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1. Abstract
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2. Introduction

2.1. General introduction
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2.2.2.Calcium-activated potassium-channels: the hiK chanel
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2.3. Calcium
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2.4.2. X-ray irradiation
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2.5. Reactive oxygen species
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3. Matherial and methodes
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3.3. Cell culture
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3.4. Patch clamp recordings
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Fig. 7 Pulse protocols used in this thesis to elicit currdgs in HEK293 and A549 cells.

A standard pulse protocol with a holding voltage2d mV for 200 ms followed by 800 ms test pulsesMzen -100 and + 80 mV in 20
mV steps, with a subsequent holding voltage ofrf80(A). A ramp protocol from -100 to +100 mV oved@ms followed by a +20 mV
voltage step (B).
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3.5. Fluorescence microscopy
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3.6. Cell irradiation
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4. CHAPTER 1 - Activation of potassium-channels by RO%nd calcium
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4.1. Activation of the hiK channel in A549 cells by ROSnd calcium
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Fig. 8 Representative current response
of an A549 cell with a negative reversal
potential.

Current voltage relation of an exemplary
A549 cell to a standard pulse protocol with
test voltages between -80 and + 80 mV in
® 20 mV steps (A). The corresponding steady-
state L,V relation with a \4, of -60.2 mV is
shown in B. The current can be decomposed
into two kinetically different conductances;
an instantaneous;{) and a time dependent
(Ig) current component (C). The contribution
of each conductance to the steady-state
current is shown in D.

500 pA

200 ms

V/imV

6 @ & C D 7 &
#1 C @ L Q 7F ) #+ D$! 351
7 & 7 = && 7

I
®
®
I
®

Chapter 1 - Activation of potassium-channels by R@8 calcium 21



& && & 7 $6 7 & 2%-0 &

CW51D @ > #5 =@ )5%. O 7 @ #5
-0 $3 @ & ##$. $ 1%
6 @
7 C $1D%
A C u —
S 40- |
Q. 1
/M = 30+ l
(o 22091
}q’j 10 ~ '
%F E 0 [ = ==
! nA\;O ° 3 -I ins: - Itd+
200 ms

Fig. 9 Representative current response of an A549 cell viita more depolarized membrane voltage.

Current voltage relation of an exemplary A549 celatstandard pulse protocol with test voltages eetw100 and + 80 mV in 20 mV
steps (A). The corresponding IV relation is showrBi I, and |4 contributed nearly equal to the steady-state awtwearrent of the

cell. Cells with a hyperpolarized ,V(-68 to -15 mV; indicated with "-"; n=15) had asificant (*** p < 0.001) larger fraction of
instantaneous current compared to cells with dejzelad Vi, (-15 to +5 mV; indicated with "+"; n=44) (C).
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Fig. 10 The instantaneous conductance is blocked with Clotmazole.

Current voltage relation of an exemplary A549 celatstandard pulse protocol between -80 and +60m®20 mV steps before (A) and
after blocking with 300 nM CLT (B). The free runningembrane voltage \ydepolarized by +29 mV as indicated with arrowsha
linstV relation in C. The inactivated current is dis@eyin D as a difference of thggV curves from C. The time course of CLT blocking
of the instantaneous current at + 40 mV is illustlan E; the time point of CLT addition is indicdteith an arrow.
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Fig. 11 Calcium facilitates the activation of the instantaeous conductance in A549 cells.

The instantaneous conductance increases quasi Iméiae voltage range between -80 and +20 mV ifZ[Q@ was raised either by a
direct increase of the free calcium concentratiorby treatment with the calcium ionophore lonomyciie representative current
response to a +20 mV voltage step of an A549 cigll an internal free calcium concentration of 10 (dvey) and after perfusion of the
internal solution to 10 uM free calcium (black)sisown in A. The correspondingsV curve, obtained by a voltage ramp from -100 to
+60 mV is shown in B. Y shifts by -35 mV if [Cé*]cyt was elevated by the 1000-fold. The increase in gotaohce, as a difference of
both curves from B is illustrated in C.

