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Abstract

N-chlorotaurine (NCT), the main representative of long-lived oxidants produced by granulocytes and monocytes, is known
to exert broad-spectrum microbicidal activity. Here we show that NCT directly inactivates Shiga toxin 2 (Stx2), used as a
model toxin secreted by enterohemorrhagic Escherichia coli (EHEC). Bacterial growth and Stx2 production were both
inhibited by 2 mM NCT. The cytotoxic effect of Stx2 on Vero cells was removed by =5.5 mM NCT. Confocal microscopy and
FACS analyses showed that the binding of Stx2 to human kidney glomerular endothelial cells was inhibited, and no NCT-
treated Stx2 entered the cytosol. Mass spectrometry displayed oxidation of thio groups and aromatic amino acids of Stx2 by
NCT. Therefore, long-lived oxidants may act as powerful tools of innate immunity against soluble virulence factors of
pathogens. Moreover, inactivation of virulence factors may contribute to therapeutic success of NCT and novel analogs,
which are in development as topical antiinfectives.
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Introduction

N-chlorotaurine (Cl-HN-CH,-CH,-SO3;H, NC'T), an MN-chloro
derivate of the amino acid taurine, i1s a long lived oxidant
produced in high amounts by stimulated human granulocytes and
monocytes [1-3]. It has been shown to downregulate in vitro
proinflammatory chemokines, cytokines, and enzymes, such as
TNFa, nitric oxide, and interleukins lbeta, 2, 6, 8, 12 [4-6].
Oxidation of IkBo and the following inhibition of activation of
NF-kB 1s assumed as a major basic mechanism [7], as well as
induction of hemoxygenase-1 [8].

Furthermore, NCT exerts broad-spectrum microbicidal activity
down to micromolar concentrations, so that its contribution to
inactivation of pathogens by phagocytes has been discussed [9,10].
The possibility to synthesize the substance chemically as crystalline
sodium salt (CI-HN-CHy-CHy-SO3-Na, [11]) paved the way for
numerous studies investigating mainly the 55 mM (1% w/v)
aqueous solution on its suitability as a topical antiinfective agent in
human medicine (for review see [12]). One major advantage is the
very good tolerability as a mild endogenous active chlorine
compound, so that sensitive body regions and cavities can be
irrigated [12]. These findings encouraged the development of
analog chloramines with even higher solution stability, MN-
monochloro-dimethyltaurine (Cl-HN-CHy-(CHjs)o-CHy-SO3-Na,
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NVC-612) and N N-dichloro-dimethyltaurine  (Cly-N-CHo-
(CH3)o-CHy-SO3-Na, NVC-422), which are promising new
antiinfective agents [13-15].

Investigating the mechanisms of action of NCT, we found that
chlorination of the surface of bacteria and fungi occurred within
1 min, before the killing started [16]. Importantly, incubation of
bacteria for such sublethal times in NC'T' removed their virulence,
as demonstrated for S. aureus and S. pyogenes in the mouse peritonitis
model [9,17]. Moreover, secretory aspartyl proteinases of Candida
albicans were found to be downregulated by sublethal concentra-
tions of NCT [18]. Loss of virulence was connected with a lag of
regrowth of pathogens, generally designated as postantibiotic effect
[9,17,18].

Besides that, we hypothesized that not only the pathogens can
be attacked by NCT, but also their virulence factors may be
directly oxidized and inactivated. This concept was supported
by the finding that gliotoxin of Aspergillus fumigatus is obviously
inactivated by this chlorine compound [19]. The consequences
would be at least dual: First, long-lived oxidants produced by
granulocytes and monocytes may act as tools of innate
Immunity to inactivate secreted or surface-bound virulence
factors. Second, upon clinical application of chloramines as
antiinfective solutions, an impact on the metabolites of
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pathogens in addition to the microbicidal effect could enhance
the therapeutic success rate.

To address particularly the first issue, we decided to
investigate in the present study in detail the influence of
NCT, NVC-422 and NVC-612 on a clinically important
secreted bacterial toxin, which causes granulocyte invasion into
the tissue. We chose Shiga toxin 2 (Stx2), which is produced by
enterohemorrhagic Escherichia coli (EHEC) [20]. Stx2 consists of
an enzymatically active A subunit (32 kDa) and a non-
covalently linked B subunit pentamer (7,7 kDa for each
monomer) responsible for interaction with glycolipid receptors
on target eukaryotic cells. The A subunit possesses N-glycosidase
activity and cleaves a single adenine residue from 28S ribosomal
RNA. This depurination results in inhibition of protein synthesis
and target cell death. The amino acid sequence of Stxs has
already been determined [21], which was important for the
performance of our present study.

EHEC are the major cause of hemolytic-uremic syndrome
(HUS) in childhood. HUS is characterized by a clinical triad of
microvascular glomerular thrombosis, consumptive thrombocyto-
penia and microangiopathic hemolytic anemia. The thrombotic
microangiopathy is especially severe in the kidney and can lead to
acute renal failure. This is connected with activation of the
complement system [22], with infiltration of neutrophilic granu-
locytes in the glomeruli [23,24] and with leukocytosis in peripheral
blood [25]. It may be hypothesized that one effect of leukocytes is
inactivation of the causative agent of microangiopathy and
inflammation, i.e. Shiga toxin. Long-lived oxidants could be
involved in this process.

