
FEMS Pathogens and Disease, 74, 2016, ftv111

doi: 10.1093/femspd/ftv111

Advance Access Publication Date: 25 November 2015

Research Article

RESEARCH ARTICLE

Staphylococcus epidermidis: metabolic adaptation and

bio�lm formation in response to different oxygen

concentrations

Cristina Uribe-Alvarez1, Natalia Chiquete-Félix1,

Martha Contreras-Zentella2, Sergio Guerrero-Castillo3, Antonio Peña1

and Salvador Uribe-Carvajal1,∗

1Department of Molecular Genetics, Instituto de Fisiologı́a Celular, Universidad Nacional Autónoma de
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ABSTRACT

Staphylococcus epidermidis has become a major health hazard. It is necessary to study its metabolism and hopefully uncover

therapeutic targets. Cultivating S. epidermidis at increasing oxygen concentration [O2] enhanced growth, while inhibiting

bio�lm formation. Respiratory oxidoreductases were differentially expressed, probably to prevent reactive oxygen species

formation. Under aerobiosis, S. epidermidis expressed high oxidoreductase activities, including glycerol-3-phosphate

dehydrogenase, pyruvate dehydrogenase, ethanol dehydrogenase and succinate dehydrogenase, as well as cytochromes bo

and aa3; while little tendency to form bio�lms was observed. Under microaerobiosis, pyruvate dehydrogenase and ethanol

dehydrogenase decreased while glycerol-3-phosphate dehydrogenase and succinate dehydrogenase nearly disappeared;

cytochrome bo was present; anaerobic nitrate reductase activity was observed; bio�lm formation increased slightly. Under

anaerobiosis, bio�lms grew; low ethanol dehydrogenase, pyruvate dehydrogenase and cytochrome bo were still present;

nitrate dehydrogenase was the main terminal electron acceptor. KCN inhibited the aerobic respiratory chain and increased

bio�lm formation. In contrast, methylamine inhibited both nitrate reductase and bio�lm formation. The correlation

between the expression and/or activity or redox enzymes and bio�lm-formation activities suggests that these are possible

therapeutic targets to erradicate S. epidermidis.
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INTRODUCTION

Staphylococcus epidermidis is a coagulase-negative saprophytic in-

habitant of the outer skin layers where it excludes pathogenic

bacteria such as S. aureus (Otto 2009; Cogen et al. 2010). Regret-

fully, when S. epidermidis is introduced into tissues by needle

punctures or surgical wounds, it becomes amajor health hazard

as it forms bio�lms on catheters or prosthesis forcing their re-

moval (Gristina 1987; Raad, Alrahwan and Rolston 1998). Among

coagulase-negative staphylococci-caused prosthetic valve infec-

tive endocarditis, S. epidermidis is found in 82% cases (Mack et al.

2013). Also in 30%–43% implant perioperative infections (Zim-

merli, Trampuz and Ochsner 2004) and in 50%–70% catheter-

related infections (von Eiff, Peters and Heilmann 2002).

In spite of its growing importance as a human pathogen,

the metabolism of S. epidermidis has not been fully character-

ized. Also, the signals that promote bio�lm formation are poorly

understood, although it is known that stress triggers the ex-

pression of proteins that bind cells together and enhance resis-

tance to antiseptics, antibiotics and host defenses (Cramton et

al. 2001; Vuong and Otto 2002; Kostakioti, Hadjifrangiskou and

Hultgren 2013). To optimize treatment, S. epidermidismetabolism

and bio�lm-forming activity have to be understood (Vuong and

Otto 2002).

Staphylococcus epidermidis is a facultative anaerobe, i.e. it can

survive in awide range of [O2]. This bacterium thrives on human

skin, where [O2] ranges from 2% to 5% (Peyssonnaux et al. 2008)

and also in ischemic/anoxic tumors and abscesses where [O2]

is zero (Atkuri et al. 2007; Wiese et al. 2012). Staphylococcus epider-

midis bio�lm-forming activity increases as [O2] decreases (Cram-

ton et al. 1999, 2001; Cotter, O’Gara and Casey 2009; Cotter et al.

2009). Indeed, production of bio�lm-associated molecules such

as the cell adhesion-promoting, extracellular polysaccharide

β-1,6-linked glucosaminoglycan is enhanced at low [O2] (Cram-

ton et al. 1999). Anaerobic growth increases bio�lm formation in

both S. aureus and S. epidermidis (Cramton et al. 2001; Fuchs et al.

2007; Cotter et al. 2009).

Bacteria contain branched respiratory chains with multiple

terminal oxidases that work at different [O2] (Anraku 1988).

These alternative pathways allow survival in adverse and chang-

ing environments (Nakano et al. 1997; Mukhopadhyay et al. 2002;

Gandhi and Chikindas 2007; Desriac et al. 2013). In this regard,

the closely related S. aureusmodi�es its respiratory chain as [O2]

varies (Taber and Morrison 1964; Artzatbanov and Petrov 1990;

Fuchs et al. 2007; Gotz andMayer 2013; Hammer et al. 2013). Thus,

it was hypothesized that the adaptation of both the response to

[O2] and the propensity to form bio�lms are related. The emerg-

ing pathological importance of S. epidermidis led us to analyze its

oxidative phosphorylation machinery as well as the generation

of bio�lms when grown under aerobic, microaerobic or anaer-

obic conditions. Such knowledge may uncover different thera-

peutic targets as it has in other research efforts (Gordon et al.

2010; Hurdle et al. 2011; Kim et al. 2013).

MATERIALS AND METHODS

Materials

Brij 58, Ethylenediaminetetraacetic acid (EDTA), glycerol-3-

phosphate, glycerol, horse heart cytochrome c, methyl-viologen,

lead (II) nitrate, NAD+, NADH, ATP, n-dodecyl β-D-maltoside, ni-

trotetrazolium blue chloride (NBT), phenylmethylsulfonyl �uo-

ride (PMSF), sodium deoxycholate, sodium dithionite, sodium

dodecyl sulfate, GramStain Kit and trizma basewere fromSigma

Co (St Louis, MO). Ethanol, magnesium sulfate, potassium ni-

trate, potassium cyanide, potassium carbonate, potassium hy-

droxide, sodium phosphate, sodium bicarbonate and succinic

acid were from JT Baker (Center Valley, PA). TSB medium, 3,3′-

Diaminobenzidine tetrahydrochloride hydrate (DAB) and digi-

tonin were from Fluka (Taufenkirchen, Germany). Ammonium

persulfate, acrylamide and Bis N,N´-Methylene-bis-acrylamide

were from BioRad (Richmond, CA). Imidazol and ξ-amino-

caproic were from MP (Santa Ana, CA). Glucose and ammonium

sulfate were from Merck (Kenilworth, NJ); Tryptone was from

Difco (Sparks, MD); yeast extract was from Bioxon; and PCRMas-

ter mix (2X) was from Thermo Scienti�c (Whaltham, MA).

