INTERFACE

royalsocietypublishing.org/journal/rsif

Research )

Check for
updates

Cite this article: Krewing M et al. 2019 The
molecular chaperone Hsp33 is activated by
atmospheric-pressure plasma protecting
proteins from aggregation. J. R. Soc. Interface
16: 20180966.
http://dx.doi.org/10.1098/rsif.2018.0966

Received: 21 December 2018
Accepted: 24 May 2019

Subject Category:
Life Sciences—Physics interface

Subject Areas:
biochemistry, medical physics,
biomedical engineering

Keywords:

chaperone, plasma resistance, non-equilibrium
plasma, dielectric barrier discharge,
atmospheric-pressure plasma

Author for correspondence:
Julia E. Bandow
e-mail: julia.bandow@rub.de

"These authors equally contributed to the
manuscript.

*Present address: Leibniz Institute for Plasma
Science and Technology (INP) Greifswald,
Germany.

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.4531724.

THE ROYAL SOCIETY

PUBLISHING

The molecular chaperone Hsp33 is
activated by atmospheric-pressure plasma
protecting proteins from aggregation

Marco Krewing™!, Jennifer Janina Stepanek™!, Claudia Cremers*,
Jan-Wilm Lackmann'#, Britta Schubert!, Alexandra Miiller?,
Peter Awakowicz, Lars I. 0. Leichert?, Ursula Jakob* and Julia E. Bandow'

! Applied Microbiology, Faculty of Biology and Biotechnology, “Microbial Biochemistry, Faculty of Medicine, and
3Hlectrical Engineering and Plasma Technology, Faculty of Electrical Engineering and Information Sciences,
Ruhr University Bochum, Bochum, Germany

“Molecular, Cellular, and Developmental Biology, University of Michigan, Ann Arbor, MI, USA

MK, 0000-0002-5315-8755; J-WL, 0000-0001-8182-8034; LIOL, 0000-0002-5666-9681;
JEB, 0000-0003-4100-8829

Non-equilibrium atmospheric-pressure plasmas are an alternative means to
sterilize and disinfect. Plasma-mediated protein aggregation has been iden-
tified as one of the mechanisms responsible for the antibacterial features of
plasma. Heat shock protein 33 (Hsp33) is a chaperone with holdase function
that is activated when oxidative stress and unfolding conditions coincide. In
its active form, it binds unfolded proteins and prevents their aggregation.
Here we analyse the influence of plasma on the structure and function
of Hsp33 of Escherichia coli using a dielectric barrier discharge plasma.
While most other proteins studied so far were rapidly inactivated by
atmospheric-pressure plasma, exposure to plasma activated Hsp33. Both, oxi-
dation of cysteine residues and partial unfolding of Hsp33 were observed
after plasma treatment. Plasma-mediated activation of Hsp33 was reversible
by reducing agents, indicating that cysteine residues critical for regulation of
Hsp33 activity were not irreversibly oxidized. However, the reduction yielded
a protein that did not regain its original fold. Nevertheless, a second round of
plasma treatment resulted again in a fully active protein that was unfolded to
an even higher degree. These conformational states were not previously
observed after chemical activation with HOCI. Thus, although we could
detect the formation of HOCI in the liquid phase during plasma treatment,
we conclude that other species must be involved in plasma activation of
Hsp33. E. coli cells over-expressing the Hsp33-encoding gene /510 from a plas-
mid showed increased survival rates when treated with plasma while an ksIO
deletion mutant was hypersensitive emphasizing the importance of protein
aggregation as an inactivation mechanism of plasma.

1. Introduction

Plasma medicine is an emerging field that covers applications of technical
plasmas in biology and medicine. The antibacterial properties of plasmas are
exploited for the treatment of materials, devices [1,2] and patients [3,4]. The
antibacterial effects are based in part on plasma-generated reactive oxygen
and nitrogen species [5], to which microorganisms are reportedly more suscep-
tible than eukaryotic cells [4]. The mechanisms that contribute to inactivation of
microorganisms by plasma are manifold and modifications of different biomol-
ecules have been observed. This includes proteins [6], DNA [7], lipids [8],
carbohydrates [9], and low molecular weight compounds [10].

Proteins are among the most abundant macromolecules in cells and ana-
lyses on the influence of plasma on proteins revealed that most proteins are
inactivated within seconds or minutes [11-14]. This is the case even for proteins
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that are otherwise known for their high stability like RNase A
or proteinase K [15,16]. Oxidation of the sulfur-containing
amino acids cysteine and methionine are typically the first
plasma-induced modifications, followed by alterations of
tryptophan, tyrosine, or histidine [15,17,18]. If the modified
residues are part of the catalytic centre, inactivation occurs
before changes in tertiary structure are observed [6]. Apart
from that, modifications of residues of structural importance
can lead to partial or complete protein unfolding and thus to
a complete loss of activity [6,11,12]. A noteworthy exception
to plasma-mediated inactivation of proteins is the activation
of a fungal lipase from Candida rugosa. This enzyme unfolds
during plasma treatment resulting in an increased catalytic
activity. It is thought that the unfolding allows better access
of the substrate to the catalytic centre [19].

Denatured and unfolded proteins tend to stick together
and form insoluble and lethal protein aggregates [20]. This
has also been observed after exposure of Saccharomyces cerevi-
siae yeast cells to atmospheric-pressure plasma as determined
by protein quantitation and SDS-PAGE analysis. Plasma-
generated hydrogen peroxide (H,O,) was shown to be at
least partially responsible for this effect [21]. Heat shock pro-
teins and molecular chaperones like Hsp104s, and Tsalg,,
respectively, were found to be upregulated in yeast after treat-
ment with sublethal plasma doses emphasizing the
importance of protein unfolding and aggregation under
plasma-induced stress [21].

