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Abstract

Our previous work described a clear loss of Escherichia coli (E. coli) membrane integrity after incubation with glycine or its N-
methylated derivatives N-methylglycine (sarcosine) and N,N-dimethylglycine (DMG), but not N,N,N-trimethylglycine
(betaine), under alkaline stress conditions. The current study offers a thorough viability analysis, based on a combination of
real-time physiological techniques, of E. coli exposed to glycine and its N-methylated derivatives at alkaline pH. Flow
cytometry was applied to assess various physiological parameters such as membrane permeability, esterase activity,
respiratory activity and membrane potential. ATP and inorganic phosphate concentrations were also determined.
Membrane damage was confirmed through the measurement of nucleic acid leakage. Results further showed no loss of
esterase or respiratory activity, while an instant and significant decrease in the ATP concentration occurred upon exposure
to either glycine, sarcosine or DMG, but not betaine. There was a clear membrane hyperpolarization as well as a significant
increase in cellular inorganic phosphate concentration. Based on these results, we suggest that the inability to sustain an
adequate level of ATP combined with a decrease in membrane functionality leads to the loss of bacterial viability when
exposed to the proton scavengers glycine, sarcosine and DMG at alkaline pH.
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bacterial homeostasis mechanisms [6], enhancing ETEC suscep-
tibility to a disturbance of their functional integrity by glycine,
sarcosine and DMG. Figure la represents the physiological
conditions (neutral, i.e. no pH stress), where the intracellular pH
is kept in a narrow range near pH 7.6 [7,8]. A shift to an alkaline
environment (Fig. 1b) is stressful for bacteria as illustrated by the
induction of major stress systems in FE. coli, such as heat shock
responses [9,10], the SOS regulon [11], and the Cpx envelope
stress mechanisms [12]. pH stress also induces several physiolog-
ical changes [13] and initiates a large number of adaptive
strategies. These strategies include: (i) increased metabolic acid
production through amino acid deaminases and sugar fermenta-
tion; (i) increased ATP synthase that couples H' entry to ATP

Introduction

We recently described a decrease in the viability of stationary
phase enterotoxigenic Escherichia coli (E. coli, ETEC) associated with
membrane damage and reduced growth capacity caused by
glycine and its N-methylated derivatives N-methylglycine (sarco-
sine), N, N-dimethylglycine (DMG) under alkaline stress conditions
[1]. In contrast, the trimethylated analogue of glycine, betaine, did
not affect bacterial viability. We now aim to investigate which
changes in viability parameters accompany this selective loss of
membrane integrity at alkaline pH, providing an indication on the
possible underlying mechanism.

Direct membrane interactions of peptides and amino acid-based

surfactants causing antibacterial effects are usually related to a net
positive charge of these compounds, enhancing their interaction
with anionic lipids and other bacterial targets [2]. However,
antibacterial effects through membrane altering actions of anionic
amino acid-based surfactants have also been described [3,4].
Besides a direct cytoplasmic membrane effect, it is also possible
that the ETEC membrane damage occurs secondary to a negative
influence on bacterial physiology [5]. Indeed, alkaline stress affects
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generation; (i) changes in cell surface properties; and (iv)
increased expression and activity of monovalent cation/proton
antiporters [6,7]. Interference at various levels of the compensa-
tion mechanisms may eventually lead to a loss of bacterial viability.

Different complementary approaches can be used to assess
bacterial viability/activity [14,15,16,17]. In our previous work we
established the loss of membrane integrity due to exposure to
glycine, sarcosine and DMG under alkaline conditions [1]. These
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Figure 1. Maintaining £. co/i pH homeostasis at physiological
pH (a). During respiration, protons (H*) are pumped extracellularly,
while ATP synthesis via the F,F;-ATP synthase complex moves protons
intracellularly. F,F;-ATP synthase converts the free energy of the proton
motive force (PMF) into the chemical energy source ATP. Under
physiological conditions, the extracellular pH is more acid than the
intracellular pH. The cytoplasmic membrane is negatively charged on
the inside, and positively charged on the outside. (1) represents the
cytoplasmic membrane, (2) represents the outer membrane. Main-
taining E. coli pH homeostasis under alkaline stress conditions
(b). To prevent cytosolic alkalinisation under extracellular alkaline
conditions, the cytoplasmic pH is-next to other mechanism - also
regulated by the import of protons by the upregulated ATP synthase
and by a multitude of cation antiport systems, pumping in protons. The
membrane potential (AW) is relatively increased (i.e. more negative) to
compensate for the inverted proton concentration gradient (ApH).
Exposure of alkaline stressed E. coli to proton scavenging
amines such as glycine (c). When unprotonated glycine enters the
neutral cytosol under extracellular alkaline conditions it becomes
protonated. This causes membrane hyperpolarisation (1) by proton
consumption and a higher ATP consumption in an effort to sustain pH
homeostasis (2). These effects induced by proton scavenging lead to a
loss of membrane integrity (3).

doi:10.1371/journal.pone.0060328.g001

experiments were repeated using log phase E. coli and the
occurrence of membrane damage was further assessed by
measuring the leakage of nucleic [18]. Traditional culture based
methods, minimal inhibitory concentrations (MIC) and plate
counts, were also performed. The energy status of bacteria is an
important functional indicator of bacterial viability. Bacteria use
two forms of metabolic energy: electrochemical energy provided
by ion gradients and energy-rich phosphate bonds, such as ATP
[14]. Measurements of these forms of energy, such as membrane
potential and ATP concentration can be used as indicators of cell
viability [19]. Next to ATP, the inorganic phosphate (polyP)
concentration is also related to the energetic status of bacteria as
polyP is considered to be a general source of ATP in several well-
known reactions [20]. Moreover, polyP has also been found to be
mvolved in several bacterial stress responses [20,21]. Closely
connected to the energy metabolism of E. coli is its respiratory
activity, as the electro-chemical gradient of protons generated by
respiration in the process of oxidative phosphorylation is used to
synthesize ATP from ADP and inorganic phosphate [22,23]. Both
the respiratory chain and F, I';-ATP synthase have been reported
to regulate the intracellular pH in bacteria [24,25]. General
enzyme activity is another essential factor in maintaining cellular
viability. For this purpose, esterases can provide a good indication
of the bacterial metabolic activity. They demonstrate the cells’
capacity to synthesize these enzymes and maintain them in an
active form [17].

