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SUMMARY

SUMMARY

During evolution, plants and algae have optimized the conversion of light into
chemical energy: Photosynthesis results in the production of reducing power
used for CO, fixation and in the synthesis of chemical energy in the form of
ATP. Balancing the electron transport in the two photosystems is a very
complex and delicate process, and photosynthetic organisms have evolved
various adaptive mechanisms which allow reacting to changing environmental
conditions. Nevertheless, harsh environmental conditions, such as high light
intensities, can disturb the photosynthetic activity and lead to an increased
production of the reactive oxygen species (ROS) superoxide (O,7), hydrogen
peroxide (H,O,) and singlet oxygen ('O,). When the production of ROS exceeds
the capacity of the cellular defense systems, cells encounter a so-called oxidative
stress with subsequent damage to cellular components. One of the primary
effects caused by high light illumination is the '0,-dependent degradation of the
central chlorophyll binding protein DIl and subsequent dissembling of
photosystem 11 resulting in a block of linear electron flow in photosynthesis
called photoinhibition. Pollutants and herbicides, which interact with the
photosynthetic activity, can also stimulate the production of ROS in the
chloroplasts and thus provoke an oxidative stress under normal light conditions.
Additionally, ROS can be directly produced by exogenous chemical
compounds which act as photosensitizers. These substances absorb light energy
and by that enter an excited state, with subsequent uncontrolled redox reactions
(type 1) or the formation of '0, (type ). Thus, high levels of photosensitizers
cause a photooxidative stress in cells illuminated by light. Photosynthetic
organisms have evolved efficient defense mechanisms to protect themselves
from high levels of ROS and to avoid that they enter the oxidative stress state.
Defense systems involve general stress responses, which may also be induced by

heat shock or other types of stress conditions, as well as specific defense
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systems, of which the expression is often controlled directly and specifically by
ROS levels. The genetic response of an organism to a stress can thus give a lot
of information about the type of stress cells encounter. In ecotoxicology this
expression of defense genes is often used as an indicator for the stress condition
of an organism in the environment, but for a solid interpretation of these data the
mechanisms behind these responses as well as the specificity of the responses
have to be known. The green unicellular alga Chlamydomonas reinhardlii is a
widely used photosynthetic model organism for which many molecular methods
are well established. C. reinhardtii thus is a very suitable model organism, and
was used by us, to study photooxidative stress responses in photosynthetic
organisms.

In this thesis we studied the genetic response of C. reinhardtii to photooxidative
stress caused either by the presence of exogenous photosensitizers or by
environmental conditions causing photoinhibition. In particular, we focused on
the overall genetic responses to either type I or type Il photosensitizers (chapter
2) and investigated the induction mechanism of the glutathione peroxidase
homologous gene Gpxh in more detail. Gpxh turned out to be specifically
induced be increased levels of 'O, (chapter 3). The Gpxh gene was also
upregulated by '0, produced during photosynthesis under high light illumination
(chapter 4). A regulatory element, with homology to the well-known CRE/AP-1
regulatory element in various oxidative stress response genes of other
organisms, was identified in the Gpxh promoter region and was examined in
greater detail (chapter 5). This research showed that indeed the CRE/AP-1
element was essential for 'O,-induced Gpxh expression, but that most probably
additional gene regulation pathways are involved that lead to increased Gpxh

transcript levels.
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Type I and Type Il Photooxidative Stress Response

The genetic response of C. reinhardtii to the type I photosensitizer neutral red
(NR) and the type Il photosensitizer rose bengal (RB) was analyzed with DNA-
microarrays. Upon exposure to NR, several general and oxidative stress genes
were upregulated, whereas most photosynthetic genes were downregulated by
NR. Only one gene, the Gpxh gene, was strongly induced by RB. Analysis of the
expression profiles of these NR and RB-induced genes under various oxidative
stress conditions indicated the presence of a common gene regulation
mechanism for most NR-induced genes responding to various oxidative stress
conditions. Alternatively, a second, unrelated mechanism seems to regulate the
NR-induction of the Gpxh which is also activated by RB, probably due to the
formation of '0O,. Indeed, EPR-spin trap measurements with isolated spinach
thylakoids showed that NR stimulated the production of '0, in the chloroplasts
suggesting that the generation of 0, might be the common signal for the Gpxh
induction by NR and RB.

Induction of the Gpxh Gene

The toxicity in C. reinhardtii and the response of the Gpxh gene caused by NR
and RB were shown to be dependent on both the concentration of the chemicals
and the intensity of light illumination which is in agreement with an effect
caused by photosensitizers. However, different modes of action are responsible
for the toxicity of NR and RB. Addition of the 'O, quenchers DABCO
(1,4-diazabicyclo[2.2.2]octane) and L-histidine to cultures of C. reinhardlii
reduced the toxicity of the type Il photosensitizer RB, showing that the lethal
effect was caused by the formation of 'O,, probably by modification of a
component in the cell membrane. On the other hand, these quenchers could not

protect the cells from the toxic effect of the type I photosensitizer NR, indicating
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that other effects than 'O, production were toxic for the cell or that '0, is
generated at a cellular site where DABCO and L-histidine are absent.

The Gpxh expression is induced by 'O, with both photosensitizers NR and RB.
This was shown using D,O-containing growth medium, which increases the
frequency of '0,-reactions with cellular components and which stimulated the
induction of the Gpxh gene by NR and RB about two fold. Furthermore, NR
caused an increased production of 'O, in isolated spinach thylakoids in a
concentration and light intensity dependent manner, indicating that the Gpxh
induction specifically responded to the production of '0, in the chloroplast. In
agreement with that, the Gpxh expression also increased under high light
illumination, as a result of increased formation of '0, by charge recombination
during photoinhibition. This Gpxh response to high light intensity could be
further stimulated by the phenolic herbicide dinoterb, lowering the redox
potential of Q4™ and by this increasing the frequency of charge recombination
and the production of 'O,. DCMU (1-(3,4-dichlorophenyl)-3,3-dimethylurea),
which increases the redox potential of Qs  and probably reduces charge
recombination and photoinhibition, also reduced the Gpxh induction by high
light illumination. These results showed that the Gpxh gene is specifically
upregulated by increased levels of '0, in the thylakoids generated either by
exogenous photosensitizers or during photoinhibition.

Under high light illumination, a Gpxh-arylsulfatase reporter gene construct
showed a different expression profile compared to Gpxh. We therefore
hypothesized a second signal beside '0, to be involved in the response of the
Gpxh gene to high light treatment, which does not influence the expression of
the reporter gene construct. This second unknown signal seems to be produced
only after 60 to 80 min of exposure to strong light, when the '0,-induction
decreases again. However, this signal is speculated to be responsible for the
ongoing upregulation of the Gpxh gene after prolonged illumination with high

light intensities. This probably requires a regulation mechanism involving either
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transcription factor binding site or an mRNA stabilization element which are

absent in the Gpxh-arylsulfatase reporter gene construct.

Characterization of the Gpxh Promoter

A CRE/AP-1 homologous regulatory element in the promoter region of the
Gpxh gene is required for the induction by '0,, whereas a role of a 16 bp
palindrome in this response could be excluded. In addition was this 8 bp element
sufficient to introduce the 'O, response in a B-tubulin promoter and the specific
formation of a DNA binding complex on a Gpxh promoter fragment suggested
that this 8 bp element functions as an active transcription factor binding site. A
further differentiation between a CRE and an AP-1 element, using specific
nucleotide mutations, failed, but the mutations suggested that a widespread
TGAC motif, found in many homologous elements, is crucial for the function of
the element. The addition of cyclic AMP and cyclic GMP analogs to the growth
medium showed an inhibitory effect of the cyclic nucleotide signaling pathway
on Gpxh expression. This is rather unusual and in contradiction to the effect of
cAMP on typical CRE-dependent genes. However, this shows that different
signal transduction pathways can affect the regulation of the Gpxh expression

either positively or negatively.
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ZUSAMMENFASSUNG

Im Verlauf der Evolution haben Pflanzen und Algen die Umwandlung von Licht
in chemische Energie durch die Photosynthese laufend verbessert, um so die
nétigen Reduktions-dquivalente und chemische Energie in Form von ATP fiir
die CO, Fixierung bereitstellen zu kénnen. Um ein optimales Funktionieren der
Photosynthese zu gewihrleisten, besitzen photosynthetische Organismen
verschiedene  Anpassungsmechanismen,  die  ihnen  erlauben  den
Elektronentransport in den Photosystemen zu kontrollieren und den stindig
wechselnden Umweltbedingungen anzupassen. Trotzdem konnen extreme
Umweltbedingungen, Zum Beispiel hohe Lichtintensitét, die
Photosyntheseaktivitit storen und dadurch die Entstehung von reaktiven
Sauerstoffspezies (ROS) wie Superoxid (O;"), Wasserstoffperoxyd (H,O,) und
Singulett-Sauerstoff ('O,) fordern. Wenn nun die Produktion von ROS die
Kapazitit der zelluliren Abwehrsysteme iibersteigt, entsteht in den Zellen ein so
genannter oxidativer Stress und eine Schidigung von verschiedenen
Zellkomponenten. Einer der hiufigsten Effekte von hohen Lichtintensitdten ist
der 'O,-abhingige Abbau des Chlorophyll bindenden D1 Proteins und der
daraus folgende Zerfall des Photosystems II, ein Prozess, der als Photoinhibition
bezeichnet wird. Die Entstehung von ROS in den Chloroplasten kann auch
durch Schadstoffe und Herbizide in der Umwelt, welche die Photosynthese
hemmen, stimuliert werden, was einen oxidativen Stress unter normalen
Lichtbedingungen verursacht.

Weiter konnen ROS auch direkt durch phototoxische Substanzen
(Photosensibilisator) produziert werden, welche durch Lichtabsorption angeregt
werden und dadurch unkontrollierte Redoxreaktionen (Typ 1) oder 'Os-
Entstehung (Typ II) bewirken kénnen. Als Folge davon verursachen grosse

Mengen dieser Substanzen in belichteten Zellen einen photooxidativen Stress,
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aber Pflanzen und Algen haben effiziente Abwehrstrategien entwickelt, um sich
vor ROS und oxidativem Stress zu schiitzen. Diese Abwehrmechanismen
bestehen aus einer allgemeinen Stressantwort, die auch durch Hitzeschock und
andere Stressbedingungen induziert werden kann, und einer spezifischen
Abwehrreaktion, die meist direkt und spezifisch durch die Entstehung von ROS
reguliert wird. Die genetische Reaktion eines Organismus auf eine
Stresssituation gibt daher oft Aufschluss tiber den in der Zelle herrschenden
Stress, was in der Okotoxikologie als Indikator fiir den Stresszustand eines
Organismus verwendet werden kann, vorausgesetzt, die Mechanismen und
Spezifitit der Reaktion sind bekannt. Aus diesem Grund verwendeten wir die
Griinalge Chlamydomonas reinhardiii, ein oft gebrauchter photosynthetischer
Modellorganismus fiir den viele molekulare Methoden bestens etabliert sind, um
die photooxidative Stressreaktion von photosynthetischen Organismen zu
studieren und besser zu verstehen.

In dieser Arbeit wurde die genetische Antwort von C. reinhardtii auf
photooxidativen ~ Stress untersucht, welcher entweder durch exogene
phototoxische Substanzen oder durch bestimmte extreme Umweltbedingungen
verursacht wurde. Speziell konzentrierten wir uns auf die gesamte genetische
Reaktion der Zelle auf einen Typ I oder Typ Il Photosensibilisator (Kapitel 2)
und untersuchten dann genauer den Induktionsmechanismus des Glutathion-
Peroxidase homologen Gens Gpxh. Es konnte gezeigt werden, dass die
Expression des Gpxh Gens spezifisch durch '0, hochreguliert wird (Kapitel 3)
und auch durch 'O, aus der stark belichteten Photosynthese induziert wird
(Kapitel 4). Weiter wurde eine Regulationselement in der Promoterregion des
Gpxh Gens genauer untersucht, das Homologie zu bekannten CRE/AP-1
Elementen in oxidativen Stressgenen von anderen Organismen aufweist (Kapitel
5). Wir konnten zeigen, dass dieses CRE/AP-1 Element wirklich notwendig ist
fiir die Gpxh Induktion durch '0, und dass héchst wahrscheinlich noch andere

Regulationswege die Gpxh Expression beeinflussen.
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Typ I und Typ lI Photooxidative Stressantwort

Mit Hilfe von DNA-Mikrochips wurde die genetische Reaktion von C.
reinhardtii auf den Typ I Photosensibilisator Neutralrot (NR) und den Typ II
Sensibilisator Bengalrosa (BR) analysiert. Mehrere allgemeine und oxidative
Stressgene wurden stark durch NR hochreguliert, im Gegensatz zu den meisten
photosynthetischen Genen, deren Expression durch NR abreguliert wurde. Nur
ein einziges Gen konnte als stark BR-induziert identifiziert werden. Fiir die NR-
und BR-induzierten Gene wurden zusitzlich Expressionsprofile bei mehreren
oxidativen Stressbedingungen erstellt, die aufzeigten, dass die meisten dieser
Gene durch einen gemeinsamen Mechanismus, der allgemein durch oxidativen
Stress aktiviert wird, reguliert zu sein scheinen. Im Gegensatz dazu wird die
NR-induzierte Expression des Gpxh Gens wahrscheinlich durch einen anderen,
unabhdngigen Mechanismus reguliert, der moglicherweise durch die Bildung
von 'O, stimuliert wird. Darauf deutet auch die Hochregulierung von Gpxh
durch BR hin. Tatsichlich konnte mit EPR-spin trap Messungen eine
Stimulierung der 'O,-Bildung durch NR in isolierten Spinatthylakoiden
nachgewiesen werden, was die Moglichkeit einer '0,-Bildung als gemeinsames

Signal fiir die Gpxh Induktion durch NR und BR unterstiitzt.

Induktion des Gpxh Gens

Die durch NR und BR verursachte Toxizitit und Gpxh Induktion in
C. reinhardtii waren abhingig von der Konzentration der Chemikalie und der
Lichtintensitit, was fiir von Photosensibilisatoren verursachte Effekte tiblich ist.
Trotzdem sind verschieden Wirkungsweisen verantwortlich fiir die Toxizitét von
NR und BR, aufgezeigt durch den unterschiedlichen Einfluss von '0,-
abfangenden Substanzen wie DABCO (1,4-Diazabicyclo[2.2.2]octan) und
Histidin auf das Wachstum von NR- und BR-gestressten Kulturen. Beide
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Substanzen reduzierten die toxische Wirkung von BR auf die Zellen, was klar
auf einen 'O,-Effekt, moglicherweise auf eine Komponente der Zellmembran,
hinweist. Die NR-Toxizitit wurde dagegen kaum durch die 'O,-abbauenden
Substanzen beeinflusst und kann daher nicht auf einen 'O,-Effekt zurlickgefiihrt
werden oder nur auf einen lokalen Effekt im Zellinnern, wo DABCO und
Histidin nicht hingelangen.

Die Gpxh Induktion durch NR und BR wird hingegen von beiden Substanzen
durch die Produktion von 'O, bewirkt, was durch eine Verdoppelung dieser
Induktion in D,O versetztem Medium, welches die Reaktionshédufigkeit von '0,
erhoht, gezeigt wurde. Zusitzlich konnte eine konzentrations- und
lichtabhéingige Produktion von '0, durch NR in isolierten Spinatthylakoiden
gemessen werden, Dies deutet auf eine Induktion von Gpxh durch die gezielte
Bildung von 'O, in den Chloroplasten hin, was durch die erhdhte Expression
von Gpxh bei hoher Lichtintensitét, bekannt fiir die Bildung von '0, durch
Ladungsrekombination im Photosystem I, bestitigt wurde. Phenolische
Herbizide wie Dinoterb erniedrigen das Q,~ Redoxpotential, stimulieren dadurch
die Ladungsrekombinationsfrequenz und die Bildung von '0, wihrend der
Photosynthese und bewirkten daher auch eine zusitzliche Erhdhung der Gpxh
Induktion durch hohe Lichtintensitit. Im Gegensatz dazu reduzierte DCMU
(1-(3,4-Dichlorophenyl)-3,3-dimethylurea) die Starklichtinduktion, weil DCMU
das Redoxpotential von Qa” erhdht und damit wahrscheinlich die Haufigkeit der
Ladungsrekombination und Photoinhibition verringert. Diese Resultate zeigen
klar auf, dass Gpxh spezifisch durch die Bildung von '0, in den Thylakoiden,
entweder durch exogene Photosensibilisatoren oder wihrend der Photo-
inhibition, hochreguliert wird.

Da ein Gpxh-Arylsulfatase Reportergen Konstrukt ein anderes Expressionsprofil
bei hoher Lichtintensitit als das Gpxk Gen aufwies, stellten wir die Hypothese
auf, dass ein zweites Signal neben 'O, in die Induktion des Gpxh Gens involviert

sein muss, welches die Expression des Reportergens nicht beeinflusst. Dieses
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zweite, unbekannte Signal scheint aber erst nach einer 60 bis 80-miniitigen
Belichtung mit hoher Lichtintensitéit zu entstehen, wenn die Produktion von '0,
wieder absinkt, und wire dann fiir die andauernde Induktion von Gpxh nach
iiber 80 Minuten Exponierung verantwortlich. Dazu wire eine zusidtzliche
Transkriptionsfaktorbindungsstelle oder ein mRNA stabilisierendes Element im
Gpxh Gen erforderlich, welche(s) dann verstindlicherweise im Gpxh-

Arylsulfatase Reporterkonstrukt fehlen sollte.

Charakterisierung des Gpxh Promotors

Wir konnten zeigen, dass ein CRE/AP-1-homologes Regulationselement in der
Gpxh Promoterregion absolut notwendig flr die Induktion durch 'O, ist, im
Gegensatz zu einem 16 bp Palindrom, das nicht in diesen Prozess involviert ist.
Dieses 8 bp Element reichte sogar aus, einen 'O,-regulierbaren B-Tubulin-
promotor zu konstruieren, und die spezifische Bildung eines DNA bindenden
Komplexes an einem Gpxh Promoterfragment deutete klar auf eine Funktion
dieses Elements als aktive Transkriptionsfaktorbindungsstelle hin. Leider konnte
mit spezifischen Punktmutationen keine genauere Unterscheidung zwischen
einem CRE und AP-1 Element erreicht werden, aber diese Mutationen zeigten
auf, dass ein weit verbreitetes TGAC-Motiv, das in vielen homologen
Elementen gefunden wird, wichtig fur die Funktion der Bindungsstelle ist. Des
Weiteren konnte mit Hilfe von zyklischen AMP- und zyklischen GMP-analogen
Substanzen eine hemmende Wirkung des zyklischen Nukleotid-Signalweges auf
die Gpxh Expression gemessen werden, was cher selten ist und nicht mit dem
bekannten Effekt von zyklischem AMP auf CRE-abhiingige Gene vereinbar ist.
Doch dieses Beispiel zeigt, dass verschiedene Signaliibertragungswege die Gpxh

Expression entweder positiv oder negativ beeinflussen kénnen.
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CHAPTER 1

1. General Introduction

The Origin of Reactive Oxygen Species

When the first photosynthetic organisms, the cyanobacteria, started to produce
molecular oxygen (O,) about 2.5 billion years ago, a powerful alternative to
produce energy emerged for living organisms in the previously reduced or
neutral Earth atmosphere. Due to the strong oxidizing power of oxygen it
became the major terminal electron acceptor in all aerobic organisms including
animals, plants and many microorganisms. These organisms use oxygen to
produce a proton gradient across the membrane by the respiration chain, which
then gives rise to energy equivalents in the form of ATP. Molecular oxygen
(’0,) is not very reactive due to its electron configuration: it has two electrons
with parallel spins in the different ©* antibonding orbitals (Fig. 1) which reduces
its reaction kinetics due to the spin restriction. With other molecules, it mainly
forms covalent bonds with antiparallel spins of the bonding electron pair [13,
15]. Molecular oxygen can be activated by stepwise one electron reductions to
superoxide radicals (O,"), hydrogen peroxide (H,O,) and hydroxy! radicals
(OH) [13, 15, 35]. Additionally, excitation of ’0, by photodynamic processes or

» O O O O O
OO DO OO ®O ®W
EXOICRORCRCIONORCRCRD
-2 M ® @® ® ©

ground-state O, singlet O, singlet O, superoxide peroxide ion
329702 1Ag0; 12970, 07 0%

Figure 1: electron configuration of different oxygen derivatives according to Halliwell
and Gutteridge [15].
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during chemical reactions results in the generation of singlet oxygen ('0y),
containing two electrons with antiparallel spins either in the same (‘Ag0,) or in
the different (‘'=g"0O,) n* antibonding orbitals (Fig. 1) [15, 33, 37]. For both, the
reduced and the excited forms of oxygen, the spin restriction is removed making
these oxygen derivatives very reactive to biomolecules.

In aerobic organisms the main sources for such reactive oxygen species (ROS)
are the electron transport chains of the mitochondria, the chloroplasts and the
endoplasmatic reticulum [15]. The electron leakage in mitochondria occurs
predominantly via the NADH-ubiquinone reductase complex [47] and via the
reduced form of ubiquinone itself [48]. In the endoplasmatic reticulum, electron
transfer from the cytochrome Pysq, involved in the hydroxylation of xenobiotics
and fatty acids, and the flavoprotein enzyme NADPH-cytochrome-Pyso reductase
to O, may result in the formation of O, [13, 55]. H,O, is produced in the cell by
the enzymatic disproportionation of O,", but it can also evolve directly by the
action of some flavin-containing oxidases, like the fatty acyl-CoA oxidase,
required for peroxisomal B-oxidation, or the glycollate oxidase, involved in
photorespiration in plants [7, 28, 52]. Most of the damages caused by ROS
occurs upon conversion of O, and H,O, to OH radicals in the Fenton reaction
[13, 55]. OH radicals are highly reactive with typical second order rate
constants between 10°-10'° M™'s™ with organic substrates [15].

The formation of the excited oxygen form 'O, occurs by chemi-excitation, for
instance by the reaction of H,O, with hypochlorite and peroxinitrite, or reactions
catalysed by several peroxidases (myeloperoxidase) and oxygenases
(lipoxygenase) [6, 32]. Alternatively, 'O, can be produced by photosensitized
reactions via the absorption of visible or ultraviolet light by cellular
photosensitizers, e.g. porphyrins, cytochromes or flavins, and the subsequent
transfer of the excitation energy to *O, [6, 37]. In addition can the formation of

ROS during normal cellular metabolism be further stimulated by harsh
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environmental conditions, such as the exposure to pollutants, extreme
temperatures, strong illumination and other stress conditions.
ROS can react with proteins, lipids and DNA, depending on their site of
generation. Lipid modification to lipid hydroperoxides can cause membrane
disturbance and concomitant loss of membrane dependent functions such as
respiration and photosynthetic activity, or barrier functions [14, 25]. Many
intracellular proteins are very sensitive to ROS because they are only active in
the reducing environment of the cytosol and often require the reduced form of
sensitive amino acids for the proper folding or function [15]. Thus, the oxidation
of specific amino acids can disturb the activity of various enzymes. Modification
of the DNA occurs via the production of OH' in the Fenton reaction and result in
DNA strand breaks and mutations [55]. 0, has also been shown to react with
certain nucleotides of the DNA and there is strong evidence that the genotoxicity
of ultraviolet A radiation is mediated by the formation of '0, in the cell [49].
High intracellular levels of ROS can thus damage essential components of the
cell, inhibiting their function and result in an oxidative stress or even cell death.
To minimize negative effects of ROS, aerobic organisms have evolved
various defense mechanisms, aimed at preventing the production of ROS,
removing ROS or repairing damaged molecules. To prevent the formation of
ROS in the cell, transition metals, catalyzing the Fenton reaction, are tightly
bound in complexes [13, 15]. Another preventive mechanism involves the
synthesis of absorbing pigments which inhibit the transmission of light into the
cell and thus prevent light induced oxidative damage. Inside the cell, enzymatic
and nonenzymatic defense mechanisms remove ROS by catalyzing their
decomposition or by directly scavenging the reactive molecule. Most prominent
cellular scavengers are vitamin C and E and carotenoids [36]. Efficient enzymes
involved in the removal of ROS are several superoxide dismutases (SOD),

catalases and different types of peroxidases. Three different types of SOD are

15



CHAPTER 1

known at present which catalyze the reaction of O, to H,O, and O, [13]. The
CuZnSOD is found mainly in the cytosol of eukaryotes and few prokaryotes
whereas the MnSOD and the FeSOD are present predominately in prokaryotes
or some organelles of the eukaryotic cells [13]. Catalases, splitting two H,O,
molecules into one molecule of oxygen and two molecules of water, are most
abundant in the peroxisomes, where high levels of H,O, are produced by
oxidases [28]. In other compartment, H,O, is reduced by various peroxidases
using different cofactors as electron donor including reduced gluathione (GSH),
ascorbate or thioredoxin [13, 15].

