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TiO, Photocatalysis Damages Lipids and Proteins in Escherichia coli
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This study investigates the mechanisms of UV-A (315 to 400 nm) photocatalysis with titanium dioxide (TiO,) applied to the deg-
radation of Escherichia coli and their effects on two key cellular components: lipids and proteins. The impact of TiO, photocatal-
ysis on E. coli survival was monitored by counting on agar plate and by assessing lipid peroxidation and performing proteomic
analysis. We observed through malondialdehyde quantification that lipid peroxidation occurred during the photocatalytic pro-
cess, and the addition of superoxide dismutase, which acts as a scavenger of the superoxide anion radical (O, ™), inhibited this
effect by half, showing us that O,-~ radicals participate in the photocatalytic antimicrobial effect. Qualitative analysis using two-
dimensional electrophoresis allowed selection of proteins for which spot modifications were observed during the applied treat-
ments. Two-dimensional electrophoresis highlighted that among the selected protein spots, 7 and 19 spots had already disap-
peared in the dark in the presence of 0.1 g/liter and 0.4 g/liter TiO,, respectively, which is accounted for by the cytotoxic effect of
TiO,. Exposure to 30 min of UV-A radiation in the presence of 0.1 g/liter and 0.4 g/liter TiO, increased the numbers of missing
spots to 14 and 22, respectively. The proteins affected by photocatalytic oxidation were strongly heterogeneous in terms of loca-
tion and functional category. We identified several porins, proteins implicated in stress response, in transport, and in bacterial
metabolism. This study reveals the simultaneous effects of O,-~ on lipid peroxidation and on the proteome during photocata-
lytic treatment and therefore contributes to a better understanding of molecular mechanisms in antibacterial photocatalytic
treatment.

Several disinfection strategies exist, some of them involving, for ~ tween chemical and biological targets results from the organic
example, the use of silver (1-3) or copper metalions (4). How-  nature of the microorganism constituents, which can react with
ever, the development of new disinfection approaches is required  the active surface species issued from TiO, photoactivation. The
due to the rapid adaptation of bacteria and development of strains  resulting reactions are similar to the oxidation reactions taking
resistant to these metals (5). Among these new disinfection ap-  place at the surface of irradiated TiO, photocatalysts with organic
proaches, photocatalysis is a promising technique which belongs  molecules, e.g., during potabilization or depollution oxidative
to advanced oxidation processes (AOP), characterized by the pro- processes in water and air treatments (16).

duction of reactive oxygen species (ROS) (6). In 1985, Matsunaga These ROS are thus responsible for the oxidation of many or-
et al. were the first to report on the killing of microbial cells in ganic constituents of the microorganisms (17), such as lipid per-

water by near-UV-light-irradiated platinum-loaded titanium di- ¢ ;4ation (18), protein alteration (19), or DNA damage (20). Di-
oxide (TiO,) semiconductor particles (7). This pioneering work

gave rise to much research in the field of disinfection by oxidative
photocatalysis (8—10), with applications now found in many fields
of disinfection (11, 12).

Among the various semiconductor photocatalysts studied, the
wide-band-gap TiO, in anatase crystalline form is the most attrac-
tive one. This material has high photocatalytic efficiency due to its
high quantum yield, has high stability toward photocorrosion and
chemicals, is insoluble in water, and has a low toxicity and low
costs. The band gap energy of 3.2 eV for TiO, requires photoexci-
tation wavelengths less than ca. 385 nm, corresponding to an ir-
radiation with near-UV light (13).

rect contact between the targeted microorganisms and the TiO,
particles is reported to be one of the key parameters of photocat-
alytic disinfection (17, 21). Notably, several transmission electron
microscopy analyses revealed that the binding of Escherichia coli to
TiO, particles induces cell disruption and cell debris (22-24).
However, the precise molecular mechanism remains unclear and
is a matter of debate.

E. coli, a Gram-negative bacterium whose complete genome
has been sequenced (25), represents a suitable bacterial model to
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study the antimicrobial effects of photocatalysis at a molecular
level.

This paper investigates the antibacterial effect of TiO, photo-
catalysis on E. coli and is focused on the identification of the in-
duced photocatalytic damage of both lipids and proteins, which
are key cellular components of bacteria. Both lipid peroxidation
and E. coli proteome modifications have been investigated in this
study. Implication of the O,-~ superoxide radical in lipid peroxi-
dation has been demonstrated, and the identification of proteins
of the E. coli ATCC 8739 strain modified by the photocatalytic
treatment, performed through two-dimensional electrophoresis
(2-DE), may offer insights into the mechanism behind the anti-
bacterial effects of TiO,.

MATERIALS AND METHODS

Bacterial strains and growth media. Before each experiment, one loopful
of Escherichia coli strain ATCC 8739 was seeded on a slant of tryptic soy
agar (TSA) (Bio-Rad) and grown aerobically at 37°C for 24 h. The bacte-
rial inoculum was monitored by setting the culture optical density at an
absorbance wavelength of 620 nm (ODy,,), at 0.156, corresponding to 10°
CFU/ml.

