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Streptococcus pneumoniae is a major human pathogen that can survive to stress conditions, such as the
acidic environment of inflammatory foci, and tolerates lethal pH through a mechanism known as the
acid tolerance response. We previously described that S. pneumoniae activates acidic-stress induced lysis
in response to acidified environments, favoring the release of cell wall compounds, DNA and virulence
factors.

Is(teward55 . Here, we demonstrate that FoF;-ATPase is involved in the response to acidic stress. Chemical inhibitors
F fp:;ggzlés preumontae (DCCD, optochin) of this proton pump repressed the ATR induction, but caused an increased ASIL. Con-
or1-

firming these findings, mutants of the subunit c of this enzyme showed the same phenotypes as inhibitors.

Two-component systems . .
Importantly, we demonstrated that FoF;-ATPase and ATR are necessary for the intracellular survival of

Acidic stress

Autolysis the pneumococcus in macrophages.

ATR Alternatively, a screening of two-component system (TCS) mutants showed that ATR and survival in

LytA pneumocytes were controlled in contrasting ways by ComDE and CiaRH, which had been involved in the

Intracellular ASIL mechanism. Briefly, CiaRH was essential for ATR (ComE represses activation) whereas ComE was
necessary for ASIL (CiaRH protects against induction). They did not regulate FoF;-ATPase expression, but
control LytA expression on the pneumococcal surface.

These results suggest that both TCSs and FoF;-ATPase control a stress response and decide between a
survival or a suicide mechanism by independent pathways, either in vitro or in pneumocyte cultures. This
biological model contributes to the current knowledge about bacterial response under stress conditions
in host tissues, where pathogens need to survive in order to establish infections.

© 2014 Elsevier GmbH. All rights reserved.
Introduction lactate production of infiltrating neutrophils and macrophages at

the inflammatory foci (Park and Kim, 2013). For example, pleu-

Streptococcus pneumoniae (or the pneumococcus) is one of
the main human pathogens, being the causal agent of otitis and
sinusitis, as well as of more severe diseases such as pneumonia,
bacteremia and meningitis. During the infection process, S. pneu-
moniae has to be able to survive the environmental stress found
in different host tissues. Related to this, it has been described that
an acidic environment (pH 5.5-7.0) is a common characteristic of
the acute inflammation produced by bacterial metabolisms and
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ral effusions are frequently found in patients with acute bacterial
pneumonia caused by S. pneumoniae, with reports of pH values
close to 6.8 (Light et al., 1980). In addition, the brain interstitial
pH has been observed to decrease to 6.8 in purulent experimen-
tal meningitis of S. pneumoniae-infected rabbits (Andersen et al.,
1989). Notably, the lowest pH value that S. pneumoniae has been
shown to be tolerant to is around 4.4 in phagosomal vesicles during
the first minutes after phagocytosis (Bassoe and Bjerknes, 1985).
Moreover, it was demonstrated that S. pneumoniae was able to live
several hours in endothelial cells in a survival test using extracel-
lular antibiotics (Gradstedt et al., 2013).

Many bacteria are able to survive acidic conditions using differ-
ent strategies. One of the most relevant mechanisms in streptococci
is the extrusion of protons from the cytoplasm by a proton pump,
known as FyF;-ATPase. The Fy complex, comprised of subunits a, b
and ¢, is associated to the membrane and has a proton-translocating
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activity that allows this enzyme to act as a proton pump. However,
this is not the only mechanism responsible for bacterial survival
under acidic conditions. In fact, it has been proposed that the
acidic stress response is a combination of various strategies, such
as removal of protons, alkalinization of the external environment,
expression of chaperones and proteases, DNA repair mechanisms
and the participation of signal transduction systems to regulate
gene expression (Cotter and Hill, 2003).

Some bacterial pathogens are able to survive under acidic con-
ditions by a mechanism termed acid tolerance response (ATR), a
phenomenon whereby the tolerance of an organism to lethal pH
increases as a consequence of a prior exposure to a sublethal pH
(Cotter and Hill, 2003). In order to survive intracellularly, bacte-
rial pathogens have to resist the acidic environments encountered
during the phagocytosis or endocytosis processes in macrophages
or epithelial cells, respectively, with the phagosomal pH being low
(pH 4.5-5.5) due to the activity of the vacuolar ATPase. For exam-
ple, Listeria monocytogenes is an intracellular pathogen that is able
to survive acidic stress by ATR induction. Acid-adapted cells were
shown to have a nine-fold increase in invasion efficiency in the
enterocyte-like cell line Caco-2 and in J774.A1 macrophages com-
pared with non-adapted cells (Conte et al., 2000). Related to this, it
was suggested that the capacity to invade Caco-2 cells depends on
ATR induction (Werbrouck et al., 2009). Recently, it was reported
that an acid shock (pH 5.0) caused a twelve-fold increase in the
number of L. monocytogenes inside Caco-2 epithelial cells (Neuhaus
etal., 2013).

An ATR mechanism was also reported in S. pneumoniae, showing
that a subpopulation of pneumococci was able to survive a lethal pH
of 4.4 when log phase cells of strain R6 were previously incubated
at pH 5.9 (Martin-Galiano et al., 2005). For cells incubated directly
at pH 4.4, the survival rate was 10~4, but cells pre-incubated for
2 h prior to lethal pH had a ten-fold increase in the survival rate.
In addition, these authors also demonstrated by microarray assays
that adaptation to acidic stress altered the expression of 126 genes,
suggesting that this stress response is complex and involves dif-
ferent cellular processes, such as protein fate and the transport of
manganese and iron.

In our laboratory, we described that acidic stress was also capa-
ble of inducing autolysis in S. pneumoniae when incubated for more
than one hour at pH 5.9 (Pinas et al., 2008), and named this pro-
cess acidic-stress induced lysis (or ASIL). In S. pneumoniae, autolysis
is executed mainly by the major autolysin LytA. Acidic stress may
represent for S. pneumoniae an alternative condition, in addition to
competence and antibiotics, to assure the release by autolysis of
DNA, cell wall compounds and virulence factors.

It has been described that autolysis is triggered by competence
development at pH 7.8 and regulated by the two-component sys-
tem ComDE (Claverys et al., 2009). The LytA autolysin is encoded
by the IytA gene and located in the same operon as recA. The
latter encodes a protein responsible for the homologous recombi-
nation of exogenous DNA, which belongs to the cinA-recA-dinF-lytA
operon and is regulated by ComDE during competence develop-
ment. Briefly, this TCS senses a competence-stimulating peptide
(CSP) and behaves as a quorum sensing mechanism (Mortier-
Barriere et al., 1998), with CSP being a pheromone derived from
a precursor, ComC, which is processed and exported by the ABC
transporter ComAB. It is assumed that a critical concentration of
extracellular CSP is sensed by its receptor, the ComD histidine
kinase, thereby leading to autophosphorylation. The transfer of
the phosphate group activates ComE, its cognate response regu-
lator, inducing the expression of comCDE and several other genes,
such as comX. This gene codes for ComX (Claverys et al., 2006), a
competence-specific sigma factor that induces the transcription of
late genes needed for transformation (DNA uptake and recombina-
tion), such as the cinA-recA-dinF-lytA operon.

The ComDE-controlled regulatory circuit that leads to com-
petence development takes place under the slightly alkaline pH
of 7.8. In contrast, we reported that acidic stress triggers LytA-
mediated autolysis, and curiously, this phenomenon was regulated
by a CSP-independent ComE pathway, in which ComE did not
require ComD phosphorylation to trigger autolysis at pH 5.9. We
also investigated CiaRH, a TCS that participates in the early control
of competence induction, cefotaxime resistance, stress response
and virulence (Echenique et al., 2000; Giammarinaro et al., 1999;
Pinas et al., 2008). Under acidic conditions, the null ciaR mutant
showed accelerated autolysis, with the analysis of ciaR comE dou-
ble mutants revealing that CiaRH protects cells from ASIL by a
ComE-independent pathway (Pinas et al., 2008). We proposed that
ComeE is the principal route of the signaling pathway that deter-
mines a global stress response. Considering that the same type of
stress provokes the induction of autolysis and the acid-tolerance
response, we investigated the possible contribution of the pneumo-
coccal FyF;-ATPase, the putative signaling systems that may control
these contrasting mechanisms and their impact on the intracellu-
lar survival when infecting pneumocytes or macrophages. Here,
we demonstrated the relevance of FyF;-ATPase as well as the TCSs
ComDE and CiaRH in the control of the antagonistic processes ATR
and ASIL, both in vitro and in tissue cultures, where bacterial cells
must overcome the acidic pH in endosomes in order to survive or
to induce autolysis and die. This is the first report on TCSs that con-
trol a stress response and decide between a survival and a suicide
mechanism.