The aim of this study was to investigate for the first time the
impact of NC'T on a virulence factor from the molecular process to
the functional and biological consequences. Stx2 was used as a
model for an important secreted toxin, which causes infiltration of
NCT-producing leukocytes.

Results

Inhibition of Growth of EHEC and of Stx2 Production in
the Presence of Sublethal Concentrations of NCT

The CFU counts of EHEC 178 in the presence of 1.65 mM,
22mM and 2.75 mM NCT in EHEC Direct Medium are
shown in Figure 1A and the Stx2 production in Figure 1B
(Figure SIA and B for EHEC 22). Bacterial growth from the
starting point of 6.5 logjy was necessary for detection of Stx2.
NCT (1.65 mM) had no influence on both bacterial growth and
toxin production. For 2.2 mM and 2.75 mM, a growth
inhibition of 2 and 4 h was observed, respectively. The course
of Stx2 levels was similar, and the toxin production was blocked
for 2 and 4 h by 2.2 mM and 2.75 mM NCT. Very similar
results were found for 1.65-2.75 mM NVC-612 (data not
shown). Compared to NCT and NVC-612, NVC-422 exhibited
stronger activity (Figure 1C and D and Figure SIC and D for
EHEC 22). Already 1.65 mM NVC-422 led to a reduction of
the bacterial count by approximately 1.5 logl0 and completely
abrogated Stx2 production. A lag of regrowth and inhibition of
Stx2 for 4 h was caused by 1.1 mM NVC-422; while 0.55 mM
had no effect on both parameters. This can most likely be
attributed to the higher oxidation capacity because of the two
chlorine atoms in the molecule.

The tests with EHEC 22 confirmed all these results with a lag
time of 2—4 h for the same concentrations of test substances and
for both parameters (Figure SIA-D).
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Inhibition of the Cytotoxic Effect of Stx2 against Vero
Cells by NCT

To investigate the capability of NCT and its analogs to
impact the biological function of Stx2, the supernatant of
EHEC cultures was treated for 30 min with the oxidants and
added to Vero cells. Cells were monitored on the typical
cytopathic effect by light microscopy for 3 days (Figure 2).
When 55 mM (final concentration) NCT was added to the
supernatant, only few dead cells (<5%) were seen as in controls
treated with RPMI + FCS without any additives. A cytopathic
effect typical for Stx was completely absent. With 5.5 mM
NCT, some cells (approximately 20% of the value of the
positive control) showing the Stx-specific cytopathic effect could
be seen, although the total number of cytopathic cells was not
significantly  higher compared to the untreated control
(Figure 2A). The results with NVC-422 and NVC-612 were
very similar (Figure 2B and 2C). LDH assay (Figure 2D) and
trypan blue exclusion tests (data not shown) confirmed these
findings. A kinetic experiment disclosed that the inhibition of
the Stx effect by NCT occurred already after 1 min (Figure 2E).
The results were the same for both EHEC strains (data not
shown for strain no. 22). In contrast to growth inhibition of
EHEC (see above), NVC-422 offered the same activity than the
other two test compounds. Taurine and dimethyltaurine
(55 mM each) added to the supernatant of EHEC -cultures
did not decrease the number of cells showing a cytopathic effect
and therefore did not influence the activity of Stx2 (data not
shown).

Consumption of Oxidation Capacity by EHEC Medium

To estimate the maximum oxidation capacity available for
inactivation of Stx2 in the previous tests, we measured the chlorine
consumption of the test oxidants by EHEC Direct Medium using
redox-iodometry. Results are depicted in Figure 3A and B. Over a
period of 30 min, the oxidation capacity of 55 mM NCT and
NVC-612 declined to 64%, of 5.5 mM to 45%, of 2.75 mM to
25.5% and of 1.375 mM to 12% of its basic value. The oxidation
capacity of 55 mM NVC-422 decreased to 85%, of 5.5 mM to
72%, of 2.75 mM to 53.5% and of 1.375 mM to 38%. NVC-422
showed approximately 25% less chlorine consumption in EHEC
Direct Medium compared to NCT and NVC-612.

Binding of Stx2 on GENnC Cells (FACS Analysis)

After treatment with 55 mM NCT for 30 min, purified Stx2 lost
its ability to bind to cell surfaces. Extracellular accumulation of
Stx2 was completely absent on cell surfaces when incubated with
NCT-treated Stx2 compared to the untreated control (Figure 4A).

Penetration of Stx2 into GEnC Cells (Confocal Laser
Scanning Microscopy)

Confocal laser scanning microscopy revealed no binding or
uptake of Stx2 treated with NCT. However, the accumulation and
uptake of Stx2 treated with PBS was clearly shown (Figure 4B).