A similar increase to a +20 mV voltage step wasegated if the cells were treated with the calci@mophore lonomycin [1uM] (D),
where the grey curve represents the same cell éeafiod the black curve after [%ihy[ was elevated. The cell was measured with a
standard pulse protocol from -80 mV to +60 mV inr@Y steps. The negative shift by -11 mV iR, generated by activation of the
instantaneous conductance is indicated with arrmwthe corresponding,,&V curve (E). TheDl; sV curve in F was received by
subtracting the s,V curves from E. The cell in D-F was measured wsithinternal EGTA concentration of 1 mM.
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Fig. 12 ROS mainly activate the instantaneous current comptent.

Increase in current density at +40 mV in cells lgmged with 0.3-3 UM KD,. The currents were normalized to the membranecigpa
in order to account for differences in cell size.(Ahe variability in the cellular response wagylabut on average the instantaneous
current component increased more than the timendigme one. In a total of 59 cells tested only 6®»hibited a response to all used
concentrations (300 nm - 300 uM®}). Cells, which had a hyperpolarized membrane piatieptior to HO, treatment, did on average
show no response to the radical. Only cells witlepolarized voltage responded tgd4d with a hyperpolarization (B).
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Fig. 13 ROS mediated ion-channel activation in A549 cells.

Current response of a representative A549 cell tréefore (A) and 4 minutes after treatment with!d external HO, (B). The |sV
relations of the data in A and B are shown in C. Vhevalue shifted by -19.4 mV negative. The curreffedence analysis shows that
mainly the instantaneous conductance is activayed.fD,. The difference current was obtained by subtrgctive current response to
+40 mV in presence of 40, from that in the absence (D). Thé;,,V relation in (E) displays the amount of activatamhductance
calculated by subtraction of the twgW curves in C. The time course of channel activatipon HO, treatment was very fast, with a
maximal increase after 4 minutes (F).
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Fig. 14 |, is activated with low physiological HO, concentrations and the activation is dependent atthe membrane voltage.

The increase in instantaneous current density tmleage step of +40 mV of A549 cells challengedhwitifferent physiological
concentrations of WD, indicates a negative correlation to the appliegDHconcentration (A). The activation of instantaneous
conductance, displayed as increase in currenttydnsa voltage step of +40 mV was dependent omtbmbrane voltage (B).
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Fig. 15 The inhibitor Clotrimazole blocks the H,O, activated conductance in A549 cells.

Current response of the same A549 cell to a pulsed6fmV before (light grey), about 5 minutes afetivation with 3 uM HO,
(black) and after inhibition with 300 nM Clotrimaeo(CLT; grey) (A). The correspondings)V-curve of the HO, activated (filled
symbols) and CLT inhibited (open symbols) currerspmmse are shown in B. The -3.2 mV negative shifteel running membrane
voltage depolarized about +5.9 mV after CLT additibhe instantaneous current component was sligihtlyated upon 5D, treatment

and reduced due to inhibition of hIK channels wthT. The amount of blocked conductance upon CLT tneat is displayed in C
calculated by subtracting both curves from B.
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4.2. Activation of heterologous expressed hiK channel®iiHEK293 cells by ROS, calcium and
X-ray irradiation
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Fig. 16 Representative current response of a HEK293 cell aral HEK293 cell overexpressing hiK channels.

Current voltage relation of an exemplary HEK293 ¢a) and a HEK293 cell overexpressing the hIK crar€) to a standard pulse
protocol with test voltages between -80 and + 60 m\20 mV steps. The corresponding,V relations are shown in B and D
respectively. The conductance at a voltage pulses6fmV is highlighted in grey. The endogenous euts of HEK293 cells are only
minor and HEK293 cells are therefore a popularroigous expression system for the characterizatfoon-channels.

Both measurements were performed with an intereal ¢alcium concentration of 10 nM.
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whichG )>H; was directly increased by perfusion. The additibthe ionophore resulted in a strong increase
in a conductance b., O >), , which was linear between -80 and + 40 mV andlaygu a negative

slope at high positive voltages.
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Fig. 17 Elevation of [Caz*]Cyt activates heterologous expressed hlK channels.
HEK293 cells overexpressing the hiK channels wetiated with an increase of [€g, either by exchange of the internal solution (A)

or by treatment with the calcium ionophore lonomyfdi uM] (D).