Materials and methods
Bacterial strains, growth and transformation conditions

All strains used in this study and their relevant characteristics
are listed in Supplementary material (Table S1). The growth condi-
tions and stock preparation for pneumococcal and Escherichia coli
strains have been reported elsewhere (Pinas et al., 2008), and
the transformation assays have also been previously described
(Albarracin Orio et al., 2011; Echenique et al., 2000).

Cell lines and culture conditions

Human lung epithelial carcinoma (A549) and murine
macrophage (RAW264.7) cell lines were cultured at 37°C, 5%
CO, in Dulbecco’s modified Eagle medium (DMEM) with 4.5 g/l
of glucose and 10% of heat-inactivated fetal bovine serum (FBS)
(Gibco BRL, Gaithersburg, Md.). Fully confluent A549 or RAW264.7
cells were split once every two or three days via trypsin/EDTA
treatment and diluted in fresh media before being cultivated in
Filter cap cell flasks 75cm? (Greiner Bio-one no. 658175) until
passage 6.

Acid tolerance response assays

ATR experiments were carried out in THYE medium (30g/1
Todd-Hewitt, 5 g/l yeast extract). Prior to sterilization the pH was
adjusted to pH 7.8 (with 1 N NaOH) or to pH 5.9 and 4.4 (with 10N
HCI). To determine survival to a lethal pH of 4.4 under non-acid-
induced conditions, the pneumococcal strains were first grown
at 37°C in THYE (pH 7.8). When cultures reached ODgggnm ~ 0.3,
100 ! aliquots were taken and added to 900 wl of THYE (pH 4.4)
and incubated for 2h at 37°C. Then, serial dilutions were made
in THYE (pH 7.8) and plated onto 5% of sheep blood tryptic-soy
agar (TSA) plates. After 48 h of incubation at 37 °C, colonies were
counted to determine the number of survivors, with the total CFU
being obtained by plating serial dilutions of cells grown THYE pH
7.8 onto 5% sheep blood TSA, made just before being switched
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the cells to pH 4.4. In parallel, to determine survival under acid-
induced conditions, bacterial cells were grown in THYE (pH 7.8)
until ODggg nm ~ 0.3, centrifuged at 8000 x g for 5 min, resuspended
in THYE (pH 5.9) and incubated for 2 h at 37 °C (adaptation period).
Culture aliquots were taken and serially diluted in THYE pH 7.8 for
total cell counting, while other aliquots were diluted ten times in
THYE (pH 4.4) and incubated for 2 h at 37 °C to determine the sur-
vival percentage as described above. For both assays (acid-induced
and non acid-induced conditions), this was calculated by divid-
ing the number of survivors at pH 4.4 by the number of total
cells at time zero (before incubation at pH 4.4). For ATR experi-
ments done in presence of FyF;-ATPase inhibitors, optochin was
added at subinhibitory concentrations of 3.0 wM (optochin MIC
5.0 wM), and DCCD was also added at subinhibitory concentrations
of 100 wM (DCCD MIC 500 wM). Data were expressed as the mean
percentage =+ standard deviation (SD) of independent experiments
performed in triplicate. MIC, minimal inhibitory concentration.

ASIL assays

The ASIL protocol was performed as described elsewhere (Pinas
etal., 2008), except that THYE medium was used instead of Acetate
Basic Medium (ABM). The THYE medium was adjusted to pH 7.8
with 10N NaOH or to pH 5.9 with 10N HCIl, and after autoclav-
ing, glucose was added to a final concentration of 0.4%. Data were
expressed as the mean percentage +SD of independent experi-
ments performed in triplicate.

Intracellular survival assays

The number of recovered viable intracellular pneumococci after
endocytosis or phagocytosis was quantified by a modified antibi-
otic protection assay (Fig. S1). Briefly, 3.2 x 10> of A549 cells or
4.2 x 10° of RAW264.7 cells per well were seeded in 6 well plates
(Greiner Bio-One657160) and cultured in DMEM supplemented
with 20% of fetal bovine serum (FBS) and incubated for 12 h. Strep-
tococci were grown in THYE to mid-log phase (ODgggpnm 0.3) and
resuspended in DMEM (with 20% FBS). Infection of cell monolayers
was carried out using a multiplicity of infection (MOI) 20:1. Bacte-
rial internalization after incubation and washes with extracellular
antibiotics was approximately 1%, and the occurrence of apopto-
sis/necrosis caused by pneumococcal infection quantified by flow
cytometry (annexin V/propidium iodide labelling kit; Invitrogen)
was approximately 5-10% in all time points analyzed (data not
shown). Incubation time was dependent on the cell line infected,
being 3 h for A549 and 1h for RAW264.7 cells. After this infec-
tion period, cells were washed thrice with phosphate-buffered
saline (PBS) and fresh DMEM (without FBS) containing 150 p.g/ml
potassium penicillin G (Sigma P7794) and 900 p.g/ml gentamicin
sulphate (US Biological G2030). After a 20 min rest period, cells
were washed thrice with PBS. The eukaryotic cells were lysed by
centrifugation for 5 min at 10,000 rpm and the bacterial pellet was
resuspended in THYE medium. The number of internalized bacte-
ria at different time points was quantified after serial dilutions and
plating on BHI 5% sheep blood agar plates with incubation for 16 h
at 37°C. The time scale referred to the time after elimination of the
extracellular bacteria by antibiotic treatment.

A 100% survival was set after 20 min of antibiotic treatment (Fig.
S1), and all the samples were referred to this point to calculate the
respective percentages.

Construction of insertion—-duplication mutants
Insertion-duplication mutagenesis was used to create null

mutants in the R801 genetic background. To introduce mutations
into the genes that encode the pneumococcal histidine kinases (hk)

or response regulators (rr) in the R801 genetic background, we
amplified the internal fragments of the hk or rr genes described
in the genome of S. pneumoniae R6 strain with specific primers
containing the EcoRI or BamHI restriction sites (Table S2) (Tettelin
etal.,2001). These PCR products were cloned into the pCR2.1-TOPO
vector (Invitrogen, USA), and the EcoRI-BamHI DNA fragments lib-
erated from these plasmids were ligated to plasmid pJDC9 (Chen
and Morrison, 1987) previously digested with EcoRI and BamHL
The resulting constructions were used to transform the R801 strain.
Transformants were selected in 5% sheep blood Brain Heart Infu-
sion (BHI) agar plates containing 2.5 pg/ml erythromycin, and the
presence of hk or rr mutations were confirmed by PCR using the
respective primers (Table S2). The comE::km mutant (RC830) was
constructed by transformation of R801 with pPT8-km, as previously
described (Echenique et al., 2000). The selection of transformants
was performed in 5% sheep blood BHI agar plates supplemented
with 250 wg/ml kanamycin. To avoid the selection of putative
compensatory mutations, six insertion mutants of each transfor-
mation were analyzed, and one of them was selected when all the
tested mutants showed identical phenotypes. Cultures of insertion
mutants were grown maintaining the antibiotic pressure corre-
sponding to each insertion cassette.

Construction of the comEP>8A mutant

The comEP>34 mutant (RC831) was obtained by transformation
of strain R801 with a 569-bp amplicon generated with primers
RcomE-RT and FComE?®8, the latter carrying the comEP>84 muta-
tion, which also resulted in the loss of the EcoRV site present in
the wild-type comE sequence. This amplicon was cloned into the
PGEM-T easy vector (Promega), and the resulting DNA construct,
pGEM-comEP384, was used to transform R801. Then, 200 colonies
were picked, pooled into groups of 5 and grown overnight at 37 °C
in 1 ml of THYE, with genomic DNA samples from each pool being
extracted by a modified CTAB method (Wilson, 2001). The presence
of the desired mutation was detected by PCR using the primers
FD58A check and RcomE-RT (Table S2). Once a positive pool was
identified, DNA purification and PCR was repeated with individual
colonies in order to isolate the mutant strain. Finally, incorpora-
tion of the mutation into the chromosome was confirmed by PCR
amplification, EcoRV digestion and DNA sequencing.