Bacterial strain and growth

Staphylococcus epidermidis ATCC 12228 was donated by Dr Juan

Carlos Cancino Dı́az (Instituto Politécnico Nacional). Bacteria

were grown in LB medium at 27◦C under aerobic (Ae) conditions

under shaking (250 rpm) unless otherwise speci�ed; under mi-

croaerobic (µA) conditions (5% CO2 atmosphere, static); and un-

der anaerobic (An) conditions generated with GazPak EZ anaer-

obe pouch in a sealed acrylic chamber (static). Pre-cultures were

grown in TSB for 24 h at 37◦C, 250 rpm. A 1:15 dilution in LB

wasmade in a sterile 100-well TrueLine Honeycomb Cell Culture

Plate and grown at 27◦C. Absorbance at 600 nm was measured

every 3 h in a Bioscreen C spectrophotometer (Growth Curves,

USA). To induce cytochrome bd expression, S. epidermidis was

grown in G-medium (Hanson, Srinivasan and Halvorson 1963)

with 0.8% casein hydrolysate, 0.32% L-Glutamic acid, 0.21% D-L

alanine and 0.12% asparagine under µA for 48 h (Escamilla et al.

1987).

DNA extraction, mutS and yqiL ampli�cation

DNA extraction was performed with a Quick-gDNA MiniPrep

from Zymo Research. mutS and yqiL genes were ampli�ed by

PCR using a PCR Master Mix (Life technologies) containing Taq

polymerase. Oligonucleotides used to ampli�y a mismatch re-

pair protein mutS were as follows:

mutS− F3 (GATATAAGAATAAGGGTTGTGAA

and

mutS− R3 GTAATCGTCTCAGTTATCATGTT)

which ampli�ed a 412-bp fragment (Thomas et al. 2007). Acetyl

coenzyme A acetyltransferase yqiL oligonucleotides were as fol-

lows:

yqi L − F2 (CACGCATAGTATTAGCTGAAG)

and

yqi L − R2 (CTAATGCCTTCATCTTGAGAAATAA)

which ampli�ed a 416-bp fragment (Wang et al. 2003). Both PCR

assays involved an initial denaturation at 94◦C for 5 min, 35 cy-

cles of 94◦C for 1 minute, 55◦C for 40 s and 72◦C for 40 s; and

a �nal extension of 72◦C for 5 min. PCR ampli�cation products

were subjected to electrophoresis in 1% agarose gels and ethid-

ium bromide staining.

Bio�lm detection

Staphylococcus epidermidis pre-cultures and cultures were per-

formed as indicated previously. After incubation in 300 µL for
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6, 12, 24 or 30 h in Costar 96 well plates, each well was gen-

tly washed three times with 200 µL phosphate-buffered saline

(PBS), dried and stained with 1% crystal violet for 15 min. Plates

were rinsed with PBS three more times, and bound crystal vio-

let was solubilized in 200 µL ethanol-acetone (80:20 v/v). Optical

density at 600 nm (OD600) was determined in a Polar Star Omega

(BMG Labtech) microplate reader (Okajima et al. 2006). To eval-

uate the effect of different respiratory chain inhibitors, cyanide

or methylamine was added to the microplate at the beginning

of the assay.

Bovine heart mitochondria

Beef heart mitochondria (BHM) obtained as in Löw and Vallin

(1963) were a gift from Dr Marietta Tuena (IFC, UNAM). These

were used as activity standards for different mitochondrial res-

piratory enzymes and for ATPase (Wittig, Braun and Schagger

2006; Wittig, Karas and Schagger 2007).

Cell membrane isolation

All procedures were conducted at 4◦C. Cells were centrifuged at

10 000 × g for 10 min and washed with isolation buffer (50 mM

Tris-HCl pH 7.4). The pellet was suspended in isolation buffer

plus 1mM EDTA and 1 mM PMSF. Cells were disrupted by �ve

passages through a French Press at 4000 psi (SLM Aminco). The

suspension was centrifuged at 10 000 × g for 20 min to remove

unbroken cells; the supernatant was centrifuged at 200 000 × g

for 90min (Niebisch andBott 2003). Themembrane pelletwas re-

suspended and homogenized in isolation buffer plus 1mMPMSF.

Protein was quanti�ed by Bradford, frozen at −70◦C and stored

until further use.

Spectral analysis of cytochromes

Cell membranes from 24-h cultures grown in LB media at 27◦C

were suspended in 50 mM Tris-HCl buffer (pH 7.4) plus 30% (v/v)

glycerol, frozen with liquid nitrogen in 2 mm light path cuvettes

and analyzed in an Olis DW2000 spectrophotometer. Differen-

tial spectra from 400 to 700 nm were obtained from dithionite-

reducedminus persulfate-oxidized and dithionite+CO-reduced

minus dithionite-reduced membranes.

Nitrate reductase activity

Cells grown under Ae, µA or An conditions were sonicated three

times 30 s with 10 s rests and centrifuged at 10 000 × g for 10

min to remove unbroken cells. Methyl-viologen oxidation by ni-

trate reductase of the cytosolicmembrane extracts was recorded

at 546 nm in an Aminco-Olis DW 2000 spectrophotometer. Sam-

ples (10µg protein)were assayed in 50mMpotassiumphosphate

(pH 7) with 0.2 mM methyl viologen previously reduced with

2.9 mM sodium dithionite. The reaction was started with 5 mM

potassiumnitrate (Kern and Simon 2009). Speci�c activitieswere

calculated using an extinction coef�cient of 19.5 mM−1 cm−1.

When indicated, methylamine was added at the beginning of

the assay (Franco, Cárdenas and Fernández 1984; McCarty and

Bremner 1992).

Electrophoretic techniques and in-gel activities

Clear native gel electrophoresis (CN-PAGE) was performed ac-

cording to Wittig and Schagger (2005) and Wittig, Karas and

Schagger (2007). Isolated membranes from S. epidermidis and

BHM were solubilized with 1% Brij 58 and 0.5 mg lauryl malto-

side/mg protein respectively and shaken for 1 h at 4◦C. Mem-

branes were centrifuged at 100 000 × g at 4◦C for 30 min. Su-

pernatants protein concentration was determined by Bradford

and 0.1–0.3 mg protein per well was loaded on 4–12% polyacry-

lamide gradient gels.When clear native electrophoresiswas per-

formed, 0.01% Lauryl maltoside and 0.05% sodium deoxycholate

were added to the cathode buffer as in Wittig, Karas and Schag-

ger (2007). Gels were run for an hour at 15 mA/gel in a Bio-rad

electrophoresis chamber.