Changing the internal solution from a calcium conigion of 10 nM to 10 uM [C’ﬁjcy[, activated overexpressed hlK channels. The
current response to a +20 mV voltage step befaey)]and after (black) increasing of [7(’:]:11yl is shown in A. The;lsV curves with

10 nM [sz*]Cyl (open symbols) and 10 uM [Ef}aeyl (filled symbols) are illustrated in B. The calciurttimated conductance is displayed
in C as difference of the,V curves from B and reveals the typical linear iase in conductance between -80 and +40 mV, with a

negative slope at high positive voltages.

A similar activation of hlK channels could be ohsmt after treating HEK293 cells overexpressing lehénnels with the calcium
ionophore lonomycin [1uM]. The current responsa teltage ramp from -100 to +100 mV with a subsetjveltage step to +20 mV
before (grey) and after treatment with 1 uM lonomyblack) is shown in D. The increase in conductaas difference of the measured
voltage ramps before and after rise of the cytosmicium concentration is illustrated in E. Thé oeD and E was measured with an

internal free calcium concentration of 1 uM.
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Fig. 18 Clotrimazole blocks heterologous expressed hiK chamels.

Current traces of a HEK293 cells overexpressindhtdechannels to a voltage pulse protocol from -86-60 mV in 20 mV steps before
(A) and after blockage with 10 uM Clotrimazole (CL(B). The corresponding.4V relation is shown in C. The free running membrane
voltage depolarized by +12 mV, as indicated witftows. The blocked current is shown in D. ThigV relation was obtained by
subtraction of the, LV relations from C. The cell was measured with darimal free calcium concentration of 100 nM.
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Fig. 19 ROS mediated activation of overexpressed hIK chante

Representative current response of a HEK293 celbkieatly overexpressing hiK channels before (geey] after addition of 300 uM
external HO, (A). The current response was recorded with a raropocol from -100 to +100 mV and a final voltagiep to +20 mV.
The free running membrane voltage hyperpolarizeel®ymV. TheDl;,V-curve in B results from subtraction of the curreztording
directly before addition of D, from the recording after external,®, was applied. The activated conductance was blogkéd
internal caesium (C), depolarizing the membrane By mV (grey before and black after exchange ofitkernal solution). The shift in
V., upon challenging HEK293 cells overexpressing hitarmels with HO, by -11.3 + 2.0 mV (n=3) was significant (** p <08) (D).
HEK?293 wildtype cells (open symbols) showed no geasnin current density, whereas the HEK293 celkctvigixpresses hlK channels
(filled symbols) elicited a maximal increase inreunt density 2 minutes aften,®, was supplied to the external solution (E).
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Fig. 20 Activation of overexpressed hIK channels by irradidion with 1 Gy X-rays.

Representative current response of a HEK293 cekseapressing the hiK channel to a ramp protocahfrd00 to +60 mV before
(grey) and after (black) irradiation with 1 Gy Xy (A). The shift of \}, by -16 mV is indicated with arrows. The increage i
conductance as a difference of both is shown iifli& gained instantaneous conductance at a voltageo$ +40 mV carried by the
overexpressed hlK channel is illustrated in C.

The membrane voltage was significant hyperpolaredéer irradiation by 1 Gy X-ray irradiation (*** g 0.001; n = 7) (D). The time-
course of radiation induced hIK channel activati®iilustrated in E. The time-point of irradiatievith 1 Gy of X-ray is indicated with
an arrow. The mean current of a +20 mV pulse wasnalived to the current directly before irradiatiand the maximum after
irradiation. The cells were measured with an irdeEGTA concentration of 1 mM.
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Fig. 21 Radiation and ROS induced membrane hyperpolarizatia is dependent on the hiK channel activity.

The scatter-plot illustrates the correlation of atége membrane voltage before treatment wis®Hopen symbols) or X-ray irradiation
(filled symbols) and the negative shift of the meante voltageV ,) of HEK293 cells overexpressing the hIK channél (A

A similar scatter-plot reveals that A549 cells bmeamore hyperpolarized if their membrane voltage wapolarized before K,
treatment (B).
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4.3. ROS stimulated increase of the cytosolic calcium ogentration
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Fig. 22 The calcium signal remains stable over a long timegpiod.