Construction of the bgaA mutant

R801 AbgaA::km (RCB801), a strain lacking [3-galactosidase
activity, was obtained by PCR-ligation mutagenesis (Lau et al.,
2002). Briefly, two internal bgaA DNA fragments of approximately
1kb, corresponding to the 5 and 3’ regions, were obtained by
PCR with the primers pairs Fbgal1/Rbgal1 and Fbgal2/Rbgal2. Frag-
ments 5" and 3’ were digested with Xhol and BamHI, respectively,
and ligated to the kanamycin resistance cassette (aphaA3 gene) lib-
erated from plasmid pPJ1 (Peeters et al., 1988), that was digested
with Sall and Bglll. A ligation mixture consisting of 0.3 g of each
fragment was directly used to transform strain R801, and the selec-
tion of mutants was carried out in 5% sheep blood Columbia agar
plates supplemented with 250 pg/ml kanamycin. The bgaA deletion
was confirmed by PCR sequencing and the lack of 3-galactosidase
activity.

Construction of the atpC-lacZ reporter

To study the activity of the atpC gene promoter, which encodes
for subunit c of FyF;-ATPase (atpC), the 242-bp fragment upstream
the translational initiation site (bases —242 to —1) was amplified
with primers FatpC/RatpC and cloned into pEVP3 digested with
Xhol-Xbal (Claverys et al., 1995), which is a lacZ reporter vector
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created for insertion-duplication mutagenesis Plasmid pEVP3-
atpC-lacZ, containing the atpC::lacZ transcriptional fusion, was used
to transform the AbgaA::km mutant to integrate this construc-
tion into the pneumococcal chromosome, and the selection of
transformants was carried out in 5% sheep blood-Columbia agar
supplemented with 2 pg/ml chloramphenicol. The presence of the
mutation was confirmed by PCR and DNA sequencing.

Determination of B-galactosidase activity

The [3-galactosidase activity in pneumococcal strains was deter-
mined as described (Halfmann et al., 2007a) with modifications.
Bacterial cells were cultured into the THYE medium until cell den-
sity reached the mid-log growth phase (ODgog nm ~ 0.3), centrifuged
at 10,000 x g for 10 min, resuspended in Z-buffer (Halfmann et al.,
2007a), and lysed by the addition of lysozyme to a final con-
centration of 1mg/ml with incubation for 60 min at 37°C. The
cell suspensions were sonicated (Vibra-Cell™; Sonics) at 70%
power with 4 pulses of 30s each (waiting 30s between pulses)
on ice. Bacterial lysates were kept in ice, and the 3-galactosidase
activity was determined using 0.8 mg/ml o-nitro-phenol-3-p-
galactopyranoside (ONPG, Sigma) at 37°C with the release of
nitrophenol being followed spectrophotometrically at 420 nm
for 60min. Specific 3-galactosidase activity was expressed as
nanomoles of nitrophenol released per minute per mg of protein,
and protein concentration was determined by the method of Brad-
ford, using the Bio-Rad protein assay kit.

Deoxycholate-induced autolysis

Detergent-induced autolysis was used to determine probable
changes in LytA expression during acidic stress exposure. Deoxy-
cholate (DOC), a known inducer of autolysis, was used in these
assays after acidic exposure, as described (Mellroth et al.,2012). The
comA mutant was used as “wild-type” strain to avoid LytA expres-
sion by competence development at pH 7.8, and the lytA mutant
was used as negative control. These strains were cultured in THYE
medium (pH 7.8) until an ODggg ny 0f 0.3, centrifuged, resuspended
in a same volume of THYE medium (pH 5.9) and incubated at 37 °C
for 1 h for a potential acidic induction of LytA. After that, DOC was
added (0.05,0.075 and 0.1%) to induce autolysis, and optical density
was determined at ODggonm at different time points.

Bioassay to determine LytA activity on the pneumococcal surface

To determine LytA activity on the surface of S. pneumoniae
mutants, we designed a bioassay based in the co-cultivation of
different strains. For this assay, we choose the lytA mutant (a
streptomycin-resistant variant) as Sm® non-autolytic tester cells
(hereafter tester cells) (Table S1), which will be able to lyse only
when they contact cells that express LytA on their surface or release
it to the medium. To determine autolysis induced by acidic stress
exclusively, the comA mutant was used as “wild-type” strain to
avoid LytA expression via competence development. We used the
comE comA, and ciaR comA double mutants to determine the impact
of ComE and CiaR on extracellular LytA expression. All strains were
grown in THYE until ODgygpnm 0.3, and the comA and the double
mutants were independently co-incubated with the tester cells
(keeping a ratio of 3 LytA-expressing cells/1 tester cell) at different
time points in THYE pH 5.9, and cell suspensions were plated onto
5% sheep blood tryptic-soy agar (TSA) plates containing 200 p.g/ml
of streptomycin. The percentage of lysis of tester cells was calcu-
lated as following: [100 — % of survival tester cells (SmR UFC/initial
SmR UFC x 100), considering that this strain mainly dies by lysis.

Fluorescence microscopy

RAW264.7 macrophages were seeded on glass coverslips in 24-
well plates overnight. Infection was carried out as described above.
Then, after infection, the macrophages were washed thrice with
PBS and fixed with 4% paraformaldehyde for 10 min. Cells were
incubated 10 min with quenching solution (10 mM NH,4Cl), washed
with PBS, and permeabilized with 0.1% Triton X-100/PBS for 7 min.
Blockage was made using GS (Goat serum 2.5% from Invitrogen in
0,1% Triton X-100/PBS) for 5 min, followed by FSG (gelatin from cold
water fish skin 0.4% from Sigma in 0.1% Triton X-100/PBS) for 5 min.
Glass coverslips were washed with 0.2% Tween/PBS and incubated
for 18 h at 4°C with Rabbit polyclonal antibody to Rab7 (Abcam,
Ab74906, 1/500 dilution in FSG) and with Mouse monoclonal anti-
body to TEPC15 (anti-phosphoryl-choline from bacterial cell wall
from Sigma, M1421; 1/200 dilution in FSG). After three washes with
0.2% Tween/PBS, the cells were blocked with FSG for 5 min followed
by GS for 5 min, before being incubated for 30 min at 37 °C with
Goat Anti Rabbit Alexa Fluor 594 (Invitrogen, A11072) in GS and
Goat Anti Mouse Alexa Fluor 488 (Invitrogen, A11017), both at a
dilution of 1/800 in GS. After a final washing step, glass coverslips
were mounted using Mowiol 4-88 (Sigma, 81381). An analysis was
carried out using a confocal laser-scanning microscope (Olympus
FV300) with a 100x oil immersion lens.

Statistical analysis

The data reported in the figures are expressed as
means £ standard deviations (SD), which are representative
of at least three independent experiments. The ANOVA and t-
Student statistical tests were performed using GraphPad Prism
version 5.00 for Windows, GraphPad Software, San Diego, Califor-
nia, USA. Statistical significant differences are indicated; p <0.001
™ p<0.01",p<0.05".

Results
FoF;-ATPase is involved in the ATR and ASIL mechanisms

In our laboratory, the R801 wild-type strain was able to develop
acid tolerance response (ATR) at mid-log phase (ODggg nm 0.3) dur-
ing the first 2 h of incubation at pH 5.9, using the same culture
conditions as those described previously for the pneumococcal R6
strain (Martin-Galiano et al., 2005) (Fig. 1A). As mentioned ear-
lier, some bacterial species display an ATR mechanism under acidic
conditions that allow bacterial cells to survive to lethal pH when
they are previously exposed to sublethal pH (Cotter and Hill, 2003),
with FyF;-ATPase playing a leading role in ATR development. With
the purpose of determining the contribution of this enzyme to
the ATR of wt and atpC mutants, we utilized classical inhibitors
of FgF1-ATPases, such as N,N'-dicyclohexylcarbodiimide (or DCCD)
(Molenaar et al., 1992) and optochin (Fenoll et al., 1994) at subin-
hibitory concentrations, 3 wM of optochin (MICopt 5 M for wt;
MICopt 80-160 M for atpC mutants) and 100 wM of DCCD (MICpccp
500 wM for wt and atpC mutants). These subinhibitory concentra-
tions of optochin and DCCD did not affect the normal growth of
wt and atp mutants in standard culture media like THYE (data not
shown). When ATR was determined in the wt strain incubated with
optochin or DCCD during ATR induction at pH 5.9, a decrease in
survival to lethal pH of approximately 60 and 80% was observed,
respectively, compared with non-inhibitor conditions (Fig. 1A),
suggesting that FgF{-ATPase was involved in this mechanism.