In-gel NADH:NBT oxidoreductase activity (120 µg protein for

S. epidermidis and 20 µg protein for BHM) was determined by in-

cubating the native gels in 10 mM Tris (pH 7.0), 0.5 mg nitrote-

trazolium blue chloride (NBT)/mL and 1 mM NADH. In-gel suc-

cinate:NBT oxidoreductase activity (120 µg protein for S. epider-

midis and 100 µg protein for BHM) was determined by incubating

the native gels in 10 mM Tris (pH 7.0), 0.5 mg nitrotetrazolium

blue chloride (NBT)/mL and 1 mM succinate. In-gel cytochrome

c oxidase activity (150 µg protein for S. epidermidis and 20 µg pro-

tein for BHM) was determined using diaminobenzidine (Wittig,

Karas and Schagger 2007). In-gel ATPase activity (200 µg S. epi-

dermidis protein and 100 µg BHM protein) was measured by in-

cubating the CN-gel in 35 mM Tris with 270 mM glycine (pH 8.4)

for an hour, then 0.2% Pb(NO3)2, 14 mM MgSO4 and 8 mM ATP

were added (Wittig, Karas and Schagger 2007).

Glycerol-3-phosphate dehydrogenase activity

Activity was measured in lysates from cells grown in different

[O2] in fresh 33 mM ammonium sulfate, 100 mM carbonate-

bicarbonate buffer, 1 mMNAD+ (pH 7.0) and 100 mM of glycerol-

3-phosphate as substrate. Final solution was adjusted to pH 9.0

with KOH or HCl. Absorbance change for NADH was measured

at 340 nm and speci�c activities were calculated (Burton 1955;

Van Eys, Nuenke and Patterson 1959).

Mass spectrometry

From the CN-PAGE gel, the indicated bands were excised and

in-gel digested with trypsin. Peptides were analyzed by liquid

chromatography tandem mass spectrometry (LC-MS/MS) a in a

Q-exactive mass spectrometer (Thermo Fisher Scienti�c)

equipped at the front end with a nano-�ow high-performance

liquid chromatography system Agilent1200s (Wessels et al.

2013). Peptides were separated in a 100 µm ID PicoTip emitter

column �lled with 3 µm C18 reverse phase silica beads using

30 min linear gradients of 5%–35% acetonitrile with 0.1% formic

acid. The mass spectrometer operated in a Top 20 dependent,

positive ion mode switching automatically between MS and

MS/MS. Full scan MS mode (400–1400 m z−1) was operated at a

resolution of 70 000 with automatic gain control target of 1 ×

106 ions and a maximum ion transfer of 20 ms. Raw �les were

analyzed by MaxQuant software (version 1.5). Spectra were

searched against the S. epidermidis database with additional

sequences of known contaminants and reverse decoy with a

strict FDR of 0.01. Trypsin was selected as the protease with

two missed cleavages allowed. Dynamic modi�cations included

N-terminal acetylation and oxidation of methionine. Cystein

carbamidomethylation was set as �xed modi�cation.

Oxymetry

Staphylococcus epidermidis grown under Ae, µA or An condi-

tions were resuspended in 10 mM Hepes pH 7.4. Protein
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Figure 1. Characterization of S. epidermidis ATCC 12228. (A) Gram stain was performed using a kit from Sigma diagnostics HT90-A. Image shows Gram-positive cocci

in clusters, diplococci and cocci. (B) Staphylococcus epidermidis-speci�c gene ampli�cation. 1: 1kb plus marker, Invitrogen. 2: PCR product of DNA mismatch repair

protein oligonucleotides (mutS) of 412 pb C. Staphylococcus epidermidis speci�c gene ampli�cation. 1: 1kb plus marker, Invitrogen. 2: PCR product of Acetyl coenzyme

A acetyltransferase (yqiL) of 416 pb.

concentration was determined by Biuret in a Beckman Coulter

spectrophotometer at 540 nm. Oxygen consumption by cells was

assessed in an oxygenmetermodel 782 (Warner/Strathkelvin In-

struments) with a Clark type electrode in a 1 mL water-jacketed

chamber at 30◦C. Approximately 5 mg mL−1 of cells were added

to the chamber. Reaction was started by the addition of 10 µM of

ethanol (Guerrero-Castillo et al. 2009). Data were analyzed using

the 782 Oxygen System Software (Warner/Strathkelvin Instru-

ments). Different concentrations of cyanide were used as a res-

piratory chain inhibitor in order to block oxygen consumption.

Statistics

Results are expressed as mean ± standard deviation from at

least four individual experiments to which Tukey´s test was ap-

plied. Signi�cance levels and number of experiments were spec-

i�ed under each �gure.

RESULTS

Staphylococcus epidermidis adaptability to different [O2] is illus-

trated by the plasticity of the respiratory chain and the varia-

tions in bio�lm formation. Under the microscope, S. epidermidis

ATCC 12228 colonies formed typical clusters (Fig. 1A). The iden-

tity of S. epidermidis ATCC 12228 was con�rmed by amplifying

DNA oligonucleotides from the mismatch repair protein (mutS)

(Fig. 1B, �rst gel) and from acetyl coenzyme A acetyltransferase

(yqiL) (Fig. 1B, second gel). (Wang et al. 2003; Thomas et al. 2007)

Bacterial growth and bio�lm formation at different [O2]. The

adaptability of S. epidermidis to different [O2] was analyzed in cul-

tures under atmospheric oxygen, with (Ae) or without agitation,

under µA or under An conditions (Fig. 2A). In the absence of ag-

itation, at all [O2] tested, cells grew to a similar density reaching

the stationary phase at 24–27 h. In contrast, under agitation at

atmospheric [O2] (Ae) the stationary phase was reached within

half the time (Fig. 2A).

Even though S. epidermidis ATCC 12228 is considered a low-

virulence, low-bio�lm forming strain, we were able to detect

bio�lm formation (Fazly Bazzaz et al. 2014). In this strain, bio�lm-

generation decreased as [O2] increased (Fig. 2B). In Ae cells with

agitation, bio�lms were hardly detectable and they increased

slightly in cells subjected to Ae-without shaking. Bio�lms were

large in µA and An samples (Fig. 2B). Thus, in S. epidermidis in-

creasing [O2] stimulated growth while inhibiting bio�lm forma-

tion. i.e. at low oxygen concentration, bio�lm formation was

high, suggesting that low [O2] contributes to bacterial virulence

(Gristina 1987; Raad, Alrahwan and Rolston 1998).