The present study performed an in-depth viability analysis
based on a combination of real-time physiological techniques
which generated novel data allowing the formulation of a clear
hypothesis on the effects of glycine, sarcosine and DMG on E. coli
under alkaline stress conditions, as illustrated in Fig. 1.

Materials and Methods

Test Compounds

Glycine (=99% purity), sarcosine (=99% purity) and betaine
(=99% purity) were obtained from Sigma Aldrich (St. Louis, MO),
DMG (=97% purity) was obtained from Taminco (Taminco
B.V.B.A., Ghent, Belgium). All compounds were stored to
manufacturers’ guidelines until use. Compound characteristics
are described by Vanhauteghem et al. [1].
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Bacterial strain, culture and exposure conditions

The haemolytic ETEC strain GIS26, serotype 0149:F4ac,
positive for heat labile (L'T) and heat stabile (STa and STb)
enterotoxins [26], was grown overnight at 37°C in brain heart
infusion medium (BHI, Oxoid Limited, Hampshire, United
Kingdom) to stationary phase. This overnight culture was
moculated 1:100 into fresh BHI broth and grown for 3 h to the
exponential phase at 37°C. Log phase bacteria were collected by
centrifugation (10.000x g, 2 minutes, room temperature) of 1 ml
of the bacterial culture and then resuspended in each of the
appropriate test compound solutions in sterile PBS.

A 50 mM solution of each test compound was prepared in
sterile PBS. The pH of these solutions was adjusted to pH 9.5 by
either HCI or NaOH addition. Log phase ETEC were dispersed in
1 ml of each test sample. As a control, pH-adjusted sterile PBS was
used. The bacterial suspensions were incubated shaking for 5, 15,
30, 90 and 180 minutes at 37°C. After incubation, analysis of the
different viability parameters was performed as described for each
parameter below. Proper positive and negative controls were
included for each analysis.

Minimum inhibitory concentration (MIC)

Determination of the minimum inhibitory concentration (MIC)
for the test compounds was performed using the broth microdilu-
tion assay, using Mueller-Hinton agar at a pH of 6.5, 8.5, 9.0, 9.5
and 10.0. Inoculated microwells free of the test substance, but
adjusted to the respective pH values, were included as growth
controls, uninoculated microwells were used as sterility controls.
Results were recorded after 20 h incubation of the microwell
plates in an aerobic atmosphere at 35°C (+/—2°C).

Plate counts

The number CFU per ml was assessed by conventional plate
count, which is based on CFU values obtained from a 10-fold
serial dilution of each sample plated on Tryptone Soy Agar (Oxoid
Limited, Hampshire, United Kingdom) and incubated overnight
at 37°C. These plate counts determine the number of culturable
bacteria in each sample. All data are the result of triplicate
experiments.

Leakage of 260-nm-absorbing material

After incubation samples were centrifuged at 10.000 g for 2 min
at 4°C, and 750 ul of the supernatant for each treatment was
added to quartz cuvettes and absorbance values at 260 nm were
recorded using a spectrophotometer (Genesys 10UVn Thermo
Electron Company, Cambridge, UK). All experiments were
performed in triplicate.

Flow cytometric parameters

All data were obtained using a FACSCanto flow cytometer
(Becton, Dickinson and Company, Erembodegem, Belgium), and
acquired and processed using FacsDiva software (Becton, Dick-
inson and Company, Franklin Lakes, NJ, USA). All experiments
were performed in triplicate.

Membrane integrity was assessed using the LIVE/DEAD
BacLight'™ kit (Molecular Probes Eugene, OR, USA) as
described by the manufacturer. This bacterial viability kit is
widely used in flow cytometry and consists of two nucleic acid
stains: green fluorescent SYTO 9 is cell-permeable and freely
enters all ETEC, either live or dead, while red fluorescent
propidium iodide (PI) can only enter membrane-comprised cells
[27]. In our set-up, 10 pl of the treated bacterial cell suspension
was added to 987 ul of sterile saline. These samples were
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immediately stained with 3 pl of a mixture of SYTO 9 (5 uM
final concentration) and PI (30 pM final concentration) and
incubated for 15 minutes in the dark at room temperature. Flow
cytometric measurements were performed immediately thereafter.

Membrane potential was assessed using the BacLight™
Membrane Potential kit (Molecular Probes Eugene, OR, USA) as
described by the manufacturer. The kit contains DiCOy which
exhibits green fluorescence in all bacterial cells, but the
fluorescence shifts toward red emission as the dye molecules self-
associate at the higher cytosolic concentrations caused by larger
membrane potentials. The red to green fluorescence ratio is used
as a size-independent indicator for membrane potential. The
proton ionophore carbonyl cyanide m-chlorophenylhydrazone
(CCCP) was used to provide a depolarized control as it destroys
membrane potential by eliminating the proton gradient. In our
set-up, 10 pl of the treated bacterial cell suspension was added to
980 ul of sterile PBS. These samples were immediately stained
with 10 pl of a DiOCy (30 uM final concentration) and incubated
for 30 minutes at 37°C in the dark. Flow cytometric measurements
were performed immediately thereafter.

Esterase activity was assessed using 5(6)-carboxyfluorescein
diacetate (cFDA, Molecular Probes, Eugene, OR, USA). cFDA is
an esterified fluorogenic substrate widely used for assessing esterase
activity in bacteria. It is cell permeant and once inside the cell, the
non-fluorescent cFDA is enzymatically cleaved via hydrolysis of
the diacetate groups by nonspecific esterases into fluorescent
carboxyfluorescein (cF), which is accumulated cytosolically [28].
Esterified fluorogenic substrates offer a means of rapid detection of
metabolically active bacteria when used in combination with
techniques that measure fluorescence at the single cell level, such
as flow cytometry. Prior to use, concentrated stock solutions of
21.7 mM cFDA were prepared in DMSO, and further diluted to a
final concentration of 10 mM in sterile PBS. Samples of 1 ml of
the treated bacterial suspensions were centrifuged (10.000x g, 2
minutes) and the supernatant was discarded. Cell pellets of ETEC
were resuspended in 20 ul of 10 mM cFDA and incubated for
30 min at 37°C in the dark. Following incubation, cells were
washed and resuspended in 1 ml sterile PBS and then analyzed by
flow cytometry.