In S. pneumoniae, the complex Fj of FoF-ATPase is comprised of
the subunits a, b and ¢, which are encoded by the atpA, atpB and atpC
genes, respectively (Fenoll et al., 1994). This enzyme is essential
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Fig. 1. FoF;-ATPase is involved in the acid stress response. (A) Acid tolerance response (ATR) was determined in wt and its respective atpAC mutants. Treatment with FoF;-
ATPase inhibitors (3 wM optochin or 100 wM DCCD) is only shown for wt. To determine the survival percentage of wt and atpAC strains, cells were incubated for 2 h at pH
4.4 in THYE medium. The non-induced cells (white bars) were directly exposed for 2 h at pH 4.4, whereas, the acid-induced cells (black bars) were previously incubated for
2h at pH 5.9 and then at pH 4.4 in THYE medium. Statistical significance was determined by two-way ANOVA with a Bonferroni posttest, and significant differences are
indicated by: ™" p<0.001. (B) Acid-stress induced lysis (ASIL) was determined in wt and its respective atpAC mutants. Strains wt (circles), atpAW296¢ (up triangles), atpCc47C
(squares), atpC¥48L (down triangles), wt treated with 100 uM DCCD (diamonds) were grown in THYE medium at pH 7.8, centrifuged and resuspended in THYE medium at pH
5.9 at 37°C, and lysis was followed by loss of turbidity at ODgoonm- The wt cells treated with 3 WM optochin showed a similar phenotype to that revealed by DCCD treatment
(data not shown). The atpC**°T and atpCA*%5 showed the same phenotype that atpC%’V and atpCV43L (data not shown). Data are representative of at least three independent
experiments. Statistical significance was determined by one-way ANOVA with a Bonferroni posttest, and significant differences are indicated by: ™" p<0.001.

for S. pneumoniae (Ferrandiz and de la Campa, 2002), what com-
plicates genetic studies. Thus, we decided to use point mutations
in the atpAC genes (there are not atpB mutations described so far)
that conferred optochin resistance without any growth alterations
compared with wt, which were isolated from clinical strains and
transformed into the R801 laboratory strain (Cortes et al., 2008). By
homology with the FgF{-ATPase of Escherichia coli, the atpC muta-
tions that confer optochin resistance are located near aspartate 52
that stabilize the c-subunit structure, and they could be altering
the H* translocation of S. pneumoniae (Pikis et al., 2001). In this
sense, when the ATR phenotype was analyzed, all the atpC mutants
(atpCe4?V, atpCV48L atpCA*9T and atpCA495) not only showed reduced
ATR (Fig. 1A), but were also more sensitive to pH values between
5.6 and 4.4 without a previous incubation to sublethal pH 5.9 (data
not shown). In contrast, the atpAW2%C mutant had an ATR pheno-
type comparable to wt, indicating that the subunit c of FyF;-ATPase
was involved in ATR (Fig. 1A).

The ability of these atpAC mutants to lyse under acidic condi-
tions (ASIL at pH 5.9) was also evaluated as we described previously
(Pinas et al., 2008), with the atpAW296C mutant displaying the same
autolytic behavior as wt. However, the four atpC mutants (atpC¢47V,
atpCV48L atpCA*9T and atpCA95) showed an accelerated autolysis
compared with wt (Fig. 1B), implying that these atpC mutants
probably underwent a rapid intracellular acidification under acidic
conditions due to an altered FyF;-ATPase activity, as suggested by
Pikis et al. (2001), that led cells to autolysis earlier than wt. These
atpAC mutations were also transferred to the capsulated D39 strain
(serotype 2; NCTC 7466) (Williams et al., 2007), and the ATR and
ASIL phenotypes of their respective mutants were similar to the
R801 strain (Fig. S2).

FoF;-ATPase promotes survival of S. pneumoniae in RAW264.7
macrophages

When S. pneumoniae is endocytosed by epithelial cells, pneu-
mococci are usually eliminated by the endocytic pathway in
the lysosomal compartment (Radin et al., 2005). Related to this,
we found that this pathogen was able to survive several hours
inside A549 pneumocytes (type II) or macrophages RAW 267.4,

suggesting that S. pneumoniae could tolerate the acidic pH of
endosomes or phagosomes as a result of ATR induction. For this
reason, we decided to evaluate whether FyF;-ATPase was involved
in this survival mechanism, using monolayers of A549 pneumo-
cytes and RAW264.7 macrophages in multiwell plates which had
been infected with wt or atpAC mutants at a pneumococci/cells
ratio of 20:1. To obtain similar amounts of internalized pneumo-
cocci in both cell models, incubation was performed for 1h for
macrophages and 3 h for pneumocytes. Cells were then washed,
incubated with extracellular antibiotics to kill bacterial cells that
were not endocytosed or phagocyted (protection assays), and lysed
without altering the pneumococcal viability. Samples were then
cultured on blood agar plates in order to count the bacterial viable
cells. For this assay, we only considered results obtained from
macrophages, because pneumocytes showed a very low uptake of
atpAC mutants (data not shown). Consequently, we used RAW264.7
macrophages, where the internalization of pneumococci was opti-
mal for our purpose. S. pneumoniae follows the classical endocytic
pathway as shown by co-localization with Rab7, a late endocytic
pathway marker, as described elsewhere (Radin et al., 2005). Pneu-
mococci are intracellularly located and potentially inside vesicles
(Fig. 2A). At time zero (after incubation of 1 h at 37 °C, see infection
scheme in Fig. S1), pneumococci internalization was similar for wt
and atpAC mutants, and it was approximately 1%. However, after
another hour of incubation, atpA"206C showed no alteration in
its survival capacity, whereas the atpC®¥”V and atpC**°T mutants
revealed a decrease in bacterial viability of 40-60% compared with
wt (Fig. 2B), displaying also a decrease as observed by ATR assays,
although bacterial survival was more reduced than in macrophages
(Fig. 1A). These results indicate that FgF{-ATPase, probably medi-
ating ATR, allowed S. pneumoniae to survive inside macrophages.

ATR induction does not depend on ASIL development

We previously described that autolysis is induced in pneumo-
cocci grown at log-phase rates when incubated at pH 5.9 after 1h
(ASIL), with cell lysis being produced by the enzymatic activity
of the major autolysin LytA (Pinas et al., 2008). These contrast-
ing responses between ATR and ASIL, caused by the same stress
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Fig. 2. S. pneumoniae resides in an intracellular compartment and needs FoF;-ATPase to survive in RAW 264.7 macrophages. (A) After 60 min of infection with strain R801
(wt) and extracellular antibiotic treatment, the intracellular pneumococci were stained with the monoclonal antibody anti-phosphoryl-choline (anti-TEPC-15) followed by
Alexa Fluor 488 antibody (green). As an intracellular marker, Rab7 vesicles were stained using a polyclonal antibody anti-Rab7 labeled with Alexa Fluor 594 (red). Details of
the pictures showing S. pneumoniae and Rab7 markers are presented in the lower panel. (B) The relative survival of wt and atpAC mutants in RAW 264.7 macrophages was
compared using a classical protection assay. Pneumococci grown to mid-log phase were incubated at a bacteria:macrophage ratio of 20:1 for 1 h. After antibiotic treatment,
surviving pneumococci were determined by plating on BHI agar blood for 16 h. Survival percentages were calculated by considering the total amount of internalized bacteria
obtained at time zero after antibiotic treatment. Data are representative of at least three independent experiments. Statistical significance was determined by two-way
ANOVA with a Bonferroni posttest, and significant differences are indicated by: * p<0.05; " p<0.01. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

condition, led us to analyze whether a strain deficient in autolysin subpopulations that respond to acidic stress, one undergoing ATR

(lytA mutant), which was incapable of lysing under acidic stress,
could favor the induction of ATR. For this purpose, the same amount
of wt and IytA cells grown to mid-log phase was independently
incubated at pH 5.9 for 2 h at 37°C followed by pH 4.4 for 2h. On
analyzing the ATR phenotype, it was observed that the total cells
in the lytA mutant increased 2.9 times compared with wt during
the adaptation period at pH 5.9. Although the lytA strain had an
increased number of total cells after acid exposure because autol-
ysis was blocked, this mutant induced the same amount of acid
tolerant cells compared with the wt strain (Fig. 3A). For that rea-
son the survival percentage of both acid-induced and non-induced
conditions showed no significant differences (Fig. 3B).

