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"Und all e grolen Wissenschaftler waren sich Klar dartiber, dal3 jede
L6sung eines wissenschaftlichen Problems viele neue ungel6ste
Probleme aufwirft. Je mehr wir Uber die Welt lernen, um so
bewul¥er, um so detaillierter und un so genauer wird urser Wissa
von cen nach ungeldsten Problemen, urse sokratisches Wissan
von urseem Nichtwissen. Die wissenschaftliche Forschungist in
der Tat die beste Methode, urs Gber uns slbst und iber unser
Nichtwissen aufzuklaren."

Karl R. Popper



Abstrad

Abstract

The increaseof UV-B radiation (280 rm — 320nm) in the olar spectrum due to the
depletion d the gratospheric ozone causes enhanced exposure to UV-B, which is dangerous for
al living cdls, bu epecialy to photosynthetic organisms due to their light dependency. In
seach o the bags of UV tolerancein terrestrial cyanobacteria, liquid culturesNostoc commune
derived from field material were treated with artificial UV-B and UV-A irradiation. The
induction d various pigments which are though to provide protedion against damaging UV-B
irradiation were sudied. First, UV-B irradiationinduced arapid increasan carotenoids,
egedaly edchinenore and myxoxanthophyll, but did na influence dlorophyll a. Second, an
enormous increaseof an extracellular, water-soluble UV-A/B-absorbing mycosporine occurred,
which was assciated with extracellular glycan synthesis. Finally, synthesis of sgytonemin, a
lipid-soluble, extracdlular pigment known to functionasUV-A sunsaeen wasobserved. After
longtime exposure the UV-B effed on carotenoid and scytonemin syntheds ceased whil e the
mycosporine mntent remained constantly high. It is proposeal that the outer membrane-bound
caotenaids provide afag, active SOS regorse to counterad aaute cél damage whereasthe
glycan with its UV absorbing pgmentsis apassve UV saeen against longime exposure. The
UV-B sunsaeen mycosporineis exclusively induced by UV-B (< 315 rm). The UV-A sunsaeen
sgytonemin isonly dlightly induced by UV-B (< 315 rm), very strongly by near UV-A (350-
400nm) and nd at al by far UV-A (320- 350 nm). Thesereaults may indicae that the g/nthess
of theseUV sunsaeensistriggered by dfferent UV phaoreceptors.

By applying two-dimensional (2D) gel eledrophaesis mupled to computerized image
analysis and cetabase aalysisthe influence of UV wasmonitored on potein level. UV-A had
only littleinfluence on the protein pattern, nevertheless it had remarkable influence on the
pigment compasition. In contrast, UV-B led to tremendows changesin the protein expresson
profile of N. commune. At leas 493 poteins of 1350 potein spots analyzed displayed statistical
significant changesin their relative rate of synthedgs. A programmed acdi mation to the new
growing condtions wasohserved. In contrast to shock proteins, which are usually bulk proteins,
the majority of stimulated proteins during UV-B acdimation were low abundant *acdi mation
proteins. Cytosolic water-soluble proteins showed diff erent kineticsin their response @mpared
to membrane-as®ciated and membrane-bound poteins. The célular adjustment resulted in
aternative metabadlic fluxesunder this dress onditions. Like the physiologicd reaction, the
reaction onthe protein level could be divided in two phases Early acclimation regponsewithin



Abstract

the first 24 hours, and late acclimation response which requires one up to three days. Most of the
protein changes observed during early acclimation were transient. The importance of long time
studies for a holistic understanding of UV tolerance in cyanobacteriais discussed.

The presented study isthe first global study of UV-B effects on the proteome of
cyanobacteria and demonstrates the complex physiology of UV-B adaptation.
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Zusammenfassung