Structural Changes of Stx2 by NCT Evaluated by SDS-
PAGE

Coomassie stained gels as shown in Figure 5 revealed the
known separation of the purified Stx2 in A and B subunits
(lanes 10 pg Stx). Treatment with NCT for 30 min revealed a
slight shift of the A subunit band and the B subunit band
(Figure 5A). The impact on subunit Al (to be seen in the
reducing buffer) was even more pronounced. In total, six
marked new bands occurred with the NCT treated Stx2 in non-
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Figure 1. Inhibition of growth of EHEC 178 and of Stx2 production in the presence of sublethal concentrations of NCT and NVC-
422, (A) CFU counts of EHEC in Direct Medium, to which NCT was added to final concentrations of 0 mM (control), 1.65 mM, 2.2 mM and 2.75 mM at
37°C. (B) Stx2 produced by EHEC under the same conditions as in (A), measured by ELISA, related to the 6 h value of the control without NCT. (C) CFU
counts of EHEC in Direct Medium, to which NVC-422 was added to final concentrations of 0 mM (control), 0.55 mM, 1.1 mM and 1.65 mM at 37°C. (D)
Stx2 produced by EHEC under the same conditions as in (C), measured by ELISA, related to the 6 h value of the control without NVC-422. Mean values
+ SD from three independent experiments are shown in (A-D). *P<<0.05; **P<0.01.

doi:10.1371/journal.pone.0047105.g001

reducing buffer (designated a—f in Figure 5), and six in reducing
buffer, which indicate fundamental molecular changes of the
toxin. Bands a, b, ¢, d, and e from the sample dissolved in non-
reducing buffer were cut out for mass spectrometry analysis to
detect also changes that might have been reversed by
mercaptoethanol of the reducing buffer. For improved separa-
tion of the low molecular weight range, a tricine gel with non-
reducing buffer was performed with even higher Stx concen-
tration (25 pug) for the test lane (Figure 5B). Indeed, a clear shift
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and separation of subunit B could be observed. Bands a and b
were evaluated by mass spectrometry.

Structural Changes of Stx2 by NCT Evaluated by Mass
Spectrometry

We were able to show the molecular sites of oxidative attack of
subunits A and B of Stx2. Mass spectrometry detected mono- and
di-oxidation of methionine. This leads to the formation of
sulfoxides (mono-oxidation) and sulfones (di-oxidation). Cysteine
showed not only mono- and di-oxidation but also tri-oxidation. In
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Figure 2. NCT, NVC-422, and NVC-612 inhibit the cytopathic effect of Stx2 in Vero cells. Supernatants of EHEC 178 cultures were treated
with 1.38-55 mM of oxidants for 30 min (A-D), diluted 100-fold in RPMI + 10% v/v FCS, and added to Vero cell cultures, which were monitored for the
typical cytopathic effect. (A-C) Numbers of cytopathic cells per visual field at a 100x magnification after incubation with EHEC supernatant for 72 h.
Comparison of RPMI + FCS without Stx (negative control), supernatant of the non-EHEC strain ATCC 11229 (shown in A), untreated supernatant
(positive control), and supernatant treated with NCT (A), NVC-422 (B), or NVC-612 (C). (D) Quantification of cell death by LDH assay after incubation
with EHEC supernatant. Values were related to untreated supernatant. An additional separate positive control was performed with 1% Igepal. (E)
Supernatants of EHEC 178 cultures were treated with 55 mM NCT for 1-30 min, followed by Vero cell assay and evaluation as in A-C. Mean values =

SD from three independent experiments are shown in (A-E). *P<0.05; **P<<0.01.

doi:10.1371/journal.pone.0047105.9002

that case sulfenic acid (mono-oxidation), sulfinic acid (di-oxidation)
and sulfonic acid (tri-oxidation) were generated. Remarkably, all
cysteines and methionines in the subunit A were oxidized.
Furthermore, chlorination of the aromatic amino acids phenylal-
anine, tyrosine, and histidine was found. The exact positions of the
oxidized and chlorinated amino acids are illustrated in Figure 6.
Notably, in bands a and b from the tricine gel (Figure 5B), we
found not only the predominant sequences of subunit B, but also
fragments of subunit A (data not shown in Figure 6), indicating
oxidative fragmentation of this subunit.
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Figure 3. Decrease of oxidation capacity of NCT and NVC-422
in EHEC Direct Medium. Stock solutions of NCT (A) or NVC-422 (B)
were 10-fold diluted in this medium to final concentrations of 55 mM,
5.5 mM, 2.75 mM and 1.375 mM. The oxidation capacity was measured
with redox potentiometry after indicated time-points. Results with NVC-
612 resembled those of NCT. Mean values *= SD from three
independent experiments are shown.
doi:10.1371/journal.pone.0047105.9g003
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Discussion

As early as 1918, hypochlorous acid and chloramine T have
been shown to remove the lethal effect of Bacillus welchii toxin on
pigeons after an incubation time of 5 min [26]. Decades later, the
active chlorine compounds NaOCIl and monochloramine were
shown in few studies to inactivate aflatoxins, endotoxins and ricin,
mainly in connection with their use as water disinfectants [27,28],
and recently as irrigation solutions for root canals in odontology
[29]. The finding that mainly NCT, but also other chloramines are
produced by leukocytes as long-lived oxidants with antiinflamma-
tory and antimicrobial properties, implicated their importance for
the human defense system [1,4,5,30]. Rapid loss of virulence of
pathogens and first studies on inactivation or downregulation of
the virulence factors gliotoxin and aspartyl proteinases in the
presence of NCT [9,17-19] prompted us to investigate in detail
the impact of this substance against a model toxin. In this study we
have shown that the even more stable dimethylated analogs NVC-
422 and NVC-612 have similar properties as NC'T, indicating
mmportance not only for innate immunity, but also for the
application of these substances as topical antiinfectives in
medicine.

