analysis was performed with FlowJo 10.

5.14 | Ethic statements

Keratinocyte isolation from human foreskin was approved by the

ethics committee of the medical faculty of the University Tübingen

(654/2014BO2) and performed according to the principles of the

Declaration of Helsinki.

5.15 | Statistical analysis

Student's t tests or one‐way analysis of variance (ANOVA) were

employed whenever appropriate to compare the difference of means.

Statistical analysis was performed by GraphPad Prism. The signifi-

cance level was set as follows: p value > 0.05 was considered not

significant (ns). In figures, significant differences are depicted as

follows: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
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Abstract  
 
 
The skin colonizing coagulase negative Staphylococcus epidermidis causes 
nosocomial infections and is an important opportunistic and highly adaptable 
pathogen. To gain more insight into this species, we sequenced the genome of the 
biofilm positive, methicillin resistance negative S. epidermidis O47 strain (hereafter 
O47). This strain belongs to the most frequently isolated sequence type 2. In 
comparison to the RP62A strain, O47 can be transformed, which makes it a preferred 
strain for molecular studies. S. epidermidis O47's genome has a single chromosome 
of about 2.5 million base pairs and no plasmids. Its oriC sequence has the same 
directionality as S. epidermidis RP62A, S. carnosus, S. haemolyticus, S. 
saprophyticus and is inverted in comparison to Staphylococcus aureus and S. 
epidermidis ATCC 12228. A phylogenetic analysis based on 1200 orthologous genes 
of all S. epidermidis genomes currently available at GenBank revealed the strain 
M23864:W2(grey) as the closest relative to O47. The genome of O47 contains genes 
for the typical global regulatory systems known in staphylococci. In addition, it 
contains most of the genes encoding for the typical virulence factors for S. 
epidermidis but not for S. aureus with the exception of a putative hemolysin III. O47 
has the typical S. epidermidis genetic islands and several mobile genetic elements, 
which include staphylococcal cassette chromosome (SCC) of about 54 kb length and 
two prophages φO47A and φO47B. However, its genome has no transposons and 
the smallest number of IS elements compared to the other known S. epidermidis 
genomes. By sequencing and analyzing the genome of O47, we provide the basis for 
its utilization in genetic and molecular studies of biofilm formation. 
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Introduction 
 
Staphylococcus epidermidis is a ubiquitous inhabitant of human skin and mucous 
membranes. Originally, this species was thought to rarely cause infections in normal 
host (Pulverer et al., 1987). In the meantime, however, the number of infections by S. 
epidermidis has been steadily increasing with the growing number of 
immunocompromised patients in hospitals and the widespread medical use of 
prosthetic and indwelling devices (Christensen et al., 1982b, Christensen et al., 
1982a, Christensen et al., 1994). In the past years, it was found that the major cause 
of persistent infections is mainly due to the ability to form a biofilm on implant material 
and tissues. It was therefore not surprising that staphylococci biofilm associated 
factors have been first investigated in S. epidermidis. 
 
Already in the early 1980s, electron microscopic studies of polymer devices infected 
by S. epidermidis have shown that multilayered cell clusters of staphylococci are 
embedded in a thick matrix of a slime substance (Locci et al., 1981, Peters et al., 
1982). In the strain RP62A, a mitomycin-induced mutant has been isolated which 
was slime-negative (Schumacher-Perdreau et al., 1994). Later, it was revealed that 
the slimy material is mainly composed of polysaccharide intercellular adhesin (PIA), a 
linear ß-1,6-linked glucosaminoglycan (Mack et al., 1996). Almost simultaneously, in 
the same year, the PIA biosynthesis proteins are found to be encoded by the ica 
operon in the S. epidermidis strain O47 (hereafter, O47) (Heilmann et al., 1996b). 
Since then, the function of the PIA biosynthesis proteins have been extensively 
unraveled. The IcaA and IcaD (the latter as a helper protein) have N-
acetylglucosaminyltransferase activity (Gerke et al., 1998), and IcaB is a surface-
attached protein that is responsible for deacetylation of the poly-N-acetylglucosamine 
molecule (Vuong et al., 2004). Besides this poly-glucosaminoglycan, there are also 
proteins involved in intercellular aggregation such as the accumulation-associated 
protein, Aap (Hussain et al., 1997); however, Aap acts as an intercellular adhesin 
only when it is proteolytically processed (Rohde et al., 2005).  
 
Molecular analysis of the genes involved in biofilm formation revealed that biofilm 
formation involves two major steps. The first step is the adherence of bacterial cells 
to a surface. Once adhered, it can proceed to the second step which is cell 
aggregation (accumulation phase) (Götz, 2002). A number of adherence factors have 
been identified that contribute in varying extents to the adherence to various 
surfaces. Again, one of the first adherence factors, the major autolysin (AtlE), has 
been described in the strain O47 (Heilmann et al., 1996a, Heilmann et al., 1997). 
Anoxic conditions (Cramton et al., 2001) or pure fermentative growth as in small 
colony variants of O47 (Al Laham et al., 2007) increased ica expression and 
consequently biofilm formation. Biofilm formation in S. epidermidis appears to be 
influenced by many factors. Iron limitation enhanced slime production (Deighton & 
Borland, 1993) and ica expression in O47 is increased and controlled by glucose 
(Gerke et al., 1998), Besides, a novel mechanism of phase variation of the ica operon 
based on alternating insertion and excision of the insertion sequence element IS256 
has been described (Ziebuhr et al., 1999). Furthermore, ica expression is influenced 
by NaCl and ethanol and is also sigB dependent in S. epidermidis 1457 (Knobloch et 
al., 2001). There are several evidences that ica plays a crucial role in the  infection by 
S. epidermidis. Ica-positive S. epidermidis strains are prevalent in blood culture 
strains and mucosal isolates (Ziebuhr et al., 1997), and the pathogenesis of 
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intravascular catheter-associated infection in a rat model was increased compared to 
its corresponding mutants (Fey et al., 1999, Rupp et al., 2001). With the discovery of 
the ica genes in Staphylococcus aureus (Cramton et al., 1999), the focus of biofilm 
studies was shifted to S. aureus where the same as well as additional adherence 
factors have been identified. 
 
The first genome-based analysis of virulence genes was carried out in S epidermidis 
ATCC 12228 (hereafter, ATCC 12228), a non-biofilm-forming, non-infection 
associated strain used for the detection of residual antibiotics in food products 
(Zhang et al., 2003), followed by S. epidermidis RP62A (ATCC 35984) (hereafter, 
RP62A), a methicillin-resistant biofilm isolate (Gill et al., 2005). RP62A is a slime-
producing strain isolated between 1979 and 1980 during the outbreak of intravascular 
catheter-associated sepsis in Memphis, Tennessee (Christensen et al., 1982b). As 
such, the first molecular-based biofilm studies have been carried out in RP62A 
(Schumacher-Perdreau et al., 1994).  
 
However, we previously discovered that RP62A has a disadvantage in the studies of 
molecular basis of biofilm formation and infection as it is resistant to DNA 
transformation and its plasmid (pEpi62) encodes resistance to erythromycin, 
kanamycin, streptomycin, and penicillin (Schumacher-Perdreau et al., 1994). 
Furthermore, we were unsuccessful in curing the 29-kb pEpi62. Therefore, for 
molecular analysis, we used O47 which was quite similar to RP62A, only that in the 
latter strain biofilm-forming capacity was more pronounced (Heilmann et al., 1996a). 
O47 could be transformed, sensitive to antibiotics, carries no plasmid and is therefore 
appropriate for transposon mutagenesis. For these reasons, O47 was chosen for 
further genetic analyses of biofilm formation and virulence studies. O47 is functionally 
agr-negative, hardly produces delta-toxin and other phenol-soluble modulins (PSMs) 
which are agr-controlled (Cheung et al., 2010, Vuong et al., 2003). Because of the 
pioneering studies on biofilm formation and virulence in O47, its genome was 
analyzed and compared with other known staphylococcal genomes. Here, we 
highlight a few of the outcomes. 
 