Durch de Abnahme der stratosphérischen Ozonsdhicht steigt der UV-B-Anteil (280 rm —
320nm) im solaren Strahlungsgpektrum. Diese ehdhte UV-B-Strahlungist fur all e lebenden
Organismen schéadlich, besonders gefahrlich ist sie jedoch fir phaosynthetische Organismen
aufgrundihrer Lichtabhangigkeit. Um die Grundage der UV-Toleranz von terrestrischen
Cyanobekterien zu verstehen, wurde an aus Freilandmaterial isolierter undin Flissgmedium
waadsender Nostoc commune Stamm mit kiinstlichem UV-A undUV-B besgrahlt. Es wurden
Pigmente untersucht, die Schutz gegen die sdédliche UV-Strahlung beten kdnren. Als este
Re&tion auf die UV-B-Bedrahlungwurde @ne rasche Zunahme von Carotinoiden, insbesondere
von Echinenon undMyxoxhanthophytl, beobadtet, wahrend der Chlorophyll a Gehalt
unverandert blieb. Dannwurde die darke Zunahme @nesextrazdlularen wasrldslichen UV-
A/B-absorbierenden Mycosporins fedgestellt, welche mit der Synthesevon extrazdluldrem
Polysactariden undder Synthesedes saren Wassestrel3proteins Wsp verbunden war.
Aul¥erdem wurde Scytonemin synthetisiert, ein lipidl6slichesextrazellularesPigment, dasals
UV-A-Schutzpigment bekannt ist. Nadh Dauerbestrahlung rehm der UV-B-Einfluf3auf die
Carotinoid- und Scytonemin-Synthese &, wahrend der Mycosporingehalt gleichméfdig hach
blieb. Wahrsdeinli ch bieten Carotinoide, die an die aillere Membran gebunden sind, einen
schnellen aktiven SOS-Schutz vor akuten Zellschadigungen, wohingegen die Schleimhdll en mit
den eingel agerten UV -absorbierenden Pigmenten einen passiven Langzeitschutz darstellen. Das
UV-B-Sonrenschutzmittel Mycosporin wird nu durch UV-B (< 315 mm) indwziert. DasUV-A-
Sonrenschutzmittel Scytonemin wird duch UV-B (< 315 rm) nur sehr schwadh, durch
langwelligesUV-A (350 — 400 m) séhr stark und duch kurzwelligesUV-A (320 — 350 m) gar
nicht induziert. DieseErgebnissedeuten darauf hin, dal3 die Synthesediese UV-
Sonrenschutzpigmente durch verschiedene Photorezeptoren reguliert wird.

Durch de Kombination vonzweidimensionaler Gelelektrophaese computergestiitzter
Gelanalyse und Datenbankanwendungwurde der Einfluf3 vonUV auf Proteinebene untersucht.
UV-A hat nur einen geringen EinfluR auf die Proteinmuster von N. commune, obwvohl es enen
signifikanten Einflu3 auf dess@ Pigmentzusanmensezung ret. Im Gegensaz dazu beeinflufde
UV-B die Proteinzusanmensezung cesOrganismus sdar stark. Mindegens 493 Proteine von
insgesant 1350Proteinen, de analysiert wurden, zeigten signifikante Anderungen. Es wurde
eine programmierte Anpassingan de neuen Wadstumsbedingungen beobadtet. Im Gegenséaz
zu Schockproteinen, diein der Regel stark expremiert werden, wurde die Mehrzahl der UV -B-
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,Adaptionsproteine’ nur in geringer Konzentrationin der Zelle gefunden. Die zélulére
Anpassingan den UV-B-Strel3 fihrte a1 Verénderungen in den Stoffwedhsdwegen. Die
Adaption vonN. commune an UV-B kannin zwei Phasen geteilt werden: friilhe Anpassing
wahrend der ersten 24 Stunden nach Beginn desUV-Stressesund Langzeitanpassung, de nach
ein bisdrei Tagen zu beobachten ist. Diese zvel Phasen waren sowohl auf physiologischer as
auch auf Proteinebene au beobadten. Die meisten Proteindnderungen, die wahrend cer friihen
Anpassingsphaseregistriert wurden, waren nur vortbergehend. Die Bedeutung von
Langzetstudien fur ein ganzheitlichesVerstandnis der UV-Toleranz von Cyanobekterien wird
diskutiert.

Vorliegende Arbeit ist die este globale UntersuchungdesEinflusses von UV-B
auf ein Proteome von Cyanobakterien und gbt einen Einblick in die komplexe Physiologie der
UV-B-Anpassing vonN. commune.

-VI -
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General Introduction

General Introduction

The deaeaseof stratospheric ozone caised by anthropogenic inputs of chlorinated
fluorocarbors has resulted in an increasan UV-B radiation reading the Earth’s surface(Frase
et al., 199). Due to the high moleaular absorption coefficient of ozone in the UV-B region (280
— 320nm), depletion d ozone increags the anourt of UV-B reading the Earth’s surface ad
shiftsthe lar spectrum to shorter wavelengths (Fig. 1). Within the UV-B waveband (egeaally
290 — 315 m) the lar irradiance deaeasesy more than four orders of magnitude due to ozone
absorption. With ozone reduction, the enhancement of UV-B isaso highly wavelength dependent
(Fig.1,inset). UV-A (320- 390 nm) and PAR (phaosynthetically adiveradiation,400- 700nm)
are not attenuated by azone, so their fluencewill be unaffeded by the ozone layer reduction.
UV-C (< 280nm) is dfedively absorbed by the stratospheric ozone layer (Caldwell et al.,

