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a  b  s  t  r  a  c  t

Staphylococcus  aureus  is  a major  cause  of  infectious  morbidity  and  mortality  in  both  community  and
hospital  settings.  The  bacterium  continues  to  cause  diverse  invasive,  life-threatening  infections,  such as
pneumonia,  endocarditis,  and  septicemia.  Methylthioadenosine/S-adenosylhomocysteine  nucleosidase
(Pfs)  is  predicted  to  be  an  important  enzyme  involved  in  methylation  reactions,  polyamine  synthesis,
vitamin  synthesis,  and  quorum  sensing  pathways.  For  the  first  time,  we  demonstrate  that  Pfs  is essential
for  the  virulence  of  S. aureus.  The  pfs  mutant  strain,  as  compared  to  the  isogenic  wild  type,  displayed  a
decreased  production  of  extracellular  proteases,  which  was  correlated  with  a  dramatic  decrease  in the
expression  of  the  sspABC  operon  and  a moderate  decrease  of  aur  expression.  The  mouse  model  of  sepsis
irulence
ouse

ebrafish

and subcutaneous  abscesses  indicated  that  the  pfs  mutant  strain  displayed  highly  impaired  virulence
compared  to  the  isogenic  wild  type.  The  decreased  virulence  of  the  pfs  mutant  strain  is  in  correspondence
with  its  decreased  proliferation  in  vivo,  indicated  with  a  real-time  analysis  in  the  transparent  system
of zebrafish  embryos.  These  phenotypes  of  the  pfs  mutant  strain  are  LuxS/AI-2  independent  despite
the  essential  role  pfs  plays  in  AI-2  production.  Our  data  suggest  that  Pfs  is  a  potential  novel  target  for
anti-infection  therapy.
ntroduction

Staphylococcus aureus can induce diverse invasive, life-
hreatening infections, such as pneumonia, endocarditis and
epticaemia (Bubeck Wardenburg et al., 2007; Panizzi et al., 2011),
nd is a major cause of infectious morbidity and mortality in both
ommunity and hospital settings (Boucher and Corey, 2008; David
nd Daum, 2010). The worldwide emergence of antibiotic resis-
ant strains continues unabated, along with an overall increase
n the number of infections worldwide (Fridkin et al., 2005; Jain
t al., 2011), highlighting the urgent need for new agents for the
reatment of S. aureus infection. Non-conventional anti-infective
pproaches have been explored that are non-lethal to bacteria,
here the potential to develop resistance is assumed to be less

ignificant (Maresso and Schneewind, 2008; Wyatt et al., 2010).
As an activated group donor, S-adenosylmethionine (SAM)
s essential in a broad array of metabolic reactions, such as
ethylation reactions, polyamine synthesis, SAM radical-mediated

itamin synthesis, and N-acyl-homoserine lactone (autoinducer-1)
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synthesis (Parveen and Cornell, 2011) (Fig. 1). Methylthioadeno-
sine (MTA) (Pajula and Raina, 1979), S-adenosylhomocysteine
(SAH) (Simms  and Subbaramaiah, 1991), and 5′-deoxyadenosine
(5′dADO) (Choi-Rhee and Cronan, 2005) are product inhibitors of
these reactions, and MTA/SAH nucleosidase (Pfs) is the enzyme
that catalyses their irreversible hydrolytic deadenylation reaction
in bacteria (Della Ragione et al., 1985). Methylthioadenosine/S-
adenosylhomocysteine nucleosidase is widespread among bacteria
(Winzer et al., 2002). Sun and co-workers showed that 51 out of
138 bacterial species with completely sequenced genomes possess
cytoplasmic MTA/SAH nucleosidase (Sun et al., 2004). It was
reported that the inhibition of MTA/SAH nucleosidase activity led
to an accumulation of MTA  and SAH within bacterial cells (Heurlier
et al., 2009) and ended into the inhibition of SAM-dependent syn-
thase activities. In addition, Pfs is involved in the recycling pathway
of adenine, sulphur, and methionine, and it also produces the uni-
versal quorum-sensing signal, autoinducer-2 (AI-2) (Heurlier et al.,
2009).

On the basis of its importance in a wide array of metabolic reac-
tions and as an enzyme present in most bacterial species but absent

in humans, Pfs is an attractive target for developing new classes
of broad-spectrum inhibitors for the treatment of bacterial infec-
tions (Parveen and Cornell, 2011). An evaluation of the substrate
analogs and transition state analogs effective against MTA/SAH
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Fig. 1. Methylthioadenosine/S-adenosylhomocysteine nucleosidase (Pfs) is an integral component of the S-adenosylmethionine (SAM) pathway. As an activated group
donor,  SAM is essential in a broad array of metabolic reactions, such as methylation reactions, polyamine synthesis, and SAM radical-mediated vitamin synthesis (Parveen
and  Cornell, 2011). Methylthioadenosine (MTA) (Pajula and Raina, 1979), S-adenosylhomocysteine (SAH) (Simms and Subbaramaiah, 1991), and 5′-deoxyadenosine (5′dADO)
(Choi-Rhee and Cronan, 2005) are product inhibitors of these reactions, and Pfs is the enzyme that catalyses their irreversible hydrolytic deadenylation reaction in bacteria
( dase a
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Della Ragione et al., 1985). It was reported that the inhibition of MTA/SAH nucleosi
009) and ended into the inhibition of SAM-dependent synthase activities. In addit
lso  produces the universal quorum-sensing signal, autoinducer-2 (AI-2) (Heurlier 

ucleosidases of Borrelia burgdorferi,  which uniquely expresses
hree homologous functional enzymes (Fraser et al., 1997; Parveen
t al., 2006; Parveen and Leong, 2000), led to the identification of
ompounds that either inhibited the growth of these spirochaetes
r showed bactericidal activities (Cornell et al., 2009). Using tran-
ition state analogs, the role of Pfs inhibitors has been explored in
athogenic strains of Vibrio cholera and Escherichia coli,  where they

an inhibit AI-2 production and reduce biofilm formation, but with
inimal effect on bacterial growth (Gutierrez et al., 2009). These

esults indicate that the inhibition of this enzyme can affect the
hysiological activities of different bacteria. New inhibitors against
ctivity led to an accumulation of MTA  and SAH within bacterial cells (Heurlier et al.,
fs is involved in the recycling pathway of adenine, sulphur, and methionine, and it
2009).