 
Results 
 
General features of the genome. The assembly of the reads resulted in one contig. 
S. epidermidis O47 contains this whole chromosome and no plasmids. The genome 
of O47 (Figure 1, Table 1) has 2,518,182 bp. With 2,337 predicted protein coding 
genes, it has less proteins than S. epidermidis ATCC 12228 and RP62A. The coding 
density of 83.3% is similar to ATCC 12228. The GC content of the coding regions of 
O47 is 32.9%, which is comparable with the other S. epidermidis strains. The GC 
skew of the O47 genome is asymmetrical, which was also observed for ATCC 12228, 
RP62A, and other coagulase-negative species. The oriC of O47 is inverted compared 
to S. aureus and S. epidermidis ATCC 12228. Thus, the highly conserved genes 
flanking the oriC are in the same order as in S. carnosus, S. haemolyticus, 
S. saprophyticus, and S. epidermidis RP62A with rpmH as start gene instead of dnaA 
(Figure 2).  
  
 S. epidermidis phylogenetic analysis. For the computation of the phylogenetic 
tree of the seven (also partly) sequenced S. epidermidis strains, we used 1,198 
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genes which have orthologous representatives in each of the genomes. The 
corresponding alignment of the concatenated nucleotide sequences comprises 
1,081,233 nucleotide rows. According to the resulting phylogram (Figure 3), 
S. epidermidis O47 is closest related to M23864:W2(grey) and closer to ATCC 12228 
than to RP62A. S. epidermidis W23144 is most distantly related to all other six 
S. epidermidis strains. 
 
Noncoding RNAs. We searched for bacterial ncRNAs (noncoding RNAs) in the 
S. epidermidis strains O47, RP62A, and ATCC 12228 from the Rfam 10.1 database 
(Table 2). We found 39 ncRNA families conserved in the three S. epidermidis strains. 
In nine of these families, we could observe a small difference in the number of 
detected ncRNAs while the remaining 30 families showed the same number of 
ncRNAs. In all strains, we found tmRNA, ctRNA, RNAIII, RsaA, RsaD, RsaE, RsaH, 
and RsaOG.  
 
Repetitive elements. Clustered regularly interspaced short palindromic repeats 
(CRISPRs) contribute to prevent conjugation and plasmid transformation (Marraffini & 
Sontheimer, 2008). We used the CRISPRfinder tool (Grissa et al., 2007b) to find 
CRISPR elements in S. epidermidis O47 . We found four candidates for O47 (Table 
3) and S. epidermidis 1457. According to CRISPRdb (Grissa et al., 2007a), 
ATCC 12228 contains one candidate, RP62A contains one CRISPR element and 
one candidate. Like ATCC 12228, the genome of S. epidermidis O47 lacks CRISPR-
associated genes (cas1, cas2, and cas6) and cas subtype M. tuberculosis genes 
(csm1 - csm6) which are present in RP62A (Marraffini & Sontheimer, 2008).  The 
signature sequence for another kind of repeats, the S. aureus repeat (STAR) element 
(Cramton et al., 2000), is present in ten loci of the O47 genome (Table 4). The same 
magnitude of occurrences can be observed for the strains ATCC 12228 and RP62A 
with nine and eight times, respectively.  
  
Truncated and fragmented genes. We identified ten genes whose coding sequence 
is split into two ORFs and seven truncated genes (Table 5). These fragmented genes 
are two hypothetical proteins, the fibrinogen binding protein gene sdrG, the glucose-
6-phosphate 1-dehydrogenase zwf, the plasmid recombination enzyme gene pre, a 
manganese transport protein gene, the accessory gene regulator C agrC, the lipase 
gehC, and a two-component sensor histidine kinase. The eight truncated genes of 
O47 in comparison to the RefSeq annotations of ATCC 12228 and RP62A are five 
hypothetical proteins, the arsenate reductase arsC, and the metallothiol transferase 
fosB. We verified the fragmentation or truncation of the genes sdrG, zwf, agrC, gehC 
and fosB by Sanger-Resequencing.  
  
S. epidermidis O47 specific genes. We found 187 genes for which O47 is specific 
in comparison to RefSeq annotations of ATCC 12228 and RP62A. These genes 
include the 61 genes of the staphylococcal cassette chromosome (SCC) and the 
genes of the putative prophages φO47A (48 genes) and φO47B (47 genes). The 
remaining genes are 15 transposases and 16 hypothetical genes.  
 
S. epidermidis species specific genes. Next, we analyzed which genes are 
specific for the S. epidermidis species. For this reason, we searched for genes found 
only in S. epidermidis O47, ATCC 12228, and RP62A and not found in S. aureus 
N315, USA300 and NCTC 8325, S. haemolyticus JCSC1435, S. saprophyticus 
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ATCC 15305, S. carnosus TM300, S. lugdunensis HKU09-01, S. pseudintermedius 
HKU10-03 or in the draft annotations of S. warneri L37603, S. capitis SK14, S. 
hominis SK119 and S. lugdunensis M23590. We identified 46 genes where 16 of 
these are not hypothetical genes such as cell wall located protein genes, ebh, epbS 
and gldA (Table 6).  
 
Mobile genetic elements. Like other staphylococci, S. epidermidis contains several 
mobile genetic elements (Table 7). Besides the housekeeping recombinases (recA, 
recD, recF, recG, recJ, recN, recO, recQ, recR, recU, recX, xerC, xerD) for DNA 
replication and repair, the O47 genome contains some site-specific recombinases 
which can participate in mobile genetic elements. The contained cassette 
chromosome recombinase ccrC is part of the SCC and the Sin recombinase 
(FHQ17_09405) regulates strand exchange in S. aureus (Rowland et al., 2002). The 
latter is also present in ATCC 12228 but currently is not annotated in RP62A. 
Furthermore, a truncated plasmid recombination enzyme containing a stop codon 
leading to the frame +2 ORFs pre’ (SEO_579) and pre” (SEO_580). Besides, we 
found nine integrase and 44 transposase genes where 16 of these are IS1272 
transposase or truncated IS1272 transposase genes although the genome is absent 
of the IS1272 element.  
 
The genome of O47 contains two putative prophages which were named φO47A 
(FHQ17_08005-FHQ17_07785) and φO47B (FHQ17_04820-FHQ17_05045) 
(Figures 1 and 2). They are 33kb and 37kb in size, respectively, and thus belong to 
the Staphylococcus class II phages according to (Kwan et al., 2005). Both sites 
contain integrase, lambda repressor like, sigma-like factor, phage terminase, phage 
portal protein, tail protein, and holin genes.  
 
We used megablast (Zhang et al., 2000) on a database of IS elements of 
Staphylococci provided by (Siguier et al., 2006) and identified 15 IS elements in O47 
(Table 8). The IS6-family IS431mec-like elements are all located in the SCC (Figure 
1 and 4). Like ATCC 12228, the genome of O47 lacks transposons in contrast to 
RP62A which contains the transposons Tn554 and Tn4001.  
  
Several genomic islands were identified for S. epidermidis (Table 9). νSe1 is found 
only in RP62A except for the universal stress protein family gene SERP2220 which 
has an ortholog in ATCC 12228. The genome of RP62A, on the other hand, lacks the 
island νSe2. The islands νSeγ, νSe3, νSe5 and νSe6 can be found in all three of 
these genomes. Except for the lipoprotein-related protein gene FHQ17_07780, νSe4 
is absent in O47. However, φO47A can be found near this locus. An integrase gene 
is absent in the islands νSe1 and νSeγ. The integrase for νSe6 is fragmented in O47 
and ATCC 12228. None of the RP62A islands contain a integrase gene.  
 