HEK?293 cells expressing the FRET based calcium $er68.60 were measured over a time period of abfunthutes. The mean of
YC3.60 ratio + SD of 140 cells from a single expernis shown in A and remained very stable over time period (2.6 + 0.4). The
high amplitude at the end of the measurement weéiscied by treatment with 5 uM lonomycin (IM). Thdabam ionophore allows the
adaption of the internal calcium concentrationtie predefined external calcium concentration of M. rfihe blue (=0) to red (=10)
pseudocolored image of representative cells befodeafter treatment with 5 uM lonomycin are illas#d in B (scale bar 10 pm).
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Fig. 23 External applied ROS stimulate calcium signals in HER93 cells.

Exemplary single-cell responses of HEK293 cellagiantly expressing the calcium sensor YC3.60 chgéld with 200 uM external
H,0, (arrow) are displayed in A. The starting valuetioé krp,cep ratio is indicated in grey. The cells showed iasesl calcium

concentrations about 2 minutes after treatment. eSaells exhibited oscillations in [E:’@cyt (B). The blue (=0) to red (=10)
pseudocolored ratiometric images correspondingécsignal in (B) before and 10 minutes aftgOFtreatment (maximum) is shown in
C (scale bar 10 um). The cells were measured irisnlwith 2 mM [C&*].,. The 10 illustrated representative single-celpoeses are

from 4independent experiments.
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Fig. 24 H,0, stimulated increase of [Cé*]cyt in A549 cells.

Ratiometric signal of two representative A549 celisisiently expressing the calcium sensor YC3.6€r afeatment with 200 uM J@,
(arrow). The cells exhibited after a short lag péran increase in [é’acyl (A). The blue (=0) to red (=1) pseudocolored naidric
images corresponding to the black graph beforénrer@t and at the maximal response are shown inde(®ar 10 pum). The mean = SD
of 9 cells is illustrated in C. The starting valuietloe kep/cepratio is indicated in grey. The cells exhibitedeady after 2 minutes a
significant increase of [é?icyl over baseline niveau. The maximal increase oF*]]anof these 9 cells was observed 20.6 + 6.3 min
(n=9) after addition of KD, to the external medium. The fluorescence intensityp of YFP/CFP before (-) and at the maximumrafte
H,0, (+) both normalized toytp,crpafter lonomycin [SpuM] treatment, exhibited a sfigant raise& G > H; C** p < 0.001; n=60 of

3 independent experiments) @he cells were measured in solution containing\® [8a%" ex.
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5. CHAPTER 2 - Generation of ROS by UV-laser micro-irradiation

5.1. Establishing fluorescence based sensor proteins for vivo monitoring of ROS and ROS
buffering in cells after UV-laser micro-irradiation
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Fig. 25 Fluorescence properties of the kD, sensor HyPer.

HEK293 cells transiently expressing the ratiomefiiorescence sensor HyPer were monitored for Ifutas before 50 uM 0, was
added to the external solution. The backgroundected fluorescence intensity at an excitation wength of 405 nm {5 ) decreased
whereas the fluorescence intensity at an excitatiavelength of 488 nm s nn) increased simultaneously (A). The fluorescent®,ra
which was obtained by dividingsgk nm / ls0s nm Was increasing upon B, treatment. The corresponding blue (=0) to red (=1)
pseudocolored fluorescence images of two cellsesgimg the sensor before and after treatment WithNd H,O, are shown in B (scale

bar 10 pm).
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Fig. 26 Stability of the ratiometric HyPer signal over longtime recording.

The ratio kgg nm/ laos nmOf the HyPer protein expressed in HEK293 cellsaiged stable over more than 30 min of recording (=35

+ 0.03). Only after addition of 30 uM,B, to the external solution an increase in the natis obtained (A). Exemplary blue (=0) to red
(=1) pseudocolored ratiometric images before amer aiddition of 30 uM kD, to the external solution are displayed in B (sdzde
10 um). Experiments were performed as in Fig. 25.