The heat shock protein 33 (Hsp33) of Escherichia coliis a mol-
ecular chaperone that ATP-independently binds to unfolded
proteins and prevents protein aggregation [22]. Hsp33 is acti-
vated by oxidation at elevated temperatures and prevents
lethal protein aggregation in bacteria under these conditions
[23,24]. It harbours six cysteine residues, four of which are
highly conserved and involved in the coordination of a zinc
ion [25,26]. Under oxidative stress, these cysteines engage in dis-
ulfide bonds leading to the release of the zinc ion. Under
conditions that promote unfolding, like elevated temperature,
a linker region within the protein unfolds resulting in complete
activation of Hsp33 [23,27]. Hsp33 is activated by a combination
of the slow-acting oxidant H,O, in conjunction with protein
unfolding conditions (e.g. oxidative heat stress), or by exposure
to fast-acting protein unfolding oxidants, such as hydroxyl
radicals or hypochlorous acid (HOCI) [22,24,25,28].

Cold atmospheric-pressure plasmas contain a number of
reactive species potentially capable of activating Hsp33 like
different ions, metastables, radicals, and photons. When
driven with ambient air as feed gas, reactive oxygen species
(ROS) like singlet oxygen (1Ag02) and atomic oxygen (¢O),
as well as several reactive nitrogen species, e.g. N,O, or
excited nitrogen (N(A3Y)), are generated [29]. Some of these
particles enter the liquid phase, where they recombine to
form species like H,O, or peroxynitrite (ONOO™) [30]. The
formation of HOC], a potent disinfectant known from house-
hold bleach, has been predicted based on simulations of
plasma treatment of solutions containing chloride ions.
Further, HOCI was detected experimentally in leukaemia
cell lines after exposure to a He/O, plasma jet [31]. It has
been postulated that plasma-generated atomic oxygen enters
the liquid phase and reacts with chloride ions to yield hypo-
chlorite (OC17) [31,32]. Only recently, using '#O, in the feed
gas of a plasma jet, it was shown that plasmas can be an effec-
tive source of atomic oxygen that enters the liquid phase
reacting with solutes [33].

As Hsp33 is known to protect cells from oxidative [ 2 |

damage caused by H,O, and HOC], and both are common
species in plasma-treated liquids, we investigated the role
of Hsp33 in plasma resistance and the effects of plasma on
Hsp33 structure and activity. Studying the effects of plasma
treatment on Hsp33 and E. coli as a whole, we found that
plasma treatment turns Hsp33 into an active chaperone that
in vitro prevents protein aggregation and contributes to
plasma resistance of E. coli.

2. Results
2.1. Hsp33 protects £. coli against plasma toxicity

Plasma treatment is known to cause oxidative stress and
protein denaturation [21], while the molecular chaperone
Hsp33 has been shown to protect proteins against oxidative
protein unfolding and aggregation [22]. We therefore decided
to test whether Hsp33 is activated by plasma, and to what
extent Hsp33 protects E. coli against plasma toxicity. We
exposed E. coli wild-type [34], the Hsp33 deletion strain
(AhslO) [34] and the complemented AhslO strain expressing
Hise-tagged Hsp33 IPTG-dependently from a plasmid [35]
to DBD-generated plasma. Five microlitres of diluted cell sus-
pension (8 x 10* CFUml ™, or 400 CFU total) was treated
with plasma for 30 s, subsequently plated on LB agar, and
CFUs counted after overnight incubation at 37°C. The E.
coli parent strain exhibited a survival rate of about 55%.
The survival rate of the hslO deletion strain was decreased
to 35%, while that of the complemented AhsIO strain induced
with 100 M IPTG was increased to 70% (figure 1). Although
modest, these results suggest that Hsp33 has a cytoprotective
effect towards plasma treatment and that the presence or
absence of the hslO gene is a genetic determinant of plasma
resistance of E. coli. In order to correlate survival rates with
Hsp33 levels, a western blot analysis was conducted to
detect Hsp33 expressed from the plasmid with an antibody
directed at the His-tag (figure 1, insert). We detected
Hsp33 expression only at the highest IPTG concentration
(100 uM), congruent with the lack of protective effects at
lower inducer levels.

2.2. Hsp33 delays plasma-induced protein aggregation
To investigate the role of Hsp33 in preventing plasma-
triggered protein aggregation, in vitro assays were performed.
Cell lysates of E. coli were treated with the DBD with and
without the addition of defined amounts of purified Hsp33.
After plasma treatment, soluble proteins were separated
from aggregated proteins by centrifugation. Proteins in the
supernatant and pellet fractions were analysed by SDS-
PAGE (figure 2ab) and protein quantitation using the
Bradford assay (figure 2c). Starting from 2 min, proteins
were detected in the pellet fraction. After 10 min of plasma
treatment, all protein was insoluble. We observed an accumu-
lation of high molecular weight complexes in the pellet
fraction that were not solubilized by SDS, suggesting that
protein is irreversibly cross-linked. Moreover, the decrease
in total signal intensity per sample indicated that plasma
causes protein degradation.

When purified Hsp33 was added to the lysate prior to
plasma exposure, much less protein aggregated after 5 min
of plasma treatment. Seventy per cent of the protein was
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Figure 1. Survival of £. coli strains upon exposure to DBD as determined in a
CFU-based assay. The tested strains included the parental wild-type strain (wt),
the corresponding deletion mutant Ahs/0, both with or without the empty
vector (EV) pCA24N and the complemented strain Ahs/O pCA24N::hslO culti-
vated with different IPTG concentrations. Each dot represents an independent
experiment, horizontal lines mark the arithmetic mean. Insert: Samples from
strains carrying the plasmid with the His-tagged hs/O gene were analysed by
western blot with anti-Hiss-antibody. For each lane, 10 p.g protein were
applied. The PageRuler Plus prestained protein ladder (Thermo Fisher) was
used as size marker.

still soluble, compared to only 15% in samples with no added
Hsp33 (figure 2c). These results revealed that Hsp33 protects
against and delays plasma-induced protein aggregation.
Moreover, we detected less cross-linked protein (high mol-
ecular mass signals) in the insoluble fraction in the samples
with added Hsp33.