Photocatalytic material. Experiments were performed with commer-
cial TiO, Aeroxide P25 (Evonik, Frankfurt, Germany, 20% rutile—80%
anatase crystalline form, with a specific surface of 50 m?/g).

Photocatalytic experimental setup. The photocatalytic tests have
been assessed using an experimental setup composed either of a 96-well
plate—each well acting as a single liquid-phase photocatalytic reactor—
for determining cell viability on agar plates or of petri dishes for both lipid
and proteomic analyses, since they require large amounts of materials. In
each case, different amount of TiO, were added in a range from 0.1 to 0.8
g/liter. The photocatalytic device is composed of four equidistant com-
mercial BlackLight Blue lamps (BLB) (40 W; Actinic, Philips, Eindhoven,
The Netherlands) with a spectral peak centered on 365 nm and providing
an irradiance of 30 W/m? to the wells or petri dishes. After addition of the
bacteria and TiO, to the photocatalytic reactor, UV-A irradiation starts
immediately for two 96-well plates, with an exposure time of 30 min or 60
min; one other 96-well plate stayed in the dark for the same durations. All
the 96-well plates were placed on a shaker (Heidolph Duomax 1030) op-
erating at 40 rpm to ensure adequate mixing and contact between TiO,
particles and bacteria. The pH of the photocatalytic suspensions at the end
of the experiment was 7.8. Each experimental condition with respect to
test duration and TiO, concentration corresponded to a single well and
was performed in triplicate.

Cell viability measurement. E. coli was grown at 37°C in Mueller-
Hinton (MH) broth (Bio-Rad) until the culture reached an ODy,, of
0.156, corresponding to 1 X 10® CFU/ml. After centrifugation at 9,000 X
g for 10 min, the supernatant was removed and the bacterial pellet was
resuspended in sterile physiological water (NaCl, 9 g/liter) to obtain 10®
CFU/ml. This population was diluted to obtain an inoculum of 1 X 10°
CFU/ml. Each photocatalytic well reactor (96-well plate) was filled with 90
pl of 10°-CFU/ml bacterial suspensions to which 10 pl of a TiO, suspen-
sion in physiological water was added for the tests, with TiO, concentra-
tions of 0.1 g/liter, 0.2 g/liter, 0.4 g/liter, and 0.8 g/liter. The tests were
carried out with or without TiO,. After the different treatments, dilutions
were made in physiological water, and 100 pl (each) of the resulting so-
lutions were spread on TSA. Each agar plate was incubated at 37°C for 24
h, and bacteria were counted after incubation.

The logarithm of reduction, i.e., log,,(C/C,), where C,, is the concen-
tration of control live bacteria without TiO, in the dark, expressed in
CFU/ml, and C is the concentration of live bacteria for other conditions,
expressed in CFU/ml, was determined.

Lipid oxidation. The thiobarbituric acid (TBA) assay (OxiSelect TBA
reactive substances [TBARS] assay kit; Euromedex, Strasbourg, France)
was used and was slightly modified by increasing the bacterial population
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to assess the lipid peroxidation state. TBA reacts at 95°C with malondial-
dehyde (MDA). MDA is a lipid oxidation product and provides a colored
MDA-TBA adduct. The concentration of this adduct can be derived by
measuring the absorbance at 532 nm by spectrophotometry.

E. coli was grown at 37°C in 1,500 ml Mueller-Hinton (MH) broth
(Bio-Rad) until the culture reached an OD,, of 0.156 (~1 X 10® CFU/
ml). After centrifugation at 9,000 X g for 10 min, the supernatant was
removed and the bacterial pellet was resuspended in 150 ml of physiolog-
ical water to obtain a final population of 1 X 10° CFU/ml. Fifty milliliters
of this suspension, containing 5 X 10'° CFU, was divided into 5 petri
plates of 10 ml (each) and further used as a photocatalytic reactor. In fact,
this lipid quantification kit is designed for eukaryotic cells, and prokary-
otic cells required larger amounts of bacteriologic materials. The petri
dishes containing 0.4 g/liter of TiO, were placed on a shaker plate oper-
ating at 40 rpm (Heidolph Duomax 1030) during the 60 min of UV-A
irradiation. Control samples were treated the same way in the dark with-
out the TiO, catalyst. To demonstrate the effect of O, in lipid oxidation,
superoxide dismutase (SOD) (1,000 U; Sigma-Aldrich, Saint Quentin
Fallavier, France) was added to the reaction media before the photocata-
lytic treatments. To quantify lipid oxidation, the 50-ml content of each
petri dish was collected and subsequently centrifuged at 9,000 X g for 10
min. This was followed by resuspension of bacterial pellets in 500 wl
phosphate-buffered in saline. Then, 5 wl butylated hydroxyl toluene
(100X) antioxidant was added to 500 .l of sample to prevent any further
lipid oxidation. Finally, 250 wl of TBA reagent and 100 wl of SDS lysis
buffer were added to 100 pl of sample and to MDA standards as described
in the TBARS assay kit protocol. Reactions were carried out in duplicate.
Then, samples and standards were kept at 95°C for 1 h, before the final
centrifugation at 1,000 X g for 15 min took place, and the resulting super-
natant was transferred to a 96-well plate to record the absorbance at 532
nm by spectrophotometry. The quantity of peroxidized lipid in milli-
grams was calculated with the help of the previously determined MDA
standard curve.