Detection of Oxidative Phosphorylation-related proteins in S. epi-

dermidis grown at different [O2]. The adaptive response of S. epider-

midis to different [O2] implies handling [O2] and phosphorylat-

ing ADP. Thus, we evaluated the composition of the respiratory

chain and the expression of F1F0-ATPase. Solubilized plasma

membranes from Ae, µA or An cells were subjected to clear

native PAGE, and protein bands were revealed by Coomassie

blue staining (Fig. 3A). These samples were used to measure

in-gel NADH dehydrogenase (Fig. 3B), succinate dehydrogenase

(Fig. 3C) and ATPase (Fig. 3D) activities. In all cases, BHM were

used as a positive control (Fig. 3 BHM lanes). BHM bands were la-

beled according to the migration and activity patterns reported

for each complex (I, V, III, IV and II) (Fig. 3A BHM) (Schagger and

von Jagow 1991; Wittig, Braun and Schagger 2006; Wittig, Karas

and Schagger 2007). I for NADH dehydrogenase activity from

complex I, V for ATPase activity of complex V and II for succinate

dehydrogenase activity of complex II. Bands corresponding to
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Figure 2. Staphylococcus epidermidis growth and bio�lm formation under differ-

ent aeration conditions. (A) Growth curves of S. epidermidis at 27oC at aerobic

(atmosphere oxygen level) with and without shaking, microaerobic (5% CO2)

and anaerobic environment. Absorption at 600 nm was measured in a Bio-

screen C spectrophotometer. Data shown are mean ± S.D. from n = 18. (B)

Staphylococcus epidermidis bio�lm formation at 6, 12, 24 or 30 h. Solubilized

crystal violet was measured at 600 nm using a Polar Star Omega (BMG Labtech)

microplate reader. Tukey´s comparison test showed signi�cant difference

(∗P < 0.05) between bio�lm formation in microaerobic and anaerobic conditions

between 6 and 24 and 30 h. After 6 h, a signi�cant bio�lm formation difference

(∗P < 0.05) was found between aerobic conditions with and without shaking and

microaerobic and anaerobic conditions. No difference was observed between

oxygen-limited conditions at all times, n = 6.

BHMrespiratory complexes III and IV are also indicated although

no complex III or IV activities were detected in S. epidermidis (re-

sult not shown). Staphylococcus epidermidis cells grown at differ-

ent [O2] exhibited different protein bands (Fig. 3A, S. epidermidis

lanes) that were further analyzed for oxidoreductase andATPase

activities.

NADHdehydrogenase in-gel activity (Fig. 3B) in BHMcomplex

I was detected at 1000 kDa NADH dehydrogenase activity band

(Fig. 3B, BHM band I) (Wittig, Braun and Schagger 2006; Wittig,

Karas and Schagger 2007). For S. epidermidis grown in Ae, four

NADH dehydrogenase activity bands of lower molecular weight

were observed (Fig. 3B lane S. epidermidis Ae). In µA or An cells,

these bands were either not observed (N1) or were much lighter

(N2, N3 and N4) (Fig. 3B, lanes S. epidermidis Ae, µA and An).

Complex II succinate dehydrogenase activity from BHM was

detected as a single 130 kDa band (Fig. 3C, BHM, band II) (Wittig,

Braun and Schagger 2006). In S. epidermidis, one succinate dehy-

drogenase activity band was detected in Ae grown cells and was

practically lost under O2-limiting conditions (Fig. 3A and C, lanes

S. epidermidis Ae, µA and An).

Cytochrome c oxidase in-gel activity was detected in BHM

membranes as a single band (results not shown) corresponding

to complex IV,MW200 kDa (Wittig, Braun and Schagger 2006). No

oxidase activity was detected in S. epidermidis even when adding

up to 300 µg of protein (results not shown). Thus, in agree-

ment with others (Taber and Morrison 1964), it is concluded that

cytochrome c oxidase is not present in S. epidermidis.

The ATPase activity assay revealed a strong band in the BHM

sample (Fig. 3D, BHM, band V). Staphylococcus epidermidis Ae ex-

hibited two ATPase activity bands (Fig. 3D, Ae, bands A1 and A2

while µA and An revealed only one band (Fig. 3D µA and An

bands). Taken together, the above data indicate that in S. epi-

dermidis oxidative-phosphorylation-related activities increased

in cells grown at higher [O2].

Identi�cation of in-gel activity bands by mass spectroscopy: Bands

exhibiting the tested oxidoreductase or ATPase activities (Fig. 3),

i.e. bands N1, N2, N3, N4, S1 and A1 were identi�ed by LC-

MS/MS and were matched against all S. epidermidis protein en-

tries of the NCBI database (Table 1). Band N1 sequencing re-

vealed, among other proteins, an aerobic glycerol-3-phosphate

dehydrogenase, a NADH dehydrogenase-like protein (SE 0635)

and a glycine decarboxylase complex. Band N2 contained

the pyruvate dehydrogenase complex (PDC), constituted by

Figure 3. Staphylococcus epidermidis membrane protein electrophoretic analysis. Oxidoreductase in-gel activities from S. epidermidis membranes grown in different [O2]

were evaluated. BHM was solubilized with Lauryl maltoside. Staphylococcus epidermidis membranes were obtained from cultures grown under: (Ae) aerobic condi-

tions, (µA) microaerobic conditions, (An) anaerobic conditions. (A) Solubilisates were resolved by CN-PAGE in a 4%–12% polyacrylamide gradient gel and stained with

Coomasie. (B) In-gel NADH-NBT activity: BHM revealed complex I band (I) and S. epidermidis aerobic grown membranes revealed four bands labeled as N1, N2, N3 and

N4. (C) In-gel Succinate-NBT activity: BHM band II corresponds to complex II. Band S1 of S. epidermidiswas present only in aerobic growth conditions. (D) In-gel ATPase

activity: BHM Band V corresponds to complex V. S. epidermidis ATPase activity was labeled as bands A1 and A2.
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Table 1. Analyzed proteins by LC/MS-MS protein sequencing from a Coomassie stained CN-PAGE gel.

Band Protein name or BLAST homology NCBI database number Peptides MW (kDa) PEP

N1 Aerobic glycerol-3-phosphate

dehydrogenase (S. epidermidis

ATCC 12228)

gi|81842889 27 62.3 4.62−211

NADH dehydrogenase-like protein

SE 0635

gi|695605246 3 43.86 2.02−10

Glycine decarboxylase subunit 1 gi|81674491 6 49.96 5.8−48

Glycine decarboxylase subunit 2 gi|81674492 4 56.4 5.72−11

N2 Dihydrolipoamide dehydrogenase

(E3)

gi|721492590 21 49.7 0

Pyruvate dehydrogenase E1

component subunit β

gi|81674992 21 35.29 1.07−167

Pyruvate dehydrogenase E1

component subunit α

gi|81674993 12 41.33 1.63−222

Dihydrolipoamide

acetyltransferase component (E2)

gi|694237422 10 46.22 1.08−52

Glycerol-3-phosphate

dehydrogenase

gi|81674534 19 36.12 6.54−36

Malate:quinone oxidoreductase gi|721493807 9 56.35 2.51−29

N3 Dihydrolipoamide dehydrogenase gi|721492590 21 49.7 0

NADH dehydrogenase-like protein

SE 0635

gi|695605246 5 43.86 1.35−16

Lactate dehydrogenase, partial gi|520977789 3 32.54 5.04−11

N4 Alcohol dehydrogenase gi|721493754 13 37.8 9.40−225

Glyceraldehyde-3-phosphate

dehydrogenase

gi|81675183 7 36.2 3.96−57

Lactate dehydrogenase, partial gi|520977789 3 36.19 3.39−25

S1 Succinate

dehydrogenase/fumarate

reductase, �avoprotein subunit

gi|721492636 29 65.631 9.83−102

Succinate dehydrogenase gi|721492637 9 31.43 0

Putative succinate dehydrogenase,

cytochrome b556 subunit

gi|291319172 1 20.2 6.22−8

cytochrome aa3 quinol oxidase,

subunit I (S. caprae)