The mauve alignment (Figure 2) shows another region named νSe7 which is 
contained in O47 (Bases 24,528 - 36,133) and ATCC 12228 (Bases 2,464,131 - 
2,485,736) but not in RP62A. FHQ17_12320 is the sdrF gene and the other genes 
are a glucosyltransferase gene (FHQ17_12310), an acetyltransferase gene 
(SEO_27), and an ABC transporter gene (FHQ17_12285). The other four genes are 
hypothetical.  
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Staphylococcal Cassette Chromosome (SCC). The genome of O47 contains a 
54kb allotype-5 SCC non-mec element (Figure 4). The SCC is flanked by the 
classical SCC-specific terminal repeats and contains a cassette chromosome 
recombinase C7 (ccrC at locus SEO_2286) with an identity of 100% to the 
S. epidermidis ccrC7 gene (accession ABP68833). We found four IS elements in the 
SCC: two IS431mec-like elements flank the mercury resistance cluster (Laddaga et 
al., 1987) while two IS431mec-like elements are located between ccrC and orfX 
flanking a conserved hypothetical protein and a probable manganese transport 
protein (mntH). Besides these, the SCC element also contains the arsenical 
resistance cluster, a multicopper oxidase (mco), a copper transporting ATPase 
(copB), the restriction modification system (hsd) and the DNA repair protein gene 
radC. 
 
Metabolic pathways of O47 in comparison to other S. epidermidis strains. The 
KEGG Automatic Annotation Server (KAAS) was used to identify the functional 
properties and biological roles of the O47, ATCC 12228, and RP62A genes (Moriya 
et al., 2007) and the differences between these strains were examined. Regarding 
the metabolic KEGG pathways, O47 and ATCC 12228 contain genes which are 
missing or nonfunctional in RP62A. One of these is a glutamate synthase (large 
chain) gene gltB (K00265) whose product is involved in the nitrogen (ko00910) and 
the alanine, aspartate and glutamate metabolism (ko00250). In RP62A, gltB 
(SERP0108) is a pseudogene since it contains a frame shift. Another frame shift can 
be observed for the RP62A pseudogene pabB (SERP0375). The pabB product and 
the product of the gene pabC, which is missing in RP62A in contrast to the other two 
strains, participate in the folate biosynthesis (ko00790). We found that the genes 
pbp4 (K07258) and a hypothetical vanY (K07260), which are involved in 
peptidoglycan biosynthesis (ko00550), are specific for ATCC 12228 and thus are 
missing in O47 and RP62A.  
 
On the other hand, RP62A contains genes which are absent in the other two strains. 
Besides the methicillin resistance genes mecR1 (K02547), mecI (K02546), and mecA 
(K02545), RP62A contains a DNA (cytosine-5-)-methyltransferase gene (K00558) 
participating in the cysteine and methionine metabolism (ko00270). In addition, 
RP62A is specific for a gene (K00680) whose product is involved in the tyrosine 
metabolism (ko00350), benzoate degradation (ko00362), naphthalene degradation 
(ko00626), aminobenzoate degradation (ko00627), ethylbenzene degradation 
(ko00642), and limonene and pinene degradation (ko00903).  
 
Recently, O47 has been reported to be able to produce trace amines from aromatic 
amino acids. We then characterized a sadA gene, which first described in S. 
pseudintermedius ED99 and encodes an aromatic amino acid decarboxylase 
(Luqman et al., 2018), in O47 (FHQ17_00300). It has 52% identity with sadA gene in 
S. pseudintermedius ED99 and 99% identity with a gene encoding pyridoxal-
dependent decarboxylase located in locus SE0112 in ATCC 12228 genome. We 
proved the function of the gene by cloning it in an expression plasmid (pCtufamp) 
and analyzed the overnight supernatant using HPLC (Figure 5). 
 
Non-metabolic pathways of O47 in comparison to other S. epidermidis strains. 
Considering the non-metabolic KEGG pathways, we found uhpT (K07784), which is 
involved in the glucose-6-P uptake and assigned to the two-component system 
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pathway (ko02020), present in O47 and ATCC 12228 but not in RP62A. According to 
the KAAS, none of these S. epidermidis strains contain the other glucose-6-P uptake 
genes uhpA (K07686), uhpB (K07675), or uhpC (K07783).  
 
Although all of the three S. epidermidis strains contain two ATP-binding protein 
genes (K09687) of the antibiotic transport system in the ABC transporters pathway 
(ko2010), only ATCC 12228 has the permease protein gene (K09686). For RP62A, 
the kdp operon, a two component system (ko02020) and in E. coli an inducible high-
affinity K+ transporter (Altendorf et al., 1994), is specific. The kdpF gene (K01545) of 
this operon, however, is not present in RP62A. Apart from that, RP62A contains an 
ATP dependent DNA ligase (K01971) which is involved in base excision repair 
(ko03410), nucleotide excision repair (ko03420), mismatch repair (ko03430), and 
non-homologous end-joining (ko03450). 
 
Global regulatory systems. The typical global regulatory systems known in 
staphylococci are involved in cell wall biosynthesis, adhesion, biofilm formation, 
autolysis, secretion and regulation of exoproteins, and virulence factor expression. 
Except for sarS, sarT and mepRABC, orthologs for these systems exist in O47 with a 
high similarity (≥ 98% identity in all cases) to other S. epidermidis strains (Table 10). 
This includes the aps system which is equivalent to the graRS system of S. aureus 
and belongs to a resistance mechanism to antimicrobial peptides (Li et al., 2007). In 
O47, the agr system likely is nonfunctional since a stop codon in the coding 
sequence of agrC leads to the ORFs agrC’ (frame +2) and agrC” (frame +3).  A 
similar observation for agrC was made in S. carnosus TM300 (Rosenstein et al., 
2009).  
  
S. epidermidis virulence factors in S. epidermidis O47. S. epidermidis genes are 
involved in biofilm formation, lysozyme and antimicrobial protein (AMP) resistance, 
toxin production and iron uptake. In O47, most genes for the typical S. epidermidis 
virulence factors according to an overview by (Otto, 2009) are present (Table 11). All 
these genes have a query coverage >99% except for sdrH which is a consequence 
of a decreased number of Asp-Ser repeats in the SdrH amino acid sequence. For all 
genes, the identity is ≥ 98%. The genes for the staphyloferrin A biosynthesis proteins 
were annotated using the primer sequence provided in (Cotton et al., 2009). While 
the peptide sequence of the annotated phenol soluble modulin (PSM) genes 
corresponds exactly to these observed by (Yao et al., 2005), we did not annotate 
related sequences.  
 
As with ATCC 12228 and RP62A, the capsule biosynthesis gene capD is missing in 
O47. Furthermore, the O47 strain lacks the biofilm associated protein gene bap 
which is also absent in ATCC 12228. The S. epidermidis virulence factor genes for 
the accumulation associated protein Aap, the lipase GehC and the fibrinogen binding 
protein SdrG are fragmented in S. epidermidis O47 and might be nonfunctional. To 
examine some of these phenotypes, we performed agar diffusion assay to check for 
protease and lipase activity and also biofilm assay. In agreement with the genomic 
findings, no protease and lipase activity was observed in O47 compared to the other 
S. epidermidis strains (Figure 6). The biofilm formation in O47 was moderate in 
comparison to ATCC 12228 which showed no biofilm formation and RP62A which 
showed more pronounced biofilm formation  (Figure 6). 
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The tarIJK and tagAHGBXD clusters which are involved in the teichoic acid 
biosynthesis (recently reviewed for S. aureus by (Swoboda et al., 2010), are also 
present in S. epidermidis O47. On the other hand, O47 lacks the genes tarI’J’L which 
are homologous to tarIJK, were suggested to have the same enzymatic function and 
observed in S. aureus.  
  
Resistances in S. epidermidis O47. The genome of O47 contains several antibiotic 
resistance related genes with high identity (≥ 98%) to other S. epidermidis strains 
(Table 12).  We determined the minimum inhibitory concentration MIC values for 
penicillin and methicillin in O47 and other strains and found that O47 was resistant to 
penicillin (MIC > 128 µl/ml) (Table 13), in agreement with the penicillin binding 
proteins genes found in its genome. The MIC of O47 for methicillin was intermediate 
(2 µl/ml).   
 
The beta-lactam resistance gene and its regulators (blaIRZ) are in the genomic 
sequence next to two hypothetical genes and the Tn554-related transposase genes 
CBA. The same neighborhood can be observed for ATCC 12228 and RP62A. The 
genome of O47 contains several resistances (Table 14) such as an arsenical, a 
mercuric or an azaleucine resistance.  
  