Pfs are currently being explored for the development of potential
novel broad-spectrum antimicrobials. However, despite this, the
importance of Pfs independent of AI-2 remains generally underap-
preciated. Up to now, nothing is known about the role Pfs plays in
the virulence of bacteria.

In S. aureus,  the structure of Pfs was  determined in a complex
with the transition-state analog formycin A at a 1.7 Å resolu-

tion (Siu et al., 2008). It was highly conserved in the active-site
residues and revealed an identical mode of inhibitor binding
with available E. coli Pfs structures (Siu et al., 2008). Further-
more, it was confirmed that Pfs of S. aureus displays MTA  and
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Table 1
Bacterial strains and plasmids used in this study.

Strains and plasmids Relevant genotype Reference or
source

Strains
S. aureus
WT  NCTC8325 Wild type NARSA
RN4220 8325-4, r − NARSA
SBY1 8325 pfs::ermB This study
SBY2 8325 pLI50 This study
SBY3 8325 pfs::ermB pLI50 This study
SBY4 8325 pfs::ermB pLIpfs This study
SBY5 8325 pgfp This study
SBY6 8325 pfs::ermB pgfp This study
SX1 8325 luxS::ermB Zhao (Zhao

et al., 2010)
E.  coli DH5� Clone host strain Laboratory

stock
Plasmids pEASY-TB Clone vector, Kanr, Apr Transgen
pEC1 pUC18 derivative. Source of

ermB gene. Apr
Brückner
(Brückner,
1997)

pBT2 Shuttle vector, temperature
sensitive, Apr, Cmr

Brückner
(Brückner,
1997)

pBTpfs pBT2 containing 403-bp
upstream and 506-bp
downstream fragments of pfs
and ermB gene, Apr, Cmr, Emr

This study

pLI50 Shuttle cloning vector, Apr,
Cmr

Addgene

pLIpfs pLI50 with pfs and its
promoter, Apr, Cmr

This study

pgfp gfp expression with the This study
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Table 2
Oligonucleotides used in this study.

Primers Sequence (5′–3′)a

Up-sapfs-f-KpnI GCGGGTACCCAGTTCGTTTAACTGGAACAACCAT
Up-sapfs-r-HindIII GCGAAGCTTGCAGCTGTATCATCAAGTCAAAC
Down-sapfs-r-SalI GCGGTCGACGTTCATAATTGTTGCTGTAAACTCG
Down-sapfs-f-XbaI GCGTCTAGAATCACTACAACGACAAGTATCATGA
pfs knock complement

F  (kpnI)
GCGGGTACCAAACTTGCGAACTAAACCCA

pfs knock complement
R  (salI)

GCGGTCGACGACTATTTTGATTATTTTCAGCCAT

pfs-realtime-S GTAGTGATTACCCAAAGTG
pfs-realtime-A AAATGCTGTTGCGTCTG
SspA RT-S CAATGTGGGAAAGTAAAGG
SspA RT-A ATCGTTGGCAAAATGGA
SspB RT-S GGTTTCAATGCTTATTTTATCACTAGGCGC
SspB RT-A CCAGCAAATTGTTGTTGTGCTAGATCT
Aur RT-S TGGTCGCACATTCACAA
Aur RT-A CGTAAAGCGTCTCCCTC
ScpA RT-S CAAGCATTAACAGAGCAG
ScpA RT-A CCCGTGGGTCATCAT
rt-16S-f CGTGGAGGGTCATTGGA
rt-16S-r CGTTTACGGCGTGGACTA
pS10-f-EcoRI CTGAGAATTCCCGTTCTTATGACTA
promoter of S10 ribosomal
gene in pALC1484 plasmid
(Xiong et al., 2002), Apr, Cmr

AH nucleosidase activity (Siu et al., 2008). Besides this, the
iological role of Pfs in the Staphylococcaceae family remains
nknown.

AI-2, shared by both Gram-positive and Gram-negative bacteria,
s generally considered to be a universal language for intraspecies
nd interspecies communication (Vendeville et al., 2005). S. aureus
ossesses a functional luxS gene, which has been proved to be
ssential for AI-2 production (Doherty et al., 2006; Winzer et al.,
002). In addition, S. aureus LuxS/AI-2 system has been reported to
egulate a range of behaviors, such as virulence-associated traits
Zhao et al., 2010), biofilm formation (Yu et al., 2012), and sus-
eptibility to cell wall synthesis inhibitor antibiotics (Xue et al.,
013).

In this study, we aim to prove that Pfs is essential for the vir-
lence of S. aureus.  A molecular genetics approach of targeted
utagenesis was used, and the pfs mutant strain was compared

o the isogenic wild type strain with respect to the pathogenesis-
elated traits. It was found that the pfs mutation decreased the
xtracellular proteases expression of S. aureus.  And the animal
odels of mouse and zebrafish were used to confirm that Pfs con-

ributes to the pathogenicity of S. aureus.  In addition, our results
how that despite the essential role pfs plays in AI-2 production,
hese phenotypes of the pfs mutant strain is LuxS/AI-2 independent.

aterials and methods

acterial strains and growth conditions

The phenotypic and genotypic properties of the bacterial strains

nd plasmids used in this study are listed in Table 1. The S. aureus
train RN4220, a restriction-deficient derivative of strain 8325-4,
as used as the initial recipient for the transformation of plas-
id  constructs. All E. coli strains were grown in Luria Bertani (LB)
pS10-r-SmaI CTGACCCGGGCTTATTCGTCTACA

a The sequences in bold refer to the restriction endonuclease recognition sites.

medium (Oxoid), and all S. aureus strains were grown in tryptic soy
broth (TSB) containing 0.25% glucose (Difco, Detroit, Mich.) at 37 ◦C
with shaking, unless otherwise stated. When required, the media
were supplemented with antibiotics at the following concentra-
tions: 100 �g/ml of ampicillin, 15 �g/ml of chloramphenicol, and
2.5 �g/ml of erythromycin.