gi|242348990 10 75.38 1.37E−97

cytochrome aa3 quinol oxidase,

subunit II (S. caprae)

gi|242348991 7 42.7 6.04E−76

A1 ATP synthase subunit alfa gi|81170377 22 54.7 0

ATP synthase subunit beta gi|81170379 35 55.6 0

ATP synthase subunit delta gi|488441919 11 16.8 5.52−147

ATP synthase subunit gamma gi|81842668 10 31.94 2.68−97

ATP synthase F1, epsilon subunit gi|691218402 4 14.09 3.48−73

ATP synthase subunit b gi|81842667 3 19.47 1.07−26

pyruvate dehydrogenase, dihydrolipoamide acetyltranferase

and dihydrolipoamide dehydrogenase, a glycerol-3-phosphate

dehydrogenase, and a malate:quinone oxidoreductase; band N3

also contained enzymes from the PDC, a partial lactate de-

hydrogenase (LDH) and the NADH dehydrogenase-like protein

(SE 0635) found in the N1 band; in N4 proteins included alcohol

dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase, a

partial LDH (Table 1). Aerobic glycerol-3-phosphate dehydroge-

nase (SE 0979 MW = 62.3 kDa) from the N1 band is the one

with highest number of peptides identi�ed and the least er-

ror. Previous work in isolating glycerol-3-phosphate dehydro-

genase from Escherichia coli (Schryvers, Lohmeier and Weiner

1978) and data from the crystal structure (Yeh, Chinte and Du

2008) indicate that the aerobic glycerol-3-phosphate dehydro-

genase works as a dimeric enzyme, so it is possible that in S.

epidermidis glycerol-3-phosphate dehydrogenase is also a dimer

that feeds electrons directly to the respiratory chain. NADH

dehydrogenase-like protein (SE 0635 MW = 43.86 kDa identi-

�ed in bands N1 and N3 with a very low peptide count and a

high posterior error (PEP) may be a type 2 NADH:quinone oxi-

doreductase (NDH-2), which is a single 50 kDa subunit protein

with FAD as a non-covalently bound cofactor (Schurig-Briccio

et al. 2014). Bacterial complex I weighs 500–600 kDa depending

on the bacterium under study (Young, Jaworowski and Poulis

1978; Young et al. 1982; Bergsma, Van Dongen and Konings 2008;

Baradaran et al. 2013). The S. epidermidis genome shows no other

NADH dehydrogenases (NC 004461.1). As reported for S. aureus

(Schryvers, Lohmeier and Weiner 1978), bacterial respiratory

complex I was absent in S. epidermidis. Unrelated to oxidore-

ductase activity, we found glycine decarboxylase, a membrane-

bound complex that catalyzes the oxidative decarboxylation

of glycine.
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Uribe-Alvarez et al. 7

Both N2 and N3 bands (Table 1) contain the PDC. PDC

contains multiple copies of all three enzymatic components:

pyruvate dehydrogenase E1 components α (Q8CPN3) and

β (Q8CPN2) and dihydrolipoamide acetyltransferase E2

(Q8CTW0), and dihydrolipoamide dehydrogenase E3 (GenBank:

KGY36148.1). The PDC decarboxylates pyruvate into acetyl-CoA

that participates in the citric acid cycle and feeds the electron

transport chain. Band N2 also revealed a malate:quinone

oxidoreductase. The malate:quinone oxidoreductase com-

plex oxidizes malate to oxaloacetate donating its electrons

to quinone. This complex is absent in mammalians, which

makes it a potential drug target. Bands N3 and N4 revealed the

presence of an LDH. LDH from Lactobacillus casei is a dimeric 70

kDa enzyme (Padgaonkar and Nadkarni 1980). Finally, band N4

has an alcohol dehydrogenase, reported to be a dimeric enzyme

of approximately 80 kDa (Hammes-Schiffer and Benkovic 2006).

Band S1 sequence revealed a succinate dehydroge-

nase/fumarate reductase �avoprotein subunit (SE 0841, MW =

66 kDa). The much larger mass observed here suggests that we

isolated the whole succinate dehydrogenase complex (SDC),

including succinate dehydrogenase cytochrome b-558 (SE 0840,

MW 23.67 kDa) and succinate dehydrogenase iron–sulfur pro-

tein subunit (SE 0842, MW 31.4 kDa). The complex may also be

interacting with other proteins. In Bacillus subtilis, the CN-PAGE

in-gel activity band for succinate dehydrogenase is reported

at 301 kDa because a complex with nitrate reductase may

be formed (Sousa et al. 2013). In Wolinella succinogenes and in

E. coli, the SDC is crystallized as a dimeric enzyme (Lancaster

and Kroger 2000; Cecchini et al. 2002). Also, SDC might be in

a complex with one or two small hydrophobic polypeptides

that anchor the enzyme to the membrane and are required for

electron transfer to quinone (Hederstedt 1980, 1986). In band

S1, an additional cytochrome aa3 quinol oxidase was found.

No activity was found when trying to measure in-gel activ-

ities with cytochrome c as electron donor, which was expected

as electrons are donned directly from ubiquinol to oxidases.

The A1 bandwas F1F0-ATPase as con�rmed by �nding F1 sub-

units alfa, beta, delta, gamma and epsilon, plus the F0 subunit

b (Table 1). The number of bands detected may vary depend-

ing on the detergent, although the Ae grown cells have stronger

bands and probably more activity. Comparison with the litera-

ture indicates that digitonin-solubilized B. subtilis membranes

contained three ATPase activity bands at MW = 487, 277 and 187

kDa. (Sousa et al. 2013).

Glycerol-3-phosphate dehydrogenase activity. Aerobic glycerol-3-

phosphate dehydrogenasewas identi�ed as themost prominent

protein in band N1, and in-gel activities indicate that it is highly

inhibited as [O2] decreases. Thus, we decided to test its activ-

ity in extracts from S. epidermidis grown at different [O2] (Fig. 4).

As expected, glycerol-3-phosphate dehydrogenase activity was

much higher in Ae grown cells and decreased dramatically in

under oxygen-limiting conditions (Fig. 4).

The respiratory chain terminal oxidases from S. epidermidis are dif-

ferentially expressed at different [O2]. In order to increase our un-

derstanding of the adaptability of S. epidermidis to [O2], it was

decided to analyze the terminal electron acceptors in the respi-

ratory chain, considering that, while the different O2-dependent

oxidases reduce O2, anaerobic respiratory chains contain en-

zymes that use fumarate, nitrite, nitrate or DMSO as �nal elec-

tron acceptors (Haddock and Jones 1977).