S. aureus virulence factors in S. epidermidis O47. We searched the O47 genome 
for the typical S. aureus virulence factors and found a putative hemolysin III 
(FHQ17_03540) with high similarity in other S. epidermidis strains (identity 100%). 
However, O47 showed no hemolysis on blood agr (Figure 6). On the other hand, 
S. epidermidis O47 lacks the typical S. aureus adhesins, toxins, and invasins (Table 
15).  
  
 
Material and methods 
 
Isolation of high molecular weight genomic DNA from bacterial cells. Cells from 
10 ml overnight culture were lysed by treatment with lysostaphin in 2 ml lysis buffer 
(P1 buffer (Qiagen, Hilden) supplemented with 25 µg lysostaphin) for 30 min at 37°C. 
Preparation of chromosomal DNA from the cell lysate was performed according to 
the procedure by Marmur (Marmur, 1961).  
 
Sequencing. The genome of O47 was de novo sequenced in a pyrosequencing 
approach by the Göttingen Genomics Laboratory (Institute of Microbiology and 
Genetics, Georg-August University Göttingen). The Genome Sequencer FLX 
Instrument and Titanium chemistry (Roche Applied Science) was used for DNA 
nebulization, single-stranded template DNA library preparation and sequencing 
according to the General FLX Library Protocol of the manufacturer. An assembly of 
the 261,085 reads (Q40 coverage of 99.93%) with the Roche Newbler Assembler 
2.0.1 (454 Life Sciences) obtained 56 contigs. The GAP4 software of the Staden 
package (Staden et al., 2003) was used for editing of the sequences. Sequencing 
with ABI 3730xl (Applied Biosystems) of standard PCR and combinatorial multiplex 
PCR products were used to close remaining sequence gaps. The O47 genome 
sequence can be accessed in the GenBank database with the accession number 
CP040883.  
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Gene and function prediction. The GenDB annotation system (Meyer et al., 2003) 
was used to predict the ORFs, tRNAs, rRNAs, and to perform a functional ORF 
annotation. The noncoding RNAs were predicted with nocoRNAc (Herbig & Nieselt, 
2011) which uses cmsearch (Nawrocki et al., 2009) and the Rfam 10.1 database 
(Gardner et al., 2009). The stricter TC (trusted cutoff) thresholds for bacterial Rfam 
seeds were used for this computation. To identify the functional properties and 
biological roles of the O47, ATCC 12228 and RP62A genes, we used the KEGG 
Automatic Annotation Server (KAAS) (Moriya et al., 2007). 
 
Comparative genomics. To compare the protein contents, we used Blastp (Altschul 
et al., 1990) and the reciprocal best hit (RBH) method (Bork et al., 1998, Tatusov et 
al., 1997). For the computation, we used an E-value cut-off of 1e-8 and a coverage 
threshold of 75%. The coverage threshold was not used for the computation of 
truncated genes. Genes were considered as truncated if they are in their 3’-end ten 
or more nucleotides shorter than their orthologous gene in one of the RefSeq 
annotations of ATCC 12228 or RP62A. 
For comparative genomic analysis, we used the strains ATCC 12228 (NC_004461, 
(Zhang et al., 2003)), RP62A (NC_002976, (Gill et al., 2005)), and the draft 
S. epidermidis sequences of strain W23144 (NZ_ACJC00000000), M23864:W2(grey) 
(NZ_ADMU00000000), BCM-HMP0060 (NZ_ACHE00000000), and SK135 
(NZ_ADEY00000000). Additionally, we used the S. aureus strains N315 
(NC_002745, (Kuroda et al., 2001)), USA300_FPR3757 (NC_007793, (Diep et al., 
2006)), NCTC 8325 (NC_007795, (Gillaspy et al., 2006)), and the strains 
S. haemolyticus JCSC1435 (NC_007168, (Takeuchi et al., 2005)), 
S. saprophyticus ATCC 15305 (NC_007350, (Kuroda et al., 2005)), 
S. carnosus TM300 (NC_012121, (Rosenstein et al., 2009)), S. lugdunensis HKU09-
01 (NC_013893, (Tse et al., 2010)), and S.  pseudintermedius HKU10-03 
(NC_014925, (Tse et al., 2011)). Furthermore, we used the draft sequences of the 
strains S. warneri L37603 (NZ_ACPZ00000000), S. capitis SK14 
(NZ_ACFR00000000), S. hominis SK119 (NZ_ACLP00000000), and S. lugdunensis 
M23590 (NZ_AEQA00000000). 
 
Transposons. To identify transposons in the O47 genome, we used Blastn (Zhang 
et al., 2000) and the sequences of transposons Tn551 (accession number Y13600), 
Tn552 (X52734), Tn554 (X03216), Tn558 (58577493), Tn559 (302064329), Tn4001 
(13383306), Tn4003 (13383306), Tn5404 (L43098.1), Tn5406 (AF186237.2), 
Tn5801 (289166909), Tn6072 (GU235985.1), and the S. epidermidis composite 
transposon (13383306) as query.  
 
Phylogenetic analysis. The phylogenetic analysis of the S. epidermidis strains was 
based on the method published by (Rokas et al., 2003). First, a multiple sequence 
alignment of the protein sequence of those genes which have orthologs in each 
S. epidermidis strain is performed by ClustalW (Larkin et al., 2007). For the 
identification of the orthologous genes, we used Blastp (Altschul et al., 1990) with an 
E-value cutoff of 1e-10 and the coverage constraint of 100%. The latter was chosen 
in order to avoid an evolutionary distance originating from differentially predicted 
translational start sites. Subsequently, the alignments are concatenated and the 
sequences are back translated to the corresponding nucleotide sequence. Finally, 
the neighbor joining method implemented in SplitsTree4 (Huson & Bryant, 2006) was 
used to construct a phylogenetic tree.  
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Repeats. The CRISPR finder tool (Grissa et al., 2007b) was used to find CRISPRs in 
the O47 genome. Blastn with a word size of 14 was used for the identification of the 
STAR element signature sequence (Cramton et al., 2000). 
 
Plasmid construction. Plasmid construction was carried out by ligating the amplified 
sadA from S. epidermidis O47 using designed primers (Table S1) into linearized 
pCtufamp plasmid (Ebner et al., 2015), cut by HindIII and PacI, using Hi-Fi DNA 
Assembly Master Mix (New England Biolabs). The constructed plasmid was 
transformed into E. coli C2987 (New England Biolabs) and then into E. coli DC10B. 
Plasmid harboring colonies were picked and verified by DNA sequencing. The 
correct plasmid was then transformed into S. aureus RN4220. 
 
HPLC analysis. The staphylococcal strains were inoculated into TSB supplemented 
with the corresponding antibiotic (chloramphenicol 10 µg/ml for pCtuf-harboring 
strain) and incubated at 37oC for 24 h with shaking at150 rpm. The supernatant was 
collected and analyzed using reversed-phase preparative HPLC (RP-HPLC) on an 
Eclipse XDB-C18 column (Agilent) with a 15-min linear gradient of 0.1% phosphoric 
acid to acetonitrile at a flow rate of 1.5 mL/min. 
 
Protease activity test by agar diffusion assay. Overnight cultures of 
staphylococcal strains were adjusted to OD578 of 1 and were streaked on the skim 
milk agar (skim milk powder 2.8%, tryptone 0.5%, yeast extract 0.25%, glucose 0.1%, 
and agar 1.5% at pH 7). The plates were incubated overnight at 37°C and 
subsequently stored at 4°C for an additional 24 h. Protease activity was observed as 
visible halo due to the casein degradation. 
 
Lipase activity test by agar diffusion assay. The tryptic soy agar (TSA) plates 
containing 1% Tween 20 were used to monitor lipase activity of different 
staphylococcal strains. Overnight cultures of staphylococcal strains were adjusted to 
OD578 of 0.1 and 10 µl was dropped on the Tween 20 containing TSA. The plates 
were incubated overnight at 37°C and subsequently stored at 4°C for an additional 
24 h. Lipase activity was observed as a visible halo due to the precipitation of 
liberated fatty acids. 
 