Respiratory activity was assessed using 5-cyano-2,3-ditolyl
tetrazolium chloride (C'TC). CTC is a colourless, membrane-
permeable compound that produces a red fluorescing precipitate
in the cell when it is reduced to its formazan by the electron
transport system of bacterial cells [29]. In our set-up, 20 pl of the
treated bacterial cell suspension was added to 880 ul of sterile
PBS. These samples were immediately stained with 100 pl of a
CTC (5 pM final concentration) and incubated for 30 minutes at
37°C in the dark. Flow cytometric measurements were performed
immediately thereafter.

ATP measurement

For the determination of total ATP, the BacTiter-Glo™™
System (Promega, Madison, WI, USA) was used as described by
the manufacturer. The BacTiter-Glo™ Buffer was mixed with the
lyophilized BacTiter-Glo™™ Substrate and equilibrated at room
temperature. The mixture was stored for 3 h at room temperature
to ensure that all ATP was hydrolysed (“burned off”) and the
background signal had decreased. A test sample of 100 pl i.e. both
the bacterial population and the incubation medium, was taken
from the exposed resuspended bacterial populations and mixed
with an equal volume of BacTiter-Glo' ™ Reagent. Luminescence
was measured with a multiplate luminometer (Fluoroscan Ascent
FI, Thermo Labsystems, Helsinki, Finland). A calibration curve
with adequate dilutions of pure rATP (Promega, Madison, WI,
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Table 1. Overview of the MIC determination data for glycine,
sarcosine, DMG and betaine.

Concentration

pH treatment 25mM 50 mM 100 mM 200 mM

6.5 glycine
sarcosine
DMG
betaine
control

8.5 glycine
sarcosine
DMG
betaine
control

9.0 glycine
sarcosine
DMG

betaine

+ o+ o+ o+ o+ A+ o+ o+ o+ o+ o+ o+ o+

control

9.5 glycine

sarcosine
DMG

betaine

+ + + + + + + + + + + + + + + + + + + +
+ + + A+ F o+ o+ o+ o+ o+ o+ o+ o+ +
B S S I I S e S S S A T

+ o+ o+ o+

control

10.0 glycine

sarcosine

DMG

betaine = =

control - -

The inhibition of visible bacterial growth by concentrations ranging from

25 mM up to 200 mM of each test compound was investigated at a pH ranging
from 6.5 to 10.0. The symbol (+) represents visible bacterial growth, while the
symbol (—) represents no visible growth.
doi:10.1371/journal.pone.0060328.t001

USA) was measured for each buffer prepared. All data are the
result of triplicate experiments.

Inorganic phosphate (polyP) measurement

Intracellular polyP was measured in cell suspension using the
DAPI-based fluorescence approach [30]. Cells were washed and
resuspended in buffer T (100 mM Tris HCI, pH 7.5) and DAPI
(4'6-diamidino-2-phenylindole) (Sigma Aldrich, St. Louis, MO)
was added to a final concentration of 10 uM. After 5 min agitation
at 37°C, the DAPI fluorescence spectra (excitation 420 nm with a
bandwith of 8 nm, emission 535 nm with a bandwith of 25 nm)
were recorded using a Perkin Elmer Envision Xcite spectrofluo-
rometer. The fluorescence of the DAPI-polyP complex was used as
a measure of intracellular poly P because fluorescence emissions
from free DAPI and DAPI-DNA are minimal at this wavelength
[30]. All data are the result of triplicate experiments.

Statistical analysis

Flow cytometric data of the percentages of live, intermediate
and dead bacteria were arcsine-transformed to obtain normal
distributions. The CFU counts were logarithmically transformed.
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ATP, polyp, membrane potential, respiratory activity and leakage
at 206 nm data were not transformed. In order to compare the
effects of the compounds with the control condition, the Welch’
robust variation of ANOVA was used and followed by Dunnett’s
T3 multiple comparisons. Covariance analysis was performed to
compare linear regression slopes of the time course of CFU counts,
ATP concentration and flow cytometric based membrane integrity
analysis for the different compounds versus control conditions.

Results

MIC determination

Concentrations ranging from 25 mM up to 200 mM of each
test compound were investigated for their antibacterial potential
against ETEC at a pH ranging from 6.5 to 10.0. None of the
tested compounds inhibited visible bacterial growth at pH 6.5 to
pH 9.0. In contrast, at pH 10.0 all bacterial growth was inhibited
due to the highly alkaline pH, as no bacterial growth was observed
in the control sample either. At pH 9.5 compound- and
concentration-dependent effects occurred. While no inhibition of
bacterial growth was yet seen due to exposure to sarcosine, DMG
or betaine, glycine inhibited the ETEC growth at a concentration
of 200 mM. This indicates that the MIC for glycine on the ETEC
at pH 9.5 lies between 100 and 200 mM, while it exceeds
200 mM for the AN-methylated analogues tested. The MIC data
are presented in Table 1.

Plate counts

Complementary to the standard evaluation method of bacterial
growth inhibition via the above-described MIC, the bacterial
culturability was also assessed through plate counts. Mean values
* SD of log phase ETEC are presented in Fig. 2. Covariance
analysis showed a significant difference in linear regression of the
control versus glycine, sarcosine and betaine. The slope of the time
course of the glycine- and sarcosine-exposed samples was
significantly more negative than the slope of the control sample
(p=0.002 and 0.003, respectively). In contrast, the slope of the
betaine-exposed sample was more positive compared to the
control sample (p<0.0005).