Comparative proteomic analysis. As with lipid oxidation, proteomic
analysis requires a large amount of materials. Therefore, photocatalytic
tests were performed using petri plates as a reactor under vigorous stir-
ring. After 18 h of growth of E. coli at 37°C on a slant of TSA, bacterial
suspensions in physiological water were adjusted to an ODy,, of 0.156
(~1 X 10® CFU/ml). Twenty milliliters of the bacterial suspension of 1 X
108 CFU/ml was divided into 2 petri dishes, used as the reactor. The
proteomic analysis was performed with fresh cells and with cells subjected
to 30 min of irradiation with UV-A light using 0.1 g/liter and 0.4 g/liter
TiO,. During the experiments, plates were shaken with a shaker plate at 40
rpm (Heidolph Duomax 1030). Comparisons were performed with cells
treated with the TiO, catalyst and kept in the dark (no irradiation) and
with cells subjected to UV-A light exposure in the absence of any TiO,
catalyst. A control experiment was carried out without TiO, in the dark.
For analysis, cells obtained after sampling were first centrifuged (3,000 X
¢ 5 min, at 4°C), and their whole proteomes were subsequently extracted
by cryogrinding and purified using Trizol reagent (Euromedex, France),
as previously reported by E. Hamon et al., and separated by two-dimen-
sional electrophoresis (2-DE), with a pI range of 4.0 to 7.0 and a mass
range of 10 to 250 kDa (26). Under these conditions, the estimated cov-
erage of the theoretical proteome of E. coli ATCC 8739 was 62%, as in-
ferred from an in silico analysis of E. coli protein sequence data obtained
from NCBI (data not shown). Image analysis of the 2-DE gels was per-
formed using the PD Quest 8.0.1 software program (Bio-Rad). For each
condition, the same experiments were carried out in triplicate, and only
spots that disappeared on the three gels were selected for intercondition
comparison. Spot intensities were normalized to the sum of intensities of
all valid spots in one gel. Protein expression differences were identified
between different operating conditions. Only proteins present in samples
of one condition and absent in one other were considered in this analysis.

Spots of interest were subjected to tryptic in-gel digestion and ana-
lyzed by chip-liquid chromatography-quadrupole time of flight (chip-

Applied and Environmental Microbiology


http://aem.asm.org

ek

-4.0

35 Fkkk —kkk
3.0 ek

2.5
S 20 *
1o
B 1.5
] Fekkok

-1.0

ek
-0.5
NED oAbl L

T

0-53 T 01 02 04 08 001 02 04 08 TiO, (gL

0 min @ 60 min <ﬁ>

FIG 1 Influence of photocatalytic treatment on E. coli cell viability, deter-
mined by counting on agar plate. Bars indicate standard deviations. @, in the
dark; %%, under UV-A irradiation. * (P < 0.05), #* (P < 0.01), sk (P <
0.001), and s (P < 0.0001) indicate the significance of the difference be-
tween sample means, obtained using Student’s t test.
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LC-QTOF) mass spectrometry using an Agilent G6510A QTOF mass
spectrometer equipped with an Agilent 1200 Nano LC system and an
Agilent high-performance liquid chromatography (HPLC) G4240A chip
cube (Agilent Technologies, Santa Clara, CA, USA), as described previ-
ously by E. Hamon et al. (26). After data acquisition, files were uploaded
to the in-house-installed version of Phenyx (Geneva Bioinformatics, Ge-
neva, Switzerland) to search the NCBInr (r. 20110608) database with the
following criteria: taxonomy: E. coli; scoring model, electrospray ioniza-
tion (ESI)-QTOF; parent charge, +2, +3 (trust = medium); single round;
methionine oxidation, cysteine carboxyamidomethylation (cysteine
treated with iodoacetamide), and phosphorylation as partial modifica-
tions; trypsin as a digestion enzyme; allowance of two missed cleavages;
cleavage mode, normal; parent ion tolerance, 0.6 Da; peptide thresholds,
length, =6; score threshold, =5.0; identification significance, P value =
1.0 X 10~ % accession number score threshold, 6.0; coverage threshold,
=0.2; identified ion series, b, b+ +, y, y++; and allowance of conflict
resolution. A publicly available tandem mass spectrometry (MS/MS)
search algorithm (open mass spectrometry search algorithm, OMSSA
[27]) was used with the same search criteria described above to confirm
protein identities and limit the risk of false positives. On the basis of
consensus scoring, only proteins recognized by both database search al-
gorithms at a false-positive rate of 5% were considered to be correctly
identified (28).