Hemolysis assay. Overnight cultures of staphylococcal strains were adjusted to 
OD578 of 0.1 and 10 µl was dropped on the Columbia sheep blood agar plates 
(Thermo Scientific). The plates were incubated overnight at 37°C and subsequently 
stored at 4°C for an additional 24 h. Hemolysis activity was indicated by the presence 
of a visible halo was observed due to the erythrocytes lysis 
 
Biofilm assay. The biofilm assay was performed according to (Saising et al., 2012) 
with modifications. Overnight cultures of staphylococcal strains grown in TSB with 
additional 0.25% glucose were adjusted to OD578 of 0.1. 20 µl of the bacterial 
suspension was added to 180 µl of TSB in wells of a 96 well flat bottom microtiter 
plate (Greiner Bio-One), resulting in a final OD578 of 0.01 which corresponds to 
approximately 106 CFU/ml. The microtiter plate was incubated at 37°C without 
agitation for 24 h. After 24 h,  the culture supernatant was discarded and the wells 
were rinsed twice with 200 µl of PBS before being air dried for 30 min. Then, the 
wells were stain with 200 µl of 01% crystal violet for 30 min and subsequently rinsed 
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with purified water (MilliQ). The plate was air dried again for 30 min and image of the 
wells was taken with an image scanner (Epson).  
 
MIC determinations. The MIC values were determined by the microdilution method. 
Antibiotics used (penicillin and methicillin) were serially diluted (128 μg/ml to 0.25 
μg/ml) with Muller Hinton Broth (MHB) (with 2% NaCl) in 96 well microtiter plates. 
Equal volumes of bacterial inoculum from overnight cultures adjusted to the final 
OD578 of 0.05 were added. The microtiter plates were incubated at 37°C with 
continuous shaking for 18 h. The MIC was determined as the lowest concentration 
that completely inhibited visible growth of the bacteria.  
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Tables 
 
Table 1: General genomic features of the S. epidermidis O47 genome in comparison to other staphylococci 
 

 Strain Size[bp] No. CDS Coding density [%] 

GC content [%] 

No. tRNA genes 

No. rRNA 

Total  Coding  Genes Operons 

S. epidermidis         
O47  2,518,182 2,337 83.3 32.1 32.9 61 19 5 
RP62A  2,616,530 2,493 82.6 32.2 32.9 61 19 5 
ATCC 12228  2,499,279 2,416 83.5 32.1 32.9 60 16 5 

S. aureus          
N315  2,814,816 2,583 83.5 32.8 33.6 62 16 5 
USA300 2,872,769 2,560 82,1 32.8 33.5 53 16 5 
NCTC 8325 2,821,361 2,891 85,1 32.9 33.5 61 16 5 

S. haemolyticus          
JCSC1435  2,685,015 2,676 86.0 32.8 33.4 59 16 5 

S. saprophyticus          
ATCC 15305  2,516,575 2,446 83.7 33.2 34.0 61 20 5 

S. carnosus          
TM300  2,566,424 2,461 85.8 34.6 35.3 60 16 5 
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        Table 2: sRNA content in S. epidermidis  
 

Rfam Seed Description 

No. present in 

O47  RP62A  ATCC 12228  

RF00010 Bacterial RNase P class A 1 1 1 

RF00011 Bacterial RNase P class B 1 1 1 

RF00013 6S / SsrS RNA 1 1 1 

RF00023 transfer-messenger RNA 1 1 1 

RF00050 FMN riboswitch (RFN element) 2 2 2 

RF00059 TPP riboswitch (THI element) 5 5 5 

RF00080 yybP-ykoY leader 1 1 1 

RF00162 SAM riboswitch (S box leader) 4 4 4 

RF00167 Purine riboswitch 1 1 1 

RF00168 Lysine riboswitch 2 2 2 

RF00177 Bacterial small subunit ribosomal RNA 6 6 5 

RF00230 T-box leader 14 14 14 

RF00234 glmS glucosamine-6-phosphate activated ribozyme 1 1 1 

RF00238 ctRNA 2 1 3 

RF00503 RNAIII 1 1 1 

RF00504 Glycine riboswitch 1 1 1 

RF00515 PyrR binding site 2 2 2 

RF00522 PreQ1 riboswitch 1 1 1 

RF00555 Ribosomal protein L13 leader 1 1 1 

RF00556 Ribosomal protein L19 leader 1 1 1 



Appendix 

 128 

RF00557 Ribosomal protein L10 leader 1 1 1 

RF00558 Ribosomal protein L20 leader 1 1 1 

RF00559 Ribosomal protein L21 leader 1 1 1 

RF01118 Pseudoknot of the domain G(G12) of 23S ribosomal RNA 6 6 5 

RF01405 STnc490k Hfq binding RNA 2 2 3 

RF01458 Listeria sRNA rli23 1 2 2 

RF01691 Bacillus-plasmid RNA 1 1 1 
RF01694 Bacteroides-1 RNA 1 1 1 
RF01725 SAM-I/IV variant riboswitch 1 1 1 
RF01751 potC RNA 1 1 1 

RF01764 yjdF RNA 1 3 1 

RF01775 RNA S.aureus Orsay G 1 1 1 

RF01797 Fst antitoxin sRNA 4 6 4 

RF01816 RNA Staph. aureus A 1 1 1 

RF01819 RNA Staph. aureus D 1 1 1 

RF01820 RNA Staph. aureus E 1 1 1 

RF01821 RNA Staph. aureus H 1 1 1 

RF01854 Bacterial large signal recognition particle RNA 1 1 1 

 ∑ 76 80 77 
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Table 3: S. epidermidis CRISPR elements 

 
Start End Length Direct Repeat  Spacers 

Consensus Length No. Length 

S. epidermidis O47 CRISPR candidates (CRISPRfinder)     
332,374 332,464 90 CAACATAGAGAATTTCACCGAGAAATTCAACA 32 1 26 
795,622 795,723 101 TCATGTATAAGAAACACTAAATACCTATGTATTAAGTG 38 1 25 
803,654 803,749 95 CATGCATAACCAAAAGTACGATTTACTTCGTAAA 34 1 27 
2,071,669 2,071,752 83 CAACTTGCCTTGTCCGTGGAATTTC 25 1 33 

       
S. epidermidis ATCC 12228 CRISPR candidate (CRISPRdb)     
587,189 587,284 96 CATAAGTGACACAAGCAATTAAAAATTGCAGTG 33 1 30 

       
S. epidermidis RP62A      
CRIPSR candidate (CRISPRdb)    
1,993,515 1,993,597 83 ATCATAGATAGTTTTGCTTCTGTTT 25 1 33 
CRIPSR element (CRISPRdb)    
2,517,620 2,517,868 249 GTTCTCGTCCCCTTTTCTTCGGGGTGGGTATCGATCC 37 3 33 
       
S. epidermidis 1457 CRISPR candidates (CRISPRfinder) 
446,430 446,513 83 GAAATTCTACGGACAAGGCAAGTTG 25 1 34 
1,722,487 1,722,551 92 TTATACATGAACCTCAAGCTCATGTGTTC 29 1 35 
2,034,010 2,034,073 33 CACTGCAATTTTTAATTGCTTGTGTCACTTATG 33 1 30 
2,185,718 2,185,777 32 TGTTGAATTTCCCGGTGAAATTCTCTATGTTG 32 1 27 
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 Table 4: S. epidermidis STAR elements 
 

Strain No. STAR elements Start End Sequence 

Total Sequence 

S. epidermidis      

O47  10 

3 
276,312 276,299 

TGTGTTGGGGCCCC 1,928,864 1,928,851 
2,100,125 2,100,138 

    

6 

57,083 57,070 

TTTGTTGGGGCCCC 

57,141 57,128 
357,412 357,399 
1,293,199 1,293,212 
1,293,258 1,293,271 
2,071,708 2,071,721 