Differential absorbance spectra of membrane extracts ob-

tained at 77 K indicated that in the respiratory chain from S. epi-

dermidis grown at different [O2], b-type cytochrome peaks were

observed at 426–427 nm and 555–557 nm; a-type cytochromes

Figure 4. Glycerol-3-phosphate dehydrogenase activities from S. epidermidis

grown at different oxygen concentrations. NADH absorbance change was mea-

sured at 340 nm and speci�c activities were calculated for extracts from Ae, µA

and An cells. Glycerol-3-phoshate dehydrogenase activity was much higher in

aerobic cell growth conditions than in oxygen-limited growth conditions. Tukey’s

comparison test showed G-3-PDH activity difference between the aerobic and

microaerobic grown cells and aerobic and anaerobic grown cells. Signi�cance is
∗P < 0.05.

were observed as a shoulder at 441–451 and peak at 604 nm. The

absence of a peak at 630 nm in all samples is indicative of the

lack of a d-type cytochrome. The absence of shoulders at 417

and 550 nm indicates the lack of c-cytochromes (Fig. 5). When

[O2] was restricted, i.e. at µA or An, complete loss of a-type cy-

tochromes (aa3) (shoulders at 441 and 451 nm and peak at 604

nm) and a decrease in b-type cytochromes were observed (peaks

at 427 and 557 nm) (Fig. 5). The detection of a small amount of cy-

tochrome b in the anaerobic sample is in contrast with a report

where complete loss of cytochromes was observed in S. epider-

midis grown in anaerobic conditions for 16 h (Jacobs and Conti

1965) and in agreement with Frerman and White (1967) where

the presence of cytochromes b and o is reported. The lack of cy-

tochrome c con�rmed the absence of cytochrome oxidase and

in turn, the lack of cytochromes d con�rmed the absence of bd-

cytochromes (Fig. 5) as has been reported by others (Taber and

Morrison 1964).

To further analyze the respiratory chain terminal oxidases

from S. epidermidis grown at different [O2], CO-dithionite-

reduced minus dithionite-reduced difference spectra were ob-

tained from Ae or µA membranes (Fig. 6) These spectra have an

absorbance maximum at 417 nm, and smaller peaks at 545 and

575 nm together with valleys at 430 and 554 nm which are in-

dicative of presence of a CO complex with cytochrome o (Fig. 6).

Thus, it may be concluded that cytochrome bo was present in

both Ae and µA S. epidermidis (Frerman and White 1967)

Although S. aureus and S. epidermidis have cydAB genes, cyt bd

has not been found by spectroscopy (Taber and Morrison 1964;

Jacobs and Conti 1965). This may be due to an insuf�cient ex-

pression of cydAB genes. In all cases only b-type cytochromes

were observed (Fig 6). In S. epidermidis cytochrome d was absent

in µA cells (Fig. 6) or in those grown in the presence of KCN (re-

sults not shown). Thus, in S. epidermidis both µA and Ae cells

express o-type cytochromes, while an a-type cytochrome was

expressed in Ae cells.

Staphylococcus epidermidis grown under anaerobic conditions in-

creases expression of nitrate reductase. Anaerobically grown S. epi-

dermidis expresses nitrate reductase (Kucera, Dadak and Dobry

1983). In our hands, nitrate reductase activity in An was 0.215 ±

0.017 mmol(min.mg)−1 protein. Then, in µA it decreased to

0.085 ± 0.01 mmol(min.mg)−1 protein. In Ae cells, nitrate reduc-

tase activity decreased further, to 0.015 ± 0.012mmol(min.mg)−1

protein, 14 times less than in An (Fig. 7). Thus, when under An,

S. epidermidis expressed nitrate reductase to substitute oxygen

with nitrate as a terminal electron acceptor.
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8 FEMS Pathogens and Disease, 2016, Vol. 74, No. 1

Figure 5. Difference spectra (dithionite-reduced minus persulfate-oxidized) of membranes from cells cultured under different [O2]: ( ) Ae, (- - -) µA, (– – –) An. Spectra

were recorded at 77 K. Membrane protein from 24 h-grown cells in LB medium were adjusted to 15 mg/ml. b-type cytochromes can be observed at 426–427 nm and at

555–557 nm in all conditions, a-type cytochromes can be observed as a shoulder at 441–451 and peak at 604 nm in membranes obtained from aerobic grown cells. In

all samples, c-cytochrome shoulders at 417 and 550 nm are absent as well as the d-type cytochrome peak at 630 nm.

Figure 6. CO Difference spectra (CO + dithionite-reduced minus dithionite-reduced) of membranes from cells cultured under different conditions: ( ) Ae, (- - -) µA,

(– – –) An. Spectra were recorded at 77 K. Membrane protein from 24 h grown cells in LB medium were adjusted to 15 mg/ml. A CO complex resembling that of

cytochrome o with the Söret peak at 417 nm and peaks at 545 and 575 nm and troughs at 430 and 560–554 nm can be observed. In both conditions, there is a small

peak at 592 nm with a shoulder at 445 indicating the presence of an a-type cytochrome.

Cyanide inhibits oxygen consumption and promotes bio�lm for-

mation in S. epidermidis. After evaluating the respiratory chain

electron acceptors available, we decided to test if mimicking an

anaerobic environment by inhibiting the cytochromes aa3 and

bo with cyanide would increase bio�lm formation. Oxygen con-

sumption in aerobic cells was completely inhibited with 200 µM

of cyanide (Fig. 8A). Then bio�lm formation was evaluated in the

same concentrations of cyanide in cultures grown to 24 or 30 h.

At 24 h bio�lm formation promotion by cyanide was suggested

but not clear. However, at 30 h we observed an increase in the

bio�lm formation as we exposed S. epidermidis to increasing con-

centrations of cyanide reaching 0.50 ± 0.04 which is close to the
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Uribe-Alvarez et al. 9

Figure 7. Nitrate reductase activity of S. epidermidis grown at different oxygen

concentrations. Nitrate reductase activity was measured by means of methylvi-

ologen oxidation, which was previously reduced by 2.9 mM of sodium dithion-

ite. Reaction was monitored at 546 nm. Data shown are mean ± S.D. from n = 4.

Tukey´s comparison test showed signi�cant differences (∗P < 0.05) between all

conditions.

0.59 ± 0.09 obtained in microaerobic conditions. At 24 h, no sig-

ni�cant differences in bio�lm formation were observed (Fig. 8B).

Methylamine inhibits nitrate reductase activity and bio�lm forma-

tion in S. epidermidis ATCC 12228. Methylamine is reported to in-

hibit nitrate reductase activity at 150 mM. We measured nitrate

reductase of S. epidermidis grown in microaerobic conditions us-

ing different concentrations of methylamine (Fig. 8C) and found

that at 10 mM methylamine nitrate reductase activity was fully

inhibited. Afterwards, bio�lm formation was evaluated in cells

grown in microaerobic conditions and in the presence of differ-

ent methylamine concentrations and a decrease in bio�lm for-

mation was observed at (Fig. 8D). Microaerobic conditions were

used and not anaerobic conditions, because under anaerobic

conditions bacteria would be unable to grow (result not shown).

This is explained by the lack of oxygen for cytochromes and the

inhibition of nitrate reductase.