2.3. Plasma-induced activation of Hsp33 in vitro

To act as a molecular chaperone, Hsp33 needs to be activated
by oxidative disulfide bond formation and partial unfolding
[23]. We therefore investigated plasma-induced activation of
Hsp33, monitored the oxidation status of Hsp33 thiols and
investigated protein conformation by circular dichroism
(CD) spectroscopy.

Chaperone activity of Hsp33 was determined using the
citrate synthase assay after exposure to DBD plasma for up
to 2 min (figure 3a). As described previously, HOCl-activated
Hsp33 prevented citrate synthase aggregation so that no light
scattering was observed [24]. Sixty seconds of plasma treat-
ment activated Hsp33 to almost the same extent as
treatment with a 10-fold molar excess of HOCI (figure 3a).

Upon HOCl-activation, the four conserved thiols form
two disulfide bonds and release the zinc ion [24]. To monitor
the thiol oxidation status in Hsp33 upon plasma treatment,
we conducted an Ellman’s assay [36] (figure 3b). Consistent
with the observed plasma activation of Hsp33, the number
of free thiols decreased with increasing plasma exposure,
and no remaining free thiol groups were detectable after 60 s
of exposure.

Since oxidative activation of Hsp33 is known to be
accompanied by massive structural rearrangements, we ana-
lysed the secondary structure of Hsp33 using far-UV CD
spectroscopy (figure 3c). After 45 s of plasma treatment,
the degree of Hsp33 unfolding was comparable to HOCI-
activated Hsp33. Prolonged exposure for up to 120 s,
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Figure 2. Cell lysates of E. coli with (+) or without (—) exogenous Hsp33
(16% (w/w)) were treated with plasma for the indicated amount of time. Inso-
luble proteins were separated from soluble proteins by centrifugation and both
fractions were subjected to SDS-PAGE (a,b) and Bradford analysis (c). (a) Soluble
protein remaining in the supernatant after plasma treatment. (b) Insoluble
protein in the pellet fraction. "High molecular mass protein aggregates; *the
band to the left corresponds to added Hsp33. The data shown are representa-
tive of four independent experiments. (¢) Bradford quantitation of the protein
fractions. Blue bars (left) represent samples without added Hsp33, green bars
(right) those to which 16% (w/w) Hsp33 was added prior to plasma treatment.
Solid bars (dark): soluble proteins, shaded bars (light): insoluble fraction. For
each time point, the total amount of protein (soluble plus insoluble) was
set to 100%. The data reflect the results of three independent experiments
and standard deviation. (Online version in colour.)

however, resulted in an even more pronounced unfolding
of the protein. These additional changes were accompanied
by only minor changes in the activity of Hsp33piasma
(compare figure 3a and 3c).

2.4. Reversibility of plasma-induced Hsp33 activation

Activation of Hsp33 by HOCI is reversible, once reducing
conditions are restored and free zinc ions are provided [24].
The fact that the degree of protein unfolding increased with
increasing plasma exposure time prompted us to investigate
the reversibility of plasma activation of Hsp33. We found
that Hsp33 treated for 45, 60, or 120 s (Hsp33pss, Hsp33peo,
and Hsp33pip0) was fully inactivated after incubation with
the reducing agent dithiothreitol (DTT) and addition of
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Figure 3. In vitro characterization of Hsp33 treated with DBD plasma.
(a) Relative chaperone activity of plasma-exposed Hsp33 compared to
HOCI-treated Hsp33 (set to 100%). Active chaperone prevents the aggregation
of citrate synthase resulting in low light scattering. Insert: Light scattering in
the citrate synthase assay for citrate synthase alone (CS), in the presence of
reduced Hsp33 (red), HOCl-activated Hsp33 (HOCI) or Hsp33 treated with
plasma for 120 s (P120). Data shown in insert reflect three independent exper-
iments. (b) Average number of free thiols per Hsp33 molecule after plasma
treatment quantified with Ellman’s reagent. Insert: Comparison of free
thiols in HOCl and plasma-treated Hsp33. Data shown in insert reflect three
independent experiments. (¢) Far-UV (D spectra of reduced, HOCl-activated
Hsp33, and Hsp33 treated with plasma for 45 or 120 s (P45 and P120, respect-
ively). Inserts in (a,b): the significance of differences compared to reduced
Hsp33 was calculated using Student’s t-test (***denotes p < 0.001).
(Online version in colour.)

ZnCl, (figure 4a,b). Inactivation rates were slightly lower for
Hsp33p1p0 (figure 4a). While the reduction of Hsp33uoci
yielded the expected six free cysteines, we detected on aver-
age only 4.5 thiols in Hsp33pss5.req, indicating that during
plasma treatment one or two cysteine residues are oxidized
to a degree that is not reducible by DTT (like sulfinic or sul-
fonic acids). We further tested it after the reduction (i.e.
inactivation) with DTT, Hsp33yoc and Hsp33pys could be
re-activated with HOCI or plasma, respectively. When
Hsp33 was activated by HOCI, inactivated with DTT, and

then re-activated by HOCI, the protein unfolded, refolded,
and unfolded again, fully in congruence with the chaperone
activity data (figure 4c). By contrast, as described above,
reduction of plasma-activated Hsp33 did not lead to refold-
ing yet also resulted in an inactive protein (figure 4d).
When this Hsp33pss.req Was then treated with plasma again,
chaperone activity returned and we observed an even
higher degree of unfolding, which was almost comparable
to that after a single treatment for 120 s (compare figure 4d
and figure 3b). This additive effect on the protein unfolding
suggested that some plasma-induced protein modifications
accumulated that could not be restored by incubation
with DTT.