The first step of the investigations, incubation of EHEC in
NCT, revealed that inhibition of bacterial growth and Stx2
concentration in the supernatant are tightly connected. Interest-
ingly, this was slightly different with Candida spp. in a previous
study, where a decrease of aspartyl proteinases was found by NCT
concentrations too low to inhibit fungal growth [18]. Therefore,
the minimal NCT-concentration to inhibit virulence factors in
relation to the minimal inhibitory concentration seems to be
specific for each factor. It is known that the first attack of NCT
leads to chlorination of the surface of pathogens (“‘chlorine cover”,
[16]). This impact is sufficient to induce a loss of virulence, as
demonstrated in the mouse peritonitis model for S. aureus and S.
pyogenes, but not a loss of viability of the bacteria [9,17,18].
Therefore, it is near ad hand that virulence factors on the surface
of pathogens and secreted ones will be oxidized and may be
mactivated. This is confirmed by the direct inactivation of Stx2 by
NCT in the present study and of gliotoxin in a recent one [19]. For
killing of bacteria and fungi, penetration of NCT is necessary
[9,16,31], and it is logical that in this case also virulence factors
will be inactivated keeping in mind the multiple sites of attack in £.
coli found by proteomics [31]. However, at sublethal concentra-
tions of NCT (see Figure 1) it remains unclear if minimal amounts
of active chlorine can penetrate bacteria or if signal transduction
plays a role. Additionally, it is an open question whether toxin
production or release or both are inhibited under these conditions.
Also the inhibition of bacterial growth by NCT per se may
contribute significantly to the absence of toxin in the supernatant.

The direct chemical impact of NCT on the toxin could be
clearly proved by SDS-PAGE and mass spectrometry. N-chloro
amino acids are known to react with thio groups (sulthydryls and
thioethers), aromatic C-H compounds, and amino groups [11].
Oxidation capacity is lost by the first two kinds of reaction, while
the latter one leads to transfer of the active chlorine to the reaction
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Figure 4. Binding to and penetration of purified Stx2 into human kidney glomerular endothelial cells (GEnC) was inhibited by NCT.
(A) FACS analysis of binding of Stx2 to GEnC cells. Purified Stx2 was incubated with 55 mM NCT (1% w/v) in PBS at 37°C for 30 min. Controls with Stx2
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in PBS or without Stx2 were performed in parallel. Cells were incubated for 4 h at 37°C. Stx2 bound on the cell surface was detected using a mouse-
anti-Stx2-antibody and a FITC-labeled polyclonal goat-anti-mouse secondary antibody. MFI mean fluorescence intensity. Mean values * SD from
three independent experiments are shown. (B) Confocal laser scanning microscopy of penetration of Stx2 into GEnC cells. Labeling of Stx2 was done
with Oyster®-488. Subsequently, labeled Stx2 was incubated in 55 mM NCT (1% w/v) or PBS (control) for 30 min at 37°C. The sample was 100-fold
diluted in the cell culture, and the fluorescence was monitored. The figure shows a fluorescent cell treated with Stx2 in PBS after 1h (one
representative of three independent experiments, 6000 x magnification, scale bar 10 um). By contrast, using NCT-treated Stx2, no fluorescence

occurred, indicating the absence of penetration.
doi:10.1371/journal.pone.0047105.g004

partner (transchlorination, transhalogenation, [1,11]). In perfect
accordance, we found oxidation of cysteines, methionines, and the
aromatic amino acids histidine, phenylalanine, and tyrosine in the
subunit A of Stx2. Transchlorination could not be detected in our
setup, which is well explainable by the instability of the formed
chloramines during the preparation process including gel electro-
phoresis and in-gel digestion. As a consequence of these chemical
reactions, gel electrophoresis with NCT-treated Stx2 revealed
bands with lower, but also higher molecular weight (Figure 5). The
latter phenomenon has recently been observed with the toxin
ricin, lactate dehydrogenase, and lysozyme treated with hypo-
chlorous acid or (to a lesser extent) with monochloramine and has
been explained by formation of higher-order aggregates [27].
Moreover, ovalbumin-chlorination by hypochlorous acid has been
found to promote formation of aggregates stabilized by non-
covalent bonds [32]. Although a definite explanation has not yet
been provided, it is clear that both fragmentation and aggregation
of target proteins by NC'T and other active chlorine compounds
result from oxidation of the described groups.

Ciystine, tyrosine, and methionine are present in active sites of
Stx2 [21]. Since we found oxidation of all cysteines and
methionines and chlorination of tyrosine 99 in subunit A,
inactivation of the toxin by NCT was a logic consequence and
clearly proven in the Vero cell assays. Notably, cysteines 263 and
282 form the disulfide bond between subunit Al and A2 [21], so
that their oxidation will probably lead to conformational changes.