1989. UV-B isonly a gnall propation d the total solar radiation and less than 1% of the total
solar flux reading the Earth’s surface but it is biologically highly active. The biologicd
effedivenessof most readionsto UV-B increags mnsiderably with decreasing wavelength
(Caldwell et al., 198). Recent studieshave shown, nd only in Antarcticabut also in the
northern hemisphere, that UV-B radiationincreasesdue to the depletion of the ozone layer
(Stolarsky et al., 1992 Madronich et al., 1995. This enhanced exposure to UV-B is potentially
detrimental to all living aganisms, bu egecially to photosynthetic organisms due to their
requirements for light. The UV-A propation d solar radiation days an important rolein bah
the inhibition and the repair medanisms of phaosynthetic organisms (Cullen et al., 1992
Quesalaet al., 1995.

"
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Fig. 1: Solar spedral irradiance. Solid line shows irradiance computed for normal ozone column
thicknessin the summer at temperate latitudes (midday). The dashed line shows irradiance for
the same cnditions, but with 20 % ozone column reduction. The inset shows the wavelength-
dependent fadtor by which irradianceisincressed due to ozone reduction (from Caldwell and
Flint, 1994).
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General Introduction

Cyanobacteria are oxygen-producing photosynthetic prokaryotes dominating the microbial
communities of the most extreme environments on earth. They are present in habitats of great
diversity, such as hot springs, antarctic ice shelves or deserts (e.g., Fogg and Steward, 1968;
Potts and Friedmann, 1981). Cyanobacteria are abundant in marine and fresh water environments
and are important contributors to global photosynthetic biomass production. Terrestrial
cyanobacteria are predominant in habitats exposed to high solar irradiance; they prevent erosion
and preserve water in soil (Booth, 1941). Due to the ability of many cyanobacteriato fix
nitrogen, these organisms provide a substantial source of nitrogen to terrestrial ecosystems and

they may play a central rolein successional processes (Bliss et al., 1990).

A terrestrial nitrogen-fixing cyanobacterium, which is well adapted to live under
extraordinary environmental conditionsis Nostoc commune VAUCHER. It flourishes in extreme
cold and dry habitats which are characterized by intense solar radiation, extreme temperature
differences, and regular periods of desiccation (Whitton et al. 1979; Scherer and Zhong, 1991).
The morphology of N. commune depends on its growing conditions. In its natural habitat
N. commune forms macroscopic colonies, which typically appear as brittle, dried and dark crusts
and cover areas of several sguare centimeters. On semi-solid media N. commune forms little
pearls and in liquid culture it shows diffuse growth (Fig. 2). Beside its extreme desiccation
tolerance this organism shows a high UV tolerance (Scherer et al., 1988; Whitton, 1992). In the
past, most studies concentrated on the extraordinary drought resistance of N. commune (Scherer
and Potts, 1989; for review see Potts, 1999), but only little is known about its UV tolerance.

A B C

Fig. 2. Different lifeforms of N. commune. A: N. commune in its natural habitat (Grainberg, Karlstadt am
Main). B: N. commune grown on agar. C: N. commune grown in liquid media.

-13-
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Nevertheless, UV irradiance might be a special stress factor for this cyanobacterium, sinceit is
subject to regular cycles of desiccation and rewetting and often must survive long periods of

quiescence, during which active repair mechanisms are inactive.

The present study documents a comprehensive physiological and protein-biochemical

analysis of the UV-A and UV-B tolerance of Nostoc commune.

Due to the fact, that the chapters have been written for separate publication, minor

overlaps of the introduction contents emerged.