2.5. Role of plasma-generated HOCl in the activation
of Hsp33

Hsp33 is activated by H,O, in combination with heat, by
hydroxyl radicals or, effectively, by HOCI
[22,24,25,28]. Plasma consists of a variety of reactive species

most

and additional species are produced in plasma-treated aqu-
eous solutions, including those known to activate Hsp33 [30].

In a first attempt to identify the plasma-generated species
that activated Hsp33, we investigated HOCI generation using
hydroxyphenyl fluorescein (HPF) and aminophenyl fluor-
escein (APF). Both of these reagents react with hydroxyl
radicals and peroxynitrite, but only APF also reacts with
HOCI [37]. When treating APF or HPF-containing buffers
(storage buffer of Hsp33, 40 mM KH,PO,, with or without
20mM KCl, pH 7.5) with plasma, fluorescence increased
equally fast for both probes independent of chloride content
and maximal fluorescence was achieved for both probes at
15 s exposure time.

Since it is unknown if the probes also react with highly
reactive short-living species from plasma, we also added
the probes after exposing the buffer solutions to plasma.
Under these conditions, we found significant differences in
the signals between both probes, indicative of the formation
of HOCI when chloride ions are present. We then compared
the fluorescence signals of the two probes dissolved in chloride-
containing or chloride-free buffer after exposure to plasma and
calculated the HOCI concentrations as described in the
materials and methods section. After a 30 s treatment with
the DBD, we detected 0.9 wM HOCI in the chloride-containing
buffer solution (electronic supplementary material, figure S1).
Given that optimal Hsp33 activation requires at least a 10:1
ratio of HOCI to Hsp33, these results suggested that
plasma-induced HOCI production is not sufficient to activate
Hsp33 present at 150 wM. Since during the plasma treatment
the solutions did not contain Hsp33, we cannot exclude that
more HOCI is generated when Hsp33 acts as a sink for HOCI
during the plasma treatment.

After verifying that HOCI is formed in DBD-treated
liquid, the contribution of HOCI in the plasma-induced
activation of Hsp33 was analysed. To this end, chloride-
containing buffer was exposed to the DBD plasma for 120 s
and subsequently mixed with an Hsp33 solution. This
procedure allows highly reactive short-living species like
hydroxyl radicals or singlet oxygen (life times: microsecond-
to millisecond-range) [38,39] to decay. HOCI is reported to
be relatively stable [40]. No Hsp33 activation was observed
after a 10 min incubation with a buffer that was treated
with plasma for 2 min (electronic supplementary material,
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Figure 4. Investigation of the reversibility of plasma activation of Hsp33. (a) Inactivation kinetics of Hsp33pso and Hsp33pqyo incubated with DTT and ZnCl,. (b) Activity
(blue, left) and thiol oxidation status (green, right) of Hsp33 in the chaperone assay initially (red (abbreviation for reduced)), after activation with HOCI or plasma for 45 s
(P45), inactivation by reduction (HOCl-red or P45-red, respectively), and a second activation by HOCI (HOCI-red-HOCI) or plasma (P45-red-P45). The data reflect at least
three independent experiments. (c,d) (D spectra of Hsp33 after activation, inactivation and reactivation with HOCI (c) or plasma (d). (Online version in colour.)

figure S2), which could be due to the low HOCI concentration
(electronic supplementary material, figure S1). The Hsp33
solution contains chloride ions stemming from the protein
purification process. We removed the chloride ions by dialysis
(confirmed by silver precipitation (electronic supplementary
material, figure S3)) in order to limit HOCI production in
the plasma-treated Hsp33 solution. There was no difference
in chaperone activity in dialysed and non-dialysed samples
after 60 s DBD treatment (electronic supplementary material,
figure S2). Taken together, HOCI seems to play a minor role
in plasma activation of Hsp33.

2.6. Importance of thiol oxidation for plasma activation
of Hsp33

Having excluded HOCI as the main activating species, these
results raised the intriguing question as to what other reactive
species are generated by the plasma treatment that interacts
with and activates Hsp33. Since plasma-treated chloride-
containing buffer was unable to activate Hsp33 (electronic
supplementary material, figure S2), we excluded that any
other stable species that have previously been shown to
form in the liquid (i.e. peroxynitrite) (electronic supplemen-
tary material, figure S4) are responsible for the activation of
Hsp33. We also exclude that Hsp33 is activated by a combi-
nation of H,O, and heat, since no warming of the sample
occurred during plasma treatment with a similar set-up [41].

To unravel whether the unknown activator is oxygen-
based or nitrogen-based, we treated Hsp33 with plasma as
before but performed the treatment in an oxygen-free

N./Hj-atmosphere (97.5%/2.5%). After a 60 s treatment in
an oxygen-free atmosphere, we did not observe any signifi-
cant activation of Hsp33 (electronic supplementary material,
figure S2). It has been shown that the rates of hydroxyl rad-
ical formation by plasma-induced homolytic cleavage of
water are of the same order of magnitude in the presence
and absence of molecular oxygen [42,43]. Thus, these results
excluded the involvement of hydroxyl radicals. These results
are corroborated by an independent line of evidence.
Hydroxyl radicals can also be formed in H;O photodissocia-
tion by plasma-generated UV [44]. We mimicked the UV dose
generated by the DBD using a UV lamp generating radiation
of the same wavelength but with higher intensity. UV-
exposed Hsp33 was not activated (electronic supplementary
material, figure S2).