Construction of the isogenic NCTC8325 pfs deletion strain

A pfs mutant strain in the background of S. aureus NCTC8325 was
generated according to Brückner et al. (Brückner, 1997). The coding
sequence of the pfs gene was replaced with the coding sequence of
the erythromycin resistance cassette (ermB) by a double crossover
event. Briefly, a 506-bp fragment upstream (fragment 1) and a 403-
bp fragment downstream (fragment 2) of pfs (SAOUHSC 01702)
were amplified using genomic DNA of S. aureus NCTC8325 as the
template, and erythromycin resistance gene ermB (fragment 3)
was  cut from plasmid pEC1 with the HindIII and XbaI  restriction
enzymes. The three fragments were ligated with fragment 3 inside
and the ligation product was  cloned into the temperature-sensitive
shuttle vector pBT2. This deletion vector was constructed using
E. coli DH5�. In S. aureus strain NCTC8325, gene inactivation was
carried out as previously described by Brückner et al. (Brückner,
1997). The erythromycin-resistant and chloramphenicol-sensitive
strains were screened. Verification that the pfs gene had been
deleted was performed by polymerase chain reaction (PCR)
amplification and finally by sequencing. The sequences of the
oligonucleotides used in this study are listed in Table 2.

Complementation of the pfs deletion strain

Complementation of pfs mutation was achieved using a plasmid
expressing the pfs gene under the control of its native promoter. A
1065-bp fragment encompassing the open reading frame of pfs and
338 bp upstream of the pfs translation start site were cloned into the
shuttle plasmid pLI50. The recombinant plasmid from RN4220 was
then electroporated into the pfs mutant in order to construct the

complemented strain SBY4. As a control, the wild type NCTC8325
strain (WT) and the pfs mutant strain were also transformed with
the empty plasmid pLI50, and resulted in the strains of SBY2 and
SBY3, respectively.
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NA isolation

Overnight cultures were inoculated to an optical density of
.01 at 600 nm into fresh TSB medium. Small-scale RNA was pre-
ared from S. aureus cultures at variable growth phases (3–8.5 h).
NA isolation was performed as Wolz et al. described (Wolz
t al., 2002). S. aureus cells were pelleted and lysed in 1 ml  of
NAiso (TaKaRa) with 0.7 g of zirconia-silica beads (0.1 mm in
iameter) in a high-speed homogenizer (IKA® T25 digital UlTRA-
URRAX®). Total RNA was isolated according to the standard
rotocol of RNAiso. The isolated RNA was treated with RNase-
ree DNase I (Takara) in order to remove the DNA template, and
he concentration of RNA was quantified spectrophotometrically
t 260 nm.

uantitative real-time reverse transcription (RT)-PCR analysis

Real-time RT-PCR was carried out using the PrimeScriptTM 1st
trand cDNA Synthesis Kit and SYBR Premix Ex TaqTM (Takara)
ccording to the manufacturer’s instructions with the oligonu-
leotides shown in Table 2. Specific primers of each gene were used.
eal-time PCR was performed using the StepOneTM Real-Time PCR
ystem (Applied Biosystems). The housekeeping 16S rRNA gene
as used as an endogenous control and the quantity of cDNA mea-

ured by real-time PCR was normalized to the abundance of 16S
DNA. The specificity of the PCR was confirmed by the melting
urve of the products. In order to check for DNA contamination,
ach sample of RNA was subjected to PCR using SYBR Premix Ex
aqTM (Takara); no amplification products were detected.

ilk agar plates for detecting protease activity

Each milk agar plate consisted of 3 g/l TSB, 10 g/l non-fat dry
ilk, and 15 g/l agar. A volume of 2.5 �l of the cultures was  spot-

ed onto the milk agar plate and incubated at 37 ◦C for 3 days. The
resence of transparent zones around the colonies was  caused by
rotease activity.

ymography of extracellular proteases

Zymography was conducted as described by Beenken et al.
2010). Supernatants were harvested from overnight (15 h) cul-
ures, normalized based on the cell density of each culture prior
o filter sterilization, and then concentrated 15-fold using Centri-
on YM-3 filter units (Millipore, Bedford, MA). For zymography,
quivalent samples in a buffer without reducing agent were sub-
ected to SDS-PAGE using 12% SDS-polyacrylamide gels containing
elatin (1 mg/ml). Following electrophoresis, the SDS was soaked
ut from the gel (zymogram) by shaking gently for 60 min  at room
emperature (RT) in renaturing buffer (2.5% TritonX-100), and then
ncubated overnight at 37 ◦C in activation buffer (0.2 M Tris, 5 mM
aCl2, pH 7.4). In order to visualize the protease bands, the gels
ere then stained with Coomassie blue dye at room temperature

or 2 h before being destained overnight in distilled water to reveal
ones of protease activity.

thics statement

The use and care of mice in the present study followed strictly
he guidelines adopted by the Ministry of Health of the Peo-
le’s Republic of China in June 2004. The protocol was approved

y the Institutional Animal Care and Use Committee of the Uni-
ersity of Science and Technology of China (USTCACUC1101053).
ll efforts were made to minimize the mice number and suf-

ering. Zebrafish used in this study were handled in accordance
al Microbiology 303 (2013) 190– 200 193

with IACUC-approved protocols following standard procedures
(www.zfin.org).