The glutathione peroxidases (GPX) catalyze the reduction of H;O, or organic
hydroperoxides to water or alcohols by reduced GSH. One of the first GPX
characterized was the cytosolic GPX1 from mammalians, a homotetrameric
enzyme with a selenocysteine residue in the active site [50]. However, many
GPX homologous enzyme found in plants and microorganisms do not contain
the selenocysteine but rather a normal cysteine in the active site, strongly
reducing the peroxidase activity [12, 16, 27, 54]. Some of these
nonselenocysteine GPXs belong to the family of phospholipid hydroperoxide
glutathione peroxidases (PHGPX) [1]. They are monomeric and more active
against organic hydroperoxides than H,O,. Some can use different cofactors
than glutathione as reducing power, such as thioredoxin or NADPH [8, 12, 40,
55]. They were shown to be involved in the removal of lipid hydroperoxides in
the membranes of oxidative damaged cells [53]. Thus, these enzymes may be
specifically involved in the defense against oxidative stress in cellular
membranes, especially the mitochondrial and the chloroplast membranes, where
most uncontrolled ROS formation takes place in the cell.

The protection against 'O,-caused damages mainly involves the function of
highly efficient quenchers like a-tocopherol and carotenoids, but little is known

about enzymatic defense systems [4, 45]. Due to the fast reaction of 0, with
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biomolecules, enzymatic removal of '0, may not be required but rather the
decomposition of 'O, modified components, like proteins and lipids. Thus,
enzymes like the peroxidases, removing organic hydroperoxides, might also be

important in the defense against '0,-caused oxidative stress [24, 53].

Oxidative Stress in Photosynthetic Organisms

In photosynthetic organisms the major sites for ROS production are the
chloroplasts. There, the splitting of water, the transport of electrons in the
photosystems and the high local concentration of oxygen increase the chance for
partial reduction of oxygen and the formation of O,” and H,O, [7, 29]. Often,
the rate of CO, fixation in the Calvin Cycle limits the reduction of NADP" by
the photosystem I (PSI) and alternative electron acceptors are used, including
oxygen. Several components of the PSI including the Fe-S centers and the
ferredoxin are autooxidized under condition of limited NADP' and O, is
formed during a process called the Mehler reaction [7, 29]. Another source of
ROS in the chloroplasts is the oxygen evolving complex, where H,O is split and
successively oxidized to oxygen by a Mn-complex [5, 9].

Photosynthesis in the thylakoid membranes is the main source for the formation
of 'O, in plants and algae [23]. The presence of high concentrations of
endogenous photosensitizers, mainly chlorophyll a and b, is required to
efficiently drive the photosynthetic electron transport, but also increases the
probability of uncontrolled energy transfer from the exited photosensitizer to ‘0,
leading to the formation of 'O,. Under normal light conditions the excited
chlorophylls of the antenna transfer its excitation energy to the reactive center
Pygo in the PSII, followed by an electron transfer from the excited Pego* to the
primary electron acceptor pheophytin (Pheo) in the charge separation reaction.
The oxidized Pggo' is subsequently neutralized again by an electron from the

oxygen evolving complex via reduction of the redox active tyrosine TyrZ of the
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PSII. The electron from the reduced Pheo™ is passed further through the electron
transport chain via the primary quinone Q, to the secondary quinone Qg which
is, once it has bound two electrons, exchanged by an oxidized quinone from the

plastoquinone pool (Fig. 2).

Figure 2: schematic drawing of the electron transport chain and the source of ROS
during photosynthesis. PSI, photosystem I; PSII, photosystem I1; Cyt be-f, cytochrome
be-f complex; Pgyo, reactive center of PSII; OEC, oxygen evolving complex; Pheo,
pheophytin; Qa, primary quinone; Qg, secondary quinone; QH,/Q, plastoquinone pool;
Cyt bg, cytochrome bg; FeS, iron-sulfur cluster; Cyt f, cytochrome f; PC,
plastocyanine; Py, reactive center of PSI; A, primary acceptor of PSI; Fd, ferredoxin,
FAD, ferredoxin-NADP" oxidoreductase

Under conditions, where the absorption of light and the charge separation
exceed the capacity of the electron transport chain, the electron flow in the PSII
is blocked, resulting in a stabilized Q4™ (closed state of reaction center) [23].
Electron transfer from Pheo” to Q, is inhibited and charge recombination
between the Pheo™ and the Pggy' occurs which can result in the formation of the
excited triplet state of Pego (_3P630) [51]. The *Pero state has a relatively long
lifetime and can react with O, to form 'O, [17, 34, 42]. Efficient quenchers of

the chlorophyll triplet state or 'O, such as carotenoids are in close proximity to
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the reaction center in the PSII to minimize the production of 'O [4, 41]. Thus,
'0, generation in the chloroplast is usually low. However, under harsh
environmental conditions like high light illumination, drought and cold stress or
the presence of certain PSll-inhibiting herbicides, the electron transport is
blocked and charge recombination is enhanced [7, 34]. This results in the
increased formation of 'O, and in a concomitant photooxidative stress [11, 17,
18]. In the PSII, 'O, can react with the D1 protein and by that initiates its
proteolytic degradation [3, 23]. As a consequence, the PSII complex
disassembles and the photosynthetic activity is lost, referred to as
photoinhibition. Rapid de novo synthesis of the D1 protein and reassembling of
the PSII is required to restore a functional photosynthetic apparatus, a limiting
process when photoinhibition occurs. Additionally, 'O, can modify lipids by
lipid peroxidation and thus disturb the membrane integrity [15, 39]. In the
chloroplast this may influence the structure and function of the photosynthetic
apparatus.

Photosynthetic organisms have evolved specific defense mechanisms to prevent
photoinhibition. The distribution of the light harvesting complex (LHC) between
the PSI and PSII can be regulated by state transition to optimize the electron
flow in the electron transport chain and to reduce the absorbed light intensity by
the PSII [23]. In addition, several non photochemical quenching (NPQ)
mechanisms prevent the formation of 'O,. This includes the synthesis of
carotenoids such as zeaxanthin, violaxanthin and lutein in the xanthophyll-cycle
which quench the singlet or triplet excited state of chlorophylls and '0,,
dissipating the energy as heat [4]. The synthesis of the xanthophylls is
dependent on a strong pH gradient across the thylakoid membrane and is thus
termed ApH-dependent quenching (qE), including also xanthophyll independent

mechanisms [30]. Another efficient scavenger of 'O, is a-tocopherol, which is
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abundant in the thylakoid membrane and also protects the photosynthetic
apparatus from photoinhibition [44, 45].

All these quenching mechanisms cannot prevent the formation of ROS in the
chloroplasts during environmental stress. Thus, when the level of ROS raises in
cells exposed to harsh environmental conditions, a cellular defense system is
induced, including specific oxidative stress response genes to remove ROS. The
combination of genes which are induced is very much dependent on the nature
and location of the oxidative stress and involves complex regulation

mechanisms.

Regulation of the Oxidative Stress Response

Optimal protection against oxidative stress requires the temporally and spatially
controlled expression of defense genes. Whereas genes involved in general
stress response, such as many heat shock proteins and proteases, are expressed
during different type of stresses, many specific defense genes, involved in the
removal of ROS, are only needed when the level of ROS rise. Different
mechanisms have been identified to control the expression of stress genes due to
the increased ROS formation. One of them involves the direct induction of the
gene expression by the ROS formed. In many organisms, including
microorganism, animals and plants the expression of SODs is increased by
elevated oxygen concentrations and the presence of paraquat, leading to the
increased formation of O, [55]. In E. coli, the redox sensitive transcription
factor SoxR is directly modified by O, resulting in a transcriptional activation
of the target genes, including SOD, together with SoxS [38]. Redox sensitive
transcription factor are also found in eukaryotes, including the activator
protein-1 (AP-1) or the H,O,-specific NFxB in mammalians and the yeast AP-1
homologous YAP-1, known to regulate the expression of several oxidative stress

response genes [20, 38, 43]. Interestingly, the H,O, dependent activation of
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YAP-1 was shown not to be a direct oxidation by H,O, but to be mediated by
the glutathione peroxidase-like gene Gpx3 [8].

In plants, the expression of oxidative stress response genes is often upregulated
by several stress conditions, because various abiotic stresses cause an increased
cellular ROS production. Thus, catalases and SODs are induced by ROS and by
exposure to high light illumination, known to increase O, levels inside the
chloroplasts [7, 46]. In addition are SODs and other oxidative stress response
genes also induced by drought, salt stress, high or low temperature or the
presence of heavy metals [7]. But in Arabidopsis exposed to high light
intensities the induction of the APX1 and APX2 genes could directly be linked
to the increased formation of ROS, even though an additional signal from the
active photosynthesis was required for induction [22]. A possible effect of the
redox state of the plastoquinone pool on the APX expression was observed [21,
22]. A role of the plastoquinone pool in the signaling of light intensity
dependent gene expression was also established for other photosynthetic genes
[31]. Additionally, the ratio of oxidized to reduced glutathione (GSSG/GSH) in
the cell, which may be directly linked to the production of ROS, was suggested
to play a key role in the gene expression during excess light stress [2, 19, 21].
These examples show the complexity of the regulation of the oxidative stress
response, required for an optimal protection of photosynthetic organisms.

In contrast to O, and H,0, induced stress response, little is known about the
genetic response to increased levels of 'O,, even though the production of this
ROS is a well known effect of high light exposure in photosynthetic organisms
[11, 17, 18]. Increased formation of 'O, in plants may be mainly caused by
photosensitation processes involving either the cellular accumulation of an
exogenous or endogenous photosensitizer or a disturbance of the photosynthetic
electron flux causing photoinhibition. Recently, Leisinger et al. (2001) have

identified a glutathione peroxidase homologous gene (Gpxh) in the green alga
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Chlamydomonas reinhardtii, which was shown to be strongly upregulated by
exposure to the exogenous photosensitizers neutral red (NR), rose bengal (RB)
and methylene blue (MB) under illumination [26]. This response was
hypothesized to be caused by 10,, even though only RB and MB produce 0, in
the presence of light (type Il photosensitizer), whereas NR is rather a type I
photosensitizer, reacting with its substrate in a direct electron transfer reaction
[10]. However, since the expression of the Gpxh gene is induced by other ROS
to a much lower extent, the response of this gene seems to be highly specific for
photosensitized processes. This makes the Gpxk expression a very interesting
system to study photooxidative stress in photosynthetic organisms, in particular
'0,-induced stress, and the Gpxh gene a possible candidate to measure the effect
of environmental pollutants on photosynthesis. But before such a practical
application can be considered, several questions have to be answered concerning
the Gpxh induction:

Which is the common signal of the photosensitizer-induced response of Gpxh?
How is the Gpxh expression regulated and which signaling mechanisms are
involved?

Is the Gpxh expression also induced by environmental conditions causing a
photooxidative stress?

In this thesis we investigated the molecular mechanisms triggering the Gpxh
response to unravel the signal and components of the signaling pathway
responsible of Gpxh induction. First the total genetic response of C. reinhardtii
upon exposure to RB was measured and compared to the response caused by NR
in the light to find additional genes induced by the two photosensitizers and to
reveal similarities and differences in the response to type I and type Il sensitizers
(chapter 2). Surprisingly, the Gpxh was the only gene induced by both
photosensitizers to similar degree indicating that a common signal of the two

stress conditions cause the Gpxh upregulation. An increased formation of '0, in
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isolated thylakoids exposed to NR could be detected by EPR spin trap
measurements and indeed, the induction of the Gpxh expression by the two
photosensitizers could be directly linked to the formation of 10, in the
chloroplasts, whereas the induction of other genes by NR was probably caused
by a type I oxidative stress (chapter 3). In addition, we could show an
upregulation of the Gpxh gene by environmental stress conditions causing
increased 'O, production, such as high light illumination and the presence of
phenolic herbicides (chapter 4). We have also strong evidence that additional
signals caused by high light exposure enhance the Gpxh expression after
prolonged illumination. A single transcription factor binding site containing a
widespread TGAC motif, identified in the promoter region of the Gpxh gene,
was shown to be required and sufficient for gene induction by 'O, (chapter 5).
Thus, in this study we could show for the first time the specific upregulation of a
nuclear gene, the Gpxh gene, by the production of 'O, in the chloroplast

involving a common cis element in the promoter.
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CHAPTER 2

2. Oxidative Stress Induced by the Photosensitizers
Neutral Red (Type I) or Rose Bengal (Type II) in the Light
Causes Different Genetic Responses in Chlamydomonas

reinhardtii

ABSTRACT

The molecular defense mechanisms against photooxidative stress in
photosynthetic organisms are essential to protect cells from damaging effects of
high light illumination and photoinhibition but also to protect against effects by
endogenous and exogenous photosensitizers. Here we analyzed the genetic
response of Chlamydomonas reinhardtii to the model type 1 photosensitizer
neutral red (NR) and the type II photosensitizer rose bengal (RB) using DNA-
microarrays. Many oxidative and general stress response genes, which were also
induced by other oxidative stress conditions, were strongly induced by NR. Only
one gene was upregulated by RB, the glutathione peroxidase homologous gene
Gpxh, which was also induced by NR. In addition NR exposure resulted in the
reduced expression of most nuclear photosynthetic genes and subunits of the
light harvesting complex indicating an inhibition of photosynthetic activity. This
is supported by a stimulation of singlet oxygen generation in NR-treated
thylakoids. Thus, in C. reinhardtii the Gpxh expression is most probably
induced by the formation of singlet oxygen in both the NR and RB-treated cells
via the activation of a very sensitive and specific sensor, whereas general
oxidative stress response mechanisms seem to be involved in the response of

most other genes to the type I photooxidative stress.
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INTRODUCTION

In photosynthetic organism, the increased formation of reactive oxygen species
(ROS), such as superoxide (O,), hydrogen peroxide (H,0O,), hydroxyl radicals
(OH) and singlet oxygen (‘O,) is a major source for oxidative stress and cellular
damages. Especially in the thylakoid membranes, where the photosynthetic light
harvesting complex (LHC) absorbs light energy and drives the electron transport
chain in the photosystem I and I1 (PSI and PSII), increased amounts of ROS are
generated by uncontrolled electron transfer reactions [11]. High light intensities
enhance the rate of charge recombination and triplet chlorophyll formation in
the PSII, resulting in the increased production of '0, and photoinhibition [2, 29,
33, 52]. Thus, the strict regulation of the excitation of the photosystems or other
endogenous photosensitizers, such as porphyrins, and the fast induction of
defense mechanisms against oxidative stress is crucial for photosynthetic
organisms. Several mechanisms have been described to be involved in the
regulation of the responses due to light induced stresses. Some ROS such as O,
and H,0O, have been shown to directly act as second messenger to regulate the
expression of defense genes, including glutathione peroxidases, glutathione-S-
transferases and ascorbate peroxidases [11]. For other responses the redox status
of the glutathione (GSH) or the plastoquinone pool was identified to trigger the
response, including the control of gene expression [25, 32, 50]. However,
unraveling the specific mechanism responsible for the induction of a gene is in
many cases difficult because some of the potential signals, e.g. ROS production
and redox status of the plastoquinone pool, are tightly linked during
photosynthesis.

By using exogenous photosensitizers the problem of such linked signals may be
partially eliminated. Upon absorption of visible light and entering an excited

state, such photosensitizers induce a photooxidative stress independent of the
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photosynthetic activity. In the presence of oxygen, excited photosensitizers can
react in two ways: direct electron transfer to the substrate usually results in a
semi-reduced form of the photosensitizer and a semi-oxidized form of the
substrate, which becomes fully oxidized upon binding molecular oxygen (type 1)
[16, 62]. Neutral red (NR), a phenazine-based dye widely used for staining
cellular particles and as an intracellular pH indicator, has been used as a
photosensitizer in phototherapy and was reported to interact with several
substrates in a type I reaction [43, 60, 61]. The second reaction type involves the
transfer of the excitation energy from the photosensitizer to molecular oxygen,
resulting in the formation of '0, (type 1) [16]. Rose bengal (RB) and methylene
blue are two typical type Il photosensitizers, known to mainly generate '0,
when excited by light in the visible range [38, 40, 68]. Thus, exposure of
organisms to RB in the light may specifically induce the genetic response to
increased generation of '0,, whereas NR rather activates the response to free
radicals-induced oxidative stress.

Recently, we have shown, that the glutathione peroxidase homologous gene
Gpxh from Chlamydomonas reinhardtii is transcriptionally upregulated by the
exogenous photosensitizers RB and methylene blue in the light, most probably
through the formation of 'O, [41, 42]. Interestingly, Gpxh expression is also
strongly induced by the addition of NR under illumination with kinetics that are
similar to the RB-induced response, suggesting the presence of a common
mechanism for type I and type Il photosensitizer-induced Gpxh expression in
C. reinhardtii. However, exposure to O, HyO, or organic hydroperoxides only
caused a slightly induced Gpxh expression, indicating that a specific rather than
a general oxidative stress regulates the Gpxk transcription. In order to
understand the Gpxh response in the presence of type I or type II
photosensitizers we wanted to study the NR and RB-induced responses in
C. reinhardtii and compare these responses with other oxidative stress-induced

effects. DNA-microarrays are a good method to compare the genetic response
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caused by different conditions, enabling to measure the expression levels of
large sets of genes in one experiment [7]. In C. reinhardtii, the collection of
c¢DNA sequences in an expressed sequence-tag (EST) library has recently led to
the development of a first series of DNA-microarrays containing 2876 spots,
representing approximately 2700 unique genes of the C. reinhardtii nuclear
genome [30, 57]. We used these microarrays to study the genetic response of
C. reinhardtii cells exposed to either a type I (NR) or a type II (RB)
photosensitizer in the light. Additionally, we compared the response to these
photosensitizers with gene expression profiles caused by other oxidative stress
conditions. This could give more information about the nature and specificity of
the defence mechanisms and the signals, triggering the activation of genes

involved in the photooxidative stress response, in particular of the Gpxh gene.
MATERIALS AND METHODS

Strains and Culture Conditions

C. reinhardltii strain cwysarg;mt” (CC-1618), generously provided by E. Harris,
was inoculated in Tris-Acetate-Phosphate-medium (TAP) [26] in Erlenmeyer
flasks and agitated on a rotatory shaker (150 rpm) under constant illumination
(120 pmol m™ s PAR) at 25°C. All media were supplemented with 50 mg/Il

ampicillin and 50 mg/l arginine.

Chemicals

NR, RB and menadione (Fluka, Buchs SG, Switzerland) were dissolved in water
and stored as 1 or 10 mM stock solutions at 4°C in the dark. H;O, (Merck,
Whitehouse Station, USA) and t-BOOH (Fluka, Buchs SG, Switzerland) were
stored at 4°C and were diluted to 1 M stock solutions before use. All chemicals

used were of PA quality.
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Growth Experiments, Stress Treatment and RNA Isolation

An overnight culture of cwsarg; mt™ was grown to a cell density of 1x107
cells/ml. Then, aliquots of 5 ml of the culture were distributed in six-well culture
plates and the appropriate amount of photosensitizer was added. Cell density
was analyzed 0, 1, 2, 4 and 6 h after incubation by measuring Asso in a one-to-
five dilution with water. Growth rate was calculated for each culture out of the
five time point measurements in three independent experiments. In parallel, for
each condition one 20 ml culture in a 150 ml Erlenmeyer flask was incubated
with the appropriate concentration of photosensitizer for 60 min and total RNA
was isolated by the acid guanidine isothiocyanate-phenol-chloroform method [8]
using TRIzol Reagent (Invitrogen, Basel, Switzerland) following the suppliers
instructions. Sample concentration was adjusted to 3 pg/ul total RNA and RNA
quality was checked by agarose gel electrophoreses and ethidium bromide
staining.

For all stress treatments with three time point measurements a culture of strain
cwisargzmt” was diluted in 100 ml TAP medium to a cell density of 2x10°
cells/ml and incubated on a rotatory shaker in the light or in the dark for about
16 h, depending on the experimental purpose. When cultures reached a cell
density of about 8x10° cells/ml, cells were incubated under the different stress
conditions. Two cultures, one grown in the light and one in the dark, were kept
without treatment as standards to calculate induction factors. After 20, 60 and
120 min, cells of 30 ml culture were harvested and total RNA was isolated as

described above.

Probe Preparation, DNA-Array Hybridization and Data Analysis

Construction of the microarrays is described in details in the manufacturer’s
protocol (http://aracyc.stanford.edu/~jshrager/lab/chlamyarray). Probe labeling,

purification and DNA-array hybridization was performed according the
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manufacturer’s protocol with the following modifications: 30 pg total RNA was
utilized for the reverse transcription in a 40 pl reaction mixture. Cy5-dUTP was
used for labeling of control samples and Cy3-dUTP was used for labeling of
treatment samples in all experiments. After RNA degradation and probe
purification, the labeled cDNA was concentrated in a vacuum evaporator,
redisolved in 17 ul of hybridization buffer (50 mM sodium phosphate pH 8.0,
50% (v/v) formamide, 6x SSC, 5x Denhardt’s solution, 0.5% (w/v) SDS) and
incubated for 2 min at 95°C. The microarray slides were pre-hybridized for 30 to
60 min at 42°C and hybridized at 42°C for 16 to 20 h in a hybridization chamber
(Corning, Ontario, Canada).

After post-hybridization washing and drying, the slides were scanned using a
laser scanner (428™ Array Scanner, Affymetrix, High Wycombe, UK), and the
spot and corresponding background signals were quantified with the Affymetrix
Jaguar™ software version 2.0. Further analyses of the microarrays were
performed with the program GeneSpring 4.1 from Silicon Genetics (Redwood
City, USA). The treatment to control signal ratio was calculated using the Cy3
and Cy5 signal intensities of each spot. All spots with a control signal below the
value of 150 were excluded from the analysis and the minimal treatment to
control signal ratio was set to 0.01. After background correction a signal
normalization was performed using the 50™ percentile distribution of the
remaining spots per replicate. Average induction factors and z-test P-value were
calculated with the maximal eight replicates per gene and finally all induction
factors with an average treatment signal below 150 were filtered out. Primary
data and the average induction factors of all DNA-array experiments can be

downloaded from the Internet (www.eawag.ch/~fischebe).