To explain the acid-induced phenotype showed by the IlytA
mutant, we cannot discard the possibility that a basal level of autol-
ysis occurs in all cells exposed to acidic stress, and inactivation of
IytA may increase the overall CFU of acid-tolerant and lytic cells,
but not proportionally. Another possibility is the existence of two
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to survive, and another one opting for autolysis. Thus, our results
indicate that ATR induction does not depend independent of ASIL
development.

A screening of TCS mutants showed that ComE and CiaR regulate
ATR and ASIL

Given that bacteria generally sense environmental stimulus
through signal transduction systems, we evaluated the contribu-
tion of the two-component systems (TCS) to acidic stress response
of S. pneumoniae. For this purpose, we constructed insertion
mutants of all the histidine kinase genes that belong to the 13 TCSs
found in the pneumococcal genome, and also that of the ritR gene
that encodes an orphan response regulator (Tettelin et al., 2001). As
we could not obtain the hk12 (or comD) mutant by insertional muta-
genesis, we constructed comDF!%3X which contains a stop codon at
Phe-163 that generates a truncated and inactive form of CombD.
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Fig. 3. Blocked autolysis does not modify the induction of acid tolerant cells. (A) ATR was evaluated in wt and the IytA mutant, and data are expressed as total CFU (colony
forming unit) and acid tolerant CFU. The acid-induced cells were incubated for 2 h at pH 5.9 in THYE medium and compared with the non-induced cells. The total cells (white
bars) and acid tolerant cells (black bars) are shown, and they correspond to the amount of cells before and after the incubation at pH 4.4, respectively, subsequent to the pH
5.9 induction when indicated. In the lytA mutant induced by acidic pH, the acid tolerant cells were similar to the wt strain, in spite of the higher number of total cells being
caused by blocked autolysis. (B) The same data of ATR assays showed in panel A is expressed as percentage values (acid tolerant CFU/total CFU x 100). Data are representative
of at least three independent experiments. For both panels, statistical significance was determined by two-way ANOVA with a Bonferroni posttest, and significant differences
are indicated by: " p<0.01; ™ p<0.001.
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Fig. 4. Contribution of two-component systems to the ATR mechanism. ATR was
determined in wt, hk and rr mutants (hk are genes encoding for histidine kinases
and rr are genes encoding for response regulators, which belong to the two-
component systems described in the genome of S. pneumoniae) as mentioned in
the Material and methods section. The acid-induced cells were incubated for 2 h at
pH 5.9 in THYE medium and compared with the non-induced cells. Arrow indi-
cates a decreased ATR showed by ciaH::spc. Data are representative of at least
three independent experiments. Statistical significance was determined by two-
way ANOVA with a Bonferroni posttest, and significant differences are indicated
by: " p<0.05; © p<0.01; ™ p<0.001. References obtained from the R6 genome
(http://genolist.pasteur.fr/StreptoPneumolList/index.html): hk01 (spr1473); hk02
(spr1226, micA, vicK); hk03 (spr0343); hk04 (spr1894; phoS); hk05 (spr0708, ciaH);
hk06 (spr1997); hk07 (spr0153); hk08 (spr0077); hk09 (spr0579); hk10 (spr0529,
vncS); hk11 (spr1815); hk12 (spr2042, comD); hk13 (spr0464); rr14 (spr0336, ritR).

This mutant, which lacks the kinase domain, had no effect on the
transcription of the comCDE operon and had normal ComE expres-
sion (Martin et al., 2000; Pinas et al., 2008). The ability of these
TCS mutants to induce ATR was analyzed and compared with wt.
We found that ciaH::spc displayed a six-fold decreased survival rate
under acidic stress conditions compared with wt (Fig. 4). Moreover,
when the ciaR::spc mutant (ciaR encodes for the cognate response
regulator of CiaH) was evaluated, the results were identical to those
observed for the ciaH::spc mutant (Fig. 5). Because the ciaRH genes
constitutes an operon, the ciaR::spc mutant has polar effect on ciaH,
so this mutant should be considered as double mutant. Continuing
with the ComDE pathway analysis, although comDF63X showed an
ATR similar to wt, we wondered about a putative participation of
ComeE in the induction of this mechanism. As mentioned before, we
reported that ComE was essential to induce autolysis under acidic
conditions (or ASIL) without the participation of its cognate histi-
dine kinase, ComD, or its associated quorum-sensing mechanism
that involves CSP during competence development at pH 7.8 (Pinas
et al., 2008). Recently, it was demonstrated that the ComEP>3E
mutant mimics the phosphorylated state of ComE. This mutant
is able to dimerize and to activate competence as well as ComE
phosphorylated by ComD, in contrast with the unphosphorylatable
ComEP38A mutant. The authors proposed that the phosphoryla-
tion by ComD activates ComE by favoring its dimeric configuration
(Boudes et al., 2014).

Considering that CiaRH and ComE are involved in both compe-
tence and ASIL (Dagkessamanskaia et al., 2004; Echenique et al.,
2000; Pinas et al., 2008), because CiaR is necessary for ATR
induction, we could expect that ComE could participate in the
ATR mechanism. Coincidently, we detected a significant increase
(p<0.05)inthe ATR of the comE::km mutant compared to wt (Fig. 5).
Because the comCDE genes constitute an operon in this order, the
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Fig. 5. Analysis of the role of com and cia mutants on ATR development. ATR was
determined in the com and cia mutants and the wt strain. The comA mutant was
also treated with 20 nM CSP. The acid-induced cells (black bars) were incubated for
2h at pH 5.9 in THYE medium and compared with the non-induced cells (white
bars). The wt data is the same than that showed in Fig. 4. Data are representative of
at least three independent experiments. Statistical significance was determined by
two-way ANOVA with a Bonferroni posttest, and significant differences are indicated
by: " p<0.05; " p<0.01; " p<0.001.

comE::km mutant has not polar effect on the comD expression. To
test the effect of these mutations in the capsulated D39 strain, we
constructed the comE::km and ciaR::spc strains in this genetic back-
ground, and both ATR and ASIL tests were similar to their respective
mutants in the R801 strain (Fig. S2), suggesting that acid response
is still expressed in capsulated strains of S. pneumoniae.

Based on these results, we decided to analyze further the
putative contribution of the ComDE system to ATR by genetic
approaches, using mutants associated to this signaling mecha-
nism. In addition to comD!%3X another comD mutant was analyzed,
comD™233! which encodes a hyperactive kinase that phosphorylates
ComE constitutively thus inducing competence independently of
CSP activation (Martin et al., 2000; Pinas et al., 2008). The comD™233!
mutant displayed an ATR phenotype similar to that shown by wt
(Fig. 5). Related to this, the wt phenotype showed by the comDF!63X
mutant suggested that ComE could not be activated by ComD phos-
phorylation during ATR induction. To test this, we analyzed the
comEP>84 mutant, which contains a modification in the Asp-58 that
is usually phosphorylated by ComD, and is unable to develop com-
petence at pH 7.8, as previously described (Martin et al., 2010).
The comEP>84 mutant presented a similar ATR phenotype to wt. All
together, these results suggested that ComE controls ATR through
a ComD-independent pathway, as it was demonstrated for the
ASIL mechanism. In this scenario, it seems that the quorum sens-
ing mechanism known for ComDE is not required for controlling
ComeE expression in response to acidic stress. To test this hypoth-
esis, we took advantage of the comA mutant, unable to secrete
the competence-stimulating peptide (CSP) used by ComD to sense
cell density, however, comA mutants can be complemented by
synthetic CSP added externally, as reported in a previous work
(Echenique et al., 2000). The comA mutant did not change its ATR
phenotype when CSP was added during incubation at pH 5.9, with
this mutant showing a behavior similar to wt (Fig. 5). During ASIL
development, regulation by ComE was also independent of ComX,
a competence-specific sigma factor that induces the transcrip-
tion of late genes needed for transformation (Pinas et al., 2008).
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We then analyzed ATR in the comX1::ery and comX2::tet double
mutant, revealing a phenotype similar to wt (Fig. 5). These data
confirmed the assumption that the CSP-triggered quorum sensing
is not involved in the ATR regulation of ComE under acidic condi-
tions, and that the acid response state is completely different to the
X-state, with respect to competence and other cellular processes
(Claverys et al., 2006).