Statistical analysis. Statistical analysis was performed using the soft-
ware program Prism 5 (GraphPad Software) and was based on Student’s ¢
test.

RESULTS

Evidence of bacterial inactivation by UV-A-irradiated TiO,. Fig-
ure 1 shows the influence of the different applied treatments on
the viability of E. coli cells, determined by bacterial counting on
agar plates and expressed in terms of logarithmic reduction. First,
the sole application of UV-A light in the absence of TiO, did not
caused any reduction in cell viability. Second, independently of
the TiO, concentration within the 0.1- to 0.8-g/liter range, no
cytotoxic effect of TiO, was observed in the dark, whereas a reduc-
tion of cell viability was observed only in samples irradiated with
UV-A light and in the presence of TiO,. This reduction was di-
rectly dependent on the duration of UV-A irradiation, since, e.g.,
the reduction increased from 1 to 3 logs for a TiO, concentration
of 0.2 g/liter when the duration of UV-A exposure increased from
30 min to 60 min. Similarly, a stronger diminution of cellular
viability was observed at higher TiO, concentrations up to 0.4
g/liter, for which a 2-log reduction was recorded for an irradiation
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FIG 2 Impact of UV-A photocatalysis with TiO, and influence of the addition
of SOD at 1,000 U on E. coli lipid peroxidation. A duration of 60 min and a
TiO, concentration of 0.4 g/liter were chosen. Membrane lipid peroxidation is
measured by assessing production of malondialdehyde (MDA). MDA is a
biomarker of lipid peroxidation and is used to measure the lipid peroxidation
rate relative to controls (MDA concentration obtained without and with treat-
ment). Bars indicate standard deviations. @, in the dark; %%, under UV-A
irradiation. #* (P < 0.01), ###x (P < 0.0001), and ns (not significant) indicate
the significance of the difference between sample means obtained with Stu-
dent’s ¢ test.

of 30 min. However, the antibacterial effect was not increased at
the higher TiO, concentration of 0.8 g/liter independently of the
duration of UV-A exposure. This is in agreement with the usual
activity pattern observed in photocatalysis applied to the oxidative
degradation of organic molecules, for which the reaction rate is
reported to be proportional to the mass of the catalyst before
achieving a plateau. This plateau corresponds to the maximum
amount of TiO, in which all the particles are completely illumi-
nated (29, 30). For larger TiO, concentrations, a screening effect
of excess particles occurs, so that part of the photosensitive surface
is masked. Based on our method, counting the bacteria grown on
agar plates, the highest reduction in cellular viability recorded for
the studied E. coli strain was around 3 logs for an irradiation of 60
min in the presence of TiO, (0.4 g/liter).

Impact of TiO, photocatalysis and effect of ROS in lipid per-
oxidation. As shown in Fig. 2, neither TiO, at a concentration of
0.4 g/liter in the dark or UV-A light irradiation for 60 min without
TiO, significantly increased lipid peroxidation. In contrast, the
samples subjected to UV-A irradiation for 60 min with the pres-
ence of the TiO, catalyst at 0.4 g/liter produced 5.7 times more
lipid peroxides than the bacterial population exposed only to
UV-A irradiation for 60 min. The addition of SOD (1,000 U),
known to act as a ROS scavenger selective toward the O,-~ super-
oxide radical anion, partially decreased the lipid peroxidation ra-
tio from, 5.7 to 3.0, corresponding to a 48% lipid peroxidation
rate. Therefore, SOD inhibition of the O,-~ produced by irradi-
ated TiO, induced a half-diminution of lipid peroxidation. This is
in agreement with our previous work, which showed that scaveng-
ing the O,-~ superoxide radical by adding the SOD enzyme com-
pletely restored cell viability (31).
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Impact of TiO, photocatalysis on E. coli whole-cell pro-
teome. To provide a better understanding of the antibacterial
mechanism of TiO, photocatalysis, the proteome of E. coli ATCC
8739 was investigated using 2-DE under different conditions. Bac-
terial suspensions were maintained for 30 min in the dark or un-
der UV-A radiation without TiO, or with 0.1 or 0.4 g/liter of TiO,.
The duration under UV-A and TiO, concentration were chosen to
obtain sublethal stress according to our previous work (31). In-
deed, we have previously shown by cytometry that no significant
modification of membrane integrity was observed for those TiO,
concentrations in the dark or under UV-A light. In contrast, cell
counts on agar plates showed that 30 min of UV-A irradiation
with the presence of 0.4 g/liter TiO, induced a 2-log reduction in
living bacteria, while membrane integrity was not affected signif-
icantly. This suggests a heterogeneous bacterial population, com-
posed of live cells and viable but nonculturable (VBNC) cells,
where VBNC indicates sublethal stress (32). However, the con-
served membrane integrity indicates that both kinds of cells still
conserved their whole protein machinery, allowing the compara-
tive proteomic analysis.