34



CHAPTIER 2

¢DNA Synthesis and Real-time RT-PCR

For reverse transcription, 1 ug of DNase I-treated total RNA was incubated in a
50 pl reaction including 10 pl of a S5xreaction buffer (Invitrogen, Basel,
Switzerland), 2 pl oligo(dT)g primer (0.1 mM), 5 pul ANTP (5 mM), 5 ul 0.1 M
dithiothreitol (DTT) and 300 units SuperScript'™ reverse transcriptase
(Invitrogen, Basel, Switzerland) for 1 h at 37°C. The reaction was stopped by
heating at 95°C for 5 min and the volume was adjusted to a concentration of 20
ng/pl of original RNA quantity for each sample.

Sequences of the primers for real-time RT-PCR were designed with the Primer
Express " software (Applied Biosystems, Rotkreuz, Switzerland) using the
sequence of the 3” untranslated region of each gene as a template. Real-time RT-
PCR reactions were performed on the ABI Prism® 7000 Sequence Detection
System (Applied Biosystems, Rotkreuz, Switzerland) using the SYBR® Green
PCR Master Mix kit as recommended by the manufacturer. Primer
concentrations were optimized for each gene. In order to evaluate unspecific
amplification by primer dimers or contaminations, annealing profiles of PCR
products were analyzed and control reactions without cDNA were performed.
Threshold cycle (C,) values were determined for all reactions in the logarithmic
amplification phase, and the average C, value was calculated for each sample out
of two to three replicates. The C, value of the gene coding for the Rubisco small
subunit (Rbcs2) was used for normalization in all cases. Induction factors for the
different conditions were calculated for each gene as suggested by the

manufacturer, in at least two independent experiments.

Determination of total GSH and GSSG-levels

Cells of 15 ml culture of strain cw sarg; mt” were harvested, washed with 1 ml of

a 10 mM sodium phosphate buffer (pH 7.0) and resuspended in 400 pl of a 5%

S-sulfosalicylic acid solution. After shock-freezing in liquid nitrogen the sample
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was centrifuged for 15 min at 4°C and 300 pl of supernatant was separated for
determination of GSSG levels. The amount of total GSH and GSSG were
quantified as described by Griffith et al (1980) [22] and normalized to the
chlorophyll content, quantified according to Arnon (1949) [1].

Spin-Trapping of 'O, by TEMP

Spin-trapping assays were performed with 10 mM 2,2,6,6—tetramethylpipéridine
(TEMP) and 30 mM methanol. Samples were illuminated for 10 min with 150 or
250 umol m™ s white light at 20°C. X-band EPR spectra were recorded in a flat
cell with a Bruker ESP 300 spectrometer at room temperature with 9.7 GHz

microwave frequency, modulation frequency 100 kHz, modulation amplitude

2 G. The spin trap was purified as described by Fufezan et al. (2002) [18].

Data Base Search and Clustering

Sequence analysis of specific genes was performed using the ChlamyEST
database of the Chlamydomonas Resource Center (www.biology.duke.edu/
chlamy genome) and the Chlamydomonas reinhardltii vI.0 genomic database at
the DOE Joint Genome Institute (JGI) (www.jgi.doe.gov). To find homologous
genes of other organisms, the protein database of the National Center for
Biotechnology Institute (NCBI) (www.ncbi.nlm.nih.gov) was used for blast
searches in a translated query to protein database search. Identity of more than
30% in a region larger than 100 amino acid residues or more than 40% in a
shorter region was accepted as significant.

Hierarchical gene clustering was performed using the Cluster 2.20 software, and
the results were visualized in a color based expression pattern using the

TreeView 1.60 software designed by the Eisen Lab (http://rana.lbl.gov/) [14].

36



CHAPTER 2

RESULTS

RB and NR-induced effects in C. reinhardtii

The stress response of C. reinhardtii cells, either exposed to type I or type 1
photosensitizers, was analyzed by determining the gene expression profiles of
cultures exposed to NR or RB in the light. In order to know the type and severity
of stress caused by a certain concentration of photosensitizer, different
parameters were analyzed in strain cw,sarg; mt” exposed to NR and RB under
illumination of 120 umol m™ s™'. First, lethal concentrations of NR and RB in
the light were determined by measuring growth of different cultures exposed to
increasing concentrations of the photosensitizers. The growth rate continuously
decreased in NR-exposed cultures up to a concentration of 5 uM, lethal effects
occurred at 8 uM NR (Fig. 1a). RB caused little effect up to 0.7 uM, but
strongly reduced the growth rate at 1.0 uM and was lethal at 1.5 pM. In parallel,
the expression of the Gpxh gene, known to be induced by both photosensitizers,
was analyzed by real-time RT-PCR 60 min after exposure to each concentration
to test the strength of the genetic response. Gpxh expression increased with
increasing concentrations of NR and RB up to the sublethal concentrations
(Fig. 1a). Thus, 5 uM NR and 1 pM RB caused a strong but not lethal cellular
stress and the highest induction of the genetic stress response tested. We further
measured the cellular levels of total GSH and glutathione disulfide (GSSG), two
parameters indicating the cellular redox state and thus the oxidative stress [12].
Surprisingly, no effect of RB was detected neither on the total GSH nor on the
GSSG concentration in cells during two hours of exposure to 1 uM RB
(Fig. 1b). In the presence of 5 uM NR, however, the level of total GSH
increased continuously between 20 to 120 min after exposure indicating a stimu-

lation of GSH synthesis. Also a slight increase in the GSSG level was observed
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Figure 1: (a) Growth rate (closed symbols) and Gpxh induction (open symbols) was
measured in C. reinhardtii cultures exposed to various concentrations of NR
(diamonds) or RB (triangles) under illumination. Average growth rate over 6 h was
calculated in three independent experiments. Induction of the Gpxh gene by the
appropriate concentration of photosensitizer was measured by determining the Gpxh
mRNA levels with real-time RT-PCR after 1 h of exposure and induction factors were
calculated out of two independent experiments. (b) Total GSH (closed symbols) and
GSSG (open symbols) levels were detected after incubation with 5§ uM NR (diamonds)
or 1uM RB (triangles) in the light in 2 to 4 independent experiments. (¢) Typical EPR
spectra of TEMPO as adduct of the reaction of TEMP without 'O, (top spectrum),
with 'O, produced by 5 pM NR (second spectrum) or by 1 uM RB (bottom spectrum)
in aqueous solutions after 10 min illumination with 150 pmol m™”s™' PAR.

suggesting a disturbed cellular redox balance, even though this effect was rather
low compared to the effect of other stresses like high light exposure [32].
Finally, we measured the production of 'O, by NR and RB with EPR-spin

trapping in an aqueous solution to test their potency as type 1l photosensitizers.
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No direct formation of 'O, could be detected by 5 uM NR illuminated for 10
min with 150 pmol m™ s™ (Fig. 1c). On the contrary 1 uM RB, under the same
light condition, resulted in a strong EPR-signal, showing that it efficiently leads
to the production of 'O, as expected for a type Il photosensitizer. These
concentrations of photosensitizers were chosen to analyze the total gene

expression profiles caused by type I and type 11 photosensitizers.

Identification of Genes Induced by NR and RB with DNA-Arrays

To analyze total gene expression profiles, cultures of C. reinhardtii cells were
exposed either to 5 pM NR or 1 uM RB under continuous illumination of
120 pmol m™ s, A control culture without any treatment was incubated in
parallel and total RNA was isolated from each condition at 20, 60 and 120 min
after exposure in two independent experiments. Afterwards, a Cy5-dUTP
labeled cDNA of each control RNA sample and a Cy3-dUTP labeled cDNA of
each treatment RNA sample was synthesized and used to hybridize to the
C. reinhardtii microarrays. Signal intensities of the two independent experi-
ments and of four replicates per RNA sample were used to calculate the
induction factors for each gene at the three time points and a replicate
normalization of varying labeled cDNA levels was performed, using the median
signal intensity. Genes with low signal intensities were not considered in the
analyses. Only 11 genes in the RB experiment but as much as 75 genes in the
NR-exposed cells were induced more than two fold in at least one time point
measurement (all data on www.eawag.ch/~fischebe). Only those genes which
were significantly induced more than two fold in at least two out of the three
time point measurements of each stress condition (z-test P-value<0.01) were
selected for a more intensive analysis by real-time RT-PCR. Only one gene
(BM519216) passed this restriction in the RB exposed cultures, but 22 genes

could be selected from the NR exposure, including the RB-induced gene
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BM519216 (Fig. 2a, supplemental data). This indicates that NR causes a much
broader response in C. reinhardtii than RB, inducing the expression, more then
five fold, of 10 genes in the microarrays. With RB, only BM519216 was
strongly induced (12.5 fold), whereas all other nuclear genes tested showed

maximal induction of two to three fold.
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(c)
accession contig scaffold blast result with highest identity identity
BF863196 20021010.2151.2 1642  Putative protein AT5g45020.1 [Arabidopsis thaliana], predicted GST ~ 46% (178)
BE212253 20021010.7936.2 234  Carbonyl reductase-like protein [Arabidopsis thaliana] 40% (290)
BE726915 20021010.3481.2 574 208 proteasome alpha 2 subunit [Oryza sativa] 78% (123)
BE025124 20021010.1860.1 21 Quinol-to oxygen oxidoreductase [Chlamydomonas reinhardtii] 100%
BE024890 20021010.5487 .1 395 208 proteasome alpha 6 subunit [Nicotiana benthamiana] T1% (149)
BF862561 20021010.3244.1 32 208 proteasome alpha subunit A2 (PAAZ) [Arabidopsis thaliana] 67% (189)
BE122014 20021010.4483.1 421 No significant homaology
BE724630 20021010.8550.1 2405  Thioredoxin h [Chlamydomonas reinhardtii] 100% (113)
BE056399 20021010.5394.4 Ne significant homology

BM518858 20021010.8053.1 2138  No significant homology
BF862179 20021010.6781.1 247  No significant homology

BE211922 20021010.5909.1 2397  Heat shock protein hsp80 [Lycopersicon esculentumy] 75% (169)
BF866418 20021010.5588.1') 964 18 kD heat shock protein {HMordeum vulgare subsp. vulgare] 57% (33)
BE129393 20021010.3547 .1 89 Glutathione-S-transferase 2 [Nematospiroides dubius] 35% (180)
BE726861 20021010.7754.1  9612) 18 kD heat shock protein [Hordeum vulgare subsp. vulgare] 57% (33)
BF864288 20021010.3862.1 604 Chloroplast heat shock 22 kD protein [Chiamydomonas reinhardtii] 42% (61)
BM519216 20021010.5826.1 9 Gpxh (AF014927) [Chlamydomonas reinhardtii) 100%
BE725265 20021010.6612.1 1031 Glutathione S-transferase 1 [Ascaris suum] 57% {64}

13 70% rdentitical to EST 1n 720bp
2.3 contig matches in a continuous streteh of 873bp out of [374bp
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The 22 genes, which passed the restriction in the NR and/or the RB experiment,
were further investigated using real-time RT-PCR. Specific primer pairs for all
genes were synthesized including primers for the RbcS2 gene, which was not
induced by the treatments and was used for normalization of varying mRNA
levels in the reverse transcription reactions. Interestingly, all induction factors,
except for those of BE122014, were much higher when determined with real-
time RT-PCR than with DNA-arrays. Still, a good correlation between the
expression patterns determined by the two methods was reached, and both
methods gave comparable induction profiles, when the scale was adjusted to
maximal induction factors (Fig. 2a and b). This shows that induction profiles
determined with the same method can be compared, whereas relative induction
should be used whenever comparing data analyzed by different methods. In
order to exclude genes, which were induced by the addition of the chemical as
such, rather than by the photosensitizing process, cells were exposed under the
same conditions in the dark. Four genes (BF863629, BF866369, BE122244 and
BE725962) of the NR-induced genes were also strongly upregulated by NR in
the dark and were excluded from further analyses (Fig. 2a), whereas the single

RB-induced gene did not respond to the chemical in the dark (data not shown).

Figure 2: (a) Expression profiles of the 22 genes, which passed the restriction of
strongly induced genes in the DNA-array experiments, exposed to 5 uM NR (all) or 1
uM RB (BM519216) in the light (see results for details). Induction factors were
analyzed either by DNA-arrays or real-time RT-PCR and transformed into a color
based expression scale adjusted to relative induction strength (see also figure b). The
genes were sorted by increasing average induction factors in NR samples analyzed by
DNA-arrays. (b) Correlation of the induction factors of the 22 analyzed genes
determined by DNA-arrays or real-time RT-PCR. Red fields were colored according
the induction scale used for figure a. (¢) Results of the data base searches including
contig number, scaffold number of gene location in JGI Chlamydomonas genome data
base and the translated-blast result with the highest identity over the indicated number
of amino acid residues (number in parenthesis) of the putative gene product found for
each EST.
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To analyze probable functions of the selected 18 upregulated genes, blast
searches were performed, aimed at finding the most homologous genes in other
organisms. In order to do so, major parts of the coding sequences were extracted
from the Chlamydomonas EST database. EST sequences, generated from
3’reads, are assembled based on sequence similarity to contigs of the mean size
of 791 nucleotides. These contigs were then aligned to a pool of 5°reads to
generate unique gene sets called ACEs [57]. We additionally searched the
C. reinhardtii genome, which was recently made accessible on the web by JGI,
to find the putative genomic sequences. Contigs, which best matched the EST
sequences and scaffolds with the putative genomic sequences are shown in
figure 2¢c. All ESTs except one (BE056399) nicely matched to a genomic
sequence. Two clones (BF866418, BE726861), though having totally different
sequences, aligned best to contigs with identical 5° parts, but for BF866418 the
identity was only 70% over the full length. Nevertheless, only one of these
contigs (20021010.5588.1) fully aligned to a genomic sequence (scaffold 961),
whereas the other (20021010.7754.1) was identical to the sequence of scaffold
961 only in its 5’ part.

For 14 of the 18 induced genes we found a most probable gene product with 35
to 100% identity in amino acid sequence to known proteins of different
organisms. The gene, which was strongly induced by both stress conditions was
Gpxh (BMS519216), known to be highly upregulated by RB and NR in the light
before [41]. BE725265, the strongest induced gene by NR, was predicted to
code for a glutathione-S-transferase (GST) gene. The same function was found
for the gene products of BF863196 and BE129393. Additionally, we found four
genes homologous to different heat shock proteins (HSP) (BE211922,
BF866418, BE726861, BF864288) and three genes with 67 to 78% identity to
20S proteasome subunits. Beside Gpxh, two other genes could be identified as
already characterized C. reinhardtii genes: BE025124, coding for a quinol-to-

oxygen oxidoreductase and BE724630, coding for the cytosolic form of
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thioredoxin (7rxh). The sequence of BE212253 finally showed most similarity
to a carbonyl reductase-like protein of Arabidopsis thaliana.

Since three proteasome subunit genes were induced more than two fold at 60
and 120 min by NR, we wondered whether the expression of other proteasome
subunits is upregulated by NR too. Therefore, the list of genes on the DNA-
array was searched for genes homologous to proteasome subunits. Sixteen
additional genes were found with 39.1 to 84.5% identity in amino acid sequence
to known proteasome subunits of both, the 20S proteasome catalytic core
particle and the 19S proteasome regulatory subunit (Fig. 3a). Of these 16 genes,
14 are induced more than 1.8 fold at least at 120 min after exposure to NR in the
light, indicating a general upregulation of subunits of the proteasome
degradative complex by NR. In addition, genes coding for other proteases were
analyzed. Three of them were significantly induced by NR (£<0.01), including a
DegP, an FtsH and a cysteine proteinase homologous gene (Fig. 3b). We further
searched for additional heat shock proteins and molecular chaperones to look at
their expression profiles on the DNA-arrays. Only one gene, coding for the
HSP70B protein, was found to be induced by NR (Fig. 3¢), whereas four other
putative heat shock genes did not show any changed expression compared to the
control samples (data not shown). We found similar results analyzing the
expression of 19 putative genes involved in oxidative stress response. Of these
genes, only three, a thioredoxin peroxidase, a Fe-superoxide dismutase precursor
and a glutaredoxin homologous gene, were induced by NR between 1.7 and 3.1
fold (Fig. 3d). Two GST-like genes and a Mn-superoxide dismutase gene were
not altered in their expression, whereas a catalase gene was even downregulated
by a factor of 1.8 (data not shown). RB did not or to only miner extent induce
the expression of these genes, indicating that this substance caused much less

stress response (Fig. 3, a-d).
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NR RB clone ID accession blast result identity
(ouM) (1uM)

963035G05 BMS18960 268 proteasome regulatory subunit [Arabidopsis thaliana]  39.1%
963018E07 BF860968 268 proteasome regulatory subunit3 {Oryza sativa] 64.4%
894062005 BE452223 Proteasome SU beta type 3 (208 proteasome alpha SU C)  61.8%
963044F03 BM519190 2685 proteasome regulatory SU 4 [Arabidopsis thaliana] 84.5%

(a)

894080E09 BE725026 Beta 1 subunit of 20S proteasome [Oryza sativa] 56%

963016H09 BF860552 208 proteasome beta SU D2 [Arabidopsis thaliana] 52.7%
963039B04 BF862882 AgCP7124 [Anopheles gambiae str. PEST] 74 1%
894055D04 BE352070 268 proteasome regulatory subunit12 [Oryza sativa) 49,4%
894011H03 BE056813 Proteasome subunit beta type 5 precursor 80.4%
894076H01 BE724526 265 proteasome regulatory SU (RPN7) [A thaliana] 75.5%

894031G12 BE227426 208 proteasome beta subunit PBG1 [Arabidopsis thaliana]  52.9%
894093E06 BE726774 Proteasome precursaor, beta subunit {Arabidopsis thaliana]  46.9%
894082H05 BE725394 268 proteasome AAM-ATPase SU RPT2a [A thaliana] 752%
963033E04 BF862103 Putative atpha7 proteasome subunit [Nicotiana tabacumj 61.8%
963047A04 BM519221 268 proteasome regulatory SU $12 (RPNS) [A thaliana] 58.8%

963027C08 BF861794 208 proteasome beta subunit B (PBB1) [A. thaliana] 64.9%
(b) 963033H10  BF862306  DegP protease [Arabidopsis thaliana) 57.6%

963036B12 BF862580  FtsH protease (VAR2) [Arabidopsis thatiana] 64%

963014H04  BF859878 Cysteine protease component of protease-inhibitor complex 56.1%

()

BB 504078G05 BE724795 DnaK-type molecular chaperone hsp70b precursor/ HSP70B  100%

(d) 894065G01 BE452768 2.Cys thioredoxin peroxidase [Aedes aegypti] 68%
894081G12 BE725229 Superoxide dismutase (Fe) precursor [C. reinhardtii] 99 6%
894063H05 BE452584  Glutaredoxin 48.9%

'y A _
fold induction

Figure 3: The expression of selected genes, identified due to their homology to known
proteins involved in oxidative or general stress response, was analyzed with DNA-
arrays and represented in a color based expression pattern according to the scale
indicated: (a) proteasome subunits, (b) proteases. (c) heat shock proteins, (d) oxidative
stress response genes. For (a) all genes with significant homology arc shown, for (b),
(c) and (d). only induced genes are represented.

General Oxidative Stress Response of Photooxidative Stress Induced Genes

The small number of genes induced by RB compared to NR exposure indicates a
different efficiency and specificity for the type 1 and type Il photosensitizer-
induced stress response. The comparison of the induction profiles of the NR
and/or RB-induced genes by other oxidative and photooxidative stress
conditions may give further information about common and different
mechanisms involved in the activation of these genes. To do so. cultures of
strain cw sarg;mt” were exposed to sublethal concentrations of either menadione

(5 uM), known to lead to the formation of O,", H,O; (2 mM) or tert-
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butylhydroperoxide (t-BOOH) (0.1 mM), conditions known to also partially
induce the Gpxh expression [41]. Additionally, one culture was shifted from
16 h dark to light incubation, a process known to induce the synthesis of stress
proteins involved in defense against photoinhibition [36, 54]. Control samples
without any treatment were incubated in parallel either in the dark, for the dark-
light shift, or the light. The expression of the 18 NR and/or RB-induced genes
under each stress and control condition was quantified at 20, 60 and 120 min
exposure by real-time RT-PCR and induction, compared to the corresponding
control sample, was calculated using the Rbcs2 mRNA level for normalization.
Many genes were strongly induced by at least 3 to 4 of the conditions tested
albeit the induction kinetics were often different (Fig. 4). The response to
menadione and the dark-light shift was usually early with maximum levels at 20
to 60 min after induction. All other stress conditions caused a later response,
which peaked either 60 or 120 min after exposure to the chemical. In order to
find genes with a similar expression pattern by the various stress conditions, a
hierarchical clustering, using the induction factors of all 18 genes, was
performed (Fig. 4a) [14]. The closest related induction profiles were found for
BE726915 and BE024890, both coding for 20S proteasome alpha subunits. A
second cluster included the genes BF866418 and BE726861, of which the
deduced sequences showed highest homology to the same 18 kD HSP (Fig. 2¢).
The two genes showed very similar induction profiles, even though the primer
pairs used for real-time RT-PCR did not cross-hybridize between the two contig
sequences (Fig. 4a). Generally, most of the typical stress response genes
including GSTs, Trxh, HSPs and proteasome subunit cluster together in a group,
which is strongly induced by all conditions tested except RB-treatment and the
dark-light shift. However, some genes showed an induction pattern not similar
to any other expression profile: The Gpxh genes was 5 to 12 fold stronger

induced by NR and RB than by any other stress tested, supporting the
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Figure 4: (a) Hierarchical clustering of the 18 analyzed genes by their expression
profiles due to a dark-light shift (d-1 shift) or exposure to 2 mM 11,0, 5 uM
menadione, 0.1 mM t-BOOH, 5 uM NR or 1 uM RB for 20, 60 and 120 min
determined by real-time RT-PCR. Induction factors are represented in a color based
expression scale and the similarities between the expression profiles are indicated by
the distances in the hierarchical tree. (b) Time profiles of the induction of six selected
genes by various oxidative and photooxidative stress conditions, including 2 mM H,0,
(m), 5 uM menadione (A), 0.1 mM t-BOOH (@), 5 uM NR (%), | uM RB (+) and a
dark-light shift (#) analyzed by real-time RT-PCR.

involvement of a common response mechanisms to these photosensitizers
(Fig. 4b) [41]. Two genes, homologous to a GST and a carbonyl reductase

respectively, were 12 to 35 fold induced by NR but only up to 8 fold by the
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other oxidative stress conditions and were downregulated 10 fold by the shift
from the dark to the light (Fig. 4a). The HSP80 homologous gene BE211922
finally was strongly upregulated only by the presence of NR in the light and the
dark-light shift (Fig. 4a and b). Dark-light induced expression of genes coding
for an Hsp80 and a related Hsp70 has been shown in C. reinhardtii before [70].
These data indicate that NR-induced genes were activated by several unrelated
induction mechanisms and that NR caused multiple effects in the cell, whereas

RB affected the cell more specifically only inducing few genes.