So far, we have shown that ComE and CiaH are involved in the
development of ATR. To correlate these results with the increased
ATR shown by the comE mutant, the comE ciaR and comE ciaH dou-
ble mutants were analyzed, with both strains revealing similar ATR
phenotypes to those displayed by the ciaR or ciaH single mutants
(Fig. 5). This result allows us to conclude that CiaRH has a predom-
inant effect on ComE function.

FyF1-ATPase expression is not regulated by either ComE or CiaRH

To this point, we have demonstrated the relevance of FyF;-
ATPase in ATR development and showed that the regulatory
balance between CiaR and ComE modifies the relationship between
ATR and ASIL. With the purpose of determining a possible regu-
latory role of these TCS on the atp genes encoding FoF;-ATPase,
we used an integrative plasmid in S. pneumoniae containing the
atpC promoter fused to lacZ. The (3-galactosidase assays were per-
formed using the bgaA::km mutant (bgaA encodes for the main
[3-galactosidase in S. pneumoniae) to avoid basal enzyme activ-
ity. To analyze the contribution of CiaR on atpC expression, the
ciaR::spc mutation was introduced by genetic transformation in
the bgaA::km mutant containing the atpCp-lacZ/pEVP3::cat fusion.
We could not use comE::km to analyze the contribution of ComE
to atpC expression because it carries the same resistance marker
as bgaA::km, making impossible to combine these mutations in
a new strain. In this case, we chose the comD™33! mutant which
(maintains a high comE expression level by a constitutive hyper-
phosphorylation of this histidine kinase), which was sequentially
transformed to introduce the bgaA::km mutation and the atpCp-
lacZ/pEVP3::cat fusion. After exposure at pH 5.9 for 1h, the atpC
promoter activity in wt (in fact, the bgaA::km atpCp-lacZ|pEVP3::cat
strain) determined by the [-galactosidase assays increased 2.1
times (Fig. 6), as previously reported by northern and microar-
ray analysis (10). Curiously, in the comD™33! and ciaR mutants, the
atpC transcripts showed the same expression pattern as wt strain.
These results indicate that high level of ComE found in the comD™233!
mutant or the lack of CiaR in the ciaR::spc mutant do not regulate
atpC expression, suggesting that the promoter activity of this gene
is regulated by another mechanism.

ComeE and CiaR are involved in the expression of the LytA activity
on the pneumococcal surface

It was demonstrated by microarray assays that the expression
of the cinA-recA-dinF-lytA operon did not change during acid expo-
sure (Martin-Galiano et al., 2005), consequently, we suspected
that LytA could be modified by acidic stress at translational or
post-translational levels. It was shown that a diminution in the
production of LytA (produced by a genetic modification in the cinA-
recA-dinF-lytA operon) caused a delayed autolysis, suggesting that
there is a correlation between the total LytA level and the start of
autolysis (Mellroth et al., 2012). To determine probable modifica-
tions in the LytA level, we analyzed autolysis in acid-induced cells
compared with non-induced cells. The comA mutant was used as
“wild-type” strain to avoid LytA expression via competence devel-
opment at pH 7.8. Total lysis of acid-induced or non-induced cells
was triggered by different concentrations of a known autolytic
inducer, deoxycholate (DOC), as described (Mellroth et al., 2012).
We observed the same DOC-induced autolytic profile when cells
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Fig. 6. The transcription of the atpC gene is activated by acidic stress but is not
regulated by the CiaR and ComE response regulators. Pneumococcal cells were
grown at pH 7.8 to exponential phase (ODggonm 0.3). The acid-induced cells (black
bars) were then incubated for 1h at pH 5.9 in THYE medium and compared with
the non-induced cells (white bars). The (3-galactosidase activity was measured in
the wt, comE::ery and ciaR::spc strains containing single-copy transcriptional lacZ
fusions to the structural gene atpC (encoding the c subunit of the FoF; ATPase) in
the bgaA strain (lacking 3-galactosidase activity). The promoterless lacZ gene was
integrated as a control for the basal level of reporter gene expression. The units
of B-galactosidase activity were described in the Material and methods section.
The data shown represent the results of three independent experiments. Statistical
significance was determined by two-way ANOVA with a Bonferroni posttest, and
significant differences are indicated by: ", p<0.01, "; p<0.001; ns, not statistically
significant.

were previously exposed to pH values of 7.8 or 5.9. Different
concentrations of DOC showed similar effects, but only data cor-
responding to the effect of 0.05% DOC is shown (Fig. S4). This result
suggested that the LytA level did not change during exposure at
acidic conditions.

On the other hand, it was described that the majority of LytA
resides in the cytoplasm during exponential phase of growth, and
only 5% was associated with the extracellular cell wall (Mellroth
et al,, 2012). They also demonstrated that the translocation of
LytA from cytoplasm to extracellular cell wall caused the onset of
autolysis, and that LytA is activated at the substrate level when pep-
tidoglycan biosynthesis is inhibited and not controlled at enzymatic
level. Considering this model, our purpose was to investigate the
putative cause of lysis induction at pH 5.9, such as the extracellu-
lar LytA availability after acidic exposure. To address this point, we
designed a bioassay to measure the activity of LytA on the cellular
surface of different pneumococcal mutants. As mentioned before,
the comA mutant was used as the “wild-type” strain to avoid LytA
expression via competence development, because we just wanted
to determine lysis induced by acidic stress. For this assay, we choose
the lytA mutant (a streptomycin-resistant variant) as non-autolytic
tester cells, which was able to lyse only when contacted other cells
that express LytA on their surface. Fig. 8A shows lysis of tester cells
caused by extracellular LytA expressed on the surface of different
mutants. We observed that the comA mutant expressed LytA on its
surface when incubated at pH 5.9 and lysed tester cells. As a neg-
ative control, we used the lytA mutant and it showed no lysis of
tester cells (also IytA but SmS) (Fig. 8A). Regarding the ASIL reg-
ulation, the ciaR comA mutant showed an increased lysis of tester
cells as expected, because the ciaR mutant displayed an accelerated
ASIL (Pinas et al., 2008) (Fig. 8B). We described previously that the
comE comA mutant showed a blocked ASIL when exposed at pH 5.9,
(Pinas et al.,2008) (Fig. 8B). However, while this mutant was unable
to induce autolysis under acidic conditions, it was able to lyse tester
cells, displaying extracellular expression of LytA. Altogether, these
results suggested that CiaR and ComE control the LytA activity on
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the pneumococcal surface, probably regulating the expression of
genes that encode essential proteins for the ASIL induction.