In order to identify the putative protein targets of TiO, and
UV-A irradiation-mediated oxidative stress, proteomic patterns
of bacteria with different treatments (Fig. 3B to F) and a control (a
sample without TiO, in the dark; Fig. 3A) were recorded. Proteins
affected by treatment were found by identifying spots that were
observed exclusively in samples under one condition but were
absent under the other condition. These discriminatory spots
were labeled with white (absent) and black (present) numbers in
the image of 2-DE gels corresponding to treatment conditions.
The proteins underlying the detected discriminatory gel spots
were identified by database searches using the Phenyx and
OMSSA tools. The different treatments resulted in 22 spots which
disappeared in the treated samples compared to the control. Table
1 lists 21 different proteins corresponding to 22 spots, since one
protein (DNA starvation/stationary-phase protection protein
[Dps]) was identified in two spots (spots 12 and 13), suggesting
the presence of protein isoforms.

First, Fig. 3B shows that UV-A irradiation alone led to the
disappearance of a single spot (unnamed outer membrane protein
[FadL]; spot 1) compared to the control (Fig. 3A), which protein is
implied in lipid transport and metabolism.

The amount of protein degradation was dependent on the
TiO, concentration in samples containing the TiO, catalyst but
which were not exposed to UV-A irradiation. Indeed, Fig. 3C
shows that 7 spots disappeared at a TiO, concentration of 0.1
g/liter (FadL, spot 1; outer membrane protein OmpW [OmpW],
spot 5; hypothetical protein YgiW [YgiW], spot 7; H* ATPase F1
alpha subunit [AtpA], spot 10; indigoidine synthase A-like protein
[IndA-like], spot 16; DnaK suppressor [DnaK], spot 18; small
ribosomal protein S6 [ribosomal_S6], spot 19), while 19 spots
disappeared at a TiO, concentration of 0.4 g/liter (Fig. 3E). This
corresponded to 12 additional spots and 11 additional proteins
compared to results for the sample treated with TiO, at a concen-
tration of 0.1 g/liter: outer membrane protein A (OmpA), spot 2;
outer membrane protein C (OmpC), spot 3; outer membrane
protein F (OmpkF), spot 4; maltoporin (LamB), spot 6; a hypothet-
ical protein, YggE, spot 8; a dipeptide binding protein (DppA),
spot 9; an enoyl ACP reductase, (Fabl), spot 11; Dps, spots 12 and
13; bacterioferritin (Bfr), spot 14; two-component response reg-
ulator (ArcA), spot 15; and a trigger factor (Tig), spot 17. These
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results indicate that TiO, alone induced a cytotoxic effect in the
dark under our operating conditions.

The proteomic profile recorded after UV-A photocatalytic
treatment for 30 min at the 0.1- and 0.4-g/liter TiO, concentra-
tions are shown in Fig. 3D and Fig. 3F, respectively. Fourteen spots
were missing in total at a TiO, concentration of 0.1 g/liter (Fig.
3D), among which 7 proteins (OmpA, spot 2; OmpC, spot 3;
OmpF, spot 4; LamB, spot 6; YggE, spot 8; Bfr, spot 14; and ArcA,
spot 15) are additional compared to results of the experiment
performed in the dark in the presence of 0.1 g/liter TiO, (Fig. 3C).
These proteins have already been identified in the sample treated
solely with 0.4 g/liter TiO, (Fig. 3E). In contrast, the gel obtained
from the sample irradiated during 30 min in the presence 0.4
g/liter of TiO, (Fig. 3F) showed only 3 additional disappearing
proteins (putative nucleotide-binding protein [YajQ], spot 20;
heat shock protein [GrpE], spot 21; and the HsIV-HslU protein
[protease HslV], spot 22) compared to results for the sample
treated in the dark at a TiO, concentration of 0.4 g/liter (Fig. 3E).
This result corresponds in total to 22 missing proteins.