As S. epidermidis gains pathogenic importance it becomes

necessary to study its metabolic adaptations to different envi-

ronmental conditions. Our results provide an image of the plas-

ticity of the S. epidermidis respiratory chain. Branched respira-

tory chains from pathogens may contain therapeutic targets.

For instance, S. epidermidis expresses an MQO complex, a bo cy-

tochrome and a nitrate reductase not found in mammals. Sev-

eral known inhibitors of bo cytochrome (Meunier et al. 1995) and

nitrate reductase (Magalon et al. 1998; Moreno-Vivian et al. 1999;

Gates et al. 2003) might prevent S. epidermidis colonization of tis-

sues or prosthetic devices.

DISCUSSION

O2 is the �nal electron acceptor in aerobic oxidative phosphory-

lation,which is themain source of ATP. Bacteria sense substrates

and environmental conditions adjusting theirmetabolism to op-

timize ATP yields and minimize production of toxic O2 partial-

reduction molecules known collectively as reactive oxygen

Figure 8. Effect of cyanide or methylamine on S. epidermidis: rate of O2 consumption or bio�lm formation. (A) KCN-mediated inhibition of O2 consumption by S.

epidermidis grown under Ae conditions.. Data are mean ± SD from n = 4. (B) Bio�lm formation by S. epidermidis cultures at 24 and 30 h in Ae and in the presence of KCN

as in A. Signi�cance (∗P < 0.01). (C) Inhibition of nitrate reductase activity by methylamine in µA- S. epidermidis. Data are mean ± SD from n = 4. (D) Bio�lm formation in

24-h cultures grown in LB medium in µA conditions and in the presence of methylamine as in C. Signi�cant difference (∗P < 0.01) between 0 and 0.5 mM methylamine

at 24 h of growth, n = 6. For oxymetry, inhibitors were added directly to the reaction mixture, while in bio�lm-forming assays these were present throughout the

culture.
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species. Among these adaptations, most prokaryotes are able to

differentially express the components in their highly branched

respiratory chains developing different electron transport path-

ways (Anraku 1988). Different terminal oxidases are expressed in

response to the availability of electron acceptors in themedium,

e.g. when O2 is available it is chosen as the preferred electron ac-

ceptor (Unden and Bongaerts 1997). In anaerobic atmospheres,

respiratory chains use other �nal electron acceptors such as ni-

trate, nitrite, fumarate or DMSO, which upon reduction do not

provide as much energy as O2 (Unden and Bongaerts 1997).

In some unicellulars including Staphylococci, different [O2]

may trigger bio�lm formation (Xu et al. 1998; Gomez, Honto-

ria and Gonzalez-Lopez 2002). Other factors affecting bio�lm

formation are temperature, osmolarity, pH and iron concen-

trations (Otto 2008). Also hydrophobic surfaces provide an an-

chor for bacterial association (Hall-Stoodley and Stoodley 2005).

Bio�lms protect cells against environmental hazards and are a

source of pyogenic emboli. Staphylococcus epidermidis increases

its bio�lm-forming activity when grown under anaerobiosis,

probably through the expression of exopolysaccharide PIA, te-

ichoic acids and proteins needed for bio�lm maturation (Otto

2008). Here, as [O2] was increased, bio�lm formation was in-

hibited. When respiratory enzymes that use oxygen as elec-

tron acceptor were inhibited with cyanide (Fig. 8A) in an ef-

fort to mimic anaerobic conditions, bio�lm formation increased

(Fig. 8B). In contrast, when nitrate reductase activity was inhib-

ited bymethylamine (Fig. 8C) in a µA conditions and the cell was

forced to use whatever O2 was available, bio�lm formation was

reduced (Fig. 8D). These data suggest that expression of differ-

ent respiratory chains may be tightly related to the decision the

cell makes to form bio�lms.

In Staphyloccocci, electrons �ow from different dehydroge-

nases to menaquinone (Gotz and Mayer 2013). Bacterial respi-

ratory chains can contain different cytochrome c oxidases or

quinol oxidases and oxidoreductases that are expressed de-

pending on growth conditions. Cyt bo expression increases

in non-fermentable sources and it decreases in fermentable

sources (Escamilla et al. 1987); cytochrome bd has a high af�n-

ity for O2 and it is induced in microaerobic conditions, mean-

while cytochrome bo has a lower oxygen af�nity and is typi-

cally induced in high [O2]; cytochrome aa3 is induced in high

[O2] (Shepherd and Poole 2013). Staphylococcus aureus expresses

cytochrome bo, cytochrome aa3 (qoxABCD) and possibly a cy-

tochrome bd oxidase (CydAB) (Gotz and Mayer 2013), but only

cytochromes o and a- have been detected by spectrophotom-

etry (Taber and Morrison 1964). The gene cluster encoding cy-

tochrome bo oxidase has not been identi�ed so its existence is in

doubt (Hammer et al. 2013). Staphylococci lack c-type cytochromes

such as c-549 and c-554 (Faller, Götz and Schleifer 1980; Gotz and

Mayer 2013).

Using data reported here, we propose a model where the

branched respiratory chain of S. epidermidis ismodi�ed by growth

at different [O2]. The enzymes under consideration include sol-

uble enzymes (white circles) donating their electrons to NADH

dehydrogenase type II, (NDH2) (green circle) which in turn do-

nates electrons tomenaquinone (yellow circle); othermembrane

dehydrogenases donating electrons to menaquinone (green cir-

cles) and terminal electron acceptors, which may be O2 depen-

dent (blue circles) or O2 independent (orange circle) (Fig. 9). In

aerobic grown cells (Ae) (Fig. 9A), menaquinone receives elec-

trons directly from a large number of membrane dehydroge-

nases including glycerol-3-phosphate dehydrogenase, succinate

dehydrogenase, themenaquinone oxidase complex, LDH and an

NDH2, which in turn receives electrons from at least two solu-

ble enzymes: alcohol dehydrogenase and the PDC. In mitochon-

dria LDH and glycerol-3-phosphate dehydrogenase do not do-

nate electrons to the respiratory chain, yet in bacteria they are

membrane-bound enzymes transferring their electrons directly

to ubiquinol (Barnes and Kaback 1970; Lascelles 1978; Doig et al.

1999; Modun and Williams 1999; Dym et al. 2000; Delgado et al.

2001; Fuller et al. 2011). From menaquinone, electrons are trans-

ferred to one of two terminal O2-dependent oxidases, namely,

cytochrome bo and cytochrome aa3.