It has to be taken into account that a part of the oxidation
capacity is rapidly consumed by thio groups of the medium in
which the toxin was dissolved (decline within 1 min, see Figure 3),
and that this part relatively increases if the applied concentration
of NCT is lowered. Therefore, the remaining free concentration of
NCT to inactivate Stx2 was lower than the added one. From these
tests can be deduced that approximately 1-3 mM NCT is the
threshold of antitoxic activity. The consumption of the dichloro
compound NVC-422 was approximately 25% lower than that of
NCT and NVC-612. Although, in accordance to that, NVC-422
showed a higher antimicrobial activity, its minimal antitoxic
concentration was similar. The reason for that is not known in
detail, but the observation fits to previous data that dichloro
representatives of active chlorine compounds are not in all cases
more active than the monochloro ones [33]. A comparison
between Vero cell assays and EHEC growth curves reveals that a
higher concentration of NCT (about 3 mM) is needed for
inactivation of Stx2 than for growth inhibition (about 2 mM).

In subunit B of Stx2, we found oxidation of methionine and
chlorination of tyrosine, too. This perfectly fits to FACS analysis
and confocal microscopy, which demonstrated that NC'T treated
Stx2 loses its capability of binding and penetrating its target cell,
which are functions of the subunit B. From these tests and from the
impact found on subunit A, it can be deduced that the toxin is
oxidized at multiple sites, including those decisive for its activity
(Figure 7). Such a multi-target attack is typical for active chlorine
compounds and obviously connected with the broad spectrum of
antimicrobial activity and the absence of resistance development of
pathogens [9,11,12,31].
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One may consider also the other way around that NC'T might
oxidize the body cells and impact the Stx receptor CD77
(globotriaosylceramide), thus preventing penetration of the toxin.
However, since NCT incubated with Stx was at least largely
mactivated by dilution before addition to the kidney cells (Figure 4)
and since NCT does not react with amides such as CD77 (as
opposed to amines [11]), it must be assumed that indeed the
impact on the toxin was causative for the found absence of
penetration of NCT-treated toxin and not an impact on the
receptor.

Antitoxic activity of long-lived oxidants is one more aspect of
their antimicrobial activity and might be of importance for both
their role in innate immunity and their application for local
treatment of infections. Regarding innate immunity, these
compounds are created via myeloperoxidase at the sites of
infection — as a mixture of different chloramines, from which
NCT is a major component [1,2]. The question is, if the
concentration of long-lived oxidants would be sufficient in vivo
to inactivate microbes or their toxins. In the supernatant of
stimulated granulocytes, up to approximately 100 uM have been
found [1,2,9], and also within the phagocytic granules the
concentrations of chlorine compounds are generally estimated as
sufficient to inactivate or at least attack bacteria [34,35].
Moreover, n vivo, chloramine levels of up to 28896 uM were
measured in sputum samples of cystic fibrosis patients [36]. Taking
into account chlorine consumption in sputum, rather high levels
can be conceived to be produced by leukocytes. It is also assumed
that long-lived oxidants may accumulate during inflammation and
persist for h in view of permanently arriving granulocytes [5].
Because of all these results, it may be conceived that chloramines
are also involved in oxidation of products of pathogens produced
in vivo. Neutrophilic infiltration has been found in glomeruli of
patients with hemolytic uremic syndrome [23,24]. Generally, such
infiltration connected with complement activation is thought to
trigger the tissue destruction [37]. However, in view of our results,
there might be also beneficial effects like inactivation of Stx, which
would fit to the goal of leukocyte migration to remove a nox in the
body.

Upon application of NCT for topical treatment of infections,
sufficient concentrations to inactivate bacterial toxins are achieved
with high probability. In different body regions, for instance crural
ulcers, the eye, the outer ear, the oral cavity, and the urinary tract,
55 mM (1% w/v) NCT has been well tolerated and effective in
clinical trials [12]. This concentration does not only kill different
kinds of microbes after incubation times of a few min to 4 h [12],
but also removed the virulence of staphylococci and streptococci
within 1 min proven in the mouse peritonitis model [9,17], and
impaired secretory aspartyl proteinases of Candida albicans before
viability decreased [18]. Since we clearly demonstrated multiple
oxidation of the example virulence factor Stx2 and its rapid loss of
function within 1-5 min by 55 mM NCT in addition to these
findings, it is very probable that not only the microorganisms, but
also their products are inactivated during topical treatment. The
analogs NVC-612 and NVC-422 obviously have similar properties
with the advantage of higher stability at room temperature.
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Figure 5. Impact of NCT on purified Stx2 demonstrated in gel electrophoresis. (A) Purified Stx2 was treated with 55 mM NCT for 30 min at
RT. Then, an aliquot was used for SDS-PAGE. Reducing buffer contained 4.5% v/v mercaptoethanol. A gel containing bands of aliquots containing 10
or 15 ug Stx2 is shown (one representative of three independent experiments). Bands a-f were subjected to in-gel digestion and mass spectrometry.
(B) Purified Stx2 was treated with 55 mM NCT for 30 min at RT and subjected to a tricine gel for improved separation of the low molecular weight
bands. Note the separation of the B subunit in bands a and b, which were subjected to in-gel digestion and mass spectrometry.