NR-Disturbed Photosynthetic Electron Flow Resulted in the Down-
regulation of Photosynthetic Genes and the Formation of 'O, in the

Thylakoid Membrane

The NR-dependent induction of the plastoquinol oxidizing enzyme quinol-to-
oxygen oxidoreductase (BE025124), homologous to the Arabidopsis
IMMUTANS gene involved in chlororespiration, and the HSP80 gene, for
which a protection of PSII during photoinhibition was described [54], indicates
that one effect of NR in the cell may involve an interaction with the
photosynthetic apparatus. Indeed, an inhibition of the linear photosynthetic
electron flow by NR above 20 pM was already observed in isolated pea
chloroplasts earlier and a function of NR as uncoupler was discussed [48]. To
check an effect of NR on photosynthesis, the expression of genes coding for
components of the photosynthetic apparatus was analyzed in cells exposed to
NR. We found 13 genes with 51.3 to 98.8% identity in amino acid sequence to
LHC genes of other photosynthetic organisms on the DNA-microarrays.
Interestingly, all of them were downregulated at least 1.8 fold by NR (Fig. 5a).
A similar response was found for many other components of the photosynthetic
apparatus, including the three oxygen-evolving enhancer-like proteins or several

putative proteins of PSI and PSII, which were downregulated between 1.3 and
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Figure 5: The expression of genes coding for components of the photosynthetic
apparatus was analyzed in C. reinhardtii due to exposure to NR or RB and represented
in a color based expression pattern according to the scale indicated. Genes present on
the DNA-array were searched for homologous to either (a) subunit of the LHC or (b)
components of the PSI, PSII or the cytochrome by-f complex.

2.6 fold, 60 to 120 min after exposure to NR (Fig. 5b). Together with the
decreased expression of four genes, homologous to components of the
cytochrome be-{ complex and of two genes, coding for a plastocyanin and a
ferredoxin, members of all major components of the photosynthetic apparatus
were found to be downregulated by NR. On the contrary, none of them was
significantly changed in its expression by RB (Fig. 5) even though the PSII is
the most important source for 'O, in photosynthetic organisms under natural
conditions and negative effects of 'O, produced by exogenous photosensitizers

on PSII stability has been described in isolated chloroplasts before [9, 66].
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NR-caused inhibition of the photosynthetic activity may also result in enhanced
charge recombination and the concomitant increased formation of '0, in PSII as
described for phenolic herbicides [18, 52]. Therefore, the formation of '0, in
NR-treated spinach thylakoids was tested with EPR spin trapping [18]. A
suspension of 15 ug Chl/ml isolated thylakoid membranes exposed to 5 pM NR
was illuminated for 10 min with white light of 250 pmol m~ s. Even though a
significant amount of 'O, was already produced by isolated thylakoids in the
absence of any chemical treatment, an increased generation of '0, could be
detected in the thylakoids exposed to NR, showing that NR indeed affected
photosynthesis and enhanced the rate of charge recombination and '0,

formation in the PSII.

Figure 6: EPR spectra of TEMPO as
adduct of the reaction of TEMP with
'0, produced by 5uM NR in the
presence of isolated spinach thylakoids
(top spectrum) or by untreated isolated
spinach thylakoids (bottom spectrum)
after 10 min illumination with 250
umol m”s™ PAR.

20G
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DISCUSSION

RB Causes Little Stress Response but Strongly Induces the Gpxh

Expression

In this study we investigated the genetic responses of C. reinhardltii to the type 1
photosensitizer NR and the 'O,-producing photosensitizer RB to unravel the
similarities and difference in the expression pattern caused by the two
substances and to compare them with the profiles induced by other oxidative
stress conditions. Contrary to NR effects, which not only altered the expression
of genes due to oxidative stress but also due to an inhibition of photosynthesis,
the response of the cell to RB-exposure was very specific. The Gpxh gene was
the only gene found on the DNA-array to be strongly induced by 1 uM RB in
the light, despite the fact that this RB concentration resulted in a strong
formation of 'O, under illumination and was in the sublethal range for the cell
(Fig. 1a and c¢). Several factors could influence the efficiency of '0,-reponse
caused by RB: First, RB may not enter the cell efficiently or is not equally
distributed within the cell. RB has two negative charges at pH 7 and most
probably localizes near the lipid-aqueous interface of membranes and is
presumably located near specific proteins resulting in a high variation in the
sensitivity of different membrane function to RB [35, 37]. Thus, the toxicity of
RB might be either due to a much higher concentration of RB at a certain
cellular site, e. g. in the plasma membrane, due to the modification of a highly
sensitive cell component at concentrations, which do not affect other molecules
or by a combination of both. A low intracellular concentration of RB is
supported by the absence of any oxidative stress causing an alteration in the
GSH balance (Fig. 1b).

The thylakoid membrane, on the other hand, contains a variety of protective

molecules like carotenoids and a-tocopherol, which can efficiently scavenge '0,
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and thus might prevent damaging effects of 'O, produced by RB located in the
chloroplast [4, 69]. This could explain the low effect of RB-exposure on the
expression of photosynthetic genes (Fig. 5), which gives good evidence that a
direct effect of 'O, and not signals from a disturbed photosynthesis are causing
the genetic response by RB. Therefore, a very specific and sensitive sensor for
0, must be present in C. reinhardtii, which directly activates the expression of
only a few genes, including Gpxh. We cannot determine the exact number of
these genes so far, since only a part of the nuclear genome is represented on the
DNA-array used in this study. The fact that only one of the 2700 genes tested
was strongly induced indicates the presence of a specific defense system against

'0,-induced cellular damages probably including only a few genes.

Oxidative Stress Induced by NR Causes Multiple Stress Response

Exposure of C. reinhardtii cells to NR induced a strong oxidative stress
response and resulted in an enhancement of oxidation and de novo synthesis of
GSH already after 1 to 2 h. Since synthesis of GSH is controlled by feedback
regulation [23], a fast decrease in cellular GSH levels is expected in the early
phase of NR-treatment, either by oxidation to GSSG or by chemical binding to
proteins. [n agreement with that, an increased expression of putative GSH-using
enzymes, the Gpxh and three GST, was found in NR-stressed cells already after
20 min (Fig. 2 and 4). Two main functions of GSTs in the cytoplasm are the
detoxification of natural or synthetic toxins and the removal of oxidized
compounds including modified proteins [13]. In Arabidopsis thaliana, 48 GST-
like genes have been found, which belong to four different classes, of which two
are plant specific [56, 71]. The high diversity of this gene family represents a
multitude of functions of GSTs in the cell. The various GSTs also show different
expression profiles due to a variety of stress conditions and compounds [44, 71].

We have found a similar behavior in the induction of GST-like genes by NR in
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C. reinhardlii, where two GSTs were strongly induced (BE725265, BE129393),
one was moderate induced (BF863196) (Fig. 2a) and two were not changed in
their expression (data not shown). However, the fact that they all were only
induced by NR in the light, indicates that oxidative stress caused the gene
induction rather than the chemical itself. Other important defense systems
against oxidative stress include the cytosolic thioredoxin (7rxk), the functionally
related glutaredoxin and the thioredoxin peroxidase which all were found to be
induced by NR in the light [31, 63]. Thioredoxin and glutaredoxin are involved
in reduction of intracellular disulfides and can together with the thioredoxin
peroxidase remove H,0, and organic hydroperoxides from the cell [21, 45].
Typically, most of these oxidative stress response genes were also induced in
C. reinhardtii by various oxidative stress conditions like HyO,, O, and t-BOOH
(Fig. 4).

The diversity in functions and expression of the cellular HSPs is similar to that
of GSTs [65, 72]. Whereas in C. reinhardtii the small HSPs, including the 18 kD
and 22 kD HSPs (BE726861, BF866418, BF864288), were strongly upregulated
in their expression by various oxidative stress conditions, the Hsp80-like gene
(BE211922) was mainly induced by NR and a dark-light shift (Fig. 4). During
oxidative stress response, HSPs are thought to function as molecular chaperones,
and a protection of the electron transport chains in mitochondria and
chloroplasts has been described for some small HSPs [28, 39]. Additionally,
several articles reported the induced expression of small HSPs by oxidative
stress, and some results even provide evidence for a function as scavengers of
reactive oxygen species [65]. Thus, the HSPs seem to play an important role in
the defense against NR-induced oxidative stress.

Many of the oxidative damaged proteins are removed by degradation, often by
the 20S or 26S proteasome [24, 58]. Therefore, the induced expression of all
proteasome subunits found on the DNA-array most probably is a consequence of

an increased level of oxidized proteins (Fig. 2a and 3). Since the expression of
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proteasome subunits was found to occur in a concerted mechanism in various
organisms, we assume the other proteasome subunits to be upregulated by NR
too [17, 19]. Increased proteasome subunit levels under oxidative stress were
found earlier in mouse cell lines and in maize roots [5, 20]. Thus, induction of
proteasome dependent protein degradation seems to be a general mechanism to
remove oxidative damaged proteins.

Clustering analysis showed that many of the NR-induced genes had a similar
expression profile by all stress conditions tested (Fig. 2) suggesting that a
concerted induction mechanism might be involved in their activation. Still, this
mechanism would be induced by individual treatment with different strength and
kinetic. However, due to the similar order of induction strength for most of these
genes, e.g. BE725265, BF864288 and BE129393, we hypothesized only one
single mechanism to be responsible for the induction of these genes by different
oxidative stresses (Fig. 2b). Other genes, like the Gpxh gene (BM519216), the
HSP80 (BE211922) or the carbonyl reductase gene (BE212253) had an
expression profile not very closely related to any other profile tested, indicating
that NR might have multiple effects on C. reinhardtii which are not linked to its

function as type I photosensitizer.

NR Affects Photosynthesis Resulting in Downregulation of Photosynthetic

Genes and Production of 'O,

The induction of genes by the type I photosensitizer NR, which were not
strongly induced by general oxidative stress but rather by more specific
treatments like RB-exposure (Gpxh) or dark-light shift (HSP80) indicated a
second light dependent effect of NR on C. reinhardtii activating a more specific
genetic responses (Fig. 3). Recently, NR has been shown to inhibit the electron
transport in PSII [48] and indeed, almost all photosynthetic genes found on the
DNA-microarray, including many putative LHC genes and subunits of the PSI,
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PSII and of the oxygen-evolving complex, were downregulated up to three fold
by NR exposure, implicating a severe effect of NR on the photosynthetic
apparatus (Fig. 5). This is supported by the induction of the gene coding for the
chloroplast targeted HSP70B protein, known to protect and repair the PSII
during photoinhibition, and for a chloroplast small HSP, for which a protective
function on the photosynthetic electron transport chain and D1 protein
degradation was reported during heat stress (Fig. 2a and 3c) [28, 54, 55]. A
similar function may also be predicted for the HSP80 protein upregulated by NR
and the dark-light shift. NR may inhibit the photosynthetic electron flow similar
to phenolic herbicides and thus enhance the charge recombination reaction in the
PSII reaction centre, resulting in the increased formation of '0, and
photoinhibition [52]. In agreement with that an increased formation of '0, could
be measure in NR-treated isolated spinach thylokoid membranes whereas no 'O,
was detected with NR in an aqueous solution (Fig. lc¢ and 6). This mechanism
might also be compatible with the observed downregulation of LHC genes in
C. reinhardtii under high light illumination, where the production of a reactive
oxygen species was proposed to be the initial signal for this repression [67].
Further support for the induction of photoinhibition by NR was received by the
upregulation of two genes, homologous to the chloroplast located proteases FtsH
and DegP (Fig. 3b). Both genes have been described to mediate the initial step in
D1 cleavage during photoinhibition [3, 27, 59].

Other effects of NR on gene expression rather point at an inhibition of the
photosynthetic electron transport in PSI or in the cytochrome be-f complex,
since a reduced plastoquinol pool was reported to be a signal for the response of
several photosynthetic genes. Reduced expression of genes coding for
components of the PSI, PSII and the LHC and also the induction of the
ascorbate peroxidase genes (APX) correlate with the redox state of the
plastoquinone pool [15, 32, 49, 51]. Additionally, the induction of the

plastoquinol oxidizing enzyme quinol-to-oxygen oxidoreductase (BE025124),
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homologous to the Arabidopsis IMMUTANS gene involved in
chlororespiration, might be a consequence of a reduced plastoquinol pool
(Fig. 2a) [10, 46]. This protein is also involved in carotenoid biosynthesis, the
precursor for the xanthophylls, which are a family of important antioxidants [6].
However, an inhibition leading to a reduced plastoquinol pool is not in
contradiction to the formation of 'O, by charge recombination as measured by
the cytochrome bg-f inhibitor DBMIB in isolated thylakoid with spin trapping
(data not shown).

Increased formation of 'O, in NR-treated cells is presumably also the cause for
the strong induction of the Gpxh gene which was otherwise only highly
upregulated by the type II photosensitizer RB but to a minor extent by other
oxidative stress. This shows that the specific sensor for 'O,, already postulated
to be responsible for RB induction, can be activated by 'O, produced in the
chloroplasts. A specific activation of genetic response by 'O, was also found in
Arabidopsis and a direct function as signal molecule rather than damaging
effects of 'O, were suggested to be responsible for the gene induction [47]. So
far, we neither can say anything about the sensor for the GpxA response to '0,
nor do we know the function of the Gpxh protein in the 'O,-stressed cell. In
mammalian cells, several signal transduction pathways, activating either the
AP-1, AP-2 or the NF-kB transcription factor, have been induced by '0,, and
different components of the cell, which can be modified by '0,, e. g. membrane
lipids, are considered as probable “receptors” for 'O, [34, 53]. 'O, is known to
react efficiently with phospolipids and to result in the formation of specific
hydroperoxides which may activate the 'O,-mediated response [64]. In this
study we could show that an increased formation of 'O,, in contrast to type I
photooxidative stress, induced only few genes during the first two hours, most
probably through activation of a very sensitive and specific sensor inside the

cell.
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CHAPTER 3

3. The Photosensitizers Neutral Red (Type I) and Rose Bengal
(Type II) Cause a Light-dependent Toxicity in Chlamydomonas

reinhardtii and Induce the Gpxh Gene via Increased Singlet

Oxygen Formation

ABSTRACT

The connection between the mode of toxic action and the genetic response
caused by the type I photosensitizer and photosynthesis inhibitor neutral red
(NR) and the type Il photosensitizer rose bengal (RB) was investigated in the
green alga Chlamydomonas reinhardtii. For both photosensitizers, a light
intensity dependent increase in toxicity and expression of the glutathione
peroxidase homologous gene (Gpxh) was found. The toxicity of RB was reduced
by the singlet oxygen ('O,) quenchers 1,4-diazabicyclo[2.2.2]octane and
L-histidine, and the RB-induced Gpxh expression was stimulated in deuterium
oxide-supplemented growth medium. These observations clearly indicate the
involvement of 'O, in both toxicity and the genetic response caused by RB. NR
upregulated the expression of typical oxidative and general stress response
genes, probably by a type 1 mechanism, and also strongly induced the Gpxh
expression. The stimulating effect of deuterium oxide in the growth medium
suggested the involvement of '0, also in the NR-induced response. Indeed, an
increased 'O, formation was detected with EPR-spin trapping in NR-treated
spinach thylakoids. However, none of the '0, quenchers could reduce the light
dependent toxicity of NR in C. reinhardtii, indicating that NR has a different

mode of toxic action than RB.
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INTRODUCTION

Sunlight is essential as energy source for photosynthetic organisms but it can
also harm the cell [8, 26]. By absorbing visible light, exogenous or endogenous
photosensitizers increase the probability of light-induced damages. Once
excited, photosensitizers become highly reactive and interact with cellular
components disturbing their function [14, 49]. Chloroplasts contain many
potential photosensitizers, especially the chlorophylls, which are linked with
chlorophyll-binding proteins to reduce their photosensitizing properties.
Photosynthetic organisms have optimized defense mechanisms, e.g. efficient '0,
quenchers like carotenoids and a-tocopherol, to protect themselves from light-
induced damages under normal conditions [9, 26, 54]. Under extreme situations,
however, such as illumination with high light intensities or inhibition of the
photosynthetic electron transport, the capacity of the defense mechanisms may
be too limited [4, 7, 23, 42]. As a consequence, cells encounter an oxidative
stress condition with subsequent damage to cell components. Beside these
natural photosensitizers, pollutants, pesticides and their degradation products
have been shown to act as photosensitizers and to be toxic to organisms in the
presence of light [24, 25].

Two types of reaction mechanisms are involved in photosensitizer-caused
toxicity: In type I reactions, the excited photosensitizer reacts with a substrate by
direct electron transfer resulting in a semi-reduced radical form of the substrate
[36]. Type 11 reactions involve the formation of singlet oxygen (‘0,) via energy
transfer from the excited photosensitizer to ground state molecular oxygen C0,)
[17]. Typical examples of type I and Il photosensitizers are neutral red (NR) and
rose bengal (RB). RB is known to mainly generate 'O, by absorbing light in the
visible range and it is often used to study 'O, mediated responses i vivo [1, 29,

32, 51]. Negative effects of RB on the photosynthetic electron transport chain in
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photosystem I and II (PSI and PSII) have been studied before [13, 53]. NR, a
phenazine-based dye, is widely used for staining cellular particles and as an
intracellular pH indicator [46, 48] and was reported to directly transfer electrons
in the excited state to several substrates in a type I manner [36, 46, 47].
Additionally, NR accumulates in the thylakoid lumen of photosynthetic
organisms upon illumination with concomitant changes in the chloroplast
ultrastructure [40]. As a result, a leak of protons from the thylakoid lumen and
an inhibition of the electron transport chain in isolated chloroplasts were
observed, and different pH-dependent inhibition mechanisms were discussed
[39]. NR therefore may have multiple effects on photosynthetic organisms
which may result in various cellular responses.

Recently, we have investigated the genetic response of the green alga
Chlamydomonas reinhardtii to the type 1 photosensitizer NR and the type II
photosensitizer RB with DNA-microarrays and found many general and
oxidative stress genes to be induced by NR, but only one gene, the glutathione
peroxidase homologous gene Gpxh, was strongly induced by both
photosensitizers (unpublished data). Gpxh was shown to be specifically induced
by the action of photosensitizers with very similar kinetics, indicating that a
concerted signal cascade may be involved in the activation of Gpxh by the
different photosensitizers [34, 35]. The production of 'O, was hypothesized to
be a key intermediate in the response of the Gpxh expression to both NR and
RB, even though NR normally reacts as type | photosensitizer. However, we did
not have a direct proof for the involvement of 'O, in the GpxA induction, nor
could we link the toxic action of these photosensitizers with 'O, or with genetic
responses. Knowing these links would allow to predict the toxic potential of a
chemical from the genetic response induced already at low concentrations, an
approach which is becoming more important in ecotoxicology. This knowledge
builds the bases for the interpretation of data obtained by toxicogenomics and

for the development of molecular biomarkers or bioassays using reporter genes
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[37]. But before such biomarkers can be applied for the hazard assessment of
unknown chemicals or environmental samples, the responsible mechanisms for
their induction must be carefully studied [16].

In this work we used RB and NR to study the toxic effects of photosensitizers,
the responsible mechanisms and the links with genetic responses. The type II
photosensitizer RB caused a light intensity dependent toxic effect and induction
of the Gpxh expression which both were linked to the increased formation of
'0,. NR, on the other hand, provoked a type 1 photo-oxidative stress response,
an increased formation of 'O, and interrupted photosynthesis. As a result, NR

caused a light dependent toxic action and multiple genetic stress responses.
MATERIALS AND METHODS

Strains and Culture Conditions

C. reinhardiii strain cwsargomt” (CC-1618) and strain cwisarg;mt” containing
the plasmid pASProl [34] were inoculated in Tris-Acetate-Phosphate (TAP)
medium [20] or TAP medium containing 50% deuterium oxide (D,0O) and
agitated on a rotatory shaker (150 rpm) under constant illumination with white
light of 150 umol m™ s (except otherwise mentioned) at 25°C. All media were
supplemented with 50 mg/l ampicillin and 50 mg/l arginine when required. For
chlorophyll fluorescence measurements, cells were harvested during exponential
growth phase, resuspended in high salt minimal medium (HSM) [52] and further
incubated until they reached a density of 6x10° cells/ml.

Growth Experiments, Stress Treatment and Arylsulfatase Assay

An overnight culture of strain cwjsarg; mt” pASProl was grown to a cell density
of 6x10° cells/ml. Then, cells were washed by centrifugation at 1000 rpm for 10

min and re-suspended in fresh TAP medium to a cell density of 6x10° cells/ml.
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Aliquots of 5 ml of the culture were distributed in 6-well culture plates and the
appropriate amount of each chemical was added. Cell density was analyzed 0, 1,
3 and 5 h after incubation by measuring the optical density at 750 nminal to 5
dilution. An average growth rate over the 5 h was calculated for each culture out
of four time point measurements. A decrease in optical density was expressed as
negative growth rate and expected to describe a lethal effect of the treatment.
After 2, 4 and 6 h incubation, a 300 pl sample was taken and the accumulation
of the arylsulfatase in the medium was analyzed by an arylsulfatase assay as
described [34]. The average reporter gene induction over the 6 h was calculated
by dividing the arylsulfatase activity of the stressed culture by the activity of the
control culture.

For experiments in D,0O-containing medium, cells were adapted to the medium
for 3-5 days by serial dilution in fresh medium to ensure optimal growth [12].
Subsequently, a 10 ml culture in 100 ml Erlenmeyer flask was incubated with
the appropriate concentration of each chemical for 60 min before samples were

taken.

RNA Isolation and Real-time RT-PCR

For RNA isolation, cells of 10 to 20 ml of individual cultures were harvested by
centrifugation and total RNA was isolated by the acid guanidine isothiocyanate-
phenol-chloroform method [11] using TRIzol Reagent (Life Technologies Ltd.)
following the suppliers instructions. Sample concentration was adjusted to
3 pg/ul total RNA and RNA quality was checked by agarose gel electrophoreses
and ethidium bromide staining.

For reverse transcription, 1 ug of DNase I-treated total RNA was incubated in a
50 pl reaction including 10 pl of a 5x reaction buffer (Invitrogen™), 2 ul
oligo(dT),g primer (0.1 mM), 5 ul ANTP (5 mM), 5 pl 0.1M dithiothreitol (DTT)

and 300 units SuperScript™ reverse transcriptase (Invitrogen™) for 1 h at 37°C.
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The reaction was stopped by heating at 95°C for 5 min and the volume was
adjusted to a concentration of 20 ng/ul of original RNA quantity for each
sample.

Sequences of the primers for real-time RT-PCR were designed with the Primer
Express'™ software (Applied Biosystems) using the sequence of the 3’ un-
translated region of each gene as a template. Real-time RT-PCR reactions were
performed on the ABI Prism® 7000 Sequence Detection System (Applied
Biosystems) using the SYBR" Green PCR Master Mix kit as recommended by
the manufacturer. Primer concentrations were optimized for each gene. In order
to evaluate unspecific amplification by primer dimers or contaminations,
annealing profiles of PCR products were analyzed and control reactions without
c¢DNA were performed. Threshold cycle (C) values were determined for all
reactions in the logarithmic amplification phase, and the average C, value was
calculated for each sample out of three replicates. The C, value of the gene
coding for the Rubisco small subunit (Rbcs2) was used for normalization.
Induction factors for the different conditions were calculated for each gene as

suggested by the manufacturer, in three independent experiments.

Preparation of Thylakoid Isolates

Chloroplasts were prepared according to Laasch (1987) from market spinach
[30]. Chloroplasts were osmotically shocked prior to measurements of
photosynthetic electron transport or spin trapping EPR. Measurements were
performed in a medium containing 0.3 M sucrose, 50 mM KCI, 1 mM MgCl,
and 25 mM Hepes (pH 7.6). The chlorophyll content was set to 20 pg Chl/ml.