When [O2] decreases in the growth medium, the com-

position of the S. epidermidis respiratory chain composition

changes. In microaerobic grown cells (µA) (Fig. 9B), soluble en-

zymes alcohol dehydrogenase and pyruvate dehydrogenase ac-

tivities remain. Among membrane dehydrogenases, glycerol 3-

phosphate dehydrogenase and succinate dehydrogenase be-

come non-detectable, while NDH2, lactate DH and the MQO

complex do not seem to change. Among the �nal electron-

acceptors, cytochrome aa3 disappears, cytochrome bo decreases,

and an O2-independent nitrate reductase is expressed at low

levels (Fig. 9B). In anaerobic grown cells (An) (Fig. 9C), dehy-

drogenases do not change, while cytochrome bo almost disap-

pears. The most striking characteristic of the An cell was the

high expression of nitrate reductase as the anaerobic �nal elec-

tron acceptor of the respiratory chain. The lack of complexes

III and IV is in agreement with the notion that in Staphylococci

electrons �ow from different dehydrogenases to menaquinone

and from menaquinone to different quinol oxidases, e.g. S. epi-

dermidis ATCC 12228 grown in aerobic conditions contains two

main cytochromes: cyt bo and cyt aa3 and this is similar to the

reported respiratory chain from S. aureus (Taber and Morrison

1964).

The spectra we obtained suggest the presence of cy-

tochromes aa3 and bo. However, the genome shown only one

qoxABCD operon, and thus there are no genes for bo cy-

tochromes. A possible explanation for our data may be that a

promiscuous assembly of cytochrome c oxidase apo-proteins

with hemes b and o occurred, where a bo cytochrome replaced

heme aa3. Under speci�c culture conditions, bacterial oxidases

may be assembled promiscuously accepting a different heme

group to that present on its original structure. Examples of these

substitutions have been described previously (Matsushita et al.

1992; Puustinen et al. 1992; Peschek et al. 1995; Sakamoto, Handa

and Sone 1997; Azarkina et al. 1999; Contreras-Zentella et al.

2003). Even though we did not observe absorption bands char-

acteristics of the cytochrome d at 630 nm, proteins that form

the Cytochrome d ubiquinol oxidase are reported in the Uniprot

databank (SE0785, SE 0784). The possibility that there is a simi-

lar promiscuous substitution of heme groups has to be consid-

ered. Previous reports on Pseudomonas aeruginosa that encodes

a cyanide-insensitive oxidase (CioAB), which is homologous to

the Cytochrome bd oxidase (CydAB) of E. coli, indicate that there

is a substitution of b-type cytochromes instead of d-type cy-

tochromes and this prevents the detection of an absorption peak

at 630 nm (Cooper, Tavankar and Williams 2003). Furthermore,

in Campylobacter jejuni the cydAB genes reported in the genome

apparently encode a cyanide-resistant oxidase that does not

have a d-type cytochrome (Jackson et al. 2007). The oxidoreduc-

tases we proposed (Fig. 9) were sought in the Uniprot proteome

database. We did �nd expression of proteins exhibiting each of

the activities detected here (Table 2). In addition, we found in

the proteome some oxidoreductases, namely Glycerol dehydro-

genase (SE0235) and Cytochrome d ubiquinol oxidase-like pro-

teins I (SE0784) and II (SE0785) that were not detected in our

experiments.
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Uribe-Alvarez et al. 11

Figure 9. Proposed models of the S. epidermidis respiratory chain in response to [O2] during growth. Color code: soluble enzymes (gray), membrane dehydrogenases

(green); menaquinone (yellow); O2-dependent terminal electron acceptors (blue) or O2-independent acceptors (orange). (A) In aerobic (Ae) grown cells menaquinone

receives electrons from glycerol-3-phosphate dehydrogenase, succinate dehydrogenase, the menaquinone oxidase complex, LDH or a NDH2, which receives electrons

from at least two soluble enzymes: alcohol dehydrogenase and the PDC. From menaquinone, electrons are transferred to one of two terminal O2-dependent oxidases,

namely, cytochrome bo and Cytochrome aa3. (B) In µA, soluble enzymes (alcohol dehydrogenase and pyruvate dehydrogenase) remain. Glycerol 3-phosphate dehydro-

genase and succinate dehydrogenase become non-detectable, while NDH2, lactate DH and the MQO complex do not change. Cytochrome aa3 disappears, cytochrome

bo decreases, and an O2-independent nitrate reductase is expressed at low levels. (C) In anaerobic (An) conditions, dehydrogenases do not change, cytochrome bo

almost disappears and nitrate reductase is highly expressed.
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Table 2. Possible correspondence between oxidoreductase activities detected here and oxidoreductases found in the Uniprot proteome
database.

Oxidoreductases found in the proteome Detected here by LC-MS and/or enzymatic Uniprot Databank Accession

database activities number

Glycerol dehydrogenase No SE0235

Glyceraldehyde-3-phosphate dehydrogenase Yes SE0557, SE1361

NADH dehydrogenase Yes SE0635, SE2333

Alcohol dehydrogenase Yes SE0375

D,L-Lactate dehydrogenase Yes SE2074, SE2145

Succinate dehydrogenase Yes SE0841, SE0842

Succinate dehydrogenase cytochrome b-558 Yes SE0840

Glycerol-3-phosphate dehydrogenase Yes SE0979

Malate dehydrogenase Yes SE0461

Probable quinol oxidase Yes SE0756, SE0757, SE0758, SE0759

Cytochrome d ubiquinol oxidase like protein No SE0784, SE0785

Respiratory nitrate reductase Yes SE1972, SE1973, SE1974, SE1975

Non-pathogenic staphylococcal species such as the

ATCC12228 encode a pyocyanin- and cyanide-insensitive

cytochrome bd quinol oxidase, while pathogenic species, such

as S. aureus encode a sensitive variant; yet, in our hands no bd

cytochrome was found (Voggu et al. 2006). Even when S. epider-

midis was grown in a non-fermentable carbon source medium

in the presence of 1 mM of KCN cytochrome bdwas not present.

The glycerol-3-phosphate dehydrogenase from S. epidermidis

is more active than other bacteria used in biotechnology for

glycerol degradation (Holmberg et al. 1990; Yazdani and Gonza-

lez 2007; da Silva, Mack and Contiero 2009). The PDC enzymes

we found on membranes are usually reported as cytoplasmic

enzymes, but they were also found in the membrane fraction

of Mycoplasma pneumonia (Dallo et al. 2002) and Rhodospirillum

rubrum (Luderitz and Klemme 1977).

Knowledge on how branched respiratory chains provide sur-

vival capabilities to cells can help identify speci�c respiratory

chain inhibitors that can be used as therapeutic targets in hu-

man infections. Even though we are suggesting that the en-

zymes that are expressed at low oxygen concentrations may be

therapeutic targets, we do not know exactly how they act during

bio�lm maturation. Previous studies state that anaerobic condi-

tions increase polysaccharide gene expression in staphylococci

(Cramton et al. 2001). Interestingly, methylamine was an effec-

tive inhibitor of the S. epidermidis nitrate reductase, the main

�nal-electron acceptor present during microaerobic or anaero-

bic growth, and by consequence reduced bio�lm formation. The

high adaptability of S. epidermidis plays an important role in its

pathogenicity and this has to be analyzed thoroughly. Already,

the large effects of [O2] on bio�lm formation and on the respira-

tory chain composition of S. epidermidis suggest preventive and

therapeutic strategies against this bacterium.
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