Mouse infection model

Male BALB/c mice were purchased from Shanghai Experimen-
tal Center, Chinese Science Academy (Shanghai, China), and housed
in isolated cages in an animal facility under specific pathogen-free
conditions. Overnight cultures of S. aureus isolates in TSB were col-
lected, washed twice and diluted in sterile PBS. Viable staphylococci
were counted via their colony-forming units (CFU) on TSB agar
plates in order to quantify the infectious dose.

For the model of sepsis, mice were intravenously administered
with a bacterial suspension or PBS via the tail vein and monitored
daily for weight and death. At the indicated time after infection,
the mice were killed and their organs were removed. The organs
were homogenized in water and dilutions were plated onto TSB
agar plates in order to measure the CFU of surviving cells.

The subcutaneous abscess model was established following
the method of Liu et al. (2005). Bacterial cultures in PBS were
mixed with an equivalent volume of sterilized Cytodex beads
(Sigma) suspended in PBS at a concentration of 20 mg/ml. The
mice were injected subcutaneously in both flanks of the back with
the indicated culture. Lesion size, as assessed by the maximal
length × width of the developing ulcers, was measured daily. The
animals were killed 7 days after the injections. The skin lesions
were excised and homogenized in water. The CFU recovered from
each individual lesion was  determined by serial dilution and plated
onto TSB agar plates.

Zebrafish embryo infection models of S. aureus

Adult wild-type AB zebrafish were reared and propagated in
recirculation systems and the embryos were incubated in Hank’s
medium at 28.5 ◦C. The embryos were collected from a laboratory-
breeding colony kept at 28.5 ◦C with a 10:14 h light/dark cycle
according to the standard protocols. The embryos were staged
according to hours post fertilization (hpf) and morphological crite-
ria. Embryos (30 hpf) were dechorionated by Pronase E (Roche)
and sorted in fish water containing 0.003% phenylthiourea in
order to prevent melanization. Cultures of S. aureus at an OD600
of 0.5 were collected, washed twice, and suspended in PBS sup-
plemented with phenol red (0.5%, Sigma). For the control, this
suspension was boiled at 100 ◦C for the preparation of heat-killed
S. aureus.  For the injection of S. aureus,  embryos at 30–32 hpf were
anaesthetized in 0.02% buffered 3-aminobenzoic acid methyl ester
(MS222, Sigma). The embryos were then individually injected using
pulled glass microcapillary pipettes filled with a bacterial suspen-
sion of a known concentration. Microinjections of the bacterial
suspension were directed into pericardial of the embryos. The
microinjections were performed using the following equipment:
a pneumatic micropump (PICOSPRITZER III), a micromanipula-
tor (KANETEC, MB-K), and a stereoscopic dissecting microscope
(SM20, TECH). After the injections the embryos were incubated
in Hank’s medium in a 60 mm  dish. An equal volume of bac-
teria was  ejected into 1 ml  of PBS in duplicate before and after
the injection of each culture, and the CFU in PBS was counted;
the injection dose was quantified as the mean CFU. Following
infection, the embryos were frequently observed and any dead
embryos were removed with numbers recorded at each time
point.
GFP expression in S. aureus

The plasmid pgfp was constructed with GFP expressed under
the control of the S10 protein promoter. The promoter of the S10

http://www.zfin.org/
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Fig. 2. Pfs expression is growth phase dependent. The profile of pfs transcription was
determined by real-time PCR using cDNA prepared from mRNA samples obtained at
different growth phases of S. aureus wild-type strain cultures in TSB medium, with
94 Y. Bao et al. / International Journal of

ibosomal gene was amplified from genomic DNA of S. aureus
CTC8325 and ligated between the restriction enzyme sites EcoRI
nd SmaI of pALC1484 (Xiong et al., 2002) containing a pro-
oterless red-shifted gfp (gfpuvr) reporter gene. Plasmid pgfp was

onfirmed by sequencing and then transformed into the wild type
nd pfs mutant strain of S. aureus NCTC8325 in order to construct
he SBY5 and SBY6 strains, respectively.

icroscopic observations of zebrafish embryos

The embryos were immersed in a 0.3% (w/v) low-melting
oint agarose solution of Hank’s medium. Living embryos were
naesthetized with 0.02% Tricaine in Hank’s medium. Fluores-
ence microscopy was performed using an OLYMPUS FV-1000
BX61WI) confocal microscope with a 10× OLYMPUS UPLFL object
NA 0.3). The software programs IMARIS 7.0 (Bitplane, Switzerland),
mage J (NIH) and Adobe Photoshop CS2 9.0 were used for image
rocessing.

luorescent integrated density (FID) in the region of interest

Quantification of the fluorescent images taken from individual
mbryos infected by GFP-expressing S. aureus was performed using
mage J software (NIH). In brief, the total fluorescent intensity in
he region of interest of each image from the infected larva was
ccumulated.

tatistical analysis

Experiments were performed in multiple replicates. The results
re expressed as mean ± s.e.m. We  used Prism 4 software for sta-
istical analyses (GraphPad Software Inc.). No matching Two-way
NOVA was used to determine the difference significance with
espect to the body weight and lesion size of mice infected with
ifferent S. aureus strains. Two-tailed unpaired t-test was  used to
ompute P values for comparison of bacterial burden in heart and
esion skin of mice infected with different S. aureus strains. A log-
ank test was used to compute P values in order to compare the
aplan–Meier survival curves of mice infected with different S.
ureus strains. Differences with a P value less than or equal to 0.05
ere considered statistically significant.