Oxygen Evolution and Chlorophyll Quantification

Photosynthetic O, evolution in isolated spinach thylakoids and intact

C. reinhardtii cells was measured with a Clark-type oxygen electrode
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(Hansatech) using either a 20 pg Chl/ml thylakoid membrane suspension
illuminated with saturating light or a 12 ug Chl/ ml C. reirhardtii culture at
25°C at 200 umol m? s light. With spinach thylakoids, 100 uM methyl-
viologen was added as electron acceptor and 5 mM ammonium chloride as

uncoupler. The chlorophyll content was quantified according to Arnon (1949)

[3].

Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence was measured with a pulse-amplitude modulated
fluorometer (PAM) 101 (Walz, Germany) [44]. The Fy-level was monitored by
weak modulated measuring light (about 0.05 pmol m~s™) and fluorescence rise
was induced by a 50 ms pulse of saturating white light (8000 pumol m? s using
a xenon flash XMT 103. Before measuring, cells were exposed to the
appropriate treatment and incubated for 15 min in the dark at 25°C with

continuous stirring.

Spin-Trapping of 'O, by TEMP

Spin-trapping assays were performed with 10 mM 2,2,6,6-tetramethylpiperidine
(TEMP) and 30 mM methanol. Samples were illuminated for 10 min with
different light intensities at 20°C. X-band EPR spectra were recorded in a flat
cell with a Bruker ESP 300 spectrometer at room temperature with 9.7 GHz
microwave frequency, modulation frequency 100 kHz, modulation amplitude
2 G. The spin trap was purified as described by Fufezan et al. (2002) [18].
Relative 'O, levels were calculated as the difference between the signals of the
treated and the untreated thylakoid sample or between the treated sample and the

background, respectively.
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RESULTS

Toxicity of NR and RB under Different Light Intensities

In contrast to normal toxic substances, the toxicity of photosensitizers is rather
complex in that it increases with both concentration and light intensity [5, 6, 32].
Therefore, we first studied the effect of increasing concentrations of NR and RB
on growth of C. reinhardtii under two different light intensities and compared
the results to the effect caused by the PSII inhibiting herbicide Dinoterb (DT).
Cells of strain ¢w sargsmt” pASProl were exposed to light intensities of 100 or
200 pmol m™ s for 6 h and the average growth rate was calculated for each
condition by measuring the cell densities. A concentration dependent decrease
of growth rate could be measured for both photosensitizers, reaching the level of
no growth in the lower light intensity at about 4 uM for NR and between 0.5 and
0.6 uM for RB, indicating that this may be the lethal concentration (Fig. 1a). At
higher light intensities (200 pmol m?s™) this border was already between 1.5
and 2.0 uM for NR and between 0.3 and 0.4 uM for RB. On the contrary, DT
did not result in a significant lower lethal concentration at the higher light
intensity (Fig. 1a).

In order to know, whether the same mechanisms could underlie both the toxicity
and the Gpxh induction by RB and NR in C. reinhardtii, we compared the
induction of the Gpxh gene by RB, NR and DT at the two different light
intensities (Fig. 1b). For this experiment the expression of a reporter gene
construct integrated into the genome, containing a fusion of the Gpxh promoter
to the arylsulfatase gene, was analyzed by measuring the enzyme activity of the
arylsulfatase after 2, 4 and 6 h [34]. With these activities we then calculated an
average induction of the Gpxh reporter gene over the 6 h exposure. The Gpxh
expression was induced by all three substances with a concentration dependent

increase up to the level, where the toxic effect of the substances dramatically
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reduced the growth rate and thus presumably the cell viability (Fig. 1b). Up to
these cytotoxic concentrations, the reporter gene expression was strongly
stimulated by the elevated light intensity with both photosensitizers.
Additionally, there was already a 1.5 fold increase in the ground state expression
at the higher compared to the lower light intensity, indicating that there is some
induction by endogenous photosensitizers under this condition. Even though we
could measure an induction by the herbicide DT, there was no significant

difference between the expressions under the two light conditions.
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Effect of 'O;_ Quenchers

Formation of 'O, is one possible toxic effect caused by photosensitizers to
organisms, and the addition of exogenous '0, quenchers may have a protective
effect on the cells exposed to type 11 photooxidative stress [15, 41, 50]. To test,
whether higher rates of 'O, production are causing the cell death upon exposure
to RB and NR, two widely used quenchers of '0,, 1,4-diazabicyclo[2.2.2]octane
(DABCO) and L-histidine (L-His), were added to cultures of the C. reinhardtii
strain cwsarg; mt” pASProl exposed to increasing concentrations of RB or NR
at 100 pmol m™ s light. Even though L-His can be used by C. reinhardtii as a
nitrogen source [22], its uptake is probably limited under the experimental
conditions used [21]. The effect of these quenchers on toxicity by the
photosensitizers was measured by following growth for 6 h. Without quenchers,
the average growth rate decreased dramatically above 0.5 pM RB and 3 uM NR
(Fig. 2). Upon addition of the '0, quenchers DABCO (8 mM) or L-His (20 mM)
no decreased growth rate was measured up to 1 uM RB (Fig. 2a). The NR-
caused cytotoxicity could not be neutralized by the addition of the two
quenchers. Surprisingly, even an increased toxicity of NR was detected in the
presence of 8 mM DABCO (Fig. 2b).

To detect possible effects of 'O, quenching on the induction of the Gpxh gene
by RB and NR, the expression of the Gpxh-arylsulfatase reporter gene was
measured during the 6 h of exposure. No significant difference in the Gpxh
expression between quencher-containing and control culture was measured at
low RB and NR concentrations, where toxicity does not affect the expression of
the enzyme (Fig. 2). Since DABCO has a negative effect on the growth of NR-
exposed cells, the induction of Gpxh is reduced already at lower concentrations
compared to the control, whereas no difference was seen for L-His. Addition of
the quenchers to RB exposed cells reduced toxicity of the photosensitizer and

positively influenced the Gpxh expression at higher RB levels (Fig. 2a).
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Consequently, the induction of Gpxh further increased at concentrations above
0.5 pM RB reaching a maximum level at 0.7 to 1 uM. No direct effect of
DABCO on the Gpxh expression could be observed at low photosensitizer
concentrations and L-His only slightly reduced the Gpx/ induction between 0.3

and 0.5 uM RB but not at concentrations below 0.2 uM RB (Fig. 2a).

fold induction

rel. growth rate

0 02 04 06 08 1
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(open symbols) and the average

251 induction of the Gpxh-
€ 20 o arylsulfatase reporter gene
2 ® construct (closed symbols)
815 < over 6 h affected by increasing
= 2 concentrations of the photo-
5 10 % sensitizers RB (a) and NR (b)
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DABCO (squares) or 20 mM

[NR] (1M) L-His (diamonds).

Induction Profiles by RB and NR in D,O-Supplemented Growth Medium

Another often used method to test the involvement of 'O, in photosensitized
processes is the exchange of water (H,O) by deuterium oxide (D,0O) in the
reaction medium. The presence of D,O increases the life time of 0, in aqueous

solutions and subsequently increases the frequency of 'O,-caused substrate
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modifications [10, 15, 33]. We studied the effect of D,O-supplemented growth
medium on the expression of several stress genes, known to be induced by RB
and/or NR and thus analyzed, whether 'O, may be involved in the response of
these genes upon exposure to these photosensitizers. First, a culture of strain
cwisarg; mt” was pre-grown for 3-4 days in TAP medium containing 50% D,0O
to adapt the cells and allow the cells to overcome the D,O-caused stress [55, 56].
Subsequently, the cells were exposed to a low concentration of the
photosensitizer RB (0.3 uM) or NR (1 uM) and to 2 mM H,0,, inducing an
oxidative stress not involving '0,. Total RNA was isolated after 60 min
exposure and the mRNAs of the stress response genes Gpxh, BE129393 and
BF864288 and the structural gene Tub2B were quantified with real-time RT-
PCR and normalized using the Rbcs2 gene as a reference. Induction factors for
each gene were calculated compared to the unexposed control culture in normal
TAP medium.

As shown earlier, the Gpxh gene was induced by both NR and RB even at low
concentrations, whereas only little response was measured upon H,O, exposure
(Fig. 3a) [34, 35]. The induction of Gpxh by both RB and NR was two fold
higher in the D,O-medium, indicating that indeed '0,, with a longer life-time in
D,0, is responsible for the Gpxh induction by the two photosensitizers. The
response of the Gpxh expression to H,O, was not or only to a minor extent
influenced by the D,O-containing medium. Remarkably, the expression of Gpxh
in the untreated control was already higher in the D,O-containing medium
compared to normal TAP medium. This could be either due to a higher '0,
production under the D,O-dependent stress condition or, more likely, due to the
stabilization of 'O,, which is produced in normal photosynthesis and presumably

involved in the basal expression of Gpx# in the light.
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Figure 3: Expression profiles of
four genes in C. reinhardtii cells
after exposure to 0.3 uM RB,
1 uM NR or 2 mM H,0, for 60
min in either a normal (gray bars)
or a 50% D,0O-containing (black
bars) medium. Each induction
factor was calculated as an average
of three independent experiments
with standard error bars. (a) Gpxh
(b) GST (BE129393) (c¢) HSP
(BF864288) (d) Tub2B

Additionally, the expression of two genes which we had identified in a previous

study as being strongly induced by NR but hardly by RB (unpublished data) was
tested in D,O-medium. One gene, identical to EST BEI129393 in the

Chlamydomonas EST library [45] and most probably coding for a Glutathione-

S-tranferase (GST), was strongly induced in the normal medium by NR and

H,0,, indicating that it responds to several oxidative stress conditions (Fig. 3b).
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H,0,-induced expression was not significantly altered by the presence of D,O,
but for NR, and to a minor extent also for RB, there was rather a down-
regulation by the D,O-containing medium compared to the induction in normal
medium. The expression of another stress gene, BF864288, homologous to a
chloroplast heat shock protein (HSP), had a similar profile to that of the GST
gene when exposed to RB, NR and H,O, in normal medium (Fig. 3¢). A slight
upregulation was observed under all conditions in D,0O-containing medium. As
control, the expression of the Tub2B gene, coding for a P-tubulin gene, was
tested under the various conditions. Tub2B expression hardly varied by the
exposure to the various conditions and the D,O-medium did not cause any
significant effect (Fig. 3d). In conclusion, these results clearly showed that NR
induced the expression of genes both by the formation of '0, and in another
oxidative stress dependent manner whereas RB only caused a !0, mediated

stress response.

Inhibition of Photosynthetic Activity and Generation of '0, by NR in
Isolated Thylakoids

NR has been shown to inhibit the photosynthetic activity by different
mechanisms [39]. To check, whether the induction of the Gpxh expression by
NR may be due to an increased generation of '0, in the NR-inhibited
photosynthetic apparatus as found for phenolic herbicides [18], inhibition of the
photosynthetic activity by NR was tested. Therefore, the reduction of
photosynthetic O, evolution was measured both in isolated spinach thylakoid
membranes and in intact C. reinhardtii cells. As already reported by
Opanasenko et al., reduction of the electron transport by NR is maximally 50 to
60% [39]. In agreement with this we found an inhibition of photosynthetic
activity of 10 to 45% between 20 to 40 uM NR both in the thylakoid suspension

and the C. reinhardltii culture (Tab. 1). No significant reduction was found at
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concentrations lower than 20 uM NR in C. reinhardtii but a 5% inhibition of

linear electron transport was measured in the thylakoid membranes.

spinach thylakoids C. reinhardtii

photosynth. activity ~ inhibition ~ photosynth. activity ~ inhibition

NR pmol O»/(mg Chl*h) pmol Oy/(mg Chl*h)
control 422 - 24 -
10pM 399 5% 23.8 1%
20uM 312 26% 21.3 11%
40puM 234 45% 14.8 38%

Table 1: Inhibition of photosynthetic O, evolution by NR

Furthermore, chlorophyll fluorescence in dark-adapted C. reinhardlii cultures
exposed to NR was analyzed and compared to the effects caused by RB (Tab. 2).
Already in the presence of | uM NR the variable fluorescence parameter was
reduced to 89% compared to the untreated sample and further decreased to 76%
of the normal level at 10 pM NR. This indicates that a reduction of
photosynthetic efficiency takes place already at low NR concentrations which
might be even more pronounced under illumination [39]. RB, on the other hand,
did not influence the variable chlorophyll fluorescence in the dark indicating
that no direct interaction of RB with the photosynthetic apparatus occurs

(Tab. 2).
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NR rel, Fy/Fy RB rel. F,/Fy,
mny 0.89£0.05 0.5uM  0.92+0.03
SuM 0.81£0.04 IuM 0.97+0.04
10uM 0.76x0.05 2uM  0.98+0.05

Table 2: Effect of RB or NR exposure on the yield of the
variable chlorophyll fluorescence in C. reinhardtii

Finally, the production of 'O, in isolated thylakoid treated either with RB or NR
was directly measured by EPR-spin trapping [18]. Therefore, thylakoids were
exposed to increasing concentrations of RB or NR and illuminated with white
light for 10 min at 150 or 1500 pmol m™ s”'. As a type II photosensitizer, RB
produced 'O, both in an aqueous solution and in the presence of thylakoidsin a
concentration dependent manner (Fig. 4a and b). In contrary, NR did not lead to
the formation of any 'O, in aqueous solutions up to 20 pM (Fig. 4a and b) but it
significantly rose the production of '0, in a solution with isolated spinach
thylakoids already at low concentrations compared to an untreated thylakoid
solution (Fig. 4a and b). We additionally tested, whether the production of '0, is
dependent on the light intensity. As expected, in the presence of the type Il
photosensitizer RB the 'O, level strongly increased with higher light intensities
already in the presence of 0.2 uM RB (Fig. 4¢). Similarly, NR also stimulated
the production of 'O, in a thylakoid suspension in a light dependent manner with

a significant increase compared to the control already at light intensities between

100 and 200 pmol m™ 5™ (Fig. 4c).
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Figure 4: (a) Typical EPR spectra of TEMPO as adduct of the reaction of TEMP
without 'O, (top spectrum), with 'O, produced by 5 uM NR in the absence (second
spectrum) or the presence (third spectrum) of isolated spinach thylakoid membranes or
with 'O, produced by 0.5 uM RB (bottom spectrum) after 10 min illumination with
150 pmol m™ s' PAR. (b) Concentration dependent increase of '0, production in
isolated thylakoids in the presence of RB (diamonds) or NR (triangles) illuminated
with 1500 pmol m? s PAR. (difference between treated and untreated thylokoid
signal) (c) Light intensity dependent increase of 'O, production in isolated spinach
thylakoids incubated either without any treatment (squares) or with 0.2 pM RB
(diamonds) or 20 uM NR (triangles) for 10 min (difference between treated thylakoids
and background signal).
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DISCUSSION

Exposure of C. reinhardtii to exogenous photosensitizers caused severe damages
to the cell resulting in cell death and the induction of genetic stress response. In
this work we investigated the effects of different photosensitizers on
C. reinhardtii, using the type I sensitizer NR and the type Il sensitizer RB, to
study the mode of toxic action and the intermediates involved in the toxicity.
Further, we linked the physiological responses caused by the two
photosensitizers with genetic expression profiles and identified similarities and

differences in the mechanisms of RB- and NR-induced cellular effects.

RB-Induced Cellular Response

The toxicity and the Gpxh induction caused by RB in the C. reinhardtii cultures
were both dependent on the light intensity and the concentration of the
photosensitizer (Fig.1). The same characteristics were found for the RB-
dependent 'O, production indicating that this photosensitizing property might
cause the cellular effects (Fig. 4). A role of 'O, in these response is supported by
the reduced toxicity in the presence of the 'O, quenchers DABCO and L-His and
the stimulated expression of Gpxh in the D,O-supplemented medium (Fig. 2a
and 3a). As control, another typical oxidative stress gene (GST) and a general
stress response gene (HSP) which both strongly responded to oxidative stress
caused by H,O, and NR were not, or only to a minor extent induced by RB in
both the normal and the D,O-supplemented medium supporting the specific 'O,-
dependent Gpxh induction (Fig. 3b and c). A slightly higher induction of the
HSP gene in the D,O-medium was found for all treatments tested. This is most
probably due to an increased general stress caused by the D,O-containing
medium rather than due to any specific stress caused by 'O, [55]. Earlier

expression analysis with DNA-microarrays indicates that only a few genes are
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induced by 'O, in C. reinhardtii suggesting the involvement of a specific
mechanism in the response to 'O, (unpublished data).

No obvious effect of the 'O, quenchers DABCO and L-His on the expression of
the Gpxh gene could be measured at low RB concentrations, even though the
reduced toxicity and concomitantly increased expression of the reporter gene
construct at high concentrations indicate that '0, is significantly quenched by
both substances (Fig. 2a). However, the rate and site of production or removal of
'0, by RB or DABCO and L-His respectively might not be homogenous inside
the cell [29]. Local concentration of the photosensitizer in the cell was shown to
be crucial for its mode of action and the efficiency earlier [5, 6]. RB is taken up
efficiently by the cell and is thought to localize near the lipid-aqueous interface
with two carboxylic acid group exposed to the aqueous phase [27, 31]. DABCO,
on the other hand, was suggested to penetrate only to a low extent into the cell at
physiological pH and therefore mainly protects against 'O, damages in the cell
membrane [2]. Thus, it is possible that the sensing of 'O, or its effect leading to
the induction of the GpxA expression is locally different in the cell from the site
where the toxic action of RB is taking place. Additionally, different target
molecules of 'O, have very different quenching efficiencies for '0, produced in
the cell [27, 28]. Therefore, 'O, dependent activation of the cellular sensor
responsible for the Gpxh expression might occur with a much higher efficiency
than the modification of the toxic site. Thus, the quenching efficiency of
DABCO and L-His for 'O, may be too low to significantly reduce the activation
of the sensor, whereas it may successfully compete with a lower quenching
efficiency of the component responsible for the toxic action of 'O,. Different
localization and/or quenching efficiency of the photosensitizer, the targets and
the quenchers may explain the converse effect of DABCO and L-His on the
toxicity and the Gpxh expression caused by RB.
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NR-induced Cellular Response

NR has been shown to act as a type I photosensitizer [36, 47, 48] but also to
uncouple ATP synthesis from photosynthetic electron transport and to inhibit the
electron transport chain [39]. Even though the toxic effect of NR to the cell is
unknown, the light dependent reduction of growth rate indicates that a
photosensitized process is responsible for the NR-toxicity (Fig. 1a). Therefore,
two different mechanisms may be involved; In a type I mechanism the excited
NR could directly interact with cellular components in an electron transfer
reaction and thus damage essential cellular functions. This is supported by the
strong induction of the oxidative stress gene GST and the HSP gene, which both
were also induced by H,0,, indicating that a strong intracellular stress caused by
a disturbed redox balance at low NR concentrations occurred (Fig. 3b and c).
The second possible mechanism for a light dependent toxicity of NR could
involve an increased formation of 'O, in the chloroplast, as measured in NR-
treated isolated spinach thylakoids by EPR-spin trapping, with an enhanced
generation of 'O, already at low NR concentrations (Fig. 4). These levels of '0,
produced in the thylakoid exposed to NR might still be underestimated, because
only 'O, which diffused out of thylakoids is measured with the spin trapping.
Unfortunately, we cannot measure directly the production of 'O, by NR in intact
C. reinhardtii cells by chemical trapping techniques (data not shown). The
induction of the Gpxh gene by NR and the stimulating effect of D,O-medium
compared to normal growth medium suggesting that 'O, is indeed produced in
C. reinhardiii cells exposed to NR and that 'O, is mediating the concomitant
response of the Gpxh gene (Fig. 3a). Since the expression of the Gpxh gene
increased linearly with the concentration of RB in the non-toxic range, we
assume a proportional induction of Gpx# to the amount of 'O, formed (Fig. 1b
and 2a). As a consequence the increased expression of Gpxh at 200 compared to

100 pmol m* s illumination at non-toxic NR concentrations (0.5 uM) (Fig. 1b)
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is an indirect evidence for a light intensity dependent generation of '0, by NR in
C. reinhardtii cells. Still, the mechanism of the increased '0, generation by NR
in the thylakoids is unknown: NR might have a type II activity under certain
conditions as found in the thylakoid lumen or it might increase the production of
'0, by charge recombination, as described for phenolic herbicides like DT [18,
42]. However, no significant reduction of the linear electron transport in NR-
treated C. reinhardtii cultures or in isolated spinach thylakoids was measured
with an O,-electrode at concentrations below 20 pM (Tab. 1). Similar results
were also obtained by Opanasenko et al. in isolated pea chloroplasts [39]. The
authors hypothesized that a NR-caused inhibition of photosynthetic O, evolution
may occur already at low concentrations but is compensated by a stimulating
effect of NR on the electron transport chain by acting as an uncoupler similar to
other amines. Indeed, an inhibitory effect of low NR concentrations was
measured on the yield of variable chlorophyll fluorescence in dark adapted
C. reinhardtii cell (Tab. 2). Interestingly, DABCO has also been shown to
uncouple electron transport in thylakoids like other amines [43]. A synergistic
uncoupling effect of NR and DABCO could therefore be responsible for the
increased toxicity found by the combination of the two substances (Fig. 2b).
Similar to RB response, no direct effect on the Gpxh expression by NR could
be measured by the 'O, quencher DABCO and L-His indicating that these
quenchers have no access to the '0, molecules involved in the response
(Fig. 2b). This suggests that the sensor for Gpxh induction by 'O, is located
close to the source of 'O, in NR-treated cell, i.e. in the thylakoid membrane
where 'O, is produced by charge recombination and energy transfer. Further
support for the localization of the 'O, sensor in the thylakoids is given by the
similar induction strength achieved by the relatively low amount of '0,
produced by NR in the thylakoids compared to the high yield of 'O, produced
by RB (Fig. 1 and 4). So far, no sensor for 'O, was characterized in the

chloroplast, even though a strong genetic response to 'O, was also found in
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Arabidopsis where a set of 70 genes was specifically induced in proto-
chlorophyllide accumulating mutant exposed to light [38]. In this manuscript,
the authors speculate that the 'O,-dependent modification of lipids, resulting in
the formation of lipid peroxides, might trigger the stress response similar to the
generation of ceramide in mammalian cells causing the activation of the
transcription factor AP-2 [19].