Leakage of 260-nm-absorbing material

The presence of nucleic acids and its related compounds, such
as pyrimidines and purines, are used as an indicator of cell
membrane damage. Absorbance was measured for up to 180 min
of ETEC exposure to each of the four test compounds (50 mM,
pH 9.5), and compared to the control. Mean optical density (OD)
values = SD are presented in Fig. 3. After 30 min of incubation
there was a significant loss of 260-nm-absorbing material when
incubated with glycine (p=0.003) and DMG (p =0.006). Expo-
sure to sarcosine also led to a significant increased leakage albeit
only after 90 min of incubation (p=0.001). In contrast, betaine
did not show any influence on membrane permeability under
these incubation conditions. These results confirm a loss of
membrane integrity due to exposure to glycine, and to a lesser and
slower extent sarcosine and DMG under alkaline conditions.

Flow cytometric assessment of membrane permeability

As previously shown for stationary phase ETEC [1], flow
cytometric analysis of membrane integrity of log phase ETEC with
SYTO 9/PI dual staining revealed a unique fluorescence pattern,
directly related to the degree of membrane damage. Three
bacterial subpopulations could thus be identified: membrane-
intact live bacteria (A), membrane-damaged “‘intermediates” (B)
and dead bacteria (C). Percentages of these bacterial subpopula-
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Figure 2. Culturability of £. coli. ETEC were exposed to glycine, sarcosine, DMG, betaine (50 mM, pH 9.5) and sterile PBS (control, pH 9.5) for up to
90 minutes. The slope of the time course of the glycine-, sarcosine- and DMG-exposed samples is significantly more negative than the slope of the
control sample. In contrast, the slope of the betaine exposed sample is more positive compared to the control sample. Data are expressed as means

+ SD of triplicate experiments.
doi:10.1371/journal.pone.0060328.g002

tions are presented in Fig. 4. Data showed a significant (p =0.001)
decrease in the mean percentage of live bacteria already after an
exposure time of 5 min to glycine (50 mM, pH 9.5) compared to
the control. A significant decrease in the percentage of live
bacteria after exposure to sarcosine or DMG was observed only
after 90 min of incubation (p =0.003 and 0.005, respectively).
Covariance analysis showed a significant difference in linear
regression of the control versus glycine, sarcosine and DMG. The
slope of the time course of the percentages of membrane-intact live
bacteria exposed to the latter 3 compounds was significantly more

negative than the slope of the control sample (all p<<0.0005).
Complementary, the slopes of the membrane-damaged interme-
diate and dead bacteria were significantly more positive compared
to the control sample (all p<0.0005). Illustrative flow cytometric
dot plots of ETEC samples incubated with glycine (50 mM,
pH 9.5) are presented in Fig. 5.

Opverall, these results suggest a compound- and time-dependent
onset of membrane damage by glycine versus sarcosine and DMG.
In marked contrast, no significant differences in ETEC membrane

’ —#— glycina*®
—— sarcosins® _#
DMG* e
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g control ]
g, - ___—a
= ) d--'_._.-___,-
a P =
1 ’( > )
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0 50 100 150 200
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Figure 3. Leakage of 260-nm-absorbing material from E. coli. ETEC were exposed to glycine, sarcosine, DMG, betaine (50 mM, pH 9.5) and
sterile PBS (control, pH 9.5) for up to 180 minutes. After 30 min of incubation there is a significant loss of 260-nm-absorbing material when incubated
with glycine (p=0.003) and DMG (p =0.006). Exposure to sarcosine leads to a significant increased leakage after 90 min of incubation (p=0.001).

Data are expressed as means = SD of triplicate experiments.
doi:10.1371/journal.pone.0060328.g003
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Figure 4. Percentage of membrane-intact live (A), membrane-damaged “intermediates” (B) and irreversibly membrane-damaged
dead (C) E. coli subpopulations. ETEC were exposed to glycine, sarcosine, DMG, betaine (50 mM, pH 9.5) and sterile PBS (control, pH 9.5) for up to

180 minutes Data are expressed as means = SD of triplicate experiments.

doi:10.1371/journal.pone.0060328.9g004

integrity were observed between betaine and the control sample
for any of the incubation times measured.

Flow cytometric assessment of membrane potential

Ratiometric MFI determination of the membrane potential
showed a significant hyperpolarization of the ETEC membrane
after exposure to glycine, sarcosine and DMG (50 mM, pH 9.5)
after 90 min of incubation, compared to the control (p<<0.0003,
p=0.002 and p<<0.0005, respectively). In contrast, a time-
dependent depolarization of ETEC occurred in the betaine-
exposed and control samples. Mean ratiometric MFI values = SD
are presented in Fig. 6.

Flow cytometric measurement of esterase activity
Esterase activity was measured as a marker for the ETEC
metabolic activity. Fig. 7 shows the representative fluorescence
pattern of active and inactive control samples. Inactive cells do not
stain (cF ) because they either lack enzyme activity and/or cF
diffuses freely through the membrane. Metabolically active cells
are green fluorescent (cF). Compared to the active control, ETEC
exposed to only pH 9.5 (control) or to each of the test compounds
(50 mM, pH 9.5) showed no decrease in the percentage of
metabolically active bacteria for up to 30 min. Overall, these

results do not allow to demonstrate a metabolic impairment at the
level of enzymatic activity.

Flow cytometric assessment of respiratory activity

Dehydrogenase activity was measured as a marker for the
ETEC respiratory activity. Fig. 8A shows the representative
fluorescence pattern of active and inactive control samples.
Inactive cells (a) do not stain because they lack respiratory
dehydrogenase activity. Actively respiring cells (b) become red
fluorescent. Iig. 8B presents the MFT of the bacterial populations
after exposure to the compounds. Compared to the active control,
ETEC exposed to glycine and sarcosine (50 mM, pH 9.5) showed
a significant decrease in MFI already at 15 min of incubation
(p=0.017 and p=0.008, respectively). This indicates that there is
a significant but transient decrease in respiratory activity of the
ETEC after 15 min of exposure to glycine and sarcosine at
pH 9.5. No significant differences were observed between DMG,
betaine and the control sample for any of the incubation times
measured.