The fact that in oxygen-free atmosphere Hsp33 was not
activated by plasma treatment suggested that molecular
oxygen is crucial for the formation of the Hsp33-activating
species. Possible short-living species generated by plasma
operated with molecular oxygen are for instance atomic
oxygen, superoxide, or singlet oxygen [45]. Based on the cur-
rent data, we are not able to conclude which species is key to
Hsp33 activation.

To investigate the importance of thiol modifications by
plasma for activation of Hsp33 in more detail, we added
two thiol-containing scavengers that affected Hsp33 acti-
vation in a concentration-dependent manner, glutathione
(GSH) and DTT (figure 5a). The thiol groups of GSH and
DTT either reduce plasma-oxidized Hsp33 or directly react
with the activating species, outcompeting the Hsp33 thiols.

99608107 :9[ DLRIU| 0§ y r ;!s1/|eujno[/610'6u!qsuq‘ndMapost H



—~
S
=

100 i

80

60

40

20

rel. chaperone activity (%)

0 -

120 120
10 20 -
DITmM) - - 10 - - - 5 10

plasma (s) —

120 120
GSH (mM) — -

20 - -

thiols (LM)

0
1sa DTT )
50 J ® GSH
40 30
I
30 N ol IR I
\ PO P60 PO P60 PO P60

® 60 6
\\-
20 .

thiols (UM)

10

0\
O I'\

0 30 60 90 120
plasma treatment (s)

Figure 5. Influence of ROS scavengers GSH and DTT on Hsp33 activity and kin-
etics of scavenger oxidation by plasma. (a) Relative chaperone activity of Hsp33
after DBD plasma treatment in the absence or presence of GSH (10 or 20 mM) or
DTT (5 or 10 mM). Data reflect three independent experiments. (b) Free thiols in
25 1M DTT, 50 M GSH, or 50 M cysteine after different plasma treatment
times (compare to Hsp33 thiol oxidation in figure 3b). Insert: For DTT, GSH, or
cysteine, free thiol quantitation for the untreated controls (P0) and the 60 s
plasma treatment time point (P60) is shown with the data reflecting three
independent experiments. (Online version in colour.)

Plasma-mediated oxidation of GSH has previously been
described for a similar DBD set-up [10]. Exposure of GSH,
DTT, or cysteine to DBD plasma and subsequent quantitation
of free thiols revealed that all three oxidize very quickly, with
similar half times for thiol oxidation (figure 5b) and at a rate
comparable to that of the Hsp33 thiols (figure 3b). The results
of the scavenging experiment underscore the importance of
the thiol state for Hsp33 activity and make it likely that a
thiol-oxidizing species is required for Hsp33 activation.
GSH has been described to react with superoxide, H,O,,
hydroxyl radicals, ozone, or NOe [10,46—48], and DTT is
also known to react with H,O,, superoxide, or hydroxyl rad-
icals [46,49]. To our knowledge, it is not known if they also
react with atomic oxygen or singlet oxygen.

3. Discussion

Protein aggregation is known to occur in plasma-exposed
cells [21]. The chaperone Hsp33 acts as a holdase that pre-
vents protein aggregation under stress conditions [22,50]. In
the present study, we investigated the influence of Hsp33
on bacterial plasma resistance using E. coli as a model.
We further studied the effects of plasma on Hsp33 activity
and protein fold and sought insights into plasma-specific
activation mechanisms.

3.1. Role of Hsp33 in plasma protection

Vaze et al. exposed E. coli mutants with impairments in differ-
ent chaperone systems (like GroEL, ClpX, and HtpG) to a
DBD plasma. Under conditions that caused a 2 log reduction
of the wild-type, deletion mutants lacking either of the cha-
perones were completely inactivated [51]. Here we showed
that over-expression of the gene hslO encoding the chaperone
Hsp33 increases plasma resistance of E. coli, while hsIO dele-
tion causes hypersensitivity (figure 1). Thus, Hsp33 conveys
a clear benefit for surviving plasma exposure underscoring
the importance of protein aggregation as a plasma-based
antibacterial mechanism.

We have previously shown that the oxidation of proteins
mediated by plasma occurs on the same timescale as protein
aggregation. GapDH, for instance, is a key enzyme in the cen-
tral metabolism with a catalytic cysteine residue that is
heavily prone to oxidation. When treating bacteria with a
microscale atmospheric-pressure plasma jet (wAPPJ), 1 min
of treatment is sufficient for GapDH inactivation [17]. In the
context of protective stress responses, it remains to be inves-
tigated whether plasma resistance of E. coli further increases
when both the stress response to protein aggregating and
protein oxidizing conditions are upregulated.

To investigate Hsp33 activity, we performed a gel-based
in vitro protein aggregation assay with E. coli lysates into
which Hsp33 was spiked prior to plasma treatment. Spiked
Hsp33 delayed protein aggregation during plasma exposure
(figure 2). However, it also showed that protein degradation
occurs (figure 2) [52,53].

3.2. Hsp33 is reversibly activated by plasma

Most plasma-protein interactions analysed to date resulted in
protein inactivation or denaturation [12,13,54,55]. The chaper-
one Hsp33 instead was activated by exposure to plasma,
making this an interesting protein to study with regard to
the protein activation mechanism.

During HOCI activation of Hsp33, the hydrophobic bind-
ing region of Hsp33 dissociates from its hydrophobic
counterpart and binds to unfolded proteins, as they expose
their hydrophobic ‘cores’ to the aqueous phase [56]. Like
HOCI, plasma caused Hsp33 to unfold. When treated
longer than 45s, an extraordinary loss in secondary struc-
tures was observed by CD spectroscopy (see Hsp33pio9 in
figure 3c). Such a degree of unfolding was not observed
after HOCI or H,O, treatment [24]. This highly unfolded
Hsp33 did not aggregate, but stayed soluble and prevented
chemically denatured citrate synthase from aggregating.