87( @ 7 ; 81+ 35.1
@ @ && & 8y, $
$)23 @ & & 87( @ && &8 1<)

; && $ @ & & & ;
8)<) C $)2 D$

@ & @ & & 8 1<) & & ; C" -D

6 00 3.5 c? #D$ 8 D D . ;

6 00 3.5 7$

— equation 1

6& @ & 8 1<) &
@ " . & +#$+ K*$ " ; —@ @

@ & 87( @ $ &

7 & 87( @ )5 * )5, * " : & #-, *
C =),-D$8 = " . & ) &

$ 7 @ 7 7

Chapter 2 - Generation of ROS by UV-laser micradiation 37



& $ @ & 8 )<)
; $ & 7 @
& & && 7
7 & ? & & $6 7 & 87(
; 81+ @ @ # 5 K8 )< @
7 8 < @ 7 ; ; &
c* =)##D$ 3 ; 7 &87( 8 )<xy@ ), 5.& @
; C =)#+D$ 8 = " ; & +#H$+ K*
: @ 7 & 87( &
$
A c
2.0
. 164 £ 1.0 ¢
% 12—- E
s ; = 05
= 0.8+ < {
0s : 2 e ol A
0 T > 4 6 T 8 10 12 14 1 10 100 1000
time / min [H,O,] / uM

Fig. 27 In vivo calibration of the ratiometric fluorescence sensoHyPer.

Representing example of thggl,m/ |45 nmratio from HyPer in HEK293 cell in the cytoplasmdain the nucleus under the influence of
different concentrations of externab® (A). The arrows indicate the time point where 2@ (left arrow) and 100 uM (right arrow)
were added to the external solution of the cellssegutively. The change ingd nm/ 1405 nmratio following HO, treatment is reversible;
consecutive additions of B, were made once the signal had decayed back testiag level. In these experiments the magnitude o
the signal excursion was depending the concentratfoH,0, added to the external buffer. The corresponding l§&0) to red (=3)
pseudocolored images of an exemplary cell are thgpia B (scale bar 10 um). The data show that yh@ptasm exhibited a stronger
signal than the nucleus and that the clearanc@eokignal form the nucleus was faster than fromctftesol. This suggests a faster
buffering of HO, from the nucleus. The calibration curve of HyRevivo (n=1-7 + SD) is shown in C. The,8, concentration in the
external medium is plotted on a log-scale versesiteasured increase in fluorescence r@digsd nm, 405 n» The data were fitted with a
sigmoidal-function (equation 1). The concentratadrH,O, for half-maximal (K;,) increase in g nm/ lags nmratio was determined as
31.3 uM.

5.2. UV-laser micro-irradiation generates a rapid burstof H,O5 in the irradiated compartment
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Fig. 28 UV-laser micro-irradiation in HEK293 cells elicitesthe generation of HO,.

An exemplary HEK293 cell transiently expressing Hy®, sensor HyPer was irradiated with a 405 nm laseou2 mJ/urf) in the
cytoplasm. An elevated J@, concentration was observed in the cytoplasm (Bjacklight elevation of the signal was also obsdrin
the un-irradiated nucleus (grey) directly aftemdiation (A). The starting value of thgsd nm s 405 nmf@tio is indicated in grey. The
corresponding blue (=0) to red (=1) pseudocolonealges were taken before and after micro-irradigi)n(scale bar 10 pm). The circle
in the left image indicates the site of irradiatidie amount of KD,, which was produced in the cytoplasm, was dependim the

deposed laser energy? @) (C).
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Fig. 29 UV-laser micro-irradiation generates a rapid burstof H,O, in the irradiated compartment.

A549 cells transiently expressing the ratiometiiofescence sensor HyPer were micro-irradiated a5 nm laser (3 mJ/ifjreither

in the nucleus or in the cytoplasm (circles in lefage). The blue (=0) to red (=1) pseudocolor¢idmzetric images before and directly
after micro-irradiation are shown in A. The stagtivalue of the 4sg nm / 405 nmfatio is indicated in grey and the onset of iragidin is

indicated by arrow. The time course of®4 generation as well as the recovery of the sighahbwn in B.

The irradiation elicited rise in 4D, is shown by the rise inds n/ 1405 nmratio in C. The laser irradiation generated risekliO, were in
both compartments a function of the deposited éegrgor the same energy doses of radiation dfnessse in HO, was higher in the

nucleus (A4) than in the cytoplasm{il).
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Fig. 30 The ROS, which are elicited by laser micro-irradiaton, are scavenged with the radical scavenger N-agttysteine.