ATP Measurement
Intracellular ATP levels were examined for up to 30 min of
ETEC exposure to each of the four test compounds (50 mM,

S min 15 min 30 min 90 min 180 min
— ] " ~ o T TN
3| 1 By | | 1 8l [ N [B ] ™ s &l Ty 154
2 ||¢"] G o1 C L[ | = C Hl.® C = C 1
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Figure 5. Flow cytometric SYTO 9 (FL1)/PI (FL3) dot plots presenting pH-dependent E. co/i membrane damage. Data obtained for a
representative ETEC sample incubated with glycine (50 mM, pH 9.5) for up to 3 hours. The A region corresponds to the subpopulation of live cells
with an intact plasma membrane, the B region corresponds to the subpopulation of bacteria in an intermediate injured state with different degrees
of comprised membranes, the C region corresponds to the subpopulation of dead cells with irreversibly damaged membranes.

doi:10.1371/journal.pone.0060328.g005
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Figure 6. Ratiometric red/green fluorescence presenting £. co/i membrane potential. Ratiometric membrane potential measurements
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dependent depolarization of ETEC. Data are expressed as means * SD of triplicate experiments.

doi:10.1371/journal.pone.0060328.g006

pH 9.5), and compared to the control. Mean values * SD are
presented in are presented in Fig. 9.

Cellular ATP depletion started immediately during the incuba-
tion with either glycine, sarcosine or DMG. Already after 5 min of
incubation a significant (all p<<0.0005) loss of ATP was observed in
these samples, compared to the control. A time-dependent
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Figure 7. Overlay diagram of the flow cytometric histograms
representing metabolically active and inactive E. coli subpopu-
lations. Inactive (cF~) (1) and active (cF*) (2) ETEC population are
determined by cFDA staining. Inactive cells do not stain because they
either lack the enzyme activity to metabolize cFDA to cF and/or cF
diffuses freely through the membrane, while metabolically active cells
are green fluorescent (cF*). Both populations are separated by the black
line. The overall mean of triplicates and range are provided.
doi:10.1371/journal.pone.0060328.g007
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decrease in the ATP concentration occurred also in the control
and betaine samples. However, after 30 min of incubation, the
ATP level of the bacterial populations exposed to betaine
remained significantly (p=0.001) higher than the ATP level of
the control samples.

Inorganic phosphate (polyP) measurement

The fluorescence (in arbitrary units) of the DAPI-polyP complex
is used as a measure of intracellular polyP. Inorganic phosphate
levels were measured for up to 90 min of ETEC exposure to each
of the four test compounds (50 mM, pH 9.5), and compared to the
control. Mean values *£ SD are presented in Fig. 10. After 30 min
of incubation there was a significant increase in DAPI-polyP
fluorescence when incubated with glycine (p = 0.009) compared to
the control. Exposure to sarcosine and DMG also led to a
significant increase in fluorescence albeit only after 90 min of
incubation (p =0.03 and p =0.007, respectively), and not to a level
as high as seen after exposure to glycine. In contrast, betaine did
not show any influence on polyP concentration under these
alkaline incubation conditions.

Discussion

Bacterial viability can be assessed at different levels: growth
capacity, structural integrity and physiological integrity. Culture-
based methods, such as the MIC and plate count methods
represent the original concept of bacterial viability, solely based on
their growth capacity [16]. Our plate count results show a
significant linear regression of the CFU after exposure to glycine,
sarcosine and DMG (but not betaine), compared to the control
(PBS, pH 9.5). This observation, together with the results obtained
in previous work [1], indicates that a prolonged exposure to these
former compounds induces a progressive loss of ETEC growth
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Figure 8. Overlay diagram of the flow cytometric histograms representing respiratory active and inactive E. coli subpopulations (a).
Inactive (1) and active (2) ETEC subpopulation are determined by CTC staining. Inactive cells do not stain because they lack respiratory
dehydrogenase activity. Actively respiring cells are red fluorescent. Both populations are separated by the black line. Mean fluorescence intensity
(MFI) presenting E. coli respiratory activity (b). Compared to the active control, ETEC exposed to glycine and sarcosine (50 mM, pH 9.5) showed a
significant decrease in MFI after 15 min of incubation (p=0.017 and p=0.008, respectively). Data are expressed as means * SD of triplicate
experiments.

doi:10.1371/journal.pone.0060328.g008

capacity under alkaline conditions. Our MIC data only confirmed
a growth inhibiting effect for glycine at pH 9.5. However, this
latter approach does not provide detailed information on the
effects of the compounds at the single cell level, nor on the
structural and physiological state of the bacteria.

Essential in bacterial structural integrity is an intact cytoplasmic
membrane. We previously described a membrane-damaging effect
of glycine, sarcosine and DMG (but not betaine) on stationary

phase E. coli under alkaline conditions [1]. To ensure on optimal
evaluation of the physiological viability parameters described in
the present study, we needed to investigate all potential effects on
log phase E. coli, rather than stationary phase E. coli. Our results
confirm the loss of membrane integrity, through a nucleic acid
flow cytometric staining protocol, and measuring leakage of 260-
nm-absorbing material. Both datasets show a significant loss of
membrane integrity after 30 min when exposed to glycine, and
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Figure 9. Total ATP concentration of E. coli. ETEC were exposed to glycine, sarcosine, DMG, betaine (50 mM, pH 9.5) and sterile PBS (control,
pH 9.5) for up to 30 min. Already after 5 min of incubation, a significant (p<<0.0005) loss of ATP occurs in the bacterial populations exposed to
glycine, sarcosine and DMG, compared to the control and betaine sample. Data are expressed as means * SD of triplicate experiments.

doi:10.1371/journal.pone.0060328.g009
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Figure 10. DAPI-polyP fluorescence presenting polyP concentration of E. coli. Inorganic phosphate levels were measured for up to 90 min
of ETEC exposure to glycine, sarcosine, DMG or betaine (50 mM, pH 9.5), and compared to the control. After 30 min of incubation there is a
significant increase in DAPI-polyP fluorescence when incubated with glycine (p =0.009), compared to the control sample. Exposure to sarcosine and
DMG leads to a significant increase of fluorescence after 90 min of incubation (p =0.03 and p =0.007, respectively), but not to a level as high as seen
after glycine exposure. Betaine exposure had no significant influence compared to the control. Data are expressed as means * SD of triplicate

experiments.
doi:10.1371/journal.pone.0060328.g010

after 90 min when exposed to sarcosine and DMG. These
bacterial populations are still able to grow, as demonstrated by
the culture-dependent data. We therefore presume that the initial
membrane damage is still reversible, but will progress to
irreversible membrane integrity loss upon prolonged exposure
(fig. 1c). This leads to a certain heterogeneity in the bacterial
population and a final loss of culturability as demonstrated in our
previous work [1]. To provide a detailed assessment of bacterial
viability and identify any underlying effects of the compounds, a
combination of several viability parameters was further examined.