doi:10.1371/journal.pone.0047105.9005

Materials and Methods

Chemicals, Test Solutions, and Media

Pure NCT as a crystalline sodium salt (mol wt 181.57 g/mol)
was prepared according to [11]. Purity was proved by spectro-
photometry [11]. Pure NVC-612 (molecular weight 209.63 g/
mol) and NVC-422 (molecular weight 244.07 g/mol) were from
NovaBay Pharmaceuticals Inc. (Emeryville, CA, USA). Fresh
solutions of 55 mM (equals 1% w/v NCT) or 550 mM (equals
10% w/v NCT) of each of these test substances were prepared in
0.1 M phosphate buffer at pH 7.1 and diluted in this buffer to the
final concentrations as appropriate. Mueller-Hinton agar was from
Merck, fetal calf serum from Invitrogen (10% v/v in RPMI),
RPMI-1640 Medium from Sigma and EHEC Direct Medium
1055 rp from Heipha (Heipha Dr. Miiller GmbH, Eppelheim,
Germany). The EHEC Direct Medium was used to grow EHEC.
In contrast to conventional media, it contains 50 ng/ml mitomy-
cin G, which stimulates the Stx production. EBM-2 medium with
growth supplemental kit was from LONZA Cologne AG (Kéln,
Germany). Purified Stx2 (5 mg/ml), a kind gift from Helge Karch
(Miinster, Germany), was used to perform gel electrophoresis and
mass spectrometry, FACS analysis and confocal microscopy [38].

Growth of EHEC and Stx2 Production in the Presence of
Sublethal Concentrations of NCT

Clinical isolates EHEC 178 and EHEC 22 (both O157:H7, Stx1
negative, positive for Stx2, eae-coding intimin, and serine protease
EspP), all deep frozen for storage, were grown on Mueller-Hinton
agar plates and subsequently in EHEC Direct Medium at an
agitation of 160/min and 37°C overnight to 3-5x10° colony
forming units (CFU)/ml. Stock solutions of NC'T' and NVC-612
(55 mM each) were diluted to 16.5 mM, 22 mM, and 27.5 mM in
0.1 M phosphate buffer, NVC-422 to 5.5 mM, 11 mM, and
16.5 mM. Bacterial suspensions (40 pl) were mixed with 3560 pl
EHEC Direct Medium and 400 pl of the prepared test solutions,
respectively. After 0, 2, 4, and 6 h at 37°C, aliquots of 200 ul were
removed, and the half (100 pl) from these was diluted 100-fold in
0.9% w/v NaCl. Immediately afterwards, aliquots (50 pl) of these
dilutions were spread in duplicate on tryptic soy agar plates with
an automatic spiral plater (model WASP 2, Don Whitley
Scientific, Shipley, UK), allowing a detection limit of 100 CFU/
ml taking into account both plates and the dilution. Addition of
inactivation substances for the used oxidants was not necessary
under these test conditions as tested in a pilot experiment. The
plates were incubated at 37°C, and colony forming units of
microorganisms were counted after 24 and 48 h. To determine the
presence of Stx2 in the samples, the other half of the aliquots
(100 pl) of these dilutions were subjected to Stx Premier ELISA
Kit (Meridian Bioscience, Inc. Cincinnati, OH, USA) in accor-
dance to the instructions of the manufacturer.

Influence of NCT on the Cytotoxic Effect of Stx2 against
Vero Cells

Vero cells (kidney monkey cells, ATCC CCL-81) were grown at
37°Ciand 5% v/v COy9 in RPMI 1640 medium plus 10% v/v fetal
calf serum 1in cell culture flasks. Subcultures were grown in 96 well
microtitre plates to a density of approximately 90% confluency.

PLOS ONE | www.plosone.org

EHEC 178 and 22 were grown in EHEC Direct Medium
overnight as described above. After centrifugation, the superna-
tants were sterile filtered (0.45 um, Sartorius). Solutions of
550 mM, 55 mM, 27.5 mM and 13.75 mM NCT, NVC-422,
and NVC-612 each were prepared in 0.1 M phosphate puffer
(pH 7.1). 900 pl of filtered supernatants were mixed with 100 pl of
test solutions (NC'T, NVC-422, or NVC-612) and incubated for
30 min. Additional experiments were done with 55 mM NCT and
incubation times of 1, 5, 10, 15, 20, 25, and 30 min. Subsequently,
samples were 100-fold diluted in RPMI + 10% v/v FCS to
decrease the concentration of N-chloro amino acids under the
toxic level for cells (toxic threshold>0.55 mM NCT in RPMI +
10% v/v FCS with unlimited incubation,>5.5 mM NC'T in
RPMI + 10% v/v FCS or even in non-chlorine-consuming buffers
for at least 60 min incubation). 100 pl each of these diluted
samples were given to the cells in 100 pl RPMI + FCS. After 72 h,
cells that showed the typical cytopathic effect caused by Stx2 were
counted at a 100-fold magnification. To confirm these results, cell
viability was evaluated by trypan blue exclusion test and release of
lactate dehydrogenase (Cytotoxicity Detection Kit LDH, Roche,
Mannheim, Germany) in accordance to the instructions of the
manufacturer. Controls without oxidants, without EHEC super-
natant, with taurine or dimethyltaurine and supernatant, with
plain RPMI + FCS, and with supernatant of E. coli ATCC 11229,
a Shiga toxin negative strain, were performed in parallel. Igepal
CA-630 1% (Sigma), which lyses the cells, was used as a positive
control for the LDH assay.