We have strong evidence that NR causes several unrelated effects to
C. reinhardtii cells, which result in a light dependent toxicity and the strong
induction of various stress response genes including the 'O,-dependent Gpxh
induction. RB on the other side, only strongly induced the Gpxh gene by the
formation of 'O, and also its toxicity could be linked to '0, effects. This shows
that the genetic response of an organism to a pollutant already at low
concentrations can give a lot of important information about the specificity and
severity of its harmful action, on condition that the mechanisms responsible for
the induction of the selected genes are well characterized. Unravelling these
mechanisms builds the basis for the development of molecular biosensors and

for the interpretation of genetic expression data.
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4. The Glutathione Peroxidase Homologous Gene Gpxh in
Chlamydomonas reinhardtii is Upregulated During Photoinhibition

Presumably by Two Different Signals

ABSTRACT

The expression of the glutathione peroxidase homologous gene Gpxh, known to
be specifically induced by the formation of singlet oxygen (‘O,), was analyzed
in Chlamydomonas reinhardtii upon exposure to environmental conditions
causing photoinhibition. Illumination with high light intensities, leading to
increased formation of 'O, in the photosystem II, continuously induced the
expression of Gpxh for at least two hours, whereas the expression of a Gpxh-
arylsulfatase reporter gene construct only was upregulated for one hour.
Phenolic herbicides like dinoterb, increasing the rate of 'O, formation in the
thylakoid membranes, further stimulated the high light-induced Gpxh expression
in C. reinhardtii. The expression of the reporter gene construct, on the other
hand, was not increased by dinoterb in these samples. DCMU, a urea herbicide
which reduces the 'O, generation in the photosystem II, also lowered the
expression of both the Gpxh gene and the reporter gene construct, compared to
untreated cells exposed to high light intensities. These data show that the Gpxh
expression 1s induced by environment conditions causing photoinhibition
presumably by increased formation of '0,. However, the difference between the
expression of the Gpxh gene and the Gpxh-arylsulfatase reporter gene indicates
the presence of a second regulatory mechanism involved in the response of

Gpxh to high light exposure not affecting the reporter gene construct.
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INTRODUCTION

Photosynthetic organisms are frequently confronted with reactive oxygen
species (ROS), such as superoxide (O,7), hydrogen peroxide (H,0O,), hydroxyl
radicals (OH) and singlet oxygen (‘O,). ROS can be produced during normal
cell metabolisms but they emerge to increased levels by exposure to harsh
environmental conditions such as high light illumination, low temperature or
drought conditions [3, 22, 28]. This can result in a cellular oxidative stress and
serious damage to proteins, lipids and the DNA [11]. Aerobic organisms have
evolved efficient defense mechanisms to either prevent the formation of ROS, to
remove them from the cell or to repair damaged components [3, 4, 16, 22, 24,
32]. Several signals have been described to trigger the response of these defense
mechanisms to the various stress conditions. One mechanism involves the direct
activation of the stress response by the ROS and the expression of genes coding
for glutathione peroxidases or ascorbate peroxidases has been shown to be
induced by H,O, and O, in several plants [3, 23, 34]. Recently, several articles
have reported the specific induction of genes by the formation of 'O, including
several genes in Arabidopsis and a glutathione peroxidase homologous gene
(Gpxh) in Chlamydomonas reinhardtii [21, 25]. The Gpxh gene from
C. reinhardtii was strongly induced by 'O, but only to a minor extent by O,",
H,0, or organic hydroperoxides [5]. In that study, however, 'O, was artificially
produced by exogenous photosensitizers, either directly by the type II
photosensitzer rose bengal (RB) or indirectly by the type I photosensitizer
neutral red (NR), which affected the photosynthetic apparatus resulting in the
formation of 'O, [6]. The induction of the Gpxh gene by environmental
conditions which lead to the increased formation of ROS and oxidative stress

has not been examined so far.
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In nature, 'O, in photosynthetic organisms is mainly produced during high light
illumination when the rate of charge separation in the reaction center of
photosystem 11 (PSII) exceeds the capacity of the electron transport chain to
accept electrons [13, 14, 30]. Back electron flow and charge recombination in
the reactive center results in the formation of a triplet chlorophyll and in the
generation of 'O, in the thylakoids [26, 33]. High levels of 'O, cause the
degradation of the D1 protein in the PSII and the concomitant disassembling of
the PSIT during photoinhibition [1, 16]. Certain herbicides specifically inhibit
the reduction of the second plastoquinone (Qg) at the Qg-site and by that block
the electron transport chain already at low light intensities. This includes
phenolic herbicides like bromoxynil or dinoterb which lower the redox potential
of the QA/Qa" redox couple and thus enhance the charge recombination and '0,
formation [20, 26]. The urea herbicide DCMU, on the other hand, rather
prevents charge recombination reactions and the formation of 'O, by raising the
potential of the QA/QA" redox couple and reducing back electron flow in the
PSIIL. Both, phenolic and urea herbicides can strongly influence the rate of 'O,
generation in the PSII under photoinhibitiory conditions as shown with EPR-
spin trapping in isolated spinach thylakoids [7].

In this study we examined the induction of the Gpxk gene and a Gpxh-
arylsulfatase (Gpxh-Ars) reporter gene construct upon exposure to high light
intensities, a condition leading to the increased formation of 'O, under natural
conditions. In addition the effect of the phenolic herbicide dinoterb and the urea
herbicide DCMU on the expression of the Gpxh and the reporter gene was
tested. The data clearly show that the expression of the Gpx/ and the Gpxh-Ars
reporter gene is regulated by the formation of 'O, during exposure to
photoinhibitory treatments. Additionally, a second 'O,-independent signal, not

influencing the Gpxh-Ars expression, seems to be involved in the regulation of
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the Gpxh mRNA level by high light exposure. A model for the response

mechanism of Gpx#h to high light conditions is proposed.
MATERIALS AND METHODS

Strains and Culture Conditions

C. reinhardtii strain cwsarg:mt” (CC-1618), containing the plasmid pASProl
[21], was inoculated in Tris-Acetate-Phosphate-medium (TAP) [12] in
Erlenmeyer flasks and agitated on a rotatory shaker (150 rpm) under constant
illumination (120 umol m? s PAR) at 25°C. All media were supplemented
with 50 mg/l ampicillin.

Stress Treatment

A culture of strain cwjsarg,;mt” containing the reporter gene construct pASProl
was grown to a cell density of 6x10° cells/ml and divided into 50 ml
subcultures. One subculture was exposed to high light intensities (3000 pmol
m? s PAR) at 25°C with either 0.1 uM DCMU, 30 puM dinoterb or without
treatment and 15 ml samples were taken at the time point indicated. In parallel
the other subcultures were exposed to 120 pmol m™ s™ white light at 25°C with

the same herbicide concentrations or without treatment as a control.

RNA Isolation and Real-time RT-PCR

For RNA isolation, cells of 15 ml of individual cultures were harvested by
centrifugation and total RNA was isolated by the acid guanidine isothiocyanate-
phenol-chloroform method [2] using TRIzol Reagent (Life Technologies L.td.)

following the suppliers instructions. Sample concentration was adjusted to
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3 pg/pl total RNA and RNA quality was checked by agarose gel electrophoreses
and ethidium bromide staining.

For reverse transcription, 1 pg of DNase I-treated total RNA was incubated in a
50 pl reaction including 10 pl of a 5x reaction buffer (Invitrogen™), 2 ul
oligo(dT);g primer (0.1 mM), 5 pul dNTP (5 mM), 5 ul 0.1M dithiothreitol (DTT)
and 300 units SuperScript’™ reverse transcriptase (Invitrogen™) for 1 h at 37°C.
The reaction was stopped by heating at 95°C for 5 min and the volume was
adjusted to a concentration of 20 ng/pl of original RNA quantity for each
sample.

Sequences of the primers for real-time RT-PCR were designed with the Primer
Express'™ software (Applied Biosystems) using the sequence of the 3’ un-
translated region of each gene as a template. Real-time RT-PCR reactions were
performed on the ABI Prism® 7000 Sequence Detection System (Applied
Biosystems) using the SYBR® Green PCR Master Mix kit as recommended by
the manufacturer. Primer concentrations were optimized for each gene. In order
to evaluate unspecific amplification by primer dimers or contaminations,
annealing profiles of PCR products were analyzed and control reactions without
c¢DNA were performed. Threshold cycle (C;) values were determined for all
reactions in the logarithmic amplification phase, and the average C, value was
calculated for each sample out of three replicates. The C, value of the gene
coding for the Rubisco small subunit (RbcS2) was used for normalization.
Average induction factors for the different conditions were calculated for each

gene as suggested by the manufacturer, out of three independent experiments.
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RESULTS

Induction of the Gpxh Gene by Photoinhibitory Treatment

The Gpxh gene in C. reinhardtii was shown to be specifically induced by
photooxidative stress caused by exogenous photosensitizers in the light [5, 6,
21]. To examine the response of the Gpxh gene to natural photooxidative stress
conditions we exposed a culture of strain cwjsarg;mt” pASProl to high light
intensities of 3000 pmol m™ s™. After 20, 60 and 120 min samples were taken,
total RNA was isolated and the Gpxh mRNA was quantified with real-time RT-
PCR. In parallel, a control culture was kept at low light intensities
(120 pmol m™ s™), samples were taken after 20, 60 and 120 min and used to
calculate induction factors for each time point. In high light samples, the level of
Gpxh mRNA continuously increased between 20 and 120 min reaching a 70 fold
higher level than the control after 120 min of exposure, whereas the Tub2B
gene, used as a control, was not altered in its expression by the treatment
(Fig. 1a).

Some herbicides can either stimulate or repress the process of photoinhibiton in
photosynthetic organism exposed to high light intensities as described in the
introduction [26]. Cultures of the C. reinhardtii strain cwisarg;mt” pASProl
were therefore exposed to the phenolic herbicide dinoterb, known to enhance
charge recombination resulting in an increased formation of 'O, [7]. In
agreement with that, we found a two fold stimulation of the Gpxh expression in
the presence of 30 uM dinoterb in cells exposed to high light intensities (3000
pumol m? s for 60 min (Fig. 1b). As expected, a stimulation of the Gpxh
induction was already detected at low light intensities (120 pmol m? s™).

However, this was only slightly higher than the small induction by the herbicide
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observed in the dark sample and can therefore not be undoubtedly be linked to

increased 'O, formation under this light condition.

The urea herbicide DCMU, which was shown to reduce charge recombination

and 'O, formation in the reactive center of PSII, did not show any significant

effect on the Gpxh mRNA level at low light intensities or under the dark

condition (Fig. 1b). However, in cells exposed to high light conditions, the

presence of DCMU reduced the Gpxh expression to less than 50% of the

induction without herbicide. The expression of the Tub2B genes was not altered

significantly by the treatments indicating that no global change in the gene

expression was caused by the different conditions (Fig. 1b).
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Figure 1: (a) The mRNA levels of
the Gpxh gene (gray boxes) and
the Tub2B gene (black boxes) in
C. reinhardtii were analyzed by
high light illumination (3000 pmol
m? s) for 20, 60 or 120 min in
three independent experiments.

(b) Cultures of cwjsargsmt
pASProl incubated either with 30
uM dinoterb (black boxes), 0.1
uM  DCMU (white boxes) or
without any treatment (gray boxes)
were exposed to the dark, to low
light (120 pmol m™ s') or to high
light (3000 pumol m™ s™) inten-
sities and the expression of the
Gpxh and the Tub2B gene was
analyzed after 60 min with real-
time RT-PCR in three independent
experiments.



CHAPTER 4

A Gpxh-arylsulfatase Reporter Gene Construct Showed an Expression

Profile Different to Gpxh in High Light Exposed Cells

In earlier studies, a Gpxh-Ars reporter gene construct was used to show the
transcriptional activation of the Gpxk promoter by 'O, produced by exogenous
photosensitizers [21]. To test whether the increase of the Gpxs mRNA level in
cell exposed to high light is also caused by transcriptional activation, the
expression of the Gpxh-Ars was analyzed with real-time RT-PCR under the
same light conditions as used before for the Gpxs mRNA level. Upon exposure
to 'O,, produced by NR or RB, the Gpxh-Ars mRNA level is 1.5 fold higher
than the Gpxh mRNA level in the same RNA sample (data not shown).
However, the induction factors were not significantly different between Gpxh
and the reporter gene after 20 to 60 min exposure to high light and after 120 min
the Gpxh-Ars was even three fold lower induced than the Gpxh gene (Fig. 2).
Additionally, we analyzed the induction of the GpxA-Ars in the herbicide treated
sample. Surprisingly, the Gpxh-Ars reporter gene was induced only 20 fold by
dinoterb after 60 min of illumination with high light, indicating a 50% lower
mRNA level compared to the sample without herbicide (Fig. 2). DCMU, on the
contrary, caused the same induction of the Gpxh-Ars and the Gpxh gene after 60

min of exposure to 0.1 uM DCMU (Fig. 2).

70 Figure 2: The expression of the
601 Gpxh-Ars mRNA was analyzed in
5 501 cells exposed to high light intensities
B 401 for 20, 60 and 120 min (gray boxes)
2 204 or in cells incubated with either 30
ke uM dinoterb (black box) or 0.1 pM
+= 20 DCMU (white box) for 60 min
101 under high light illumination in three
0 R independent experiments.
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DISCUSSION

The induction of the Gpxh gene, known to be specifically induced by 'O,
produced by exogenous photosensitizers [6], was investigated in C. reinhardltii
exposed to treatments causing photoinhibition. We could show that the Gpxh
expression is induced by photooxidative stress due to harsh environmental
conditions such as illumination with high light intensities (Fig. la). Gpxh
expression was further stimulated by the presence of the phenolic herbicide
dinoterb, known to enhance the rate of charge recombination in the reactive
center of PSII and to increase the production of 'O, in the thylakoids (Fig. 1b)
[26]. DCMU, a urea herbicide, lowered the 'O, generation in thylakoids exposed
to high light illumination [7]. In agreement with that, DCMU-exposed cells had
a significantly reduced Gpxh mRNA level, compared to untreated cells after 60
min of high light illumination. This strongly suggests that the generation of '0,
during photoinhibition is indeed a signal to regulate the expression of nuclear
genes, in particular the Gpxh gene. Interestingly, the Kkinetics of the Gpxh
expression by high light treatment, continuously increasing between 20 and 120
min of illumination (Fig. la), was different to the profiles caused by RB and NR
in normal light which showed a strong increase already after 20 min and reached
the maximal induction after 60 min of exposure [5]. This indicates that the
formation of 'Q, occurs faster in NR and RB-treated cells than in cells exposed
to high light illumination. The delayed response to high light exposure compared
to the photosensitizer-caused induction is in agreement with the presence of
various protection mechanisms to prevent the formation of ROS in the thylakoid
membrane [31, 32]. The fast activation of the xanthophyll cycle and the ApH
depending quenching of the chlorophyll triplet state reduce the formation of 'O,
in the early phase of high light illumination [19, 24]. In addition the cells
regulate the absorption of light by the PSII by controlling the distribution of the
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light harvesting complex between the PSI and PSII during state transition to
minimize a disturbance of the electron flow in the photosystems [10, 16]. All
these protective mechanisms can, however, not prevent the formation of 'O, in
the PSII after prolonged illumination with high light intensities [13, 15].

Even though the response of the Gpxh gene to 'O, was shown to be regulated at
the transcriptional level [21], the Gpxh-Ars mRNA level was lower in the high
light samples than expected from the relationship of the Gpxh and Gpxh-Ars
expression in NR and RB-treated cells (Fig. 2). The expression of the Gpxh-Ars
even decreased again after 60 min of exposure and was lower in dinoterb-treated
samples than in the high light induced samples what is in contradiction to the
strong stimulation of the Gpxh response by dinoterb. Two scenarios are
considered to explain this effect, which both predict two signals involved in the
Gpxh expression upon high light exposure. The involvement of muitiple
mechanisms in the activation of one gene, e.g. the APX genes, by high light
exposure was already described in Arabidopsis, requiring both the increased
formation of ROS and a change in the plastoquinone redox state for full
induction [23]. We suggest the following two models for Gpxh and Gpxh-Ars
induction by the different conditions tested:

1) In cells exposed to high light illumination an increased level of '0, is
produced 10 to 20 min after exposure [13]. This induces the expression of the
Gpxh gene and the Gpxh-Ars construct via activation of a specific '0, sensor
resulting in the binding of a transcription factor to a known DNA element in the
Gpxh promoter [21]. As a consequence the mRNA levels of both the native and
the reporter gene increase (Fig. 3, dark gray lines). After about 60 to 80 min, all
PSII are strongly damaged and no further 'O, can be produced. However, the
increase in Gpxh mRNA level continues (dark gray full line), suggesting the
involvement of two independent signals in Gpxh expression. One is upregulated

specifically by 'O, and would result in a Gpxh mRNA level (dark gray dotted
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line), which is expected to be 1.5 fold lower than the Gpxh-Ars mRNA level
(dark gray dashed line). The second, unknown signal further stimulates the Gpxh
expression upon exposure to high light intensities by a second signaling and
activating mechanism (difference between the dark gray dotted and full line) and
is responsible for the ongoing increase of the Gpxh mRNA level after the '0,
generation has stopped. The expression of the Gpxh-Ars construct on the other
hand, only reacts to direct formation of '0, and is reduced again after 60 min
due to lowered 'O, levels. Thus, the Gpxkh-Ars mRNA level decreases (dark gray
dashed line). This suggests the presence of additional regulatory elements in the
Gpxh promoter, upstream from the DNA fragment cloned in the reporter gene
construct, which respond to the second unknown signal. In dinoterb treated cells
the formation of 'O, is strongly enhanced, reaching the critical level causing the
inactivation of all PSII already after 20 to 30 min of illumination. Therefore, the
expression of the Gpxh-Ars may be strongly induced after 30 min exposure but
then decreases again to reach a residual mRNA level of only 20 fold control
level after 60 min (black dashed line). The Gpxh expression, if induced only by
10,, would also decrease after the inactivation of all PSII (black dotted line).
The Gpxh expression, however, further increases up to an 80 fold induction after
60 min due to the putative second and still active signal (black full line). In
DCMU treated cells the production of 'O, under high light illumination is low
and does not result in the loss of all active PSII. Both signals are therefore
continuously active up to 120 min, inducing the expression of the Gpxh gene
(bright gray full line) and the Gpxh-Ars construct (bright gray dashed line) to a

similar strength.
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Figure 3: Model for the expression of the Gpxh gene (triangles) and the Gpxh-Ars
reporter gene construct (diamonds) due to the exposure to high light intensities in the
absence (dark gray) or the presence of the herbicides dinoterb (black) or DCMU
(bright gray). The lines describe the hypothetical Gpxs mRNA level (full lines), the
Gpxh mRNA level when the gene was only induced by the 'O, mediated signal (dotted
lines) and the Gpxh-Ars mRNA level (dashed lines) (see discussion for further details).

2.) The second model involves the combination of a 'O,-dependent
transcriptional activation of the Gpxh promoter and a mRNA stabilization
mechanism resulting in the same mRNA profiles as proposed for model 1
(Fig. 3). Therefore, a stabilization element in the Gpxk mRNA would prevent a
fast decrease of the mRNA level after prolonged exposure to high light when the
induction by 'O, is reduced again due to lower 'O, generation. However, the
induction of Gpxh transcription does not stop completely since a small increase
of the Gpxh mRNA level is still present after the loss of most PSII activity. The
Gpxh-Ars mRNA is not expected to contain such a stabilization element. Fast
degradation results in a net decrease of the Gpxh-Ars mRNA level even though
the transcription may still be partially induced as considered for the Gpxh
expression. However, to proof one of these models several additional

measurements of Gpxh and Gpxh-Ars mRNA levels and stabilities at different
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time points between 20 and 120 min have to be analyzed for each exposure
condition. Additionally, the presence of the second regulatory mechanism, either
including an enhancer element more than 1.3 kb upstream of the transcription
start site in the Gpxh promoter or a stabilization element in the Gpxh mRNA has
to be tested.

Because the lifetime of 'O, is very low in cellular systems (~100 ns) the sensor
for the 'O,-mediating transcriptional activation of the Gpx# promoter has to be
located close to the source of 'O, in the thylakoids [17, 18, 27]. The relatively
fast reduction of Gpxh-Ars expression after the stop of 'O, production indicates
that this sensor only is active in the presence of 'O, and is immediately
deactivated again when 'O, levels decrease. The second signal, on the other
hand, proposed to be involved in the “late” Gpxh induction, might either be a
direct response to high light intensities or a secondary effect of the formation of
'0, which is lasting longer then its source, the 'O, production. This might be a
component of the damaged PSII or the organic hydroperoxides formed by lipid
peroxidation, a well-known effect of increased levels of 'O, in the cell [8, 29].
Interestingly, the induction of Gpxh by organic hydroperoxides, which, similar
to high light exposure, showed a rather late response compared to NR and RB
exposure, was also missing for the Gpxh-Ars construct indicating that the same
unknown mechanism could be involved in response to organic hydroperoxides
and to high light exposure [21]. In mammalian cells the formation of ceramide
from sphingomyelin by UVA was shown to activate the AP-2 dependent
transcription [9]. Thus, lipid peroxides might be good candidates for signal
molecules inducing the second, unknown activation mechanism responsible for

the Gpxh expression during high light exposure [8, 18, 27].
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5. A CRE/AP-1 Homologous Element in the Gpxh Promoter of
Chlamydomonas reinhardtii is a Functional Transcription Factor

Binding Site Mediating the Response to Singlet Oxygen

ABSTRACT

In Chlamydomonas reinhardtii, the glutathione peroxidase homologous gene
Gpxh is specifically induced by high intracellular levels of singlet oxygen (‘O),
produced either by exogenous photosensitizers or by environmental conditions
causing photoinhibition. A 8 bp sequence element, homologous to the consensus
sequences of the cAMP responsive element (CRE) and the activator protein-1
(AP-1) binding site of mammalians, was shown to be required for activation by
'0, [33]. Here, we show that this 8 bp element is indeed a functional
transcription factor binding site which is specifically recognized by a DNA
binding complex and is sufficient to introduce partial 'O,~dependent induction
into a B-tubulin promoter. A role of a 16 bp palindrome, overlapping the § bp
element, in the response to 'O, could be excluded. Point mutations revealed an
essential cytosine at position four of the 8 bp element which is part of a strong
conserved TGAC motif of many other transcription factor binding sites, whereas
mutations in the 3 part of the element caused minor effects on the DNA binding
affinity and activation of transcription. Experiments with chemicals affecting the
cyclic AMP signaling pathway and with a reporter construct containing a CRE
consensus element in the Gpxh promoter excluded the function of the 8 bp
element as a typical CRE element. However, it is very likely that the 8 bp
element in the Gpxh promoter is a transcription factor binding site homologous
to other elements with a TGAC motif required for the induction of various

oxidative stress-responsive genes.
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INTRODUCTION

The production of high levels of molecular oxygen is a permanent challenge for
photosynthetic organisms. Upon exposure to harsh environmental conditions,
molecular oxygen can be modified to the formation of the reactive oxygen
species (ROS) superoxide (0,7), hydrogen peroxide (H,O,), hydroxyl radicals
(OH) and singlet oxygen (‘O,) [17, 35, 49, 51]. High levels of ROS cause a so-
called oxidative stress and often result in serious damages to cell components
such as proteins, lipids or DNA and finally even cell death. In photosynthetic
organisms various defense mechanisms have evolved to either prevent the
formation of ROS, to remove them or to repair the damaged components in the
cell [17, 35, 51]. Many of these mechanisms involve general defense genes
which are induced by various stress conditions in the cell. In addition are special
defense genes upregulated upon the increased formation of ROS by regulation
mechanisms which are often specific for the type or location of the ROS formed
[35, 49]. One important regulation mechanism involves the transcriptional
activation of gene expression by transcription factors which either directly or
indirectly respond to elevated ROS levels. In Escherichia coli, the transcription
factor OxyR is activated via oxidation by H,O, and then binds a promoter
element with subsequent gene activation, and the regulator pair SoxR/SoxS
triggers the O, -induced response of certain defense genes [42]. In eukaryotes,
the induction of genes by ROS is mainly mediated by transcription factors of the
activator protein-1 (AP-1), the activating transcription factor (ATF) or the
NF-kB families, activated by various mitogen-activated protein (MAP) kinase
pathways (for review see [44]). In yeasts, the AP-1 homologous YAP-1 is
modified by H,0, via the GPX3 protein, indicating that direct activation of
transcription factors also occurs in eukaryotic cells [11]. Many of the oxidative

stress response mechanisms in eukaryotes are activated by various ROS, but
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little is known about specific gene regulation mechanisms in response to O,",
H,0, or OH'. The response to increased 'O, levels has been studied even less,
even though the formation of 'O, is strongly enhanced during photosensitized
processes. The genetic response to increased generation of 'O, was analyzed in a
protochlorophyllide accumulating mutant of Arabidopsis thaliana with DNA
microarrays, but the direct connection between 'O, and the gene induction was
not proofed [37]. Other examples are the 'O,-mediated response of the heme
oxygenase 1 gene (HO-1) and the intercellular adhesion molecule-1 (ICAM-1)
to ultraviolet A (UV-A) radiation in human cells [21, 45]. The 'Oy-induced
formation of ceramide was suggested to trigger the [CAM-1 response via the
activation of the AP-2 transcription factor [21], whereas for the activation of
HO-1 transcription the mechanism is not known.