Ratio of Hyper in the same HEK293 cells before (paéer micro-irradiation (m.i.) with 3 mJ/iffrom a 405 nm laser and after treating
the same cells with 6 mM N-acetylcyteine (NAC) ire thath medium (+NAC) (A). The radiation generated R@®e scavenged by
NAC. Cells were also measured either in standard Bifer (PBS) or in a PBS buffer containing 10 mM Nefgtcysteine (NAC).

Micro-irradiation elicited in the latter case arsficantly smaller increase in the HyPer ratio (8%.p < 0.05; ** p < 0.001)
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Fig. 31 Laser micro-irradiation has no effect on the pH of he cytosol.

HEK293 cells transiently expressing either HyPer2(nor a HO, insensitive cysteine mutant (C199S; SypHer; n=43} Bere micro-
irradiated with about 3 mJ/fof a 405 nm laser (arrow) and treated with 30 up@Hn the bath medium afterwards (A). HE293 cells
expressing HyPer displayed an increase in rater ddser micro-irradiation, whereas the signalhef H,0, insensitive mutant SypHer
remained stable or decreased slightly. Th®teporter HyPer exhibited after irradiation on ager an increase in thgsd nm/ laos nm
ration of 0.08 £ 0.095 (n=48); in contrast no siigant change was observed if HEK293 cells expngsslie cysteine mutant SypHer

were irradiated with the same laser dose of 3 mal/(tr p < 0.001)

5.3. Cytoplasm and nucleus have different redox-bufferig capacities
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Fig. 32 Fluorescence properties of the redox sensor Grx1-@&FP2.

HEK293 cells transiently expressing the ratiometiiorescence sensor Grx1-roGFP2 were treateditst 20 uM (left arrow) and
then with 160 pM HO, (right arrow). The background corrected fluoreseemtensity obtained with an excitation wavelength
405 nm (kos nn) increased and simultaneously the fluorescenandgitty for an excitation wavelength of 488 nmd|,,) decreased (A).
The calculated fluorescence ratigsl.m ; 488 nfherefore increased upon®, treatment; the excursion of the signal was dependn the
H,O, concentration. The corresponding blue (=0) to(ret) pseudocolored fluorescence images taken befudeafter treatment with
160 uM H,0, are shown in B (scale bar 10 pm).
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Fig. 33 The ratiometric Grx1-roGFP2 signal is stable in longtime recordings.

The Los nm/ lags nmratio of glutathione redox-potential sensor GrxGF2 in HEK293 cells remained stable over 30 minecbrding
(n=12; 0.36 + 0.02). Only after addition of 30 LM to the external solution an increase in the nats obtained (A). Exemplary blue
(=0) to red (=1) pseudocolored ratiometric imagefote and after addition of 30 uM,8, to the external solution are displayed in B
(scale bar 10 pum).
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Fig. 34 Repetitive micro-irradiation of the cytoplasm resuts in an increased glutathione-redox potential inhe nucleus.

A HEK293 cell transiently expressing the glutatidaedox sensor Grx1-roGFP2 was repeatedly irradliaich 2 mJ/prh from the
405 nm laser line. The blue (=0) to red (=1) pseotlred images in A correspond to time line in Bafs bar 10 um). The circle in the
first image in A indicates the region in which &l was irradiated. The dynamics of the changgd./ l4gs nmratio in the nucleus as
well as in the cytoplasm are shown in B. The timasoof micro-irradiation with 2 mJ/pfrare indicated with arrows and the starting
value of the Jos nm/ 488 nefatio is indicated in grey.
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Fig. 35 Selected examples of redox-buffering after laser mio-irradiation.

HEK?293 cells expressing the glutathione redox-ser@ix1-roGFP2 were micro-irradiated either in thecleus (A-D) or in the
cytoplasm with a 405 nm laser. The values of §h&.h / 488 nnfatio at the beginning of the time-course aredattd in grey. Some cells
exhibited an increase in oxidized glutathione ia tlucleus, after this compartment was irradiateeB)A whereas other cells showed a
higher signal in the un-irradiated cytoplasm (C+[Eadiation of the cytoplasm resulted in a stroignal in the un-irradiated nucleus
and a weaker signal in the irradiated cytoplasnHEFhe graphs in A, C and E represent the chandgsifi; 4ss nnfatio in the nucleus
(grey) or in the cytoplasm (black). The irradiatigites are marked in the corresponding blue (=@¢do(=0.6-1, as indicated next to the
images) pseudocolored images in B, D and F (lefgariaefore m.i.; right image after m.i.; scale b@ruin). The cell in E and F was
subsequently treated with 100 uM®4 in the external buffer to illustrate the differeatiox-buffer capacities.
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Fig. 36 Cytoplasm and nucleus have different redox-bufferig capacities.