In metabolically active bacteria with intact cytoplasmic mem-
branes, there is typically a difference of electrical potential across
the membrane, with a relatively negative intracellular environ-
ment compared to the extracellular environment [31]. Changes in
membrane potential are considered an early indicator of injury in
bacteria [32]. Although a depolarization effect was expected,
hyperpolarization has also been reported as an effect associated
with bacterial viability loss [5,19,33]. Recent studies on this
phenomenon suggest that hyperpolarization can occur due to an
increase in pH or due to increased movement of ions [34]. More
specifically K* diffuses outside the cell through K*-channels
affecting cellular homeostasis [34]. Spindler et al. [5] state that a
non-lethal destabilization of the cytoplasmic membrane can
disrupt normal electron flow, resulting in at least a transient
hyperpolarization of the cytoplasmic membrane. Hyperpolariza-
tion is also defined as a higher negative charge at the intracellular
side of the cytoplasmic membrane [35], as shown in fig. 1b. When
we consider our compounds in this context, it should be noted that
the amine group of glycine, sarcosine and DMG is unprotonated
at highly alkaline pH (extracellular) and protonated at a pH near
neutrality (intracellular), while the carboxylate group remains
negatively charged within this pH range (fig. 1c) [1]. Thus, once
intracellular, the amine group becomes protonated at the near
neutral cytoplasmic pH. This causes an alkalinization of the
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cytoplasm and a more negative charge by proton consumption. Of
relevance, hyperpolarization can directly comprise membrane
integrity [36]. Hyperpolarization has also been associated with the
formation of superoxide radicals [5], which are implicated in
bacterial killing [37].

The E. coli metabolic activity was further evaluated by two
complementary parameters: the esterase activity and the total ATP
concentration of the bacterial population. Bacterial physiology can
only be maintained if the cell is metabolically active and enzymatic
reactions, such as those catalyzed by esterases, reflect this activity
[38]. No loss of bacterial esterase activity occurred ecither after
exposure to each of the compounds or to alkaline stress alone
(control, PBS pH 9.5). Therefore, under these conditions E. coli
could be considered metabolically viable. Nevertheless, it should
be emphasized that while enzyme synthesis requires energy, the
esterase enzyme-substrate reaction does not, and this enzymatic
process can be considered energy-independent [39]. True
assessment of the energetic state of bacteria is possible by the
determination of their ATP level. ATP is the universal energy
currency of living cells and as such drives numerous energy-
consuming reactions e.g. biosyntheses, mechanical motility,
transport through membranes and regulatory networks [40].
Indeed, ATP is the most important indicator of the metabolic state
and health of cells, including bacteria [40,41]. The ATP
concentration of the bacterial population decreased significantly
and very rapidly after exposure to glycine, sarcosine and DMG
(but not betaine) at pH 9.5, compared to the alkaline stress control
(fig. 1c). This instant depletion cannot be attributed to an
extracellular leakage of ATP, as our data present both the
intracellular and extracellular ATP concentration.

Two pathways exist in E. coli for ATP synthesis: glycolysis and
oxidative phosphorylation. The F, I'|-ATP synthase complex
catalyzes the synthesis of ATP from ADP and inorganic phosphate
using the electro-chemical gradient of protons generated by
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respiration during oxidative phosphorylation (fig. 1a) [23]. In
addition to ATP synthesis, the respiratory chain has been reported
to regulate the cytoplasmic pH in E. coli [24]. Krullwich et al. [42]
state that when bacterial cells are exposed to conditions which
require proton influx into the cytoplasm, such as alkaline stress, the
expression of the proton pumping F, I';-ATP synthase is elevated
in E. coli, along with a repression of proton extruding respiratory
chain complexes. In line with the latter, our results show a minor,
but significant decrease in respiratory activity when the bacteria
are exposed to glycine and sarcosine for 15 min. However, this
appears to be a transient effect, as respiratory function is already
regained at 30 min of incubation.

The F, F;-ATP synthase complex is located in the bacterial
cytoplasmic membrane and converts the free energy of the proton
motive force (PMF) into the universal chemical energy source ATP
[43]. Under physiological conditions (i.e. in the absence of alkaline
pH stress), protons move from extracellular to the intracellular,
allowing ATP generation (Fig. 1a). In £. coli, the PMF driving this
synthesis consists of both a transmembrane proton concentration
gradient (ApH) and an electrical membrane potential (AY)
component [44]. Both ApH and AY are influenced by the
extracellular pH [22], while the AW is additionally modified by
several ion membrane transporters (Fig. 1a) [45]. As stated above,
the extracellular environment is relatively more acid than the
intracellular environment at physiological pH. Under alkaline
stress conditions, the situation is reversed which severely influences
the PMF [46]. The AW increases to compensate for this inverted
ApH (fig 1b). Intracellular pH homeostasis in an alkaline
environment places a high energy demand on the cell. While
numerous responses to pH stress are described, the mechanism by
which E. coli maintains its cytoplasmic pH near neutrality is very
complex and remains only partially understood [42,46]. It is
however generally accepted that sustaining this pH homeostasis
presents bacteria with a severe bioenergetic challenge. Besides a
major influence on bacterial homeostasis, the alkaline conditions
also have an important influence the ionization state of glycine,
sarcosine and DMG, but not on that of betaine. The ionization
state of the trimethylated analogue betaine remains unaffected. In
contrast, the amine group of glycine, sarcosine and DMG is
protonated at the near neutral cytoplasmic pH, causing an
alkalinization of the cytoplasm by proton consumption (fig. 1c). A
relevant illustration of this proton scavenging mechanism is
provided by Yohannes et al. [47], who report that alkaline pH
plays a critical role in polyamine stress. These authors state that
the accumulation of polyamines is favored when the cytoplasmic
pH is lower than the external pH. Under such conditions, the
uncharged base entering the cell is protonated in the cytoplasm

References

1. Vanhauteghem D, Janssens GPJ, Lauwaerts A, Sys S, Boyen F, et al. (2012)
Glycine and its MN-methylated analogues cause pH-dependent membrane
damage to enterotoxigenic Escherichia coli. Amino Acids 43: 245-253.