DISCUSSION

Itis well known that UV-A irradiation of TiO, induces production
of ROS (33, 34). Generation of ROS is an unavoidable aspect of life
under aerobic conditions, but the disruption of the balance be-
tween generation and elimination of ROS is reported to induce
severe damage to important cell components, such as lipids, pro-
teins, or nucleic acid (35, 36). Therefore, we have studied the
influence of TiO, photocatalysis on lipids, which are one of the
main compounds of the bacterial membrane. We performed this
study in conjunction with studying the implication of ROS, by
recording the amount of MDA—known to be the end product
and main biomarker of lipid peroxidation (18, 37)—produced
during the membrane alterations. The extent of lipid peroxidation
induced by TiO, photocatalysis was in agreement with results
shown by Maness et al. (18) and in the review by Dalrymple et al.
(13). It was noteworthy that addition of SOD decreases by half the
amount of lipid peroxidation products, confirming that O,-" is
implicated in the lipid peroxidation process. However, we con-
sider the possibility that other ROS, such as singlet oxygen 'O,,
can be generated from oxidation of O,-~. This oxidation is ther-
modynamically favored since E® (O,-~/'0O,) = 0.34 V versus the
normal hydrogen electrode (NHE) (38) and the formation of 'O,
during photocatalysis on TiO, has been previously reported (39,
40) (E°is the standard redox potential). Consequently, we cannot
exclude a potential involvement of 'O, in lipid peroxidation,
knowing that the 'O, molecule is a highly energetic oxygen mol-
ecule known to lead to the initiation of lipid peroxidation reac-
tions. This supports the direct implication of O,-~ radicals as im-
portant active ROS in E. coli cell death, i.e., in the photocatalytic
antimicrobial effect, as previously shown in G. Carré et al. (31).
The contact between E. coli bacterial cells and TiO,, with or
without UV-A irradiation, induced the disappearance of many
spots. As shown in Table 1, the targeted proteins are very het-
erogeneous in cellular localization and belong to different
function families. However, it is clear that most of the involved
proteins belong to four main functional groups, porins (4/21),
proteins involved in oxidative stress response (5/21), chaper-
one proteins (4/21), and to a lesser extent proteins involved in
the transport and metabolism of different molecules. such as
inorganic ions (2/21), lipids (2/21), carbohydrates (1/21), and
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FIG 3 Impact of TiO, photocatalysis on the whole-cell proteome of E. coli ATCC 8739. Representative 2-DE gel pictures (pH range, 4 to 7) of whole-cell protein
lysates after different treatments for 30 min of UV-A light irradiation are shown. Previously, bacteria were grown during 16 h to 18 h on tryptic soy agar at 37°C.
(A) Standard conditions (without TiO, in the dark). (B) Under UV-A light irradiation. (C and E) In the dark ata TiO, concentration of 0.1 g/liter (C) or 0.4 g/liter
(E). (Dand F) Under UV-A light irradiation at a TiO, concentration of 0.1 g/liter (D) or 0.4 g/liter (F). Spots present (black numbers) under standard conditions
(gel A) but not detected (white numbers) after one of the applied treatments (gels B to F) are shown. Proteins corresponding to these spots were identified by
chip-LC-QTOF analysis.
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TABLE 1 Identification of missing proteins in E. coli ATCC 8739 whole-cell proteomes recorded after 30 min of UV-A treatment, TiO, exposure in

the dark, and a photocatalytic test

Spot  Peptides  Coverage
Functional category Protein identity Gene Location no. matched® (%) pLY mWe Treatment?
Lipid transport and Unnamed protein product fadL Outer membrane 1 3/5 6 5.26; 42,307 UV;C,; Cy,y
metabolism Chain A, X-ray structure of Escherichia  fabl Cytoplasm 11 15/18 43 5.58;27,733 C,,
coli enoyl reductase with bound Nad
and benzodiazaborine
Porin Outer membrane protein A ompA Outer membrane 2 11/12 24 5.99; 37,200 P, 5 Cyy
Outer membrane porin protein C ompC Outer membrane 3 18/19 28 4.65;41,447 P, ;Cy,
Outer membrane porin protein F ompF Outer membrane 4 18/18 29 4.82;39,372 P, ;Cy,
Chain A, outer membrane protein ompW Outer membrane 5 6/6 10 6.15; 21,675 C, 5 Cy,
OmpW
Carbohydrate Maltoporin lamB Outer membrane 6 719 10 4.86;49,968 P, ,;C,,
transport and
metabolism
Amino acid transport  Chain A, dipeptide-binding protein dppA Inner membrane 9 23/29 24 5.74; 57,407 C,,
and metabolism complex with glycyl-L-leucine
Inorganic ion DNA starvation/stationary-phase dps Cytoplasm 12 52/54 61 5.70; 18,695 C,,
transport and protection protein Dps
metabolism DNA starvation/stationary-phase dps Cytoplasm 13 52/54 61 5.70; 18,695 C,,
protection protein Dps
Bacterioferritin, iron storage, and bfr Cytoplasm 14 24/24 69 4.69; 18,495 P,;;C,,
detoxification protein
Energy production H™ ATPase F1 alpha subunit atpA Inner membrane 10 22/26 32 5,93;55,339  C, 15 Cyy
and conversion
Oxidative stress Chain A, structure of the hypothetical ygiw Periplasm 7 14/15 45 4.73; 11,905 C, ;; Cy 4
defense protein protein YgiWw
Hypothetical protein ECP_2911 yggE Periplasm 8 11/11 28 5.74; 24,981 P, ;;Cy,
Two-component response regulator arcA Cytoplasm 15 12/14 35 5.20;27,292 P, 5 Cyy
Indigoidine synthase A-like protein IndA-like protein ~ Cytoplasm 16 16/16 26 5.29;32,921 Cy15Coy
gene
Putative nucleotide binding protein yajQ Cytoplasm 20 14/15 49 5.94; 18,312 P,
Posttranslational Trigger factor tig Cytoplasm 17 65/70 56 4.73;48,02  C,,
modification, DnaK suppressor dksA Cytoplasm 18 3/4 34 4,97; 17,500  Cg 15 Cyy
protein turnover, Heat shock protein GrpE grpE Cytoplasm 21 16/18 42 4.68; 21,741 P,
chaperones Chain A, HslV-HslU Protease HslV Cytoplasm 22 5/5 19 5.95;18,962 P,
gene
Translation, ribosomal ~ Chain F Ribosomal_S6 Cytoplasm 19 9/10 42 6.58; 11,164 C,1;Cy,