    
1 57,198 57,185 TTTGTTGGGGCCCA 

ATCC 12228  9 
3   TGTGTTGGGGCCCC 

5   TTTGTTGGGGCCCC 

1   TTTGTTGGGGCCCA 

 
RP62A  8 

1   TGTGTTGGGGCCCC 

6   TTTGTTGGGGCCCC 

1   TTTGTTGGGGCCCA 

      
S. aureus      

N315 58 
36   TGTGTTGGGGCCCC 

9   TGTGTTGGGGCCCA 
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3   TATGTTGGGGCCCA 

6   TTTGTTGGGGCCCC 

4   TTTGTTGGGGCCCA 

USA300 42 

21   TGTGTTGGGGCCCC 

5   TGTGTTGGGGCCCA 

3   TATGTTGGGGCCCA 

1   TATGTTGTGGCCCC 

6   TTTGTTGGGGCCCC 

6   TTTGTTGGGGCCCA 

NCTC 8325 42 

22   TGTGTTGGGGCCCC 

5   TGTGTTGGGGCCCA 

3   TATGTTGGGGCCCA 

1   TATGTTGTGGCCCC 

7   TTTGTTGGGGCCCC 

4   TTTGTTGGGGCCCA 

      
S. carnosus      
TM300 0     
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Table 5: Truncated and fragmented genes in S. epidermidis O47  

 
Gene Product Locus 
 

fragmented hypothetical 
SEO_381 

 SEO_382 
 

fragmented hypothetical 
SEO_1180 

 SEO_1181 
sdrG’ 

fragmented fibrinogen binding protein 
SEO_199 

sdrG” SEO_200 
zwf’ 

fragmented glucose-6-phosphate 1-dehydrogenase 
FHQ17_09435  

zwf” SEO_555 
pre’ 

fragmented plasmid recombination enzyme 
SEO_579 

pre” SEO_580 
 

fragmented manganese transport protein 
SEO_651 

 SEO_650 

 
fragmented manganese transport protein 

SEO_2300 
 SEO_2299 
agrC’ 

fragmented accessory gene regulator C 
SEO_1541 

agrC” SEO_1542 
gehC’ 

fragmented lipase 
SEO_2129 

gehC” SEO_2128 
 

fragmented putative lipoprotein 
SEO_2212 

 SEO_2213 
 

fragmented two-component sensor histidine kinase 
SEO_2227 

 SEO_2228 

 

truncated hypothetical 

SEO_27 

 SEO_32 

 FHQ17_11070 

 FHQ17_05450 

 SEO_2233 

arsC‘ truncated arsenate reductase SEO_202 
fosB‘ truncated metallothiol transferase SEO_2176 
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Table 6: S. epidermidis species genes 

 
Gene Product Locus 
 

putative lipoprotein 

FHQ17_10710  

 FHQ17_10095 

 FHQ17_00490 

 

cell wall surface anchor family protein 

FHQ17_08795 

 FHQ17_05655 

 FHQ17_04260 

 
surface lipoprotein-related protein 

FHQ17_07780 

 FHQ17_05475 

 
putative transposase 

SEO_78 
 FHQ17_09440 
psmβ3 phenol soluble modulin beta 3 SEO_692 
ebh extracellular matrix binding protein SEO_1008 
epbS elastin binding protein SEO_1045 
 transposase SEO_1735 

gldA glycerol dehydrogenase FHQ17_00820 
 tributyrin esterase FHQ17_00780 

 K05846 osmoprotectant transport system permeaseprotein FHQ17_00765 

mqo2 malate:quinone oxidoreductase FHQ17_00510 
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Table 7: Mobile elements of S. epidermidis in comparison to other staphylococci 

 
 Strain IS elements Transposons Prophages SCC Genomic 

island 
 S. epidermidis       

 O47  15 - 2 1 6 
RP62A  17 4 1 1 6 
ATCC 12228  18 - - 2 7 
      

S. aureus       

 N315  11 5 1 1 3 
USA300 6 2 2 1 3 
NCTC 8325 2 - 3 - 2 
      

S. haemolyticus       

 JCSC1435  82 2 2 1 5 
      

S. saprophyticus       

 ATCC 15305  2 - - 2 1 
      

S. carnosus       

 TM300  - - 1 - 1 
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Table 8: Family characterisation of the 15 IS elements in S. epidermidis O47  
 

IS element Family Length (Ref) Start Stop Strand 

 ISSep2 IS110 1564 (1564) 

176,242 177,805 + 
382,194 383,757 - 
549,603 551,166 + 
570,617 572,182 - 
1,423,352 1,424,915 + 
1,839,954 1,841,517 - 
1,893,463 1,895,026 + 
2,079,660 2,081,223 - 

ISSep3 IS200/IS605 741 (741) 
1,241,794 1,242,534 - 
2,217,989 2,218,729 - 

IS431mec-like IS6 
790 (790) 

2,442,798 2,443,587 + 
2,451,288 2,452,077 + 

791 (790) 2,478,083 2,478,873 - 
789 (790) 2,481,200 2,481,988 - 

ISSau4 IS3 1249 (1261) 2,416,939 2,418,187 + 
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Table 9: Genomic islands in S. epidermidis  
 

Island Start End Integrase No. genes Reference 
νSe1      (Gill et al., 2005) 

O47  - - - - 

ATCC 12228  SE0110 - - 1 

RP62A  SERP2213 SERP2237 - 25 

      

νSe2/φSe1     (Gill et al., 2005, 
Takeuchi et al., 
2005) 

O47  FHQ17_05445 SEO_1369 SEO_1369 36 

ATCC 12228  SE1472 SE1509 SE1509 38 

RP62A  - - - - 

      

νSeγ     (Gill et al., 2005) 

O47  FHQ17_08705 FHQ17_08680 - 5 

ATCC 12228  SE0845 SE0850 - 5 

RP62A  SERP0735 SERP0740 - 5 

      

νSe3     (Takeuchi et al., 
2005) 

O47  SEO_427 FHQ17_09985 SEO_427 20 

ATCC 12228  SE0568 SE0588 SE0568 21 

RP62A  SERP0455 SERP0477 - 23 

      

νSe4     (Takeuchi et al., 
2005) 

O47  - FHQ17_07780 - 1 

ATCC 12228  SE0988 SE0994 SE0988 7 

RP62A  SERP0878 SERP0882 - 5 
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νSe5     (Takeuchi et al., 
2005) 

O47  FHQ17_05495 FHQ17_05445 FHQ17_05445 8 

ATCC 12228  SE1463 SE1473 SE1472 11 

RP62A  SERP1357 SERP1362 - 6 

      

νSe6     (Takeuchi et al., 
2005) 

O47  FHQ17_12035 FHQ17_12065 Fragments: SEO_72 - SEO_70 7 

ATCC 12228  SE2339 SE2346 Fragments: SE2343 - SE2345 8 

RP62A  SERP0075 SERP0071 - 5 

      

νSe7      

O47  ,FHQ17_12320 SEO_32 - 9  

ATCC 12228  SE2395 SE2388 - 8  

RP62A  - - - -  
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Table 10: Global regulatory systems of S. epidermidis O47 and their homologs 
 

Gene Locus Best hit (strain/accession) Function Reference 
agrB FHQ17_04225 BCM-HMP0060/ZP_04824327 

required for a series of secreted exoproteins (Peng et al., 1988) 

agrD HQ17_04220 ATCC 12228/NP_765191 

agrC’ SEO_1541 BCM-HMP0060/ZP_04824325 

agrC” SEO_1542 BCM-HMP0060/ZP_04824325 

agrA FHQ17_04210 ATCC 12228NP_765193 

arlR FHQ17_07265 ATCC 12228/NP_764654 involved in Adhesion, Autolysis, and Extracellular 
Proteolytic Activity 

(Fournier & 
Hooper, 2000) arlS FHQ17_07270 ATCC 12228/NP_764655 

apsX FHQ17_10815 ATCC 12228/NP_763981 
controlling resistance mechanisms to antimicrobial 
peptides 