We have recently described the specific induction of the glutathione peroxidase
homologous gene (Gpxh) in Chlamydomonas reinhardtii by increased formation
of 'O, upon exposure to the exogenous photosensitizers neutral red (NR) and
rose bengal (RB) or by illumination with high light intensities [15, 33]. In the
promoter region of the Gpxh gene a 8 bp sequence element (5°-TGACGCCA-3")
was identified with strong homology to the cAMP responsive element (CRE)
and the AP-1 binding site identified in mammalians [1, 13]. The CRE-binding
protein (CREB), containing a leucine zipper DNA binding domain (bZIP), was
originally described as being activated by increasing cellular levels of cyclic
AMP or by the addition of the exogenous cyclic nucleotide analog 8 Br-cAMP
[8, 19, 24, 38]. Over the years many bZIP CREB-homologous transcription
factor have been identified to bind to the same consensus sequence and they all
belong to the ATF/CREB family [8, 24]. The AP-1 transcription factor consists
of the two proteins Jun and Fos, which either form a heterodimer of Jun and Fos
or a homodimer of two Jun proteins to activate gene expression [30]. In

addition, the Jun protein can also form stable heterodimers with ATF2, a
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member of the ATF family, which then preferentially bind to the CRE
consensus sequence [23, 25].

In C. reinhardtii, deletion of the CRE/AP-1 element in the Gpxs promoter of a
reporter gene construct (pASPro2ACRE) revealed the requirement of this
element for the transcriptional upregulation of Gpxh upon exposure to NR and
RB in the light [33]. This 8 bp sequence element is part of a 16 bp almost perfect
palindrome (5'-GCGCCAACGTTGACGC-3"), which resembles the palindromic
canonical motif 5'-CNNGAANNTTCNNG-3"of heat shock elements, HSE [4].
However, the Gpxh gene was only slightly upregulated by a heat shock
treatment indicating that this palindromic sequence in not a functional heat
shock element [33]. We could, however, not exclude a role of the palindrome in
the 'O,-induced Gpxh expression, since the deletion of the 8 bp element in
pASPro2ACRE also disturbed the palindromic sequence of the 16 bp element.
Here, we further characterized the role of the 8 bp sequence element in the Gpxh
promoter in the 'O, induction by specifically introducing mutations in and
around this element and analyzing the effect of these mutations on the reporter
gene expression. Within this 8 bp element, a conserved TGAC motif was
identified as being essential for 'O, induction. Gel-mobility shift assays proofed
the presence of a protein complex in total C. reinhardtii extracts which binds to
the 8 bp element with a sequence-dependent binding efficiency. Finally, we
could show that the introduction of the CRE/AP-1 element into a B-tubulin

promoter is sufficient to create a 'O,-inducible Tub2B promoter.
MATERIALS AND METHODS

Strains and Culture Conditions

C. reinhardtii strains cwjsarg:mt” (CC-1618) was inoculated in Tris-Acetate-

Phosphate-medium (TAP) [26] in Erlenmeyer flasks and agitated on a rotatory
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shaker (150 rpm) under constant illumination (120 pmol m? s PAR) at 25°C.
All media were supplemented with 50 mg/1 ampicillin.

Escherichia coli DH5a [41] was used for routine cloning experiments, and the
dam-3 E.coli strain GM119 [5] was used to obtain unmethylated pUC28. E. coli

strains were grown on LB at 37°C.

Chemicals

The photosensitizers neutral red (NR) and rose bengal (RB) (Fluka) were
dissolved in water and stored in 1 or 10 mM stock solutions at 4°C in the dark.
The cyclic nucleotide analogs 8-bromoadenosine 3":5"-cyclic monophosphate (8
Br-cAMP) and 8-bromoguanosine 3':5 -cyclic monophosphate (8 Br-cGMP)
(Sigma) (0.2M stock solution in water) and the adenylate cyclase inhibitor
MDL-12 (Calbiochem) (5mM stock solution in water) were stored at —20°C.

Preparation of Crude Extract

Crude extract from C. reinhardtii cultures was prepared as described by Mittag
et al. [34]. Cells were grown to a density of 8x10° cell/ml and exposed to 5 pM
NR for 1 h before harvesting.

Gel Mobility Shift Assay

Radioactive DNA fragments, containing the Gpxh promoter and the 8 bp
CRE/AP-1 eclement were obtained by incubating 0.2 nmol of a 50 base
oligonucleotide in a 50 pl reaction mixture including 5 pl y°P ATP
(370 mBg/ml) and 2 pl of Polynucleotide Kinase (Promega; 10U/pl) for 1h at
37°C. DNA was purified with a DNA purification kit (Qiagen) and annealed
with 0.2 nmol of the corresponding unlabelled and complementary oligo-

nucleotide by heating at 95°C for 1 min and concomitant incubation on ice.
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Various amounts of crude cell extract were preincubated with 1pg of poly d(I-C)
in 16 ul for 20 min at 23°C to block unspecific DNA binding. Then 0.4 pl of the
radiolabeled dsDNA fragment was added and incubated for another 20 min at
23°C. After adding 3 pl of 5xloading buffer (40% glycerol, 5XTBE pH 8.3,
50 mM EDTA, 0.1% w/v bromophenolblue) the samples were separated on a
4% polyacrylamide gel containing 5% glycerol in [XTBE [2]. The gel was
transferred to Whatman paper (3MM), dried and exposed to an X-ray film for
10-48 h.

Construction and Transformation of Plasmids

Plasmids pASProl, pASPro2 and pASPro2ACRE have been described before
[33]. For construction of pBF2, pBF7 and pBF27 first a 700 bp Kpnl-EcoRV
promoter fragment of pASPro2 was subcloned in a Kpnl/EcoRV digested vector
pT7blue (Novagen) resulting in plasmid pT7ProS. Point mutations were
subsequently introduced in the 8 bp CRE/AP-1 sequence element using a site
directed mutagenesis kit (Stratagene) and primers (5'-CGCCAACGTTGACGC
CTGTTAGAGAA-3"), (5-CGCCAACGTTGAGGCCAGTTAGAGAA-3") and
(§’-CGCCAACGTTGACGTCAGTTAGAGAA-3") respectively, together with
the corresponding reverse complement primer. For cloning of plasmid pBF19
and pBF20 the site directed mutagenesis kit (Stratagene) was applied with
primer (5'-GCTGTGGTAGGTGTTCGAGGACGTTGACGCCAGTTA-3") and
plasmid pT7Pro5 as template or with primer (5'-GCTGTGGTAGGTGTTICG
AGGACGTCCTCGAGGGTTA-3") and a plasmid, containing the CRE deleted
Gpxh promoter in pGEMTeasy (Promega) [33] as template to introduce the
mutations. All mutations were confirmed by sequencing. Finally, Kpnl-EcoRV
fragments of each mutated promoter was isolated and used to exchange the

1.4 kb Kpnl-EcoRV promoter fragment of pASProl.
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Plasmid pJDS55, kindly provided by J. Davis, was used to excise the B-tubulin
promoter. A 2.4 kb Kpnl-Clal fragment of pJD55 was subcloned in to Kpnl/Clal
digested pUC28. This construct served as template for PCR based method to
introduce the 8 bp CRE/AP-1 sequence element with and without flanking
sequence into the [B-tubulin promoter. For plasmid pBF31 the pB-tubulin
promoter was amplified with the forward primer (5-GCGCCAACGTTGACG
CCAGTTAGAGCTTCCCGGCGCTGCATG-3") and the reverse primer (5°-GT
GAGCGGATAACAATTTCACA-3") complementary to the pUC28 sequence
using Pfu DNA polymerase (Promega) to generate blunt ended fragments. The
same method was used to generate the B-tubulin promoter fragments for pBF32
and pBF33 using primer (5 -TGACGCCAGAGACGGCTTCCCGGCGCTG-3")
or primer (5'-GAGACGGCTTCCCGGCGCTG-3") together with the same
downstream primer. All three PCR products were digested with EcoRIl and
subcloned into Smal and EcoRI digested pUC28. The modified promoter
fragments were isolated by digesting the constructs with Sa/l and Clal.
Fragments obtained were used to exchange the Sa/l-Clal promoter fragment of
pASProl resulting in plasmid pBF31, pBF32 and pBF33.

Strain cwysargzmt” was cotransformed with reporter gene constructs and
pARG7.8 [10] following the protocol of Kindle [32]. Transformants were
selected on TAP agar plates without arginine, and the colonies were screened for
arylsulfatase expression by spraying the plates with 0.05 mM X-SO; (5-bromo-

4-chloro-3-indolyl sulfate potassium salt, Biosynth AG) dissolved in water.

Arylsulfatase Assay

Quantitative assays of arylsulfatase activity were performed essentially as
described earlier [33]. Cells of individual clones were grown in TAP to a density

of approximately 8x10° cells/ml, harvested by centrifugation and resuspended in

TAP at 1x107 cells/ml for experiments using 5uM NR or 5x10° cells/ml for
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experiments using 2 uM NR. The culture was distributed into different fractions
for exposure experiments. Samples of 300 ml were taken after 2, 4 and 6 h of

exposure and arylsulfatase activity was measured as described [33].
RESULTS

An 8 bp CRE/AP-1 Homologous Sequence Element is Responsible for the
'0,-Induced Gpxh Expression

The promoter of the Gpxh gene in C. reinhardtii was strongly induced by NR in
different Gpxh promoter-arylsulfatase reporter gene constructs (pASProl-4) but
not in a construct missing a 8 bp CRE/AP-1 homologous sequence element in
the Gpxh promoter (pASPro2ACRE) [33]. This 8 bp sequence element is part of
a 16 bp almost perfect palindrome (5'-GCGCCAACGTTGACGC-3"). Since the
deletion of the 8 bp element in pASPro2ACRE also disturbed this palindromic
structure, we could not exclude a role of this element in the 'O,-induced Gpxh
expression. To examine whether this palindrome is required for GpxA induction
by 102, two new constructs were created based on the reporter gene construct
pASPro2. In plasmid pBF20 only the 5'part of the palindrome was deleted
without affecting the 8 bp sequence element (Fig. la). In pBF19, the 8 bp
CRE/AP-1 element was deleted and a new artificial 16 bp palindrome was
introduced in the Gpxh promoter, replacing the original 16 bp palindrome
(pBF19). For both constructs four independent transformants were tested for the
expression of the reporter gene upon exposure to 5 uM NR in the light and
compared to expression of the wild-type promoter (pASPro2). Mutating the
5'part of the palindrome in pBF20 did not influence the expression of the
reporter gene but when the entire palindrome was replaced by a new
palindromic sequence, missing the CRE/AP-1 element (pBF19), almost no
induction was measured by 5 uM NR any more (Fig. 1a). These data showed
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that the 16 bp palindrome is not required for 'O,-induced Gpxh expression, but
that the 8 bp element is essential for the activation of the Gpxh promoter by NR.
In order to know whether the 8 bp CRE/AP-1 element is sufficient for the
induction of a promoter by 'O,, two plasmids were constructed where this
element was introduced in the B-tubulin (7ub2B) promoter upstream of the
arylsulfatase reporter gene of plasmid pJDS55 [9]. In plasmid pBF32 the 8 bp
sequence element was directly introduced upstream of position -133 relative to
the transcription start of the 7ub2B promoter, at the same position as found in
the Gpxh promoter (Fig. 1b). In plasmid pBF31, the same sequence element,
flanked by 6 nucleotides up- and downstream of the wild-type Gpxh promoter
region, was cloned again at position -133 of the Tub2B promoter. As a control, a
construct containing a 7ub2B promoter fragment of the same length was used
(pBF33).

(a) number of fold induction
tested clones  average range
pASPro2: 4 8.5 6.6-10.5
pBF20: 4 8.1 6.8-11.0
pBF19: 5 1.7 1.4-22
(b) number of fold induction
tested clones average range
PBF32 m——TGACGCC 2 23 2.0-2.5
PBF31 e CCAACGTTGACGCCAGTTAGA 4 2.4 1.4-3.6
4 0.9 0.4-1.2

pBF33

Figure 1: (a) The role of a 16 bp palindrome (bold letters) in the expression of the
Gpxh promoter by 5 uM NR was analyzed either by mutating (gray letters) only the
5 part of the palindromic sequence (pBF20) or by introducing a new palindrome into
the promoter sequence of pASPro2ACRE (pBF19). Identity to pASPro2 is shaded. (b)
Induction of different modified -tubulin promoter reporter gene constructs by 5 pM
NR in the light. The 8 bp CRE/AP-1 element of Gpxh was fused to the B-tubulin
promoter at position —133 relative to the transcription start with (pBF31) or without
(pBF32) flanking region of the Gpxh promoter. A B-tubulin promoter of the same
length without additional elements served as a control (pBF33).
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The transformants containing plasmids pBF31, pBF32, pBF33 and pJD55
showed similar arylsulfatase expression, when grown in normal TAP medium in
the light. Upon exposure to 5 uM NR, the expression of the reporter gene was
induced 2.3 and 2.4 fold compared to basal expression in transformants with
plasmids pBF31 and pBF32 respectively (Fig. 1b). The expression of the control
strains with plasmid pBF33, on the other hand, was not changed by the addition
of the photosensitzer, indicating that not the shortening of the 7ub2B promoter
was responsible for the induction of the gene in pBF31 and pBF32.

Characterization of the CRE/AP-1 Element by Analyzing the Effect of

Point Mutations on Transcriptional Activation of the Gpxh Promoter

To further characterize the CRE/AP-1 homologous sequence element, site-
specific mutations were introduced in 3 out of 8 nucleotides. The mutated
nucleotides were chosen in different positions of the element to test their
requirement for activation and to compare the element with the consensus CRE
or AP-1 sequence. In construct pBF2 the consensus sequence of the 8 bp CRE
element but not of the 7 bp AP-1 binding site was modified by an A to T
transversion of the last base of the 8 bp element. This mutation reduced the
average induction factor of the reporter gene by 5 pM NR more than two fold
(Fig.2, lane 5) even though the range from 1.9 to 6.5 fold indicates that the
effect is dependent on the position of the construct in the chromosome.

The fourth base in the AP-1 consensus sequence was described to be either a
guanine or a cytosine. Therefore a G to C transversion of the fourth base of the
8 bp element was introduced in the Gpxh promoter of construct pBF7 which
kept the homology to an AP-1 element but reduced the homology to a CRE
element, usually resulting in a loss of function [13]. Indeed, the expression of

the reporter gene in all transformants with the plasmid pBF7 was dramatically
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reduced to an average of only 2.2 fold compared to the 8.5 fold induction of the
wild-type construct (Fig.2, lane 6). Remarkable, the mutation also resulted in a
reduction of basal expression in the light similar to the deletion of the element as
a whole (data not shown).

In construct pBF27 the CRE/AP-1 element was exchanged with the consensus
CRE sequence (C to T transition of the sixth base) simultaneously reducing the
homology to an AP-1 binding site. In transformants containing pBF27, reporter
gene activity was induced 4.8 fold upon exposure to 5 pM NR in the light
(Fig.2, lane7). Thus, the presence of a consensus CRE element causes a 1.8 fold

reduced induction compared to the presence of the wild-type 8 bp element.

number of fold induction
tested clones  average range

CRE consensus sequence:

AP-1 consensus sequence:

pASPro2: 4 8.5 6.6-10.5
pASPro2 delta CRE: 4 17 0.8-3.2
pBF2: 7 3.4 1.9-6.5
pBF7: 6 2.2 0.8-34
pBF27: 4 4.8 3.2-6.6

Figure 2: Effect of different mutations in the CRE/AP-1 element of the Gpxh

promoter on the expression of the reporter gene construct by 5 uM NR in the light.
The 8 bp wild-type element present in the Gxph promoter of pASPro2 was either

deleted (pASPro2ACRE) or mutated by the insertion of different point mutations (gray
letters) resulting in plasmid pBF2, pBF7 and pBF27. CRE and AP-1 consensus
sequence are added for comparison of homology.

Binding of a Transcription Factor to the CRE/AP-1 Element is Differently
Affected by Various Mutations in the Element

To examine whether a DNA binding protein is present in C. reinhardtii that can

bind to the 8 bp CRE/AP-1 element, gel mobility shift assays were performed. A
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radiolabeled 50 bp DNA fragment of the Gpxk promoter, including the 8 bp
CRE/AP-1 element, was incubated with an increasing amount of crude cell
extract isolated from a C. reinhardtii culture and subsequently separated on an
4% polyacrylamide gel. A retarded band was observed on the gel indicating the
formation of a DNA binding complex bound to the labeled DNA fragment
(Fig. 3a). The intensity of the bands increased with the amount of crude extract,
and reached a maximum with 30 pg of extract. The labeled fragment was
competed away from the DNA binding complex by adding an excess of
unlabeled wild-type fragments showing the presence of a specific DNA binding
complex (Fig. 3a, lane 6).

We further tested the effect of individual mutations introduced in the CRE/AP-1
element in the reporter gene assays on DNA binding affinity. Deleting the 8 bp
element in the 50 bp Gpxh promoter fragment as in construct pASPro2ACRE,
resulted in a total loss of binding of the putative transcription factor to the DNA
fragment, indicating that the formation of the complex with the wild-type
fragment is indeed dependent on the 8 bp sequence element (Fig. 3b del). Also
the C to G transversion (pm2) introduced in construct pBF7, reduced the binding
capacity to the Gpxh promoter fragment in the gel mobility shift assay to about
60% of wild-type level, indicating a reduced binding affinity. However, mutant
fragments pm1 and pm3, equal to pBF2 and pBF27 promoter fragments showed
no significant reduction in the binding affinity in the gel mobility shift assay
compared to the wild-type fragment, even though these mutations caused
reduced induction in the reporter gene assay. These results show the presence of
a DNA binding complex in C. reinhardtii extracts, which binds to the
CRE/AP-1 element, indicating that indeed a transcription factor specifically

interacts with this 8 bp element in the Gpxh promoter.
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Figure 3: Gel mobility shift assays with crude cell extract from C. reinhardtii and a
labeled 50 bp DNA fragment of the Gpxh promoter as template. A culture of strain
cwsarg;mt” was incubated for 1 h with 5 uM NR in the light before a crude cell
extract was prepared. (a) Increasing amounts of crude extract (c.e.) were incubated
with radioactively labeled DNA fragments of the wild-type Gpxh promoter with (+) or
without (-) the addition of an 20 fold excess of the same unlabeled DNA fragment
(u.f.) and separated on a 4% polyacrylamide gel. Intensities of the retarded bands
(arrow) were quantified with Image) (RSB at NIH), normalized to the most intense
band and blotted in a graph below each band. (b) Binding capacity of a crude cell
extract to different mutated promoter regions. Various 50 bp DNA fragments of the
Gpxh promoter either with the wild-type sequence (wt) or including the mutations
present in pASPro2ACRE (del), pBF2 (pm1), pBF7 (pm2) and pBF27 (pm3) were
radioactively labeled and incubated with 30 pg of crude cell extract. After separation
on a 4% polyacylamide gel the retarded bands (arrow) were quantified, normalized to
the wt band and blotted in a graph.

Increased Levels of cAMP or ¢GMP Inhibit the Gpxk Induction by 'O,

The activation of the transcription factors is mediated by a signal transduction
pathway usually leading to the phosphorylation of the transcription factor by a
specific kinase. The most common mechanism for activation of CRE dependent

genes involves the cCAMP dependent activation of the kinase A and the CRE-
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binding protein CREB [8]. This pathway can artificially be induced by the
addition of the exogenous cyclic nucleotide analogs 8 Br-cAMP and 8 Br-cGMP
[19, 29, 38]. In order to test whether the Gpxh expression is dependent on a
pathway in which cAMP or ¢cGMP is involved, we added 8 Br-cAMP and 8 Br-
c¢GMP in different concentrations to transformants with the construct pASProl
with a full length Gpxh promoter fused to the arylsulfatase reporter gene in the
chromosome [33]. Induction was measured by the expression of the reporter
gene in the presence of 2 pM NR. The addition of 3 mM 8 Br-cAMP and 8 Br-
c¢GMP reduced the Gpxh induction about 3 fold compared to the response
caused by 2 uM NR alone. The addition of 15 mM of either of two substances
almost completely inhibited the NR-induced Gpxh activation, whereas cell
viability was not affected under these conditions (Fig. 4). Both cyclic nucleotide
analogs did not cause any induction in the control samples.

The negative effect of increased cyclic nucleotides concentrations on Gpxh
expression s supported by the response of pASProl to the addition of MDL-12,
which inhibits the activity of the cellular adenylate cylase, leading to a reduced
cAMP concentration in the cell [7]. At a concentration of 20 uM, MDL-12
results in a 3 fold induction of the Gpxk expression indicating that there is a
down regulation by cAMP under normal light conditions (Fig. 4). Similarly,
upon addition of MDL-12, the induction by 2 uM NR was increased. However,
this effect was not strong since the addition of 20 pM MDL-12 and 2 uyM NR in
combination starts to become toxic to the cells at these concentrations (data not

shown).
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fold induction
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confol 3mM 15mM 3 mM 15mM MDL-12
8Br-cAMP 8Br-cGMP 20 uM

(* reduced induction due to toxic effects)

Figure 4: Induction of pASProl, containing a GpxA wild-type promoter in front of the
arylsulfatase reporter gene, by different concentrations of the cyclic nucleotide analogs
8 Br-cAMP and 8 Br-cGMP or the adenylate cyclase inhibitor MDL-12 in the absence
or presence of 2 uM NR. Asterisk: Combination of 20 uM MDL-12 and 2 uM NR in
the light caused toxic effects to the cell resulting in a reduced number of viable cells
responding to the stress.

DISCUSSION

In C. reinhardtii, the Gpxh gene is strongly and specifically induced by 'O, [15,
33]. Here, we studied the induction mechanism of Gpxh in more detail with
focus on regulatory promoter elements and signaling pathways. We showed
before that an 8 bp sequence element in the Gpxh promoter region is required for
transcriptional activation by 'O, [33]. In this study we could show that the
introduction of this element into a B-tubulin promoter (pBF32) is sufficient for
at least partial induction by 'O, (Fig. 1b). This suggests a role of this 8 bp
element as a transcription factor binding site, supported by the formation of a

DNA binding complex, upon incubation of a Gpxh promoter fragment with a
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C. reinhardtii crude cell extract (Fig. 3a). The binding of this protein complex
was dependent on the presence of the 8 bp element, showing for the first time
the specific interaction of this motif with a putative transcription factor (Fig. 3b).
The reasons for the lower induction in the modified B-tubulin promoter
compared to the wild-type Gpxh promoter by the same concentration of
photosensitizer in the light might be wvarious. A positive effect of the
neighboring (contextual) bases was observed in various CRE and AP-1
dependent promoters before, but a general correlation between the flanking
sequence and the response of the different promoters was not established [12,
13]. We could exclude a possible effect of immediate contextual bases in our
case, because the introduction of flanking sequences (pBF31) did not influence
expression levels in comparison with the 8 bp element alone (pBF32) (Fig. 1b).
We could, however, not exclude additional sequence elements, which are
separated from the CRE/AP-1 element by several nucleotides, to be required for
full activity of the transcription factor. Such an element is found in many auxin
and salicyclic acid inducible promoters were two TGACG motifs are separated
by 7 nucleotides in the as-1/ocs element [6, 46]. Interestingly, two candidates for
such a second element with homology to the TGACG motif (TGCGC or
TGTGC) are indeed found 6 and 8 nucleotide upstream of the CRE/AP-1
element. Since both these elements were mutated in construct pBF20, which
showed no reduced induction compared to the wild-type promoter, it is unlikely
that these motifs are involved in Gpxh induction by 'O, (Fig. la). We
additionally excluded a role of a 16 bp palindrome overlapping the 8 bp element
in the 'O, response by mutating the 5'-part of this palindrome (Fig. 1a). Thus,
the 8 bp element was concluded to contain the core sequence for '0, induced
response in C. reinhardtii. Still, additional enhancer elements in the Gpxh
promoter, located further up- or downstream of the CRE/AP-1 element, might

be required for full induction of the Gpxh expression by NR. Binding of a
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protein to such an additional element could cooperate positively with a
transcription factor and facilitate its binding to the CRE/AP-1 element [27].
Additionally, altered DNA secondary structure or the presence of repressor
proteins bound to the B-tubulin promoter could also be responsible for the low
induction of the modified B-tubulin promoter.