structure and
biogenesis

@ Peptides matched: number of tryptic peptides observed contributing to the percentage of sequence coverage with unique amino acid sequence/total number of unique peptides

detected including posttranslational modifications.
Y p, theoretical isoelectric point.
“mW, theoretical molecular weight.

 Nature of the treatment leading to the disappearance of some proteins in 2-DE gels compared to results under standard conditions. UV, 30 min of UV-A irradiation; C,; and
Cy.4» treatment with a cytotoxic effect of TiO, at 0.1 g/liter and 0.4 g/liter, respectively; P, , and P, 4, photocatalytic treatment with TiO, at 0.1 g/liter and 0.4 g/liter, respectively.

amino acids (1/21). To a lesser extent, we also identified one
protein involved in energy production and conversion, as well
as one involved in translation regulation.

The disappearance of a spot during the applied treatment in
comparison with the control gel may reflect a denaturation, a
cleavage, an oxidation, or a change in the location of the spot on
the gel. However, we must consider that different functional pro-
tein isoforms may be present in the proteome, such as Omp pro-
teins, located at the outer membrane. In the case of OmpA (spot
2), many isoforms of this protein are described in the literature,
with 8 already reported in the sole publication of Molloy et al.
(41). Thus, the alteration of a spot does not necessarily mean that
the protein is no longer functional. Even if no direct information
on the proteomic functionality can be obtained, this proteomic
analysis identifies potential proteins that are affected by cytotoxic
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treatment in the dark with TiO, and by a photocatalytic treatment
in the presence of UV-A-light-irradiated TiO,.

Taking into account the criteria relative to the presence or ab-
sence of a spot in comparison with the control gel, the modifica-
tion of a selected spot should be correlated to the appearance of
another spots in the gel corresponding to the same protein. How-
ever, presence/absence comparative analysis did not reveal the
appearance of any new spots in the gels. Therefore, we can assume
that the spots that have been altered have led to the formation of
new, undetectable spots. This can be explained by three nonexclu-
sive hypotheses: (i) the cleavage of the protein can result in the
formation of spots too small to be observed in the gel (smaller than
10 kDa), (ii) spots corresponding to proteins with a pH out of the
observation range of the gel (i.e., outside the 4 to 7 pH range) may
be present, and (iii) the new spots may be superimposed on the
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gels with initially present spots. The disappearance of spots is most
likely due to oxidative degradation of proteins and cannot be at-
tributed to regulation of protein expression as an answer to oxi-
dative stress. Indeed, oxidation reactions and protease activity to
degrade proteins are fast (42), and while the applied treatments
may be long enough (30 min) to cause transcriptional events for
the genes encoding the identified proteins, this time is too short
for efficient protein translation (43). In fact, we precisely chose
these conditions so as not to observe genome-based protein reg-
ulation phenomena.

We showed that these alterations were not specific to any
functional class, although some proteins, such as outer mem-
brane proteins, were the main target during the treatment with
TiO, in the dark and with photocatalytic treatment with TiO,
in the presence of UV-A irradiation, probably due to their di-
rect contact with TiO, particles. In particular, it is reported that
about 70% of the surface of the membrane of Gram-negative
bacteria is composed of porins. Their role is to allow the pas-
sage of nutrients and in particular the permeation of hydro-
philic molecules (44). Some of them, OmpA and OmpC espe-
cially, have already been identified as the main targets when E.
coli cells are exposed to external oxidative stress (45). Recently,
Krishnan and Prasadarao have shown that OmpA, which is a mul-
tifunctional major outer membrane protein of E. coli and the En-
terobacteriaceae, interacts with specific receptors, initiating the
pathogenesis of some Gram-negative bacterial infections (46). We
hypothesized that the degradation of these mains OMPs by both
the cytotoxic effect of TiO, and the ROS generated by the photo-
catalytic reaction on TiO, disrupts the communication between
bacteria and the environment.