(Li et al., 2007) apsR FHQ17_10810 ATCC 12228/NP_763982 

apsS FHQ17_10805 ATCC 12228/NP_763983 

lytR FHQ17_02300 RP62A/YP_189581 
control the rate of autolysis 

(Brunskill & Bayles, 
1996) lytS HQ17_02305 BCM-HMP0060/ZP_04826339 

mgrA FHQ17_10660 ATCC 12228/NP_764012 regulator of Autolysis (Ingavale et al., 
2005) 

saeR FHQ17_10550 ATCC 12228/NP_764033   

saeS FHQ17_10555 ATCC 12228/NP_764034   

rot FHQ17_05625 RP62A/YP_188894 regulator of Virulence Factor Expression (McNamara et al., 
2000) 

sarA FHQ17_11000 ATCC 12228/NP_763945 

 
 
involved in the global regulation of exoproteins 

(Cheung et al., 
1992) 

sarR FHQ17_03000 ATCC 12228/NP_765423 

sarV FHQ17_03140 ATCC 12228/NP_765395 

sarX FHQ17_10765 BMC-HMP0060/ZP_04824566 

sarY FHQ17_02990 ATCC 12228/NP_765425 

sarZ FHQ17_02505 ATCC 12228/NP_765522 

sigB FHQ17_04040 ATCC 12228/NP_765223 alternate sigma factor (Wu et al., 1996) 
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ssrA FHQ17_06900 RP62A/YP_188631 
regulation of Virulence Factors 

(Yarwood et al., 
2001) ssrB FHQ17_06905 ATCC 12228/NP_764731 

spxA FHQ17_09530 ATCC 12228/NP_764241 impacting Stress Tolerance and Biofilm Formation (Pamp et al., 2006) 

tcaR FHQ17_02655 ATCC 12228/NP_765492 

involved in cell wall synthesis 
(Brandenberger et 
al., 2000) 

tcaA FHQ17_02660 ATCC 12228/NP_765491 

tcaB FHQ17_02665 ATCC 12228/NP_765490 

vraR FHQ17_04555 ATCC 12228/NP_765124 
regulator of cell wall peptidoglycan synthesis 

(Kuroda et al., 
2003) vraS FHQ17_04550 ATCC 12228/NP_765125 

yycF FHQ17_00110 ATCC 12228/NP_763573   

yycG SEO_2312 ATCC 12228/NP_763574   

yycH FHQ17_00120 W23144/ZP_04797681   

yycI FHQ17_00125 ATCC 12228/NP_763576   

yycJ FHQ17_00130 ATCC 12228/NP_763577   

luxS FHQ17_03720 ATCC 12228/NP_765287 repressed biofilm formation through a cell-cell 
signaling mechanism 

(Xu et al., 2006) 
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Table 11: S. epidermidis virulence factors in S. epidermidis O47  
 

Gene Locus Best hit (strain/accession) Product Reference 
aae FHQ17_11920 ATCC 12228/NP_765874 

bifunctional autolysin and adhesin 
(Heilmann et al., 
1997) 

aap SEO_2222 RP62A/YP_189945 accumulation associated protein (Rohde et al., 2005) 

atlE FHQ17_09190 RP62A/YP_188221 
bifunctional autolysin and adhesin 

(Heilmann et al., 
1997) 

capB FHQ17_01885 RP62A/YP_189663 

capsule biosynthesis protein 
(Kocianova et al., 
2005) 

capC FHQ17_01890 ATCC 12228/NP_765647 

capA FHQ17_01895 RP62A/YP_189661 

dltA FHQ17_09805 ATCC 12228/NP_764179 

dlt protein 
(Peschel et al., 
1999) 

dltB FHQ17_09800 ATCC 12228/NP_764180 

dltC FHQ17_09795 ATCC 12228/NP_764181 

dltD FHQ17_09790 ATCC 12228/NP_764182 

ebp SEO_1045 BCM-HMP0060/ZP_04825375 elastin binding protein (Park et al., 1996) 

gehC’ SEO_2129 RP62A/YP_189847 

lipase 
(Longshaw et al., 
2000) 

gehC” SEO_2128 RP62A/YP_189847 

gehD SEO_2214 RP62A/YP_189935 

icaA FHQ17_01070 sp—Q8GLC5.1—ICAA_STAEP 

intercellular adhesion protein 
(Heilmann et al., 
1996b)  

icaD FHQ17_01065 RP62A/YP_189844 

icaB FHQ17_01060 RP62A/YP_189845 

icaC FHQ17_01055 RP62A/YP_189846 

mprF FHQ17_07565 RP62A/YP_188509 
multiple peptide resistance factor 

(Peschel et al., 
2001) 

oatA FHQ17_01730 RP62A/YP_189693 O-acetyltransferase A (Bera et al., 2006) 

psmα FHQ17_12005 RP62A/AAW55287 phenol soluble modulin (Yao et al., 2005) 
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psmβ1 FHQ17_08685 ATCC 12228/NP_764403 

psmβ2 FHQ17_08690 ATCC 12228/NP_764402 

psmβ3 SEO_692 RP62A/YP_188319 

hld SEO_1538A ATCC 12228/NP_765189 

psmδ FHQ17_12000  

psmε FHQ17_10045  

sepA FHQ17_01275 ATCC 12228/NP_765774 
extracellular elastase 

(Teufel & Götz, 
1993) 

sdrF FHQ17_12320 ATCC 12228/NP_765950 
collagen-binding protein 

(Arrecubieta et al., 
2007) 

sdrG’ SEO_199 ATCC 12228/NP_763886 
fibrinogen binding protein 

(Rennermalm et al., 
2004) sdrG” SEO_200 sp—Q9KI13.1—SDRG_STAEP 

sdrH SEO_1537 BCM-HMP0060/ZP_04824329 fibrinogen binding protein (McCrea et al., 2000) 

sitA FHQ17_10915 W23144/ZP_04796443 

iron ABC transporter protein 
(Cockayne et al., 
1998) 

sitB FHQ17_10920 ATCC 12228/NP_76961 

sitC FHQ17_10925 ATCC 12228/NP_76960 

sfnaD FHQ17_03480 RP62A/YP_189345 

staphyloferrin A biosynthesis protein 
(Lindsay et al., 1994, 
Cotton et al., 2009) 

sfnaA FHQ17_03485 ATCC 12228/NP_765326 

sfnaB FHQ17_03490 RP62A/YP_189343 

sfnaC FHQ17_03495 ATCC 12228/NP_765324 

sspA FHQ17_05050 ATCC 12228/NP_765098 serine protease 
(Dubin et al., 2001) 

sspB FHQ17_00605 ATCC 12228/NP_763739 cysteine protease 

tarI FHQ17_11345 ATCC 12228/NP_763874 

teichoic acid biosynthesis protein 

(Brown et al., 2008, 
Fitzgerald & Foster, 
2000, Holland et al., 
2011, Qian et al., 
2006, Swoboda et 
al., 2010, 

tarJ FHQ17_11340 ATCC 12228/NP_763875 

tarL FHQ17_11335 BCM-HMP0060/ZP_04824448 

tagA SEO_277 ATCC 12228/NP_763965 

tagH FHQ17_10895 BCM-HMP0060/ZP_04824541 
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tagG FHQ17_10890 ATCC 12228/NP_763867 Weidenmaier et al., 
2004) tagB FHQ17_10885 ATCC 12228/NP_763868 

tagX FHQ17_10880 ATCC 12228/NP_763869 

tagD FHQ17_10875 ATCC 12228/NP_763870 

tagO FHQ17_10310 BCM-HMP0060/ZP_04824654 

tagF FHQ17_02600 M23864:W2(grey)/ZP_06613749 

tagE FHQ17_02150 ATCC 12228/NP_765596 

vraG SEO_295 ATCC 12228/NP_763984 
ABC transporter (Li et al., 2007) 

vraF FHQ17_10800 ATCC 12228/NP_763985 
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Table 12: Penicillin binding proteins in S. epidermidis 
 

Gene Product Locus 

O47 RP62A ATCC 12228 

pbp1 penicillin binding protein 1 FHQ17_08650 SERP0746 SE0856 

pbp2 penicillin binding protein 2 FHQ17_07075 SERP1020 SE1138 

pbp3 penicillin binding protein 3 FHQ17_06590 SERP1117 SE1238 

pbp4 penicillin binding protein 4 - - SE0035 

  

 
 
 
 
Table 13: MIC values for S. epidermidis O47, ATCC 12228 and RP62A and S. carnosus TM300 and 

S. aureus USA300. 
 
Strains MIC (µl/ml) 