esults

he pfs gene expression is growth phase dependent

In S. aureus NCTC8325, pfs (SAOUHSC 01702) is present
etween two hypothetical proteins with unknown functions
http://www.ncbi.nlm.nih.gov/). Downstream of pfs are a GTP-
inding proteins containing YqeH (SAOUHSC 01700), a shiki-
ate 5-dehydrogenase (SAOUHSC 01699), a nicotinate (nicotin-

mide) nucleotide adenylyltransferase (SAOUHSC 01697), a DNA
nternalization-related competence protein (SAOUHSC 01691), and
even hypothetical proteins. Upstream of pfs are an enterotoxin
amily protein (SAOUHSC 01705), a LamB/YcsF family pro-
ein (SAOUHSC 01708), a putative acetyl-CoA carboxylase/biotin
arboxylase (SAOUHSC 01709), a putative acetyl-CoA carboxy-
ase/biotin carboxyl carrier protein (SAOUHSC 01710), and four
ypothetical proteins. Most of the genes around pfs are functionally
nknown, and no obvious link was found between the functions of
hese genes.

The transcription profile of pfs in S. aureus NCTC8325 was deter-

ined using real-time RT PCR. RNA from the wild type strain of S.

ureus NCTC8325 was isolated at different stages during growth in
ryptic soy broth (TSB) medium and then subjected to real time RT-
CR with 16S rRNA as an endogenous control. It was  found that the
16S rRNA as an endogenous control. Data represents three independent analyses;
error bars indicate SEM of three replicates.

expression of pfs was  subject to growth phase-dependent regula-
tion, and the transcription level was  higher at the logarithmic (log)
phase and decreased in the stationary phase (Fig. 2).

Pfs is not essential for growth under nutrient-rich conditions, but
is essential for AI-2 production in S. aureus

In order to determine the function of pfs,  a pfs mutant strain
(SBY1) was constructed in the background of S. aureus NCTC8325. In
the complemented strain (SBY4), the pfs mutant strain was  comple-
mented by a wild-type allele of pfs on a plasmid under the control
of its own promoter. As a control, strains of wild type (WT) and
SBY1 were also transformed with the empty plasmid pLI50, named
as SBY2 and SBY3, respectively (Table 1). As the important role Pfs
plays in metabolism, the effect of pfs mutation on the growth of S.
aureus was  determined. The size of the colonies formed by the pfs
mutant strain was  almost the same as that of the wild type on the
TSB agar plates. No significant difference was  found in the growth
of SBY3 compared with SBY2 or SBY4 in TSB liquid medium, and
only a slightly delay was  observed in the onset of the log phase of
SBY3 for less than half an hour (Fig. S1A). The results indicated that
the role of pfs in metabolism is unnecessary for the growth of S.
aureus in TSB medium.

It has been reported that in several bacteria Pfs is essential
for AI-2 production by providing substrate for AI-2 synthase-LuxS
(Heurlier et al., 2009). To demonstrate this in the background of S.
aureus NCTC8325, the presence of AI-2 in the culture supernatants
was  determined using the V. harveyi reporter strain BB170. Com-
pared to SBY2, SBY3 completely lost the ability to produce AI-2,
whereas AI-2 production was restored in SBY4 (Fig. 3), suggest-
ing that the Pfs reaction is the sole intracellular source of AI-2
production.

The pfs mutation decreases the expression of extracellular
proteases independent of AI-2 in S. aureus

In order to examine the contribution of Pfs to S. aureus patho-
genesis, the SBY3 strain was compared with the SBY2 and SBY4
strains regarding pathogenesis-related traits. The pfs mutation had
no obvious effect on haemolytic (Fig. S1B) or lipase activity (Fig.
S1C), but decreased the activity of extracellular proteases (Fig. 4A).
As shown in Fig. 4A, we  can observe obvious zones of clearing

around the colonies of SBY2 and SBY4, caused by protease activ-
ity. At the same time, the zone of clearing is visibly reduced around
the colony of SBY3.

http://www.ncbi.nlm.nih.gov/
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Fig. 3. Pfs is essential for AI-2 production in S. aureus.  The production of AI-2 of
the  wild type strain (SBY2), the pfs mutant strain (SBY3), and the complemented
s
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train (SBY4) was  compared using the V. harveyi BB170 AI-2 reporter strain on cell-
ree  supernatants of cultures. Data represents two independent analyses; error bars
ndicate SEM of three replicates.

As measured above, Pfs is essential for AI-2 production in S.
ureus.  AI-2 quorum sensing has been proved to be related to the
egulation of protease expression (Brackman et al., 2011). Thus
e wondered whether the protease expression deficiency of the

fs mutant strain is due to the defect of AI-2 production. We  did

ot observe obvious difference of the extracellular protease level
etween the luxS mutant strain (SX1), which has been proved to be
efect in AI-2 production (Zhao et al., 2010), and its isogenic wild
ype strain, displayed on the milk TSB agar plate (Fig. 4B). So thus

ig. 4. The pfs mutation decreases the expression of extracellular proteases inde-
endent of LuxS/AI-2 system in S. aureus. (A) The pfs mutation decreases the
xtracellular protease activity on milk TSB agar plates. The image shows bacterial
olonies of the wild type (SBY2), the pfs mutant (SBY3), and the complemented
SBY4) strains, and zones of clearing caused by protease activity. Data represents
hree independent analyses. (B) The comparison of the extracellular protease activ-
ty  between the luxS mutant strain (SX1) and its isogenic wild type strain (NCTC8325,

T)  on milk TSB agar plates. Data represents two  independent analyses.
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we  conclude that the decreased extracellular protease level of pfs
mutant strain is LuxS/AI-2 independent.