CiaR/ComE regulation is relevant for intracellular survival in
pneumocytes

Based on results obtained by assays in vitro, we wondered
whether this CiaR/ComE regulatory mechanism could be corrob-
orated in a cellular model, where bacterial cells need to survive in
the acidic environment of endo/lysosomal compartment. Using a
classical protection assay for A549 pneumocytes, we found that
a subpopulation of the wt cells (25-40%) were able to survive
up to 8h, with the comEP>84 mutant (non-phosphorylatable by
kinase ComD) showing the same behavior. However, the comE::km
mutant displayed an increase of 2- and 3-fold at 240 and 420 min,
respectively, compared with wt (Fig. 7A). This intracellular sur-
vival increase shown by comE::km led us to think that this effect
could have been caused by the repression of ASIL or through an
ATR increment. Although the wt strain should be lysing under the
acidic stress imposed by endo/lysosomes, when ASIL is blocked, the
comE::km mutant displayed an increased survival compared with
wt. In this context, we decided to block the ASIL mechanism by
mutation of the IytA gene, which encodes the main autolysin of S.
pneumoniae, and expected to find the same phenotype as comE::km.
However, the lytA mutant revealed an intracellular survival similar
towt (Fig. 7D). In the lytA mutant, the subpopulation of pneumococ-
cus that should have lysed under acidic conditions did not induce
ATR, as demonstrated by the assays in vitro, and possibly died as
result of the acidic shock. In this case, the only survivors belonged
to the subpopulation that induced ATR normally in the wt cells.
Although ASIL was blocked in the lytA mutant by elimination of
autolysin, ComE and CiaR maintain the control of ATR induction.
For this reason, the number of lytA survivors found under acidic
stress conditions was similar to the wt strain. In contrast, and in
agreement with ATR assays carried out in vitro, the ciaR mutants
displayed a notable decrease of —1.6-fold and 6.6-fold at 360 and
420 min, respectively, compared with wt, suggesting an activating
role of CiaR in ATR development (Fig. 7B). We observed a similar
effect in the comE ciaR double mutant (Fig. 7C), and it is impor-
tant to point out that this dominant effect of CiaR on ComE, as
demonstrated by ATR assays in vitro, is compatible with and could
be extrapolated to the results obtained in a cellular model. These
findings provide evidence of the contribution of these TCSs to the
survival of S. pneumoniae inside eukaryotic cells, being the ATR
regulation one of the putative factors involved.

Discussion

S. pneumoniae, in common with other streptococci, lacks a respi-
ratory chain, and is unable to use the FoF; complex for ATP synthesis
through oxidative phosphorylation (Konings and Otto, 1983). Con-
sequently, the only function of this enzyme may be to extrude
protons from the bacterial cytoplasm under acidic conditions
in order to restore intracellular pH. This function demonstrates
the relevant role of this enzyme in the response to the acidic
stress of S. pneumoniae. Related to this, De la Campa’s laboratory
reported that transcription of the atp genes and FyF;-ATPase activ-
ity increased approximately two-fold as the pH of the medium
decreased (Martin-Galiano et al., 2001). In addition, these authors
described induction of ATR during the log phase, which augmented
at the stationary phase, and performed a transcriptional analysis of
the acid tolerance response in strain R6 of S. pneumoniae, describ-
ing 126 genes that responded to an acidic pH of 6.0, with the atpC
gene showing a 1.6-fold increase (Martin-Galiano et al., 2005). We
obtained similar results from [3-galactosidase reporter assays using

an atpC-lacZ fusion (Fig. 6). However, a direct genetic analysis to
test if FoF;-ATPase is involved on ATR development has not been
performed in S. pneumoniae, because the atp operon is essential for
the viability of S. pneumoniae (Ferrandiz and de la Campa, 2002).
In clinical laboratories, optochin susceptibility is a common tech-
nique used to identify S. pneumoniae strains, and in recent years,
the optochin-resistant strains have been isolated worldwide, with
this resistance being conferred by point mutations in the atpAC
genes, as described originally (Fenoll et al., 1994). In the present
study, we identified atpAC mutations from clinical strains that con-
ferred optochin resistance (Cortes et al., 2008), which were then
used to study the putative contribution of FygF{-ATPase in ATR.
To compare ATR induction of wt and atpAC mutants in the same
genetic background, these atpAC mutations were transferred into
R801, a typical laboratory strain derived from strain R6 (Lefevre
et al., 1979), which showed a marked decrease in ATR. Here, we
demonstrated the relevance of FyF;-ATPase in ATR development,
not only in growth media under acidic conditions, but most sig-
nificantly, in macrophages, where bacterial cells must survive the
acidic pH of phagosomes. It was also found that S. pneumoniae was
able to live more than 5h in macrophages and more than 8 h in
pneumocytes (data not shown). We propose that S. pneumoniae
needs toinduce ATR to survive inside macrophages or pneumocytes
for several hours, and by demonstrating that bacterial survival of
the atpC mutants decreased in macrophages, this confirmed that
FoF;-ATPase plays an important role not only in ATR but also in the
intracellular survival of S. pneumoniae.

We have previously described that acidic stress was able to
induce autolysis after incubation for 1h at pH 5.9 at 37°C (Pinas
et al., 2008). Here, we considered the possibility that FyF;-ATPase
could be also involved in the ASIL mechanism. In fact, the atpC
mutants displayed an accelerated autolysis compared with wt,
provoked by a modified proton pump that also altered the ATR
mechanism. As both processes were induced by the same stress
condition, we hypothesized that they may share some regulatory
components to coordinate their functions during stress response.

It is known that the acid tolerance response in bacteria involves
different mechanisms in addition to the proton pump represented
by FoF;-ATPase. Therefore, we also investigated signal transduc-
tion systems that could control the response to acidic stress. In
Gram-positive bacteria, several TCSs have been described to con-
trol ATR. Streptococcus mutans and Streptococcus gordonii are oral
streptococci that are evolutively close to S. pneumoniae (Ferretti
et al., 2004), and in both organisms, multiple two-component sys-
tems can regulate their response to acidic stress. In S. mutans, the
CiaRH, LevSR, LiaSR, ScnKR, Hk/Rr1037/1038 and ComDE TCSs were
up-regulated during adaptation to an acidic environment, but his-
tidine kinase mutants did not induce the same level of ATR as wt
(Gong et al., 2009). In S. gordonii, mutants lacking components of
TCSs, such as CiaRH, ComDE and VicRK, grew more slowly in acidi-
fied media and had higher lethal pH values (Liu and Burne, 2009). In
both cases, these results suggest that the multiple TCSs are required
to orchestrate their respective signal transduction networks for
optimal adaptation to acidic pH.

In the present work, we screened mutants of all the histidine
kinase genes present in the genome of S. pneumoniae (Tettelin et al.,
2001), and found that the CiaRH TCS was essential for ATR devel-
opment, in agreement with the ATR phenotype described for other
TCS mutants in streptococci. However, a contrasting phenotype
was found for the comE mutant, which displayed an increased ATR
compared with wt. Furthermore, ATR tests on the comA and comD
mutants alone, or after the addition of synthetic CSP, indicated that
ComeE regulation is independent of cell density and consequently
of the quorum sensing system triggered by CSP, as reported for
competence state activation at pH 7.8 (Claverys et al., 2006). These
results showed a clear difference to the ATR regulated by ComDE
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previously described in S. gordonii and S. mutans. This scenario
indicates that S. pneumoniae uses ComE and CiaR for the response
to acidic stress in order to control two opposed mechanisms that
decide between survival (ATR) and suicide (ASIL).

When ASIL was blocked by mutation of the IytA gene, which
encodes the main autolysin of S. pneumoniae, we expected that all
acid-induced suicidal cells would be able to survive when exposed
tolethal pH. However, with the lytA mutant, the same acid tolerance
level was obtained as that of wt, indicating that ASIL and ATR are
activated by the ComE and CiaR pathways, respectively, although
this activation appear to occur in independent subpopulations.

We previously reported that ASIL was repressed in the comE
mutant (Pinas et al., 2008), but when its ATR phenotype was ana-
lyzed, cell survival increased, suggesting that the blocked ASIL may
have caused this effect. Nevertheless, as mentioned above, the lytA
mutants did not display the same phenotype as comE, and as an
explanation of this ATR increase of the comE mutants, we pro-
pose that this regulator could have had an inhibitory effect on
ATR development by an unknown mechanism. Regarding to this
point, the ciaR and ciaH mutants displayed normal comE expres-
sion under acidic conditions (Pinas et al., 2008), in contrast with
the increased comE expression described in the ciaR mutant during
competence development at pH 7.8 (Echenique et al., 2000), indi-
cating that the amount of comE transcripts is not a factor causing
of ATR repression. Therefore, the ATR inhibition found in the ciaR
and ciaH mutants should be justified by the relevance that this TCS
had on the ATR development. Briefly, we found that the double ciaR
comE mutant showed a level of ATR as low as the ciaR mutant alone,
suggesting that a dominant effect of CiaRH was present in the ComE
pathway.