Activation of Hsp33pss was reversible when applying
reducing conditions and supplying Zn** ions, and the Ell-
man'’s assay showed that oxidation of at least four of the six
cysteine residues was reversible (figure 4b). Nevertheless, a
100% reduction of the cysteines of Hsp33pss could not be
achieved with DTT. The formation of disulfide bonds (as
observed for HOCl-activated Hsp33) or sulfenic acids
(R-SOH) is reversible. Based on the Ellman’s assay results,
we speculate that, as described for GapDH or RNase A
[15,17], the plasma causes oxidation of at least one cysteine
residue of Hsp33 to sulfinic (R-SOOH) or sulfonic acids
(R-SO,0H) not reducible by DTT.

Reduction of Hsp33pss did not restore the initial fold of
the protein and a second plasma exposure resulted in further
loss of structural features in Hsp33pas.req-pas (figure 4d). The

99608107 9L 20ua3u 20S Y °f  yisi/jeunol/bio-buiysijgndAiaposiesol H



degree of unfolding of the inactive Hsp33p4s._req is comparable
to that of Hsp33pss and Hsp33poc). These findings are con-
gruent with the model that unfolding alone is insulfficient for
Hsp33 activity and the thiol state is a co-determinant [23].
Thus, the plasma-activation mechanism differs from that of
the lipase from C. rugosa for which it has been shown that
protein activity correlates with the degree of plasma-induced
unfolding [19]. Future studies using high-resolution mass
spectrometry will reveal which amino acid residues are
modified in plasma-activated versus bleach-activated Hsp33.

3.3. Investigation into plasma-generated activator(s)
In vitro, Hsp33 can be activated by H,O, or NOe alongside
elevated temperatures,  OH radicals, or HOCI [24,25]. Hydro-
gen peroxide and nitric oxide are both generated by plasmas
interacting with liquids in ambient air [30,57]. However, for
activation of Hsp33 by these species, an increased temperature
of about 43°C is necessary, which is not reached within the
treatment times with the device applied here [24,41]. Hydroxyl
radicals can also activate Hsp33 in vitro [25]. The generation of
*OH in plasma or in plasma-treated liquids is not oxygen-
dependent, as for instance water molecules can either be
split by free electrons or undergo photodissociation
[42,44,45]. Hydroxyl radicals thus are generated in the pres-
ence and absence of molecular oxygen. Since no activation of
Hsp33 was observed in an oxygen-free atmosphere or by treat-
ment with high-intensity UV radiation, hydroxyl radicals do
not seem to be the main activating factor.

Hypochlorous acid is a very potent activator of Hsp33
and its presence in plasma-treated solutions has been pre-
viously predicted and observed experimentally [31,58].
Thiol groups of zinc-finger motifs similar to the ones in
Hsp33 have been shown to react with HOCI at very high
rates close to being limited only by diffusion [59]. The fast
reaction of HOCI with cysteines is congruent with effective
scavenging with thiol-containing compounds (figure 5b).
The concentrations of HOCI detected in this study in DBD-
treated liquids (electronic supplementary material, figure
S1) are too low to explain Hsp33 activation and no Hsp33
activity was observed when applying plasma-treated liquids.

However, when cysteine residues are oxidized by HOCI,
the chloride ions are released after the formation of sulfenic
acid (figure 6) [60]. It is conceivable that as long as atomic
oxygen is supplied by plasma, the chloride ions repeatedly
form HOCI, which rapidly reacts with the next cysteine resi-
due. We have recently shown that plasma-generated atomic
oxygen efficiently enters the liquid phase and is able to
react there with dissolved organic compounds like phenol
[32]. If plasma drives such a Cl1"-HOCI cycle, due to the
fast reaction rate of HOCI even small amounts of Cl1°, as pre-
sent after dialysis, for instance, might be sufficient to oxidize
Hsp33 during plasma treatment. In order to prove that HOCI
is a main contributor, HOCI would need to be quantified
during plasma treatment rather than post treatment in
plasma-treated buffers. Unfortunately, HPF and APF are
both not suitable for such direct measurements, since these
probes seem to interact with plasma in a hitherto unknown
manner. Other techniques for in situ HOCl determination
need to be established.

Other species to consider as Hsp33 activators are super-
oxide, atomic oxygen, and singlet oxygen. Singlet oxygen
has been shown to interact with zinc-finger cysteines [61].

0:/0, «—— plasma
recycling of CI™

HOCI H,0 cr R-SH H,0
H Cl OH
s~ L_. s” u s~ u S—s

Figure 6. Plasma-driven CI™-HOCI cycle: the reaction of thiol groups with
HOC results in the formation of disulfide bonds. Released chloride ions
c@n re-react with plasma-supplied atomic oxygen or ozone to form HOCI
again (according to Gray et al. [60]).

Its formation in plasma is O,-dependent, as is the generation
of atomic oxygen [45,62]. Since all samples were placed
between the electrodes, they were exposed to the electric
field. It will be interesting if the electric field has an influence
on Hsp33 activation.

In conclusion, based on the data, we expect short-living
thiol-reactive species to be responsible for plasma activation
of Hsp33.

3.4. Plasmas in clinical application

Plasma is composed of a very dynamic mixture of reactive
species. Proteins like Hsp33 that are not only activated by
plasma treatment but also protect other cellular proteins
from plasma-induced protein aggregation and can contribute
to plasma resistance in bacteria. Although elevated levels of
Hsp33 alone increased plasma resistance only marginally, a
combination with other bacterial stress protection mechan-
isms [63] might result in bacterial strains with plasma
resistance comparable to that of eukaryotic cells. This
would limit future applications in the medical field that
exploit the higher plasma susceptibility of bacteria. In this
study, overproduction of Hsp33 was achieved experimentally
by over-expression of hslO. However, similar effects on
protein levels can result from naturally occurring mutations
of promotors (the regulatory region of genes) or in genes
encoding regulators.