The decreased extracellular protease expression of the pfs mutant
strain is related to the transcription reduction of sspABC operon
and aur

Due to the decrease in extracellular protease activity of the pfs
mutant strain in the milk plate, zymogram analyses were con-
ducted to determine the differences in the profile of secreted
proteases among the strains of SBY2, SBY3, and SBY4 by one-
dimensional sodium dodecyl sulphate (SDS)-polyacrylamide gel
electrophoresis. An obvious decrease in the proteolytic activity of
two  major extracellular proteases (SspA and SspB, as described by
Shaw (Shaw et al., 2004)) was observed (Fig. 5A). The major pro-
teolytic enzymes secreted by S. aureus were suggested to consist of
a metalloproteinase (aureolysin, Aur), a serine glutamylendopepti-
dase (serine protease, SspA) and two  related cysteine proteinases,
referred to as staphopain (ScpA) and the cysteine protease (SspB)
(Shaw et al., 2004). The transcription level of the four genes was
compared through real-time RT PCR in strains of SBY2, SBY3, and
SBY4. The transcription of sspABC operon and aur was induced at
late phase of the growth (Fig. 5B-D), whereas that of scpA was higher
at the early phase of the growth (Fig. S2). Consistent with the result
of zymogram analyses, the pfs mutation resulted in a dramatic
decrease in the transcription of the sspABC operon throughout
the growth phase (Fig. 5B and C). And there is also a moderate
decrease in aur transcription (Fig. 5D). The same transcriptional
profile of sspA and sspB is in agreement with the previous identi-
fication of an operon structure encoding the secreted serine and
cysteine proteases SspA and SspB of S. aureus (Rice et al., 2001).
The transcription level of scpA was not affected by the knockout of
pfs (Fig. S2). As the parental phenotype was restored in SBY4, we
concluded that the differences between the pfs mutant and the wild
type strain in extracellular protease expression were Pfs dependent
and unlikely to be caused by second-site mutations or a polar effect
on the downstream genes.

Pfs contributes to S. aureus sepsis infection of mice

Various roles in the infection process have been attributed to
staphylococcal proteolytic enzymes (Dubin, 2002). Strains deficient
in the sspABC operon showed reduced virulence in animal infection
models (Coulter et al., 1998). Mouse infection models were used to
investigate the significance of the extracellular protease expression
defect to the virulence of the pfs mutant strain. The contribution
of Pfs to invasive staphylococcal disease was  determined in the
mouse sepsis model, and BALB/c mice were infected by intravenous
inoculations with S. aureus strains (Voyich et al., 2009).

At the challenge dose of 3 × 108 CFU, a 10-fold increase was
observed in the survival rate of SBY3-infected mice compared
to SBY2-infected ones (P < 0.0001), whereas the virulence was
restored in the SBY4 strain (Fig. 6A). At the challenge dose of
1 × 108 CFU, the mortality of S. aureus-infected mice was low for
both strains (Fig. S3A), and body weight change was set as the crite-
ria for sickness determination. After infection with SBY3, the mice
showed a rapid recovery in terms of body weight. The body weight
of SBY3-infected mice was equal to that of the control mice 11 days
post-infection (Fig. 6B). Infection with the wild type SBY2 clearly
led to a more prominent loss of weight than the mutant. Although
the gain of body weight of SBY2-infected mice was  the same as
for the control mice since 7 days after infection, the body weight

of SBY2-infected mice was obviously lighter than the control ones
as long as 49 days after infection (Fig. 6B). One day after infection
with 3 × 108 CFU of S. aureus,  the S. aureus-infected mice were killed
and the organs were removed in order to determine the bacterial
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Fig. 5. The decreased extracellular protease expression of the pfs mutant strain is related to the transcription reduction of sspABC operon and aur. (A) Gelatin zymography.
Protease  activity of the overnight culture supernatants of the wild type (SBY2), the pfs mutant (SBY3), and the complemented (SBY4) strains was visualized using a zymogram
gel  containing gelatin as substrate. Protease activity appeared as a clear zone against a Coomassie blue-stained background. Data represents at least two independent analyses.
Arrows indicate the activity of each protease, as determined previously (Shaw et al., 2004). (B–D) The pfs mutation reduced the transcription level of sspA, sspB, and aur. The
transcriptional profile of sspA (B), sspB (C), and aur (D) of SBY3 was  compared to that of SBY2 and SBY4 strains with the RNA isolated from the cultures of different growth
phases  (5–8.5 h). Data represents at least three independent analyses; error bars indicate SEM of three replicates.

Fig. 6. Pfs contributes to the virulence of S. aureus in a mouse model of sepsis. (A) The survival rate of mice infected with the pfs mutant strain (SBY3) was greater than that
of  the wild type (SBY2) and the complemented (SBY4) strains. The Kaplan–Meier survival curves of mice infected via the tail vein with 3 × 108 CFU of SBY2, SBY3, and SBY4
(n  = 13) was measured. The log-rank test was used to compute P values in order to compare SBY3 with SBY2 and SBY4. Data represents two independent analyses. (B) At the
infection dose of 1 × 108 CFU, the body weight loss of SBY3-infected mice is decreased compared to that of SBY2 (n = 10). The mice injected with PBS were set as the normal
control (n = 4). *P < 0.05, SBY3 versus SBY2. Data represents two  independent analyses. (C) The pfs mutation decreased the bacterial load in the heart of S. aureus-infected
mice  at the infection dose of 3 × 108 CFU. The staphylococcal burden in the heart of BALB/c mice (n = 5) infected with strains of SBY2, SBY3, or SBY4 was measured as CFU
per  milligram of tissue 1 day after infection. A two-tailed Student’s t-test was  used to compute P values in order to compare SBY3 with SBY2 and SBY4. (D) The mice were
infected via the tail vein with 1 × 108 CFU of NCTC8325 (WT) or its isogenic luxS mutant strain (SX1) (n = 12). The body weight loss of S. aureus-infected mice was measured.
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Fig. 7. Pfs contributes to virulence of S. aureus in a subcutaneous abscess model of mice. (A and B) Mice were subcutaneously injected in both flanks with cultures of the wild
type  (SBY2), the pfs mutant (SBY3), and the complemented (SBY4) strains at the injection dose of 7 × 107 CFU. The body weight of each individual mouse (A) (n = 3–5) and
the  size of each individual skin lesion (B) (n = 6–10) were monitored each day after infection. *P < 0.05, SBY3 versus SBY2; #P < 0.05, SBY3 versus SBY4. Data represents three
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BY3  with SBY2 and SBY4.

oad (Gjertsson et al., 2012). A significant decrease in the bacterial
oad of the heart in SBY3-infected mice was detected compared
o SBY2-infected mice, and the bacterial load was restored in the
BY4-infected mice (Fig. 6C).