Consumption of Oxidation Capacity by EHEC Medium

Since active chlorine compounds react with organic residues of
media such as the used EHEC Direct Medium [11,12], oxidative
activity 1s consumed in part (so-called chlorine consumption). This
effect has to be taken into account for correct interpretation of the
results, if the application of such media can’t be avoided.
Therefore, we measured the decrease of oxidation capacity with
redox-iodiometry [39]. To gain similar conditions as in the Vero
cell assays, 3600 ul of EHEC Direct Medium were mixed with
400 pl of buffered NC'T, NVC-422, or NVC-612 solutions to get
final concentrations of 55 mM, 5.5 mM, 275 mM and
1.375 mM. Subsequently, the redox potential after reaction with
iodide was determined using a PHM250 Ion Analyzer (Radiom-
eter, Copenhagen, Denmark), and the remaining oxidation
capacity was calculated as described previously [39].

Binding of NCT-treated Stx2 to GEnC (FACS Analysis)
Human kidney glomerular endothelial cells (GEnC) were a kind
gift from Simon Satchell PhD, Academic Renal Unit, University of
Bristol [40]. GEnC were cultured in EBM-2 medium and growth
factor kit as described [41]. Purified Stx2 was incubated with
55 mM NCT (1% w/v) in PBS at 37°C for 30 min. For FACS
analysis, cells were incubated with 20 pg/ul NCT-treated Stx2.
Controls with Stx2 in PBS or without Stx2 were performed in
parallel. Cells were incubated for 4 h at 37°C. Stx2 bound on the
cell surface was measured using a mouse-anti-Stx2-antibody
purchased from Hycult biotech (Uden, Netherlands). Secondary
antibody was FITC-labeled polyclonal goat-anti-mouse (DAKO,
Glostrup, Denmark). Antibody dilutions were chosen as given in
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Figure 6. Oxidation of thio groups and aromatic groups of Stx2 detected with mass spectrometry. Bands a-f from the gels, as depicted
for one representative in Figure 5, were analyzed with mass spectrometry after in-gel digestion. Similar results gained from three independent
experiments are shown. Positions and occurrence in bands are demonstrated. Amino acids 1-22 (subunit A) and 1-19 (subunit B), respectively,
comprise the signal peptides. (A) Oxidation of all methionines and cysteines of subunit A occurred. Positions of oxidized amino acids in the sequence
are shown and their mono- to tri-oxidation in relation to the bands excised from the gels. (B) Chlorination of phenylalanine, tyrosine, and histidine of
subunit A. (C) Oxidation of methionine and chlorination of tyrosine of subunit B.

doi:10.1371/journal.pone.0047105.g006
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the manufacturers’ protocol for FACS. Cell viability was checked
with propidium iodide assay (Sigma-Aldrich).

Cells were prepared in standard procedure for FACS analysis.
Measurement of 5.000 events out of 150.000 cells per sample was
carried out by BD FACS Canto II. Mouse IgGL:FITC (GM4992),
ordered from invitrogen, was used as isotype control. Results were
given as ratio of mean fluorescence intensity (MFI) of sample and
MFT of isotype to avoid biases due to background fluorescence.

Penetration of NCT-treated Stx2 into GEnC (Confocal

Laser Scanning Microscopy)

Labeling of Stx2 was done with Oyster®-488 Antibody Labeling
Kit (Luminartis, Muenster, Germany) as described by the
manufacturer. Subsequently, labeled Stx2 was incubated in
55 mM NCT (1% w/v) in PBS (or plain PBS for controls) for
30 min at 37°C. Then, an aliquot of 2 ul of this mixture was
added to the cells in 200 pl cell culture medium to reveal a final
concentration of 20 pg/ul of labeled Stx2 and to reduce the
concentration of NCT below cytotoxic levels. Immediate confocal
laser scanning microscopy to visualize the intracellular accumu-
lation of labeled Stx2 was performed on a microlens-enhanced
Nipkow disk-based confocal system UltraVIEW RS (Perkin Elmer,
Wellesley, USA) mounted on an inverted microscope (IX-70,
Olympus, Nagano, Japan). Images were taken using the Ultra-
VIEW RS software (Perkin Elmer) in 6000x magnification with
oil.