Five protein spots corresponding to oxidative stress proteins
were also altered by both cytotoxic and photo catalytic effect of
TiO,. These include two proteins located in the periplasm (YgiW
and YggE) and three others located in the cytoplasm (ArcA, IndA-
like, and YajQ). The cytoplasmic YajQ protein was the single ad-
ditional protein modified only during UV-A photocatalysis and
not with TiO, in the dark, in comparison to the others, which were
already modified in the dark (TiO, cytotoxic effect). The YggE
gene product is involved in the reduction of the intracellular ROS
level and is therefore responsible for lowering the concentration of
ROS to a tolerated level (47). ArcA is a two-component response
regulator involved in the oxidative stress response (48, 49), and
YajQ is involved in ROS detoxification mechanism (50).

Members of the chaperone protein family are also altered,
since we found the disappearance of 2 proteins (Tig and DksA)
when studying the TiO, cytotoxic effect and 2 others (GrpE and
protease HslV) during the photocatalytic effect at 0.4 g/liter of
TiO,. The GrpE heat shock protein in interaction with DnaK and
DnaJ can prevent the aggregation of stress-denatured proteins
(51), and HslV is an ATP-dependent protease, which helps in the
degradation of denatured proteins (52).

Proteins involved in transport and metabolism, crucial for bac-
terial survival and growth, are also altered. Cytotoxicity of 0.4
g/liter TiO, caused the disappearance of three spots, assigned to
two Dps isoforms and Bfr, which are responsible for inorganic ion
transport and metabolism. The Dps protein protects DNA from
damage resulting from oxidative stress. This protection is per-
formed by sequestering and mineralizing metal ions, especially
ferrous ion, that can be engaged in the Fenton reaction and are
known to yield hydroxyl radicals that can damage macromole-
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cules, such as proteins, membrane lipids. and DNA (20, 53-55).
We have noted that the cytotoxic effect at s TiO, concentration of
0.4 g/liter induced the disappearance of two isoforms of this pro-
tein (spots 12 and 13). The second protein is Bfr, which is a bac-
terioferritin and has specific detoxifying properties for the dam-
aging action of ROS (56).

Small ribosomal proteins were also altered by the cytotoxic
effect of TiO,. We have observed the disappearance of the spot
corresponding to ribosomal S6. Protein S6 is located in the central
domain of the small ribosomal subunit, and the level of this small
ribosomal protein S6 could be modified by the induction of the
s0xRS regulon (SoxR being identified as a sensor for superoxide
anions) (35). However, it was shown that E. coli strains with in-
frame deletions of the S6 ribosomal protein are still viable and
show no deficiency of 30S protein composition (57).

Although no information about metabolism regulation during
photocatalytic treatment can be derived from the 2-DE analysis,
we suggested that protein modification could disrupt the ability of
the bacteria to communicate with the environment.

We hypothesized that such potential protein alteration and
lipid peroxidation participated in the antibacterial activity which
occurred during the UV-A photocatalytic treatment with TiO,.
For this study, demonstrating the impact of UV-A photocatalysis
with TiO, on the proteome of E. coli, we selected a qualitative
analysis in order to identify the protein spots that are significantly
affected (presence versus absence) by the different treatments ap-
plied. Twenty-two proteins are surely few, and many more are
certainly modified, but this approach allowed us to demonstrate
that the different altered spots belong to several protein function
categories. The hypothesis that all the E. coli proteins could be
affected without any important selectivity during photocatalysis,
as previously suggested by Goulhen-Chollet et al. (19), could now
be supported by our observation, since the proteins altered by
UV-A photocatalysis with TiO, belong to several functional cate-
gories, with a majority of them being involved in oxidative stress
and porins. The proteomic approach was informative for identi-
fying the proteins altered in the antibacterial process taking place
with TiO, nanoparticles and may ultimately be used to determine
how their expression is controlled. Further work will concern
comparative genomic/transcriptomic/proteomic analyses, e.g.,
performed with mutant strains, to gain more insights into the
development of molecular mechanisms of bacterial resistance to
UV-A photocatalysis with TiO,, which could occur in bacteria
containing a different enzymatic/proteomic arsenal.

Conclusions. The present study has identified the effects of
UV-A photocatalysis with TiO, and those of TiO, in the dark on
key cellular components of E. coli, such as lipid and proteins. It
showed that antibacterial photocatalytic activity was accompa-
nied by lipid peroxidation resulting from the reaction with the
0, superoxide radical ROS. This lipid peroxidation could en-
hance membrane fluidity and disrupt cell integrity. The 2-DE pro-
teomic analysis is the first study to gain insight into the antimicro-
bial effect of TiO, photocatalysis by focusing on the identification
of potential protein targets modified during the cytotoxic treat-
ment in the dark with TiO, and the TiO, photocatalytic treatment
in the presence of UV-A irradiation. The mass spectrometry pro-
tein analysis has shown that the protein alterations were not spe-
cific to a functional class, although some proteins, such as outer
membrane proteins, were the main target during both treatments,
probably as a result of a greater exposure to the surface of TiO,

aem.asm.org 2579


http://aem.asm.org

Carré et al.

particles. The main degraded proteins were porins and proteins
mainly involved in the response to oxidative stress or in environ-
mental stress regulation.
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