To evaluate the contribution of LuxS/AI-2 system to the
ecreased virulence of the pfs mutant strain, the virulence of
he luxS mutant strain was compared to the isogenic wild type
train in the mouse sepsis model. The mice were infected via
he tail vein with 1 × 108 CFU of NCTC8325 (WT) or its isogenic
uxS mutant strain (SX1) (n = 12). Through the measurement of the
aplan–Meier survival curves (Fig. S3B) and the body weight loss

Fig. 6D) of S. aureus-infected mice, it was found that there was
o statistic significant effect of luxS mutation on the virulence of
. aureus.  So we conclude that the decreased virulence of the pfs
utant strain in the sepsis infection model of mice is LuxS/AI-2

ndependent.

fs is associated with S. aureus subcutaneous abscess infection of
ice

The mouse subcutaneous abscess model was further used in
rder to assess the contribution of Pfs to the skin and soft tissue
nfection of S. aureus (Hruz et al., 2009). In these studies, mice were
ubcutaneously injected in both flanks with 7 × 107 CFU of S. aureus
ultures for each site and the course of infection was  monitored.
ompared to SBY3-infected mice, the mice infected with SBY2 and
BY4 showed a greater degree of sickness, as indicated by a greater
oss of body weight (Fig. 7A). As shown in Fig. 7B, the size of the skin
esions generated by SBY2 and SBY4 was significantly larger than

hose produced by SBY3, which was further demonstrated in pho-
ographs of the subcutaneous abscesses of S. aureus-infected mice

 days post-infection (Fig. 7C). In parallel with its decreased lesion
esponse, the SBY3-infected mice had a bacterial load in the lesion
ach treatment group 7 days after infection. (D) The lesions (n = 14) were harvested
d. A two-tailed Student’s t-test was used to compute P values in order to compare

skin of about 1/10 of the SBY2-infected mice 7 days post-infection,
and the bacterial load was restored in SBY4-infected mice (Fig. 7D).

The decreased virulence of the pfs mutant strain is in
correspondence with its decreased proliferation in vivo

It has been measured that non-invasive, high-resolution, and
long-term time-course experiments can be performed in the
zebrafish embryos models to visualize infection dynamics with flu-
orescent markers (Tobin et al., 2012). The injection site chosen was
the ventral aspect of the pericardium of the zebrafish embryos,
30 h post fertilization. Kaplan–Meier survival curves of zebrafish
embryos (n = 30–40) infected at the pericardium site with 5000 CFU
of SBY2, SBY3, and SBY4 were determined. The log-rank test was
used to compute P values in order to compare SBY3 with SBY2 and
SBY4. Significant attenuation of pathogenicity was  observed for the
pfs mutant strain compared to the wild type, and the virulence
was  restored in the complemented strain (Fig. 8A). The S. aureus-
infected embryos were separated at the moment being found dead,
homogenized, and the staphylococcal load was counted. The death
of the S. aureus-infected embryos was associated with bacterial
numbers in excess of 105 CFU per embryo, with few exceptions, and
no difference was found between the strains (Fig. S4). It is thought
that the decreased virulence of the pfs mutant strain is associated
with a deficiency in the replication in embryos. GFP-expressing
S. aureus strains (SBY5-the wild type S. aureus and SBY6-the pfs
mutant strain) were used in order to monitor the infection process
in real-time as previously described (Prajsnar et al., 2008). Time-
lapse microscopy was performed and 3-D confocal images were
taken for real-time analysis of in vivo staphylococcal proliferation

within the embryos. Bacterial burdens were quantified in terms
of fluorescent integrated density (FID) in images of the infected
embryos (Adams et al., 2011). Increased survival was  associated
with a decreased rate of bacterial proliferation in embryos infected
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Fig. 8. The decreased virulence of the pfs mutant strain is in correspondence with
its decreased proliferation in vivo. (A) The virulence of the pfs mutant strain (SBY3)
was  reduced in the pericardium infection model compared to the wild type (SBY2)
and  the complemented (SBY4) strains. Kaplan–Meier survival curves of zebrafish
embryos (n = 30–40) infected at the pericardium site with 5000 CFU of SBY2, SBY3,
and SBY4 were determined. The log-rank test was  used to compute P values in order
to  compare SBY3 with SBY2 and SBY4. Data represents at least three independent
analyses. (B) Proliferation in vivo was decreased in the pfs mutant strain in the peri-
cardium infection model compared with the wild type. The GFP-expressing strains of
the  wild type (SBY5) and the pfs mutant (SBY6) were used. The real-time analysis of
bacterial burdens was performed with confocal laser scanning microscopy. Fluores-
cence images of representative embryos infected with SBY5 or SBY6 are shown. The
bacterial burdens were measured as fluorescent integrated density (FID) in images
of  infected embryos, and the FID values of each image are described in the picture.
D
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ata represents two independent analyses. Hpi represents hours post infection. (C)
uantity of FID analysis. FID values for individual embryos are plotted; data points

rom  the same individual are connected. Data represents two independent analyses.

ith the pfs mutant strain, as judged by fluorescence microscopy
Fig. 8B), and it was further confirmed quantitatively by FID analysis
Fig. 8C).

iscussion
Nowadays, the incessant emergence of antibiotic resistant
trains has created new challenges in the treatment of bacte-
ial infection. Despite its central role in cellular metabolism and
al Microbiology 303 (2013) 190– 200

quorum sensing, the importance of MTA/SAH nucleosidase (Pfs) in
bacteria has only started to become appreciated in the past decade
(Parveen and Cornell, 2011), and very little is known about the bio-
logical function of Pfs independent of the autoinducer AI-2. This
study focused on revealing that Pfs plays an important role in the
pathogenicity of S. aureus,  and evaluating the possibility for Pfs as
an anti-infection target.