4. Material and methods

4.1. Plasma sources

A portable dielectric barrier discharge (DBD) plasma source (Soft
Bond, Hollywood Nails, Remscheid, Germany) was applied for
all plasma treatments. The driven copper electrode has a diam-
eter of 7.8 mm and is covered by an Al,O; dielectric. Plasma
was ignited with 10-11 kV,, and 289 Hz using ambient air as
process gas, if not indicated otherwise. Samples were placed on
glass slides on a grounded metal electrode. The distance between
the driven electrode and the samples was 1 mm.

4.2. Survival rate assay

For determination of the plasma sensitivity, cultures of E. coli
BW25113 (parent strain), BW25113 pCA24N, BW25113 AhslO
(JW5692) [34], AhslO pCA24N and AhslO pCA24N::hslO [35]
were inoculated with an overnight pre-culture and grown
under steady agitation at 37°C in LB medium [64]. Kanamycin
(50 pg ml™Y or chloramphenicol (50 pg ml™!) was added,
when needed. For induction of episomally encoded hslO, differ-
ent amounts of isopropyl thiogalactopyranoside (IPTG) were
added directly when the main culture was inoculated. When
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ODgpo = 0.3 was reached, cells were diluted 1:15000 in LB
medium. For plasma treatment, 5 pl of the cell suspension
were placed onto glass slides and exposed to DBD plasma for
30 s. Afterwards, cells were washed off the slide applying two
times 100 pl NaCl (0.9% (w/v)) and the recovered 205 pl were
plated on LB agar. After incubation overnight at 37°C colonies
were counted. Controls were processed in the same manner
without ignition of the plasma. Western blot analysis was per-
formed according to standard protocols [65] using penta-His
HRP-conjugated antibodies (Qiagen, Hilden, Germany).

4.3. Protein aggregation of cell lysate

For the preparation of cell lysate, a culture of E. coli BB7222 [66]
grown overnight in LB medium was harvested by centrifugation
and resuspended in cell lysate buffer (50 mM Tris, 175 mM KCl,
and 1 mM MgCl,, pH 8). Cell disruption was performed by soni-
cation. After centrifugation at 21 000g and 4°C for 45 min, the
protein concentration of the supernatant was determined by
Bradford assay [67]. The concentration was adjusted to
5mgml ', Purified Hsp33 was added to a final concentration
of 16% (w/w) when indicated. Aliquots of 8 ul of cell lysate
were treated with plasma for different amounts of time and
recovered until a final volume of 15 pl was reached. Soluble
and insoluble fractions were separated by centrifugation (21
000g at 4°C for 45 min) to distinguish between native and
denatured proteins. Pellets containing denatured proteins were
washed once with cell lysate buffer. Both, soluble and insoluble
fractions were then subjected to SDS-PAGE and Bradford assay
[65]. To solubilize the denatured proteins for Bradford analyses,
the pellet was resuspended in lysate buffer containing 6 M urea
[68]. The samples were heated to 100°C for 10 min and protein
concentration determined.

4.4. Hsp33 preparation and treatment

Wild-type Hsp33 was purified as described by Jakob et al. [50].
Briefly, high-density and arabinose-induced cultures of E. coli
BB7222 pBAD30::hsI0 were disrupted by sonication and the
cell-free lysate subjected to anion-exchange, hydroxyapatite,
and size-exclusion chromatography. In the last chromatographic
purification step (size-exclusion chromatography), Hsp33
was eluted with potassium phosphate buffer (40 mM, pH 7.5)
containing 200 mM KCI. The protein was diluted 1: 10 in potass-
ium phosphate buffer (40 mM, pH 7.5) and concentrated with
centrifugal filter units (cut-off 10 kDa). For the generation of
chloride-depleted Hsp33, 400 wl of an Hsp33 solution was dia-
lysed consecutively against 21 and 11 chloride-free phosphate
buffer at 4°C overnight.

Reduction of Hsp33 (Hsp33.4) was performed by adding
5 mM dithiothreitol (DTT) and 240 pM ZnCl, to 300 uM Hsp33
(for dialysed samples ZnSO4 was substituted for ZnCl,). The
mixture was incubated at 37°C for at least 1.5 h [27]. For analysis
of reversibility of Hsp33 activation, the concentrations of Hsp33,
DTT and Zn*" were scaled up linearly to 900 pM Hsp33.

The term HOCl is used here to describe sodium hypochlorite
(Sigma-Aldrich, St Louis, MO, USA), which was diluted in water
yielding an equimolar mixture of hypochlorous acid (HOCl) and
its conjugate base (OCl™). HOCI-oxidized Hsp33 (Hsp33noci)
was prepared by incubation of Hsp33,.4 with 10-fold molar
excess of HOCI under steady agitation at 30°C for 5 min.

After each reduction or oxidation with HOC]I, the reductants,
oxidants, and small molecules were removed using NAP-5-
columns (GE Healthcare, Chalfont St Giles, UK) or Micro
Bio-Spin  Chromatography Columns (Bio-Rad, Munich,
Germany) according to manufacturers’ instructions.

To prepare plasma-treated Hsp33 (Hsp33p,, where x indi-
cates the treatment time in seconds), 5 pl aliquots of Hsp33,eq
(150 uM) were spotted onto glass coverslips and exposed to

plasma for up to 120 s. After recovering the solution from the n

coverslip, aliquots were pooled.