HEK293 cells transiently expressing the glutathioedox-potential sensor Grx1-roGFP2 were challengid 405 nm laser micro-
irradiation (3 mJ/urd) in the cytoplasm. This elicited a dramatic insein the oxidized glutathione in the nucleus (yend a delayed
increase in the cytoplasm in cell 1 (black). Thuga of the Jos nm /488 nnfatio at the beginning of the time-course aredatiid in grey.
The blue (=0) to red (=0.8) pseudocolored fluoraseemages in A (scale bar 10 um) correspond tal#t@ shown in B. The circles in
the left image show the sites of irradiation. Afteeatment with 100 uM ¥D,, which was applied to the external solution, both
compartments showed a similar increase in oxidgtetathione (cell 2).

The increase in fluorescence ratio in the nucldtes aradiating the cytoplasm was depending ondbposed laser energy of either
about 1 mJ/pior 3 md/um (C). A similar increase in oxidized glutathionetfre nucleus (NDlgs nm ; 485 ndy Was obtained after micro-
irradiation (m.i.) of either the nucleus (N) or ttygoplasm (C) with 1 mJd/ufn
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6. CHAPTER 3 - Real-time detection of ROS after X-rayand heavy-ion irradiation

6.1. Generation of reactive oxygen species after X-rayradiation
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Fig. 37 Reaction of HEK293 cells expressing HyPer to 1 Gy &f-ray irradiation.

Two different types of reactions were observed EKIA93 cells, which transiently expressed th@®Hsensor HyPer, after irradiation
with 1 Gy X-rays (arrow). The values of thgsl.m ; 405 nmfatio at the beginning are indicated in grey. Sarells responded with a
transient burst of D, (A), whereas the signal persisted several minuteanbther sub-group of cells (C). The blue (=0)e (=0.2)

pseudocolored images taken before and after itiadiavith 1 Gy of X-rays in B correspond to the datahe upper graph in A (scale
bar 10 um). The data in the lower panel of A andr€the mean + SD from A n=11 and C n=4 cells frontkeast 2 independent

experiments.
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Fig. 38 Generation of H,0O, in A549 cells
after exposure to 1 Gy and 5 Gy of X-ray
irradiation.

A549 cells transiently expressing thed sensor
HyPer were challenged with X-ray irradiation
(arrow). The lgg nm/ 405 nnf@tio was normalized to
the value directly before irradiation in order to
correct for different starting values. The mean *
SD for a dose of 1 Gy (n=38; N=4) is displayed
in A and the mean + SD for a dose of 5 Gy (n=5;
N=1) is displayed in B. The cells in B were
subsequently treated with 30 pM externaDhlin

the buffer solution.
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Fig. 39 Generation of H,0O, in A549 cells after exposure to 10 Gy of X-rays.

A549 cells expressing the HyPer reporter exhibitesiow progressive increase of® after challenging with 10 Gy of X-rays (arrow).
The starting values of thegk nm / 405 nnfatios are indicated in grey. The measurggl ., / 405 nrfatio saturated about 3-10 minutes after
irradiation before the signal started to declinee Traces in A, C and E show three representatigdestcell responses to the irradiation
stress. An exemplary single exponential fit (ecuraB) to determine the time-constars shown in E (red dashed line). The blue (=0) to
red (=0.4 or 0.6) pseudocolored ratiometric imagresdisplayed in B, D and F respectively (scalelldaum).
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Fig. 40 Rapid buffering of X-ray radiation generated ROS.

Three exemplary A549 cells, which transiently espeal the glutathione redox-sensor Grx1-roGFP2,bégbi a rapid increase in
l405 nm/ 288 nnf@tio after irradiation with 10 Gy of X-rays (awd (A, C and E). The starting values of thgs hm; 405 nnfatio are indicated
in grey. An exemplary single exponential fit (eqaat3) to determine the time-constans shown in E (red dashed line). The blue (=0)
to red (=1 or 1.5) pseudocolored ratiometric imag@sesponding to the cellular responses from An& & are depicted in B, D and F
respectively (scale bar 10 um).
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Fig. 41 X-ray radiation induced ROS generation and bufferirg.