To exclude destruction of Oyster® 488-TFP by NCT, both
components were mixed at the same concentrations and
conditions as for confocal laser scanning microscopy. Immediately
afterwards, 10 pl were pipetted onto an object slide without
additives and monitored by fluorescence microscopy over a period
of 30 min. In addition, 1 pl of Oyster® 488-TFP was 100-fold
diluted with 10% w/v lysine in water followed by a 10-fold
dilution in 1% w/v NCT or saline control. The fluorescence signal
was only minimally decreased compared to the fluorescent dye
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without NCT in both settings, so that the tests were not biased by a
reaction of NC'T with the dye.

Structural Changes of Stx2 by NCT Evaluated by SDS-
polyacrylamid Gel Electrophoresis (SDS-PAGE)

An electrophoresis system from Biorad was used to perform
SDS-PAGE with a 16% gel. To exceed the minimum of 5ug
protein required for mass spectrometry, we used 10 pg and 15 pg
Stx2 per slot. To achieve these quantities of Stx2, 4 pl purified
Stx2 (5 pg/pl) were mixed with 20 ul 1.2% w/v NCT (dissolved in
phosphate buffer, pH 7.1), and additionally 6 ul purified Stx2 with
18 ul 1.2% w/v NCT, and incubated for 30 min at RT. A control
was performed in parallel without NCT. The samples were
bisected into 12 ul each and mixed with 3 pl reducing or non-
reducing buffer each. The sample buffer consisted of 250 pl 20%
w/v SDS, 500 ul 0.5 M Tris buffer, 200 ul glycerol and 100 pl
1% w/v bromphenol blue solution.The reducing buffer contained
50 pl mercaptoethanol as a reducing substance (final concentra-
tion 4.5% w/v). Subsequently all samples were boiled at 95°C for
5 min and placed on ice immediately afterwards.

For improved separation of low molecular-weight proteins,
particularly for Stx2 subunit B, we applied a 16.5% tricine gel
containing 6M urea, as described by Schigger [42]. Gels were
stained with coomassie blue. For mass spectrometry, only bands
from samples in non-reducing buffer (without mercaptocthanol)
were cut out to detect oxidations of thiols.

Structural Changes of Stx2 by NCT Evaluated by Mass

Spectrometry

The in-gel digestion was performed as published previously
[43]. Protein digests were analyzed using an UltiMate 3000 nano-
HPLC system (Dionex, Germering, Germany) coupled to an LTQ
Orbitrap XL mass spectrometer (ThermoScientific, Bremen,
Germany) equipped with a nanospray ionization source. A
homemade fritless fused silica nano-capillary column (75 um 1.d.
x 280 um o.d.) packed with 10 cm of 3 um reversed-phase Cg
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material (Reprosil) was used. The gradient (solvent A: 0.1% v/v
formic acid; solvent B: 0.1% v/v formic acid in 85% v/v
acetonitrile) started at 4% B. The portion of solvent B was
increased linearly from 4% to 50% during 50 min and from 50%
to 100% during 5 min. A flowrate of 250 nL./min was applied.
Database search was performed in Proteome Discoverer (version
1.2.0.208, ThermoScientific) using the Sequest search engine and
a database consisting of 545 sequences to which the sequences of
Shiga toxin 2, A and B subunit, were added. Variable
modifications were oxidation and di-oxidation at Cys and Met,
tri-oxidation at Cys, and chlorination at Phe, His, Trp, and Tyr.
Specific cleavage sites for trypsin (KR) were selected with two
missed cleavage sites allowed. Peptide tolerance was*10 ppm and
MS/MS tolerance was*0.8 Da. The criteria for positive identi-
fication of peptides were Xcorr >2.3 for doubly charged ions, and
Xcorr >2.8 for triply charged ions.

For MS analysis, the displayed sequence (Figure 6) and the
corresponding numbers were taken from the up-to-date UniProt
database (including the signal peptide) with the accession numbers
Q8XBV2 for Stx2, subunit A, and Q8X531 for Stx2, subunit B.
The signal peptide comprised amino acids 1-22 for subunit A and
1-19 for subunit B.

Statistics

Data are presented as mean values and standard deviations
(SD). Student’s unpaired ¢ test in case of two groups, or one-way
ANOVA and Bonferroni’s and Dunnett’s multiple comparison test
in case of more than two groups were used to test for a difference
between the test and control group. P<<0.05 was considered
significant for all tests. Calculations were done with GraphPad
Prism 5 software.
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Supporting Information

Figure S1 Inhibition of growth of EHEC 22 and of Stx2
production in the presence of sublethal concentrations of NCT
and NVC-422. (A) CFU counts of EHEC in Direct Medium, to
which NCT was added to final concentrations of 0 mM (control),
1.65 mM, 2.2 mM and 2.75 mM at 37°C. (B) Stx2 produced by
EHEC under the same conditions as in (A), measured by ELISA,
related to the 6 h value of the control without NCT. (C) CFU
counts of EHEC in Direct Medium, to which NVC-422 was added
to final concentrations of 0 mM (control), 0.55 mM, 1.1 mM and
1.65 mM at 37°C. (D) Stx2 produced by EHEC under the same
conditions as in (C), measured by ELISA, related to the 6 h value
of the control without NVC-422. Mean values £ SD from three
independent experiments are shown in (A-D). *P < 0.05; **P <
0.01.
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