2. Jenssen H, Hamill P, Hancock REW (2006) Peptide Antimicrobial agents. Clin
Microbiol Rev 19: 491-511.

3. Sanchez L, Mitjans M, Infante MR, Vinardell MP (2006) Potential irritation of
lysine derivative surfactants by haemolysis and HaCa'T cell viability. Toxicol
Lett 161: 53-60.

4. Sanchez L, Migans M, Infante MR, Garcia M'T, Manresa MA, et al. (2007) The
biological properties of lysine-derived surfactants. Amino Acids 32: 133-136.

5. Spindler EC, Hale JDF, Giddings TH, Hancock REW, Gill RT (2011)
Deciphering the mode of action of the synthetic antimicrobial peptide Bac8c.
Antimicrob Agents Ch 55: 1706-1716.

6. Padan E, Bibi E, Ito M, Krulwich TA (2005) Alkaline pH homeostasis in
bacteria: New insights. Biochem Biophys Acta 1717: 67-88.

7. Slonczewski JL, Fujisawa M, Dopson M, Krulwich TA (2009) Cytoplasmic pH
measurement and homeostasis in bacteria and archaea. Adv Microb Physiol 55:

1-78.

PLOS ONE | www.plosone.org

10

Glycine Decreases Escherichia coli Viability

and its consumption of protons can impair the ongoing pH
homeostasis process [7]. This implies that glycine, sarcosine and
DMG, but not betaine, could also have the potential to amplify
pH stress by scavenging protons within the cytoplasm, thus
requiring the cell to spend more ATP to support pH homeostasis
(Fig. 1c). This increased metabolic energy requirement could
explain the very rapid ATP depletion observed in E. colz at alkaline
pH after incubation with the presumed proton scavengers glycine,
sarcosine and DMG in our @ vitro model. A depletion of the ATP
pool has many detrimental consequences, as energy is required for
numerous cellular reactions [39] and can lead to significant
membrane damage [19].

Additionally, our results also show an increase in the inorganic
polyphosphate pool (polyP) when the bacteria are exposed to
glycine, sarcosine and DMG under alkaline conditions. PolyP can
be used in response to a wide variety of metabolic needs and plays
central roles in many general physiological processes and even as a
buffer against alkaline conditions [48]. It is also involved in the
response to several different stress situations and is involved in the
SOS response, as well as in the stringent response and in RpoS
activation [20,21]. Although the importance of polyP has been
reported for various bacterial species, the precise molecular
mechanism by which it enacts specific functions, as well as the
primary and secondary effects of polyP accumulation, are still not
fully understood in even the best characterized bacterial species
[49].

In conclusion, we state that exposure to glycine, sarcosine and
DMG rapidly induces a marked decrease in ETEC viability under
alkaline stress conditions. As to the possible mechanism behind this
striking viability loss, several assumptions can be made, which all
lead to a final loss of membrane integrity. Our data have shown
that £. coli ATP depletion and membrane hyperpolarization are
the major processes preceding severe membrane damage. We
provide strong indications that these can be linked to the
mtracellular proton scavenging effects of glycine, sarcosine and
DMG under alkaline conditions.

Acknowledgments

The technical assistance of Kristel Demeyere and Steven Christiaen was
gratefully appreciated.

Author Contributions

Conceived and designed the experiments: DV GP] EM. Performed the
experiments: DV FB. Analyzed the data: DV SS. Contributed reagents/
materials/analysis tools: AL FB EC. Wrote the paper: DV GPJ] EM.

8. Booth IR (1985) Regulation of cytoplasmic pH in bacteria. Microbiol Rev 49:
359-378.

9. Ades SE, Grigorova IL, Gross CA (2003) Regulation of the alternative sigma
factor 6" during initiation, adaptation, and shutoff of the extracytoplasmatic
heat shock respons in Escherichia coli. ] Bacteriol 185: 2512-2519.

. Taglicht D, Padan E, Oppenheim AB, Schuldiner S (1987) An alkaline shift
induces the heat shock response in Escherichia coli. J Bacteriol 169: 885-887.
11. Schuldiner S, Agmon V, Brandsma J, Cohen A, Friedman E, et al. (1986)
Induction of SOS functions by alkaline intracellular pH in Escherichia coli.

J Bacteriol 168: 936-939.

. DiGiuseppe PA, Silhavy TJ (2003) Signal detection and target gene induction by
the CpxRA two-component system. J Bacteriol 185: 2432-2440.

. Baatout S, Leys N, Hendrickx L, Dams A, Mergeay M (2007) Physiological
changes induced in bacteria following pH stress as a model for space research.
Acta Astronaut 60: 451-459.

. Breeuwer P, Abee T (2000) Assessment of viability of microorganisms employing
fluorescence techniques. Int J Food Microbiol 55: 193-200.

March 2013 | Volume 8 | Issue 3 | 60328



26.

27.

29.

30.

31.

32.

. Berney M, Weilenmann H-U, Egli T (2006) Flow cytometric study of vital

cellular functions in Escherichia coli during solar disinfection (SODIS).
Microbiology 152: 1719-1729.

Strauber H, Miileer S (2010) Viability states of bacteria-Specific mechanisms of
selected probes. Cytometry 77A: 623-634.

. Nebe-von-Caron G, Stephens PJ, Hewitt CJ, Powell JR, Badley RA (2000)

Analysis of bacterial function by multi-color fluorescence flow cytometry and
single cell sorting. J Microbiol Meth 42: 97-114.

. Nobmann P, Bourke P, Dunne J, Henehan G (2010) In vitro antimicrobial

activity and mechanism of action of novel carbohydrate fatty acid derivatives
against Staphylococcus aureus and MRSA. J Appl Microbiol 108: 2152-2161.
Sanchez E, Garcia S, Heredia N (2010) Extracts of edible and medicinal plants
damage membranes of Vibrio cholera. Appl Environ Microb 76: 6888-6894.