Further characterization of the CRE/AP-1 element by introducing specific point
mutations did not allow to discriminate between a typical CREB or AP-I
trancription factor binding site. Two mutations which did not affect the AP-1
consensus sequence (pBF2 and pBF7) reduced the induction by 5 uM NR to 20
to 40% of wild-type expression, indicating that the element is maybe not a
common AP-1 site (Fig. 2). Since both these mutations reduced the homology to
the CRE consensus sequence a function of the 8 bp element as CRE element was
considered. However, exchanging the CRE/AP-1 element with the consensus
sequence of the CRE element (pBF27) rather reduced the induction to 50 to 60%
of the wild-type expression (Fig. 2). This is in disagreement with an activation
mechanism involving a CRE element. We also compared the effect of the
different point mutations on DNA binding affinity, but only the mutation of the
fourth base (pm2) significantly reduced the efficiency of complex formation
whereas the mutation of bases six and eight (pml and pm3) did not affect the
binding of the transcription factor. This proofed that the reduced induction of
pBF7 is indeed due to a reduced DNA binding affinity, confirming a function of
the 8 bp element as transcription factor binding site. For pBF2 and pBF27 the
reduction of DNA binding affinity may be to small and not visible in the DNA
band shift assays because these in vifro experiments might result in an
overestimation of the binding due to a missing competition of transcription
factor binding sites with different binding affinities for the same transcription

factor.
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Further support against an induction of the Gpxh expression by a CREB is given
by the inhibition of the Gpx/ expression by the cyclic nucleotide analogs 8 Br-
cAMP and 8 Br-cGMP and the stimulating effect of the adenylate cyclase
inhibitior MDL-12 (Fig. 4). Still, an interaction between the 'O,-activated and
the cAMP-mediated signal pathways seems to occur when both are activated.
Such interaction are widely observed in regulation of gene expression by various
signals and both activating and inhibiting effects of the same signal transduction
pathway on the expression of different genes has been described [18, 39].
Recently, a crucial role for the CREB binding protein (CBP), an essential
cofactor for the transcriptional activation by the CREB and many other
transcription factors, in the negative regulation of genes by a second signal has
been suggested [14, 22]. Guberman et al. presented a model where CBP is the
limiting factor for the CREB-dependent activation of the 5-aminolevulinate
synthase gene in human hepatoma cells [22]. Concomitant activation of AP-1 by
a second signal results in the binding of the AP-1 transcription factor to an
upstream AP-1 site and a shift of the CBP from the CREB to the AP-1 complex
causing an inhibition of CREB-dependent gene expression. A similar
mechanism could be involved in the cAMP-inhibited Gpxh expression where an
activated CREB complex would sequester the CBP away from the 8 bp element
bound complex. Alternatively, cAMP could regulate the nuclear localization of
the Gpxh activating transcription factor as described for the stress regulated
transcription factor Msn2 in yeast, where high cAMP levels inhibit the
accumulation and thus the activity of the Msn2 in the nucleus [20].

In the last years the number of transcription factor binding site with similar
consensus sequences identified in various organisms continuously increased,
including the CRE and AP-1 element in mammalians, the hormone induced
elements as-1 and ocs in plants, the antioxidative response element ARE and the

GCN4 binding site regulating the amino acid biosynthesis in yeast [1, 13, 28, 46,

122



CHAPTER 5

50]. Most of them contain a TGAC sequence element in their consensus
sequence indicating that this element might be an essential binding site for bZIP
transcription factors in different organisms. This is supported by the strong
reduction of the transcriptional activation and the reduced DNA binding affinity
by a mutation in the fourth base in our experiments (Fig. 2). This might also be
true for an AP-1 site even though in the consensus sequence of AP-1 binding
sites the fourth base is either a C or a G. It is possible that in one promoter the
element requires a C for activity, whereas in another promoter a G is essential at
the fourth base of the AP-1 site. The same specificity was observed already in
the highly homologous GCN4 binding site in yeast [13, 28]. Adjacent bases or
additional elements are often different between the members of the same or
different families of element and can further specify the binding of a distinct
complex [12]. Thus, it might be possible that the introduction of a consensus
CRE element in the Gpxh promoter of pFB27 increased the binding affinity for
the CREB. The bound CREB, not activating the Gpxh expression, competes
with the active transcription factor and thus reduces the induction of the Gpxh
gene by NR. In addition, various bZIP type transcription factors in the cell can
either act as activators or inhibitors upon binding to the same element in the
promoter [18]. Members of the same or different families of transcription factors
can build heterodimers like several members of the ATF family with the Jun
protein [3, 25]. Such cross-family dimerization between ATF and AP-1
components also alters the DNA binding specificity, so that either CRE or AP-1
depending promoters can be activated, depending on the heterodimer [23, 47].
Some heterodimers were even shown to bind to composite sites, which are built
up of the half sites of individual transcription factor binding site [25]. All these
examples show that the distinction between these activation mechanisms is
blurred and that only the characterization of the active DNA binding complex

may identify the involved components [24].
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In mammalians and yeasts, the AP-1 and YAP-1 site were shown to be involved
in oxidative stress response [31, 43]. Other regulatory elements containing a
TGAC motif in the core sequence were identified in several glutathione-S-
transferases of plants [6, 40, 48]. One of them is an auxin-sensitive element in a
tobacco glutathione-S-transferase with strong homology to the known as-1
element in other auxin and salicyclic acid inducible promoters [48]. Recently,
the as-1 elements in the promoters of glutathione-S-transferases were identified
as oxidative stress responsive elements and the activation by salicyclic acid was
found to be mediated by ROS [16]. The same element was suggested to be
responsible for induction of the Arabidopsis phospholipase A IIA gene by
paraquat and rose bengal [36]. Thus, there is strong evidence for a connection
between oxidative stress induced gene expression and the activation of
promoters containing transcription factor binding sites with a TGAC motif. In
agreement with this we could show that the 8 bp sequence element in the Gpxh
promoter, containing a conserved TGAC motif, is an active transcription factor
binding site required for induction of the Gpxk gene by 'O, and sufficient to
partially induce the '0,-dependent expression of a B-tubulin promoter. How the
signal is transmitted from the source of 'O, to the promoter of the Gpxh gene
and which factors and additional elements are involved in the response needs to

be investigated.
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CHAPTER 6

6. General Discussion

The 'O, Response of the Gpxh Gene in C. reinhardtii

The Gpxh gene of C. reinhardtii has been shown to be strongly induced by the
addition of the exogenous photosensitizers neutral red (NR) and rose bengal
(RB) in the light but was only slightly induced upon exposure to other ROS like
0, and H,0, [15]. We investigated the response of the Gpxh gene in more
details and showed that 'O, was the responsible intermediate of the Gpx#
induction by photosensitizers in the light. We hypothesize that the following
scenario is taking place in C. reinhardtii cells upon exposure to different
photooxidative stress conditions, leading to the Gpx/ induction (Fig.1).

Under conditions causing photoinhibition, such as high light intensities or the
presence of certain PSII herbicides, charge recombination in the reactive center
of the PSII is enhanced and the formation of 'O, by energy transfer increases
(chapter 4) [5, 9, 21]. 'O, subsequently reacts with a currently unknown cellular
component which acts as a sensor for 'O, and which initiates a signal
transduction pathway, activating a specific transcription factor. Alternatively,
exogenous or endogenous photosensitizers can produce 'O, directly in the
presence of light and thus activate the Gpxh expression. Several facts point to a
sensing of 'O, in the chloroplast: First, Gpxh is strongly upregulated by '0,
produced upon illumination with high light intensities (chapter 4; Fig. 1). Under
this condition 'O, is produced by the PSII in the thylakoid membrane and has to
be sensed, due to the very short lifetime of '0,, in close proximity to the
photosynthetic apparatus. Second, the production of '0, by NR, responsible for
the induction of Gpxh, takes only place in illuminated thylakoids but not in
aqueous solutions, showing that the diffusion of NR into the chloroplast may be

required for the Gpxh response (chapter 3; Fig. 4). The third argument for a
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chloroplast localized sensor comes from the different effect of the 'O, quenchers
DABCO and histidine on the induction and the toxicity caused by RB, as
discussed in chapter 3. Both, DABCO and Histidine reduced the toxicity of RB,
probably by quenching 'O, in the cell membrane, whereas the Gpxk induction
was not affected, indicating that '0, is sensed at a different location. Thus, this
hypothesized local difference of the toxic effect and the sensing of 'O, supports

a model with a sensor present in an organelle.

high light

Figure 1 schematic model of the 'O, response of the Gpxh gene in C. reinhardtii
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In the nucleus, the activated transcription factor binds specifically to the
CRE/AP-1 homologous sequence element in the Gpxh promoter region and
activates the transcription of the Gpxh gene (chapter 5). This can be inhibited by
high levels of cAMP and the adenylate cyclase inhibitor MDL-12. After
prolonged exposure to high light intensities the induction of Gpxh transcription
by the 'O, signal probably decreases due to reduced 'O, generation in the
damaged PSII, but a putative second and more stable signal may further
stimulate the Gpxh expression (chapter 4). Expression of the Gpxh gene results
in the synthesis of the Gpxh protein, which may exhibit a critical function in the
response to photooxidative stress response.

In this work we could show, for the first time, the specific response of a nuclear
gene to increased formation of 'O, in the chloroplast of a photosynthetic
organism, as occurring during photoinhibition. Not unexpectedly are unsolved
problems and open questions left, concerning the response of C. reinhardtii to

photooxidative stress, which are discussed below in more detail.

Photooxidative Stress Response

The expression analysis of C. reinhardtii exposed to NR and RB with DNA-
microarrays showed a remarkable difference between type 1 and type Il
photooxidative stress responses (chapter 2). A comparison of expression profiles
of the induced genes by various stress conditions also showed that a general
expression analysis should be performed for all genes induced by a chemical in
microarray experiments. Different expression pattern of these genes indicate that
more than one stress response mechanism might be activated by the chemical in
the cell. In our case, these expression profiles showed that at least two different
responses are induced by NR (chapter 2; Fig. 4). NR probably caused an altered
expression of many genes, especially photosynthetic genes, due to the

accumulation of NR in the thylakoids with the subsequent production of 'O,, but
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NR also induced several typical general and oxidative stress genes (chapter 2).
This second stress response is most likely due to the type 1 photosensitising
effect and indicates that the O,” or HO,-induced and the type 1 photooxidative
stress response have many similarities. It would be interesting to characterize the
responsible mechanisms for the induction of these genes to the various stresses
and to analyse, whether one common or several unrelated mechanisms are
involved in the regulation of the type I photooxidative stress induced genes by
the diverse oxidative stress conditions. These mechanisms could then be
compared to the specific mechanism of the Gpxh response to 'O, and show
which differences cause the specificity of the Gpxh regulation.

The response to RB in the microarray experiments was surprisingly limited, with
the exception of the Gpxh gene, even though the concentration was just below
lethality (chapter 2). This shows that the toxicity of a chemical is not urgently
connected to strong gene expression and that genetic response data may miss the
effect caused by a chemical. In addition, this shows that the response to 'O, is
restricted to a very low number of genes, at least in the nuclear genome. Since
the production of 'O, occurs predominantly in the chloroplast under natural
conditions, the low induction of nuclear genes may be compensated by a strong
response of genes in the chloroplast genome. Still, a large part of the chloroplast
proteins are encoded in the nuclear genome and it would be a big surprise, when
only chloroplast genes but none of the nuclear genes coding for chloroplast
proteins are induced by '0,. However, unequal localization of RB in the cell
may limit a stronger 'O, response of nuclear genes in some case [13, 14]. Thus,
it would be better to analyse the expression profile caused by a natural source of
'0,, like the illumination with high light intensities and the presence of the
herbicide dinoterb [5, 9, 21]. This expression profile could then be compared to
the one of DCMU-exposed cells under high light intensities, having a reduced

'O, generation compared to dinoterb treated cultures (chapter 4) [5]. Such a
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comparison could give much more information about the stress response to high

level of 'O, produced at the natural site of generation.

Induction of the Gpxh Gene

The Gpxh gene in C. reinhardtii was partially induced by the addition of various
ROS and organic hydroperoxides, but none of these ROS induced the GpxA gene
as strong as 'O, did (chapter 2; Fig. 4). This may be caused by a very sensitive
sensor for 'O, in a specific cellular location, e.g. the chloroplast, or by the
generation of high levels of 'O, in the whole cell. The mechanism of 'O,
production by NR in the thylakoids is not known. The inhibition of
photosynthetic electron transport and the reduction of the variable chlorophyll
fluorescence indicate a stimulation of the 'O, generation in the PSII via charge
recombination (chapter 3; Tab. 1 and 2). However, some observed effects by NR
are not compatible with this mechanism. The expression of Gpxh by NR is
already induced at concentrations below | pM (chapter 3; Fig. 1) whereas the
inhibition of electron transport takes place only above 10 pM NR. An
uncoupling activity of NR may partially overcome this inhibition at low
concentrations, but the discrepancy is too high to explain the strong induction of
Gpxh at 1 to 2 pM NR. The difference between the responses to NR and to
dinoterb, a phenolic herbicide which also blocks the electron transport and
increases 'O, production in the PSII, further questions the charge recombination
mechanism. Even though dinoterb strongly inhibits the electron transport
already at 30 pM (data not shown), this concentration only caused a strong
stimulation of Gpxh expression at high light intensities (chapter 4; Fig 1),
whereas NR induced the Gpxh gene already at low light. Furthermore, the
positive effect of D,O on the Gpx# induction by RB and NR suggests, that 'O, is
produced by these two chemicals in an aqueous environment, where solvent

quenching is the main mode of 'O, deactivation [24]. Solvent quenching by H,O
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seems not very likely for 'O, formed by charge recombination because many
efficient 'O, quenchers like carotenoids and a-tocopherol and good substrates
like lipids and proteins are close to the source of 'O, in the PSII in a probably
rather hydrophobic environment [26, 27]. Thus, it may be that NR has a
tendency to produce significant amounts of 'O, directly in the chloroplasts. A
minor function as type Il photosensitizer may occur for every photosensitizer
(Canonica S., personal communications) and was shown for NR by Phoenix et
al. [20]. This may be further stimulated by the accumulation of high NR levels
in the thylakoid lumen [19], the low pH of the lumen, shifting the NR
equilibrium to the protonated form, and by the high concentration of oxygen
which is produced by the oxygen evolving complex during photosynthesis.
However, the mechanism of 'O, production by NR in the chloroplasts is of
minor importance for the '0,-induced response of the Gpxh gene.

Although the type and location of the signal which triggers the Gpxh expression
are fairly clear, the nature of the sensor is still obscure. Every component in the
thylakoids, which can by modified by 'O,, may be a candidate, such as lipids
and proteins. Lipid peroxidation may be a logical cause for a strong Gpxh
induction because the degradation of organic hydroperoxides is an important
function for glutathione peroxidases in many organisms [29, 30]. Indeed, the
Gpxh gene is also induced by organic hydroperoxides like tert-
butylhydroperoxide and cumene hydroperoxide, but the kinetics of these
responses were totally different from the 'O,-caused induction and are rather in
agreement with the late response hypothesized for the high light illumination as
described in chapter 4 [15, 16]. Protein modification, e.g. the D1 protein, is a
well reported effect during photoinhibition and most likely caused by the
formation of 'Q, [12]. Thus, break down products of degraded PSII proteins
could initiate the Gpxh response very specifically. Alternatively, also

degradation products of bleached pigments like chlorophylls and carotenoids
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could be responsible for the signal causing Gpxh induction. Obviously, there are
still important open questions concerning the signal triggering the Gpxh
expression, such as:

- Is the signal causing the Gpxh induction really and only sensed in the
chloroplast?

- Which is the key component, modified by 'O,, acting as sensor for Gpxh
induction?

- How is the signal, if sensed in the chloroplast, transmitted to the nucleus?
Answering these questions, especially the identification of the 'O, sensor, would
help a lot to better understand the role of 'O, mediated response in

C. reinhardltii.

Function of the Gpxh Protein

A topic addressed but not described in this work concerns the function of the
Gpxh protein during photooxidative stress response. Measurements for
glutathione peroxidase (GPX) activity were performed earlier with a
recombinant Gpxh protein in E. coli, using H,O, and organic hydroperoxide as
substrate [16], but no significant activity could be measured. We reinvestigated
a possible peroxidase activity of the Gpxh using a modified protocol of Avery et
al. 2] and could measure a low but significant activity in an E. coli crude extract
containing the overexpressed Gpxh protein with tert-butylhydroperoxide and
cumene hydroperoxide as substrate [17]. This activity is comparable with
measured activities of homologous nonselenocysteine containing GPXs, but
seems to be too low to exhibit any physiological relevance, especially in the
presence of a second, selenocysteine containing Gpx [4, 22]. Two explanations
are possible: First, it could be that the selenocysteine Gpx and the Gpxh function
in different cellular compartments and that the peroxidase activity of the Gpxh

protein, even though being low, is essential in an organelle where the
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selenocysteine Gpx, a mitochondrial protein, is absent [4]. The second and more
likely explanation suggests that the Gpxh enzyme has a different substrate range
than its selenocysteine homologous counterpart. Some GPXs, especially
members of the phospholipid hydroperoxide glutathione peroxidases (PHGPX)
have been identified to better use NADPH or thioredoxin than glutathione as
electron donor to reduce their substrates [3, 6]. This may be supported by the
absence of four critical arginines residues in the amino acid sequences of the
PHGPX required for proper binding of glutathione in normal GPXs [29]. Of
special interest is the recently described function of the yeast GPX3 in the
activation of the YAP-1 transcription factor by H,O,, indicating that this enzyme
may be involved in signal transduction [3]. However, such a function is less
likely for the Gpxh protein in C. reinhardtii, because the Gpxh gene is itself
strongly induced by photooxidative stress, which is not in agreement with a
regulatory protein, which are usually constitutively expressed.

The Gpxh, similar to other nonseleno GPX, rather belongs to the PHGPX family
than to the normal GPX due to a missing part in the primary sequence required
for tetramer formation [2, 16]. The PHGPXSs have a more open structure and can
bind bulk substrates [3]. They also can remove organic hydroperoxides directly
from the lipid bilayer, indicating a role in the defense against lipid peroxidation
[29, 30]. This may be a logical function of an enzyme which is induced by 'O,
produced in the chloroplast. However, the Gpxh protein does not have a typical
N-terminal chloroplast localization signal and is thus not predicted to enter the
chloroplast, although it was recently reported that the import of proteins into the
chloroplast does not necessarily need a localization signal [18]. Information
about the localization of the Gpxh protein is of special interest for the
identification of the function of Gpxh in C. reinhardtii. Additionally, has the

expression of the Gpxh gene to be measured on protein level and has to be
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connected to a cellular function. Only then can the physiological relevance for

the strong and specific induction of the Gpxh gene by 'O, be explained.

Regulation of the Gpxh Induction

One important regulation mechanism of the Gpxh expression was identified to
occur on transcriptional level and was shown to involve a transcription factor
binding site containing a TGAC motif in the GpxA promoter region (chapter 5).
Similar elements with a TGAC motif were already characterized in many genes
of various organisms and some of these elements are also involved in the
oxidative stress response, such as the AP-1 element in mammalians and YAP-1
binding site in yeast [10, 11, 25]. However, most of the factors bound to these
motifs are under redox control and can be activated by various ROS, and many
of its target genes contain more than one of the transcription factor binding site
triggering the oxidative stress response like the AP-1, NF-xB and CRE-binding
sites [23, 28]. In addition, the active transcription factors can form different
homo- and heterodimers and like that bind to different homologous elements [7,
8]. Thus, it seems rather unlikely that the specific response of the Gpxh gene to
'0, is mediated only by the binding of one transcription factor to such a
widespread DNA element without inducing other genes to comparable strength.
The partial induction of the modified Tub2B promoter, containing the TGAC
motif element from the Gpxh promoter, indicates that an additional element may
be required for full activation (chapter 5; Fig. 1). Two simultaneously active
binding complexes would increase the specificity for induction of the Gpxh gene
dramatically. It would therefore be interesting to further analyze the Gpxh
promoter for additional elements most likely present in the first 180 bp upstream
of the transcriptional start site, because a Gpxh promoter fragment of this length
still showed the full response to NR [15]. This should also involve an

examination of the Gpxh mRNA sequence for stabilization signals or of the
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Gpxh promoter region upstream of the 1.3 kb fragment present in plasmid
pASProl for additional elements, which are suggested to be involved in the high
light response (chapter 4). If such an additional signaling mechanism is indeed
involved in the late response of the Gpxh gene to high light illumination, then a
further challenge enters the analysis of this response and would pose new
questions:

- Which is this second signal resulting in an increased Gpx# mRNA level late in
high light response?

- How are the two signals involved in high light response related to each other,
and can both of them induce the Gpxh expression independently?

- Are the signaling cascades of these two signals connected?

- Do these signals have similar or different mechanisms to regulate the Gpxh
expression?

Beside the cis-acting elements of the Gpxk response, also the transcription
factors binding to these elements have to be identified for a better
characterization of the 'O, response mechanism. As discussed in chapter 5,
different combinations of proteins could be involved in the binding to the TGAC
motif present in the Gpxh promoter and only isolating the active factor can
unravel its nature and its specificity for the Gpxh regulatory element. The
composition and complexity of this transcriptional activating complex may give
more information about the number and types of signaling mechanisms which
are regulating it. We already identified a negative effect of the cyclic AMP
pathway on the Gpxh expression (chapter 5). In a more expanded biochemical
approach several other activators and inhibitors of common signal transduction
pathways were tested for their effect on the Gpxh expression (data not shown).
Some of them, including the G-protein activator mastoparan, the calmodulin
kinase inhibitor KN-93, the phospholipase C inhibitor U73122 and the calcium

channel inhibitor verapamil, could stimulate the GpxA induction to some extent.
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However, the fact that the stimulation by these chemicals was always stronger in
illuminated cells compared to dark grown cells indicates that either an
additional, light dependent signal was needed or that most of the effect was
indirect, by altering the production of 'O, in the PSII. This may be the case with
mastoparan, which inhibited the photosynthetic electron transport in Asparagus
mesophyll cells [1]. Thus, the identification of compcl)nents involved in the
signalling mechanism of 'O, response is rather difficult and it would probably
be more successful to isolate mutants with altered Gpxk expression than doing
biochemical approaches, except when a strong activation of the Gpxh expression

could be achieved in the dark.
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