 Penicillin Methicillin 

Staphylococcus carnosus TM300 Sensitive (< 0.5) 4 

Staphylococcus epidermidis O47 >128 2 

Staphylococcus epidermidis 12228 >128 4 

Staphylococcus epidermidis RP62A >128 >128 

Staphylococcus aureus USA300 64 >128 
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Table 14: Resistances in S. epidermidis O47  

 

Gene Locus Product 
 FHQ17_12065 COG: Abortive infection bacteriophage resistance protein 

uppP FHQ17_10675 COG: Uncharacterized bacitracin resistance protein 

norA FHQ17_10615 quinolone resistance protein 

 FHQ17_10050 cobalt-zinc-cadmium resistance protein 

 FHQ17_09350 COG: Membrane protein TerC, possibly involved in tellurium resistance 

 FHQ17_08020 COG: Cystathionine beta-lyase family protein involved in aluminum resistance 

 FHQ17_07320 COG: Uncharacterized protein involved in tellurite resistance 

cadD FHQ17_05180 cadmium resistance transporter CadD 

vraR FHQ17_04555 K07694 two-component system, NarL family,vancomycin resistance associated response regulator VraR 

vraS FHQ17_04550 K07681 two-component system, NarL family,vancomycin resistance sensor histidine kinase VraS 

 FHQ17_03555 EmrB/QacA family drug resistance transporter 

fmhB FHQ17_03175 COG: Uncharacterized protein involved in methicillin resistance 

ykkC SEO_1772 K11741 quaternary ammonium compound-resistanceprotein SugE 

 FHQ17_02950 K11741 quaternary ammonium compound-resistanceprotein SugE 

 FHQ17_02675 COG: Multidrug resistance efflux pump 

tcaB FHQ17_02665 

teicoplanin-associated operon tcaA FHQ17_02660 

tcaR FHQ17_02665 

 SEO_1847 COG: Uncharacterized protein, homolog of Curesistance protein CopC 

fmhA HQ17_02405 COG: Uncharacterized protein involved in methicillin resistance 

bcr FHQ17_02350 bicyclomycin resistance protein 

 FHQ17_02310 K08170 MFS transporter, DHA2 family, multidrugresistance protein 

ohr FHQ17_01205 organic hydroperoxide resistance protein 

 FHQ17_00650 K08170 MFS transporter, DHA2 family, multidrugresistance protein 
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arsR FHQ17_00425 

arsenical resistance operon 

arsD SEO_2251 

arsA FHQ17_00415 

arsR SEO_2253 

arsB FHQ17_00405 

arsC FHQ17_00400 

merB SEO_2262 

mercuric resistance operon 
merA FHQ17_00350 

merT SEO_2263A 

merR SEO_2265A 

azlC FHQ17_00055 azaleucine resistance 

azlD FHQ17_00060 

 



 

 146 

Table 15: S. aureus virulence factors not found in S. epidermidis O47  
 

 Genes Product 
clfA 

clumping factors 
clfB 
sdrC 

adhesins sdrD 
sdrE 
fnbA 

fibronectin binding protein 
fnbB 
cna collagen adhesin 
spa Immunoglobulin G-binding protein A 

fbpA fibrinogen binding protein gene 

ebp extracellular adherence protein 

map major histocompatibility complex class II analog protein 
vWbp Von Willebrand factor 

efb extracellular fibrinogen-binding protein 

coa coagulase 

sbi immunoglobulin binding protein 
tst toxic shock syndrome toxin 

set1-26 exotoxins 

entA-B 

enterotoxins 
entC1-3 
entD-H 
splA-F 
lukE 

leukotoxins 
lukF 
hla α-hemolysin 

hlgA-C γ-hemolysin 

sak staphylokinase 

eta 
exfoliative toxins 

etb 
nuc thermonuclease 

 
 
 
Table  S1: Primers used for cloning of pCtuf-sadA O47 
 

Primer Sequence (5’-3’) 

pCtuf-sadA O47 F AGAGTTCGAGGAGGTTTAATATGGAAATGGAATTCAATGAG 

pCtuf-sadA O47 R TTAAGTACTTCAGCTAATTATTAAGCATCTTTCATATCGTAATC 
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Figures 
 

 
 
 
 
 
 
 
Figure 1: Circular genome plot of S. epidermidis O47. From outer to inner circle: ORFs of the 
forward strand, ORFs in the 3 different reading frames of the forward strand, ORFs of the reverse 
strand, ORFs in the 3 different reading frames of the reverse strand, G+C content, G+C skew. The 
regions containing the Staphylococcal Cassette Chromosome (SCC, orange), the putative prophages 
φO47A, φO47B (red), and the genomic islands νSe2, νSeγ, νSe3, νSe5, νSe6, and νSe7 (blue) are 
highlighted. The plot was generated using CGView (Stothard & Wishart, 2005). 
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Figure 2: Mauve (Darling et al., 2010) alignment of S. epidermidis RP62A (top), O47 (middle) 
and ATCC 12228 (bottom). The blocks are genomic regions which are aligned to a part of another 
genome. They are free from genomic rearrangement and lie above the center line if the region is in 
forward orientation relative to the reference sequence (RP62A at topmost) or down the center line for 
reverse complement orientation. The similarity profile is displayed in the blocks. White areas are 
regions not aligned to other genomes and colored areas are conserved among two genomes. The 
Staphylococcal Cassette Chromosomes (SCC), φSPβ, the putative prophages φO47A and φO47B 
and the genomic islands νSe1, νSe2, and νSe7 are highlighted. 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 3: Phylogenetic tree of sequenced S. epidermidis. Strains O47, ATCC 12228, RP62A and 
the draft sequences of W23144, M23864:W2(grey), BCM-HMP0060, and SK135 displayed as 
phylogram. The sequence divergence of 0.0010% corresponds to 1081 nucleotides. 
S. epidermidis O47 is closest related to M23864:W2(grey) and W23144 is most distantly related to the 
other strains. 
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Figure 4: The junction sites and the region of the S. epidermidis O47 genome showing the 
Staphylococcal Cassette Chromosome (SCC). The SCC contains four IS431mec-like elements. 
They flank the mercury resistance cluster and a fragmented manganese transport protein (mntH‘ and 
mntH‘‘), respectively. Additionally, an arsenical resistance cluster, a multicopper oxidase (mco), a 
copper transporting ATPase (copB), a glutathione reductase (gor), the restriction modification system 
(hsd), and the DNA repair protein gene radC is located in the SCC. Lower case red letters: part of the 
S. epidermidis O47 Chromosome; capital black letters: part of the SCC; bold letters: direct repeat 
(DR); underlined letters: inverted repeat (IR). The plot was generated using CGview (Stothard & 
Wishart, 2005). 
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Figure 5: HPLC chromatograms of sadA of S. epidermidis O47 expression. sadA gene of S. 
epidermidis O47 was cloned into pCtufamp plasmid (Ebner et al., 2015) and expressed in S. aureus 
RN4220. The overnight culture of S. aureus RN4220 harboring pCtuf-sadA epi O47 with 10 µg/ml of 
chloramphenicol containing (basic medium) BM medium was collected and analyzed using HPLC. S. 
aureus RN4220 harboring pCtuf-sadA epi O47 was shown to be able to produce trace amines (TYM-
tyramine; PEA-pehenthylamine; TRY-tryptamine) from aromatic amino acids (Y-tyrosine; F-
phenylalanine; W-tryptophan).  
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Figure 6: Comparison of characteristics associated with pathogenicity and/or virulence factors 
among selected S. epidermidis strains. From left: S. carnosus TM300, S. epidermidis ATCC 12228, 
S. epidermidis O47, S. epidermidis RP62A and S. aureus USA300. The general virulence factors (in 
brackets) caused the following characteristics: (A) proteolysis (protease) (B) lipolysis (lipase) (C) 
hemolysis (hemolysin) (D) biofilm formation (accumulation associated protein Aap). S. epidermidis 
O47 showed no protease, lipase and hemolysin activity and moderate biofilm formation. Detailed 
information on the generation of these results are described in the Methods section.  
 
 
 
 