DIT (5 and 10 mM) or glutathione (GSH, 10 and 20 mM)
were added to Hsp33,.q as scavengers before plasma treatment
to analyse their influence on Hsp33 activation.

4.5. Chaperone activity assay

Hsp33 chaperone activity was determined as described by Ilbert
et al. [28]. Citrate synthase (Sigma-Aldrich) was denatured
chemically by incubation in 4.5 M guanidinium chloride (in
40 mM HEPES, pH 7.5) for at least 2 h. For chaperone activity
assay, denatured citrate synthase was diluted in reaction buffer
(40 mM HEPES, pH 7.5) containing four times the amount of
Hsp33 in a quartz cuvette to a final volume of 1.6 ml. The
assay was performed at 25°C and stirred with 800 r.p.m. The
increase in light scattering by aggregating citrate synthase was
monitored using a fluorescence spectrometer (FP-8500, Jasco,
Gross-Umstadt, Germany). The intensity after 4 min incubation
was used to calculate chaperone activity. Scattering of samples
without Hsp33 was set to 0%, while Hsp330c; was set to 100%.

4.6. Circular dichroism spectroscopy

Far-UV-CD spectroscopy was carried out with a Jasco J-815 spec-
tropolarimeter in a quartz cuvette with 1 mm path length at
25°C. Hsp33 was diluted to 0.15-0.2 mg ml~* for measurements.
Spectra were buffer-corrected, normalized to protein concen-
tration and converted to molar ellipticity as described by Graf
et al. [23]. Each spectrum shown here is a representative of at
least three repeat experiments starting from Hsp33 from two
independent purifications.

4.7. Determination of Hsp33 oxidation state

The oxidation state of the cysteine residues of Hsp33 was deter-
mined by Ellman’s assay [36]. Hsp33 was diluted to 5-10 uM
and incubated with 16.7 mM 5,5’-dithiobis-(2-nitrobenzoic acid)
(DTNB) and 6 M guanidinium chloride in potassium phosphate
buffer (40 mM, pH 7.5) at room temperature for 15 min. After-
wards, absorption at 412nm was determined. The overall
number of thiols was calculated by application of Beer—Lambert
Law, (e412 = 13880 M! Cm_l). Determination of free thiols of
DTT, GSH, and cysteine was performed accordingly.

4.8. Reversibility of Hsp33p, activation

For analysis of the reversibility of plasma-activated Hsp33,
Hsp33noc1 or Hsp33p, were diluted to 5 uM and incubated
with 5 mM DTT and 5 uM ZnCl, at 30°C for up to 22 h yielding
Hps33Hoc1red O HSp33pyred, Tespectively [24]. At several time
points, aliquots were subjected to chaperone activity assay.
After 22 h, reducing agents and small molecules were removed
as described previously. Subsequently, both variants were re-
activated (Hsp33poci-red-oct 0r Hsp33py.red-px). Aliquots of all
interim steps were subjected to chaperone activity assay, CD
spectroscopy, and quantification of free thiols.

4.9, Effect of UV radiation

Treatment of Hsp33,.q with UV radiation was performed using a
calibrated Hamamatsu L98417 UV lamp (Hamamatsu Photonics,
Hamamatsu City, Japan) combined with a UV-C cut-off filter.
The distance between the lamp and the sample was adjusted to
yield 0.4 mW m™2. A run time of 30 s with this set-up produced
a UV dose comparable to 120 s of treatment with the DBD [69].
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4.10. HOCl determination

Fifty microlitres of potassium phosphate buffer (40 mM, pH 7.5)
with or without 20 mM KCl were exposed to DBD for different
amounts of time. Directly after treatment, 50 pl of either HPF
or APF solution (10 uM) was added [37]. After 30 min incubation
at room temperature, fluorescence intensities were measured
using Aex =490 nm and Aem =515 nm. The amount of HOCI
generated was calculated according to the following equation:

~APF

_+ _+
[HOCI] = "APF HPFx =

x 8.5,

whereby "XPF is the fluorescence intensity of HPF or APF in
chloride-containing buffer and ~XPF is the fluorescence intensity
of HPF or APF in chloride-free buffer. Untreated buffers were
used as reference. The multiplication factor 8.5 is used to convert
the HOCI concentration from a 50 pl sample volume to a volume
of 5 pl as used for Hsp33 treatment. This procedure was necess-
ary because the fluorescence signal changes over time and
treatment of small volumes with subsequent pooling of the
samples was not possible. Further, the minimal volume
for measurements with the applied equipment was 100 .l
Therefore, H,O, generation was monitored and used for recalcu-
lating the difference in treated volumes (multiplication factor
8.5), because along with HOCI, H,O, is one of the most
stable species generated by plasma-liquid interaction. The
multiplication factor was determined by quantifying H>O, con-
centrations using the TiO(SO,) assay after exposing different
volumes of potassium phosphate buffer (40 mM, pH 7.5) to
plasma for 1 min (electronic supplementary material, figure S5)
[70,71].

The intensities achieved for the probe HPF were used for cal-
culation of peroxynitrite concentrations in the plasma-treated
buffers assuming hydroxyl radicals to decay completely between
plasma treatment und addition of HPF. Peroxynitrite for
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calibration was freshly synthesized from isoamyl nitrite and
hydrogen peroxide [72].

4.11. Chloride ion determination

Chloride ions in solution were quantified by precipitating CI™
with silver ions. To the samples, final concentrations of 50 mM
HNO; and 20mM AgNO; were added and the solutions
mixed vigorously. Formation of white AgCl precipitate was ana-
lysed photometrically at 315 nm. By calibration with different
concentrations of KCl, the detection limit was determined to be
20 pM CI™. In the case of Hsp33-containing samples, the protein
was removed prior to CI™ determination with molecular weight
cut-off centrifugal filter units (3 kDa).
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