The increase in ratiometric fluorescence signatthefreporter proteins of both, HEK293 and A549sceb IR stress with either 1 Gy,
5 Gy or 10 Gy X-rays is displayed as boxplots ificAthe HO, sensor HyPer and in B for the glutathione sensadl ®@GFP2. The
data were obtained from 3-6 independent experinfenthie doses of 1 Gy and 10 Gy X-rays and frothifilependent experiments for
5 Gy of X-ray irradiation.

The kinetic of ROS generation in A549 cells was mead with HyPer (C; n=35; N=3) or Grx1-roGFP2 (D;15+ N=2). Data were
normalized to the minimal and maximal values of ribgpective ratios and shown as mean + SD. Alldata from individual cells in C
and D respectively were fitted with a single expuia function (equation 3) to obtain the time-ctamgt, which is displayed in E for
both ROS sensors (*** p < 0.001).
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Fig. 42 Simulation of the generation and buffering of HO..

The normalized mean response of th®}kensor HyPer (black) and the glutathione redox@e@sx1-roGFP2 (grey) to 10 Gy of X-
ray irradiation are displayed in A. The same dyr@amaf the two signals could be simulated in B witkirgetic model in which we

assume that a saturating concentration gdHvas added to the system (arrow). The determined-tionstants for Grx1-roGFP2
(54 sec) and HyPer (252 sec) from Fig. 41 werdémpnted to the simulation.

6.2. Generation of reactive oxygen species after heavgn irradiation
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Fig. 43 Generation of ROS after heavy-ion irradiation with Pb.

HEK?293 cells expressing the,®, reporter HyPer were irradiated with Pb (4.7 MeV(ajrow). They exhibited a fast increase in
l4g8 nm 1 405 nn¥@tio directly after irradiation, which indicatasrapid production of yD,. The starting values of thgsg nm ; 405 nnfatio are
indicated in grey. The blue (=0) to red (=1.4 a?)Ipseudocolored ratiometric images corresponding and C are displayed in B
and D respectively (scale bar 10 um).
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Fig. 44 Generation of ROS after irradiation with carbon-ions.

A549 cells expressing the,8, reporter HyPer were irradiated with carbon-ionk.41MeV/u) (arrow). Only few cells exhibited in $hi
case an increase irgd nm 405 nnfatio after particle irradiation. This implies theproduction of HO, is not mandatory after carbon-ion
treatment. The time-course of thgsl.m s 405 nnfatio of a responding cell and a non-respondirigace shown in A; the starting values of
the Lgg nm s 405 nmratio are indicated in grey. The blue (=0) to (e0.6) pseudocolored ratiometric images before @nthe maximal
response after irradiation corresponding to theeugpaph in A are shown in B (grey cell) (scale bauum).
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7. Discussion
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Fig. 45 ROS and C&" mediated signal cascade activating
the hiK channel after ionizing radiation.

The sketch summarizes the signal cascade, which was
determined in this thesis, leading to the activatimf hiK
channels upon ionizing radiation (IR). IR inducespid burst

of ROS in the cytoplasm. These ROS, especially thmvkn
signal molecule kD, stimulates a rise of the cytosolic calcium
concentration, which subsequently activates inteiate-
conductance calcium-activated*-khannels. The membrane
hyperpolarization is caused by an elevatéddhductance. The
events, which are triggered by the hyperpolariratadfect cell
differentiation.

7.1. Radiation, ROS and C&" induced hIK channel activation and membrane hyperplarization
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7.2. Real-time detection of ROS after ionizing radiation
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Fig. 46 Time-course of ROS and C#' signaling leading to an increased Kconductance of hiK channels.

Summary of the main data of this thesis. The méarats of the fluorescence sensors and the sirglesarrent response after treatment
with H,O, (A) or X-ray irradiation (B) were normalized to thelue before treatment (=0) and their maximaleéase (=1).

The A549 current responses after X-ray irradiatiomfrom Roth (2013).

7.3. Cellular and physiological consequences of ionizingdiation induced hIK channel

activation
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9. Apendix

9.1. Abbreviations
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