For the first time, this study shows that Pfs is essential for the
expression of extracellular proteases independent of LuxS/AI-2 sys-
tem. Various roles in the infection process have been attributed
to staphylococcal proteolytic enzymes (Dubin, 2002). Extracellu-
lar proteases are involved in the destruction of host tissues, which
is a pronounced event in staphylococcal infections and allows
the dissemination of bacteria and the acquisition of nutrients
(Potempa et al., 1988; Travis et al., 1995). Also, dissemination in
the host is further facilitated by the ability of extracellular protease
to degrade the bacterial cell surface fibronectin-binding protein
(FnBP) and, moreover, to affect the overall composition of surface
proteins (McGavin et al., 1997). Extracellular proteases participate
in the proteolytic processing of precursor forms including protease
precursors, and they exert a pleiotropic effect on the profile of
secreted proteins (Rice et al., 2001). In addition, the degradation
of immunoglobulins and complement cascade proteins acts as a
defence against the host immune response. In this study, the dele-
tion of pfs decreased the activity of extracellular proteases of S.
aureus, mainly because of the decreased expression of the sspABC
operon. It was  shown that strains deficient in the sspABC operon
coding for serine (sspA) and cysteine (sspB) proteases showed highly
reduced virulence in animal infection models, including abscess,
systemic intravenous, and burn wound infection models of mouse
(Coulter et al., 1998). The decreased extracellular protease level
could be the reason for the decreased virulence of the pfs mutant
strain.

Staphylococcus aureus is an adaptable, opportunistic pathogen
that can infect a diverse range of tissues and cause a wide spec-
trum of diseases, and distinct molecular mechanisms are required
for infection in different in vivo environments (Coulter et al., 1998).
The systemic infection model measures the ability of the bacterium
to adapt to the host environment, survive maximal exposure to
host defence systems, and disseminate systemically (Coulter et al.,
1998). The abscess model of focal infection, in contrast to the
systemic infection model, does not require dissemination. Dur-
ing abscess formation, bacterial growth is curtailed by the influx
of polymorphonuclear leukocytes, as well as oxygen and nutrient
limitations (Coulter et al., 1998). The pfs mutation decreased the
pathogenicity of S. aureus in both mice infection models. With a
well-developed immune system (Trede et al., 2001; Zarkadis et al.,
2001), which is quite similar to the mammalian immune system,
the transparent system of zebrafish embryos was used for the real-
time analysis of S. aureus infection. Consistent with the mouse
models, the pfs mutant strain displayed decreased virulence, which
corresponded to the decreased proliferation in vivo compared to
the wild type. This means that the zebrafish embryo models, with
its advantage of low cost, optical transparency during early devel-
opment and easy large-scale breeding, could be chosen for the
preliminary screening of drugs that target Pfs.

As the essential role Pfs plays in AI-2 production, we  deter-
mined the dependence of the pfs mutant phenotypes on AI-2. As
expected, Pfs is essential for AI-2 production in S. aureus NCTC8325,
and possible effect of LuxS/AI-2 system on Pfs related phenotypes
was  investigated in this work. Doherty et al. showed that the inac-
tivation of LuxS (AI-2 synthase) in various S. aureus strains did not

affect virulence-associated traits, such as protease production and
haemolysis (Doherty et al., 2006). Our group has concentrated on
the study of LuxS in S. aureus NCTC8325. Compared to the iso-
genic wild type, no transcriptional changes in the genes related to
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he extracellular proteases were found in genome-wide microar-
ay data of the luxS mutant strain of S. aureus (Zhao et al., 2010).
n this study, we did not observe obvious differences in the extra-
ellular protease level and the virulence in the mouse sepsis model
etween the luxS mutant and the isogenic wild type strains. These
ata suggest that the decreased extracellular protease level and vir-
lence of the pfs mutant strain observed in our work are LuxS/AI-2

ndependent.
The inhibition of MTA/SAH nucleosidase activity is predicted

o cause an accumulation of MTA  and SAH within bacterial cells
nd lead to the inhibition of SAM-dependent synthase activities
Heurlier et al., 2009). The lack of polyamine biosynthesis in S.
ureus (Anzaldi and Skaar, 2011) excludes the possibility of the
nvolvement of polyamine in these phenotypes. It was  suspected
hat these phenotypes are due to methyl cycle or SAM-radical
nzymes dependent processes. The metabolism processes Pfs par-
icipated are complicated and the relationships between Pfs and
hese phenotypes independent of LuxS/AI-2 system have not been
eported. The effects of Pfs should be extensive and complex, and
uture research is necessary to gain mechanistic insights into how
fs contributes to the regulation of extracellular protease expres-
ion and virulence. In this work, our concentration is to evaluate
he possibility for Pfs as an anti-infection target.

Collectively, this study demonstrated that the pfs mutation in
. aureus NCTC8325 led to decreased virulence, which could turn
fs into an anti-infection drug target. Given the conservation of Pfs
n a wide variety of bacterial species, it is possible that the role
f Pfs in virulence is widely conserved. This study should facilitate
urther investigations into the role that Pfs plays in diverse bacterial
pecies.
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