In reference to the probable mechanism of ASIL induction,
we discarded the possibility of an increase in the lytA transcript
level, because microarray assays showed no induction of this
gene under acidic conditions (Martin-Galiano et al., 2005). The
DOC-induced autolysis assays performed with both acid-induced
and non-induced cells suggested that LytA expression did not
experiment any concentration changes during acidic exposure, as
indicated (Mellroth et al., 2012). We proposed that ASIL could be
induced by translocation of LytA from intracellular to extracellu-
lar compartment, according with a model proposed by Mellroth
et al., when cell growth is arrested by nutrient limitation, autoly-
sis is activated by secretion of LytA to extracellular compartment.
In our case, bacterial growth was stalled by acidic pH, as shown
in Fig. S3, and autolysis appear to be activated by an extracellu-
lar LytA activity (Fig. 8A). The most relevant fact is that comE comA
expressed an activated LytA in its surface, but this enzyme is unable
to trigger autolysis by itself. This suggests that ComE could be regu-
lating the expression of other genes that encode proteins involved
in the induction of autolysis. These assays complete the proposed
model, in which LytA expression on surface is regulated by CiaR
and ComE under acidic conditions.

In the present study, we have demonstrated the participation
of FoF1-ATPase in ATR and ASIL development. We have also shown
that these processes are regulated by CiaRH and ComE, as well as
having considered the possibility that the expression of this pro-
ton pump may be controlled at the transcriptional level by these
TCSs. It was previously described that the genes encoding the sub-
units that constitute the Fy (c, a and b) and F; (4, «, ¥, B and &)
complexes are expressed from the 6.6-kb atp operon of using a func-
tional promoter located upstream of the atpC gene (Martin-Galiano
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et al., 2001). However, we could not demonstrate ComE- and
CiaR-mediated regulation of the atpC promoter by 3-galactosidase
assays using a atpC-lacZ fusion as the reporter, although we were
able to show that transcriptional activation of the atpC promoter
increased 2.1 times when cells were exposed at pH 5.9 for 1h, as
described elsewhere (Martin-Galiano et al., 2005). In line with this
result, we were unable to find the ComE-, CiaR- or ComX-binding
sites (Campbell et al., 1998; Halfmann et al., 2007b; Ween et al.,
1999) in the DNA region that corresponded to atp operon and its
respective promoter region (data not shown). It has been earlier
described that the atp gene expression was not modified in tran-
scriptome analysis of ciaR and comC (constructed to block comCDE
expression) mutants (Dagkessamanskaia et al., 2004). Moreover,
the rpoS mutant showed an increased atpC expression in E. coli,
suggesting that transcriptional regulation of atp genes is under the
control of o5 as part of a global stress response (Ito et al., 2008).

acid tolerance response
(<1 hatpH5.9)

G5 .

b

In the same way, Martin-Galiano et al. suggested that the increase
in atp mRNA shown by S. pneumoniae when exposed to acidic pH
genes could be regulated by sigma factors induced by stress, such
as oS in Escherichia coli (Espinosa-Urgel et al., 1996).

It is important to remark that the results obtained in vitro con-
cerning signal transduction systems that control the ATR and ASIL
mechanisms were also reproduced in A549 pneumocyte cultures.
This suggests that ComE and CiaRH are involved in the acidic stress
response of S. pneumoniae during its intracellular survival so that it
can survive inside macrophages or pneumocytes.

When the ability to survive in pneumocytes was analyzed
for the CiaR/ComE regulatory mechanism, we found that it was
higher in the comE::km mutant than the wt strain in all time
points, showing significant differences between them. In the last
time points, the ciaR mutant showed a survival decrease. It was
described that S. pneumoniae is incorporated into the eukaryotic

acid-induced lysis
(>1 h atpH 5.9)

Fig. 9. Proposed model for ATR and ASIL induction of S. pneumoniae exposed to acidic conditions. Cells exposed for <1 h or >1 h at pH 5.9 induced ATR or ASIL, respectively.
Green arrows indicate signaling pathways (TCS) and enzymatic reactions (FoF;-ATPase) that activates ATR and ASIL, in contrast, red arrows indicates when TCS or FoF;-ATPase
block these processes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cells by the classical endocytic pathways, and it is a dynamic
process in which bacteria underwent environmental changes, as
endosomal pH (Huotari and Helenius, 2011). The survival values
at different times of these mutants could respond to different pH
values during the endosome maturation process, but we cannot
discard other intracellular factors.

Based on our results and considerations, we propose the follow-
ing model for the acidic stress response of S. pneumoniae (Fig. 9).
When pneumococci are exposed to acidic sublethal pH, FgF-
ATPase contributes to ATR in an important manner by pumping
protons from the bacterial cytoplasm to regulate the intracellu-
lar pH homeostasis. However, in spite of this FyF;-ATPase activity
under acidic conditions, the intracellular pH of pneumococci should
still decrease after 1-2 h of exposure. Concerning the signal trans-
duction systems that regulate this stress response, CiaH is able to
sense this environmental signal and consequently activate CiaR
to develop ATR. Simultaneously, ComE is also activated by acidic
stress, with the comE transcripts presenting a 4-fold increase after
30 min of exposure at pH 5.9 (Pinas et al., 2008), which occurs inde-
pendently of its cognate histidine kinase, ComD, by means of an
unknown signaling pathway. The activated ComE should trigger
acid-induced autolysis after one hour of exposure at sublethal pH,
and it is interestingly to note that both signaling systems affected
both the ATR and ASIL processes, which represent the response to
acidic stress of S. pneumoniae: CiaRH is essential for ATR induc-
tion while ComE has a negative control on this mechanism; in
contrast, ComE is critical for ASIL induction (Pinas et al., 2008),
whereas CiaRH protects against ASIL activation (Pinas et al., 2008)
through an unknown mechanism. These events appear to occur
invitro as well as in the intracellular environment of the eukaryotic
cells.

As mentioned above, several TCSs are involved in bacterial ATR.
Concerning autolysis, many TCSs have been described to control
autolysis in different bacteria, such as VraSR (Gardete et al., 2012)
and ArIRS in Staphylococcus aureus (Memmi et al., 2012), SaeRS in
Staphylococcus epidermidis (Lou et al., 2011), ColRS in Pseudomonas
putida (Putrins et al., 2010), YvrGHb in Bacillus subtillis (Serizawa
etal.,2005) LytSR and VicRK in Streptococus gordonii (Liu and Burne,
2011), and VicRK, ComDE (Senadheera et al., 2012) and CiaR (Gong
etal., 2009) in Streptococcus mutans. We have highlighted the pres-
ence of ComDE and CiaRH, as these TCSs were found to be mediators
of the acidic stress response in S. pneumoniae. Although CiaRH had
the same protector function on autolysis in both S. pneumoniae
and S. mutans, the ComE behavior was completely different during
autolysis induction. While ComE depended on the CSP quorum-
sensing system with the comE mutant displaying a decreased ATR
in S. mutans, in S. pneumoniae, ComE regulation was independent
of the quorum-sensing mechanism with the comE mutant showing
a blocked ASIL.

Previously, we proposed that ComE is the principal route of the
signaling pathway that determines a global stress response in S.
pneumoniae (Pinas et al., 2008), and the present study strengthens
this hypothesis. In addition, this is the first report of TCSs regulat-
ing a stress response that decides between a survival and a suicide
mechanism. Interestingly, both ComDE (Hava and Camilli, 2002;
Kowalko and Sebert, 2008; Lau et al., 2001) and CiaRH (Ibrahim
et al., 2004; Sebert et al., 2002; Throup et al., 2000) have been ear-
lier related to virulence. It is important to note the independence of
the quorum sensing system in the regulation of ComE, because this
regulator could only be activated by acidic pH at low cell densities
in different biological niches, which has a direct implication in the
control of ASIL and ATR. Summing up, this biological model con-
tributes to the current knowledge about bacterial response under
stress conditions in host tissues, where pathogens need to survive
in order to establish infections, and to release virulence factors,
DNA and cell wall compounds by autolysis.
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