. Brown MRW, Kornberg A (2008) The long and short of it — polyphosphate,

PPK and bacterial survival. Trends Bioch Sci 33: 284-290.

. Brown MRW, Kornberg A (2004) Inorganic polyphosphate in the origin and

survival of species. P Natl Acad Sci 101: 16085-16087.

. Dimroth P, Kaim G, Matthey U (2000) Crucial role of the membrane potential

for ATP synthesis by F,Fy ATP synthases. ] Exp Biol 203: 51-59.

Sun Y, Fukamachi T, Saito H, Kobayashi H (2012) Respiration and the F,F,-
ATPase enhance survival under acidic conditions in Escherichia coli. PLoS ONE
7:e52577.

. Kinoshita N, Unemoto T, Kobayashi H (1984) Proton motive force is not

obligatory for growth of Escherichia coli. ] Bacteriol 160: 1074-1077.

. Kobayashi (1985) A proton-translocating ATPase regulates pH of the bacterial

cytoplasm. J Biol Chem 260: 72-76.

Van de Broeck W, Cox E, Goddeeris BM (1999) Receptor-dependent immune
responses upon oral immunization of pigs with F4 fimbriae. Infect Immun 67:
520-526.

Berney M, Hammes F, Bosschard F, Weilenmann H, Egli T' (2007) Assessment
and interpretation of bacterial viability by using the LIVE/DEAD BacLight Kit
in combination with flow cytometry. Appl Environ Microb 73: 3283-3290.

. Hoefel D, Grooby WL, Monis PT, Andrews S, Saint CP (2003) A comparative

study of carboxyfluorescein diacetate and carboxyfluorescein diacetate succini-
midyl ester as indicators of bacterial activity. ] Microbiol Meth 52: 379-388.
Créach V, Baudoux A-C, Bertru G, Le Rouzic B (2003) Direct estimation of
active bacteria: CTC use and limitations. J Microbiol Meth 52: 19-28.
Aschar-Sobbi R, Abramov AY, Diao C, Kargacin ME, Kargacin GJ, et al.
(2008) High sensitivity, quantitative measurements of polyphosphate using a new
DAPI-based approach. J Fluoresc 18: 859-866.

Breeuwer P, Abee T (2004) Assessment of the membrane potential, intracellular
pH and respiration of bacteria employing fluorescence techniques. Molecular
Microbial Ecology Manual 8: 1563-1580.

Hammes F, Berney M, Egli T (2011). Cultivation-independent assessment of
bacterial viability. Adv Biochem Engin/Biotechnol 124: 123-150.

PLOS ONE | www.plosone.org

1

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

Glycine Decreases Escherichia coli Viability

Yount NY, Kupferwasser D, Spisni A, Dutz SM, Ramjan ZH, et al. (2009) P
Natl Acad Sci 106: 14972-14977.

Bot CT, Prodan C (2010) Quantifying the membrane potential during E. coli
growth stages. Biophys Chem 146: 133-137.

. Castafieda-Garcia A, Do TT, Blazquez J (2011) The K* uptake regulator TrkA

controls membrane potential, pH homeostasis and multidrug susceptibility in
Mycobacterium smegmatis. J Anitmicrob Chemother 66: 1489-1498.

Foster JW (2004) Escherichia coli acid resistance: tales of an amateur acidophile.
Nature Reviews Microbiology 2: 898-907.

Kohanski MA, Dwyer DJ, Hayete B, Lawrence CA, Collins JJ (2007) A common
mechanism of cellular death induced by bactericidal antibiotics. Cell 130: 797—
810.

Vives-Rego J, Lebaron P, Nebe-von-Caron G (2000) Current and future
applications of flow cytometry in aquatic microbiology. FEMS Microbiol Rev
24: 429-448.

Baatout S, De Boever P, Mergeay M (2005) Temperature-induced changes in
bacterial physiology as determined by flow cytometry. Ann Microbiol 55: 73-80.
von Ballmoos C, Wiedenmann A, Dimroth P (2009) Essentials for ATP synthesis
by F,F-ATP synthases. Annu Rev Biochem 78: 649-672.

Aoki SK, Webb JS, Braaten BA, Low DA (2009) Contact-dependent growth
inhibition causes reversible metabolic downregulation in FEscherichia coli.
J Bacteriol 191: 1777-1786.

Krulwich TA, Sachs G, Padan E (2011) Molecular aspects of bacterial pH
sensing and homeostasis. Nat Rev Microbiol 9: 330-343.

Capaldi RA, Schulenberg B, Murray J, Aggeler R (2000) Cross-linking and
clectron microscopy studies of the structure and functioning of Escherichia coli
ATP synthase. J Exp Biol 203: 29-33.

Kaim G, Dimroth P (1998) ATP synthesis by the F,F;-ATP synthase of
Escherichia coli is obligatorily dependent on the clectrical potential. FEBS Letters
434: 57-60.

. Taglicht D, Padan E, Schuldiner S (1993) Proton-sodium stoichiometry of

NhaA, an electrogenic antiporter from Escherichia coli. J Biol Chem 268: 5382~
5387.

Maurer LM, Yohannes E, Bondurant SS, Radmecher M, Slonczewski JL (2005)
pH regulates genes for flagellar motility, catabolism, and oxidative stress in
Escherichia coli K-12. J Bacteriol 187: 304-319.

Yohannes E, Thurber AE, Wilks JC, Tate DP, Slonczewski JL (2005) Polyamine
stress at high pH in Escherichia coli K-12. BMC Microbiology 5: 59.

Zakharian E, Thyagarajan B, French RJ, Pavlov E, Rohacs T (2009) Inorganic
polyphosphate regulates TRPMS8 channels. PLoS ONE 4: ¢5404.
Grillo-Puertas M, Villegas JM, Rintoul MR, Rapisarda VA (2012) Polypho-
sphate degradation in stationary phase triggers biofilm formation via LuxS
quorum sensing system in Escherichia coli. PLoS ONE 7: ¢50368.

March 2013 | Volume 8 | Issue 3 | 60328