-14 -



Chapter 1 Targets and effeds of UV on photosynthetic organisms

Chapter 1

UV Protection in Cyanobacteria

1 Targets and effects of UV on photosynthetic or ganisms

The negative effeds of UV irradiation on plotosynthetic organisms have been studied
thorougHy. Growth, cdl differentiation, motility and phaoorientation are df ected by UV
irradiation (for review seeHader and Worred, 199L; Tevini, 1994 Franklin and Forster, 1997%.
A UV-A- induced growth delay hasbeen reported for cyanobecteria (Garcia-Pichel et al., 1999.
However, it is difficult to generalize mncerning influencesof UV irradiation ongrowth since
cyanobaderial spedes, or even strains, show large differencesin UV sensitivity and their
physiologicd regporse to UV. AlthoughUV-B- induced growth delay hasbeen reported for the
cyanobaderium Gloeocapsa (Garcia-Pichel et al., 1993, UV-B exposure had negligible short
term effeds on the growth of Nostoc commune. Prolonged UV-B, bu not UV-A, exposure of
N. commune led to deaeaseal cell number but enhanced dry weight in comparison to control
cultures(Ehling-Schulz et al., 1997). The decreasd cdl number was siggeded to be the reault
of a dower cdl replication caused by the metabdlic cost of increased gycan production,andis
not a mnseguence of phaoinhibition o cdl replication. UV- absorbing compounds may also be
syntheszed at a metabadlic cost for growth (Raven, 199).

Changesobseaved at the organismal and physiological level could result from a number
of primary UV effeds. To determine which fadors are involved, action spedra and kinetics of
the regponsemust be esablished. Molecular targets of UV irradiation-induced damage include
DNA (Cadwell, 1979, the D1 readion centre protein of phaosystem Il (Barbato et al., 1995,
ribulose-1,5-biphosphate carboxylase(Jordan et al., 199), phycobiliproteins (Lao and Glaze,
1996, nitrogenase (Newton et al., 1979 and membranes(Tuvenet al., 1989.

DNA and proteins ae primary targets of UV-B irradiation becausethey absorb UV-B.
DNA lesons caised by UV-B irradiationinclude sngle-stranded and doulbe-stranded bre&ks,
DNA-protein cross-links and the predominant formation d cyclobuane dimers and pyrimidine -
(6-4) — pyrimidore phaoprodicts (Peak and Peak, 1986 Mitchell and Nairn, 198). On the other
hand, DNA and proteins must be indirectly affeaed by UV-A irradiation kecausethey absorb it

" This chapter has been published as:
Ehling-Schulz, M., and S. Scherer 1999: UV protedion in cyanobaderia. Eur. J. Phycol. 34: 329- 338
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Chapter 1 UV protection mechanisms

very weakly if at all. UV-A damage to DNA occurs by energy transfer from UV-A stimulated
chromophores to the DNA target or the photosensitized production of active oxygen species
(Peak and Peak, 1986; Eisenstark, 1989).

2 UV protection mechanisms

Cyanobacteria display avariety of strategies for protection against the detrimental effects
of UV. Three general types of stress responses are found among cyanobacteria: stress avoidance,

stress defense, and repair mechanisms.

2.1 UV-stressavoidance

Motile cyanobacteria can escape from high solar radiation by downward migration into
mat communities (Queseda and Vincent, 1997) or by sinking deeper into the water column
(Reynolds et al., 1987). Although most of the filamentous cyanobacteria are motile by gliding,
information on the influence on UV on vertical migration of cyanobacteriais limited. Daily
vertical migration to avoid periods of incident high solar irradiance has been reported for
Oscillatoria sp., and Spirulina cf. subsala (Garcia-Pichel et al., 1994). The vertical migration of
Microcoleus chthonoplastes has been shown to be UV- and PAR- inducible (Bebout and Garcia-
Pichel, 1995). Since UV-B was by far the most effective waveband to promote migration, it has
been suggested that M. chthonoplastes can sense UV-B directly. UV-B- induced vertical
migration may be an effective strategy to minimize UV - induced damage. On the other hand,
migration led to a decreased overall productivity of the mat ecosystem (Bebout and Garcia-
Pichel, 1995). Further investigations are needed to assess the effect of migration on net primary

productivity of mats.

2.2 UV-stressdefense

Synthesis of UV-absorbing compounds is an important mechanism preventing UV
photodamage. Several studies provide evidence that mycosporine amino acids (MAA), which
have absorption maxima between 310 and 360 nm, protect cyanobacteria and other lower
organisms by absorbing harmful UV radiation (Scherer et al., 1988; Karentz et al., 1991; Ehling-
Schulz et al., 1997). Mycosporine amino acids are water-soluble, substituted cyclohexenones
which are linked to amino acids and amino a cohols, and have absorption maxima between 310

nm and 360 nm (Fig. 3). Their synthesis probably originates from the first part of the shikimate
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pathway (Favre Bonvin et al., 1987. MAAs ae widely distributed among cyanobaderia
However, the relative protection against UV-B-damage provided by MAA's depends on the
spedes and the location d the pigments therein. Significant, but limited, protedion has been
reported for various gyanobecteriawith MAAs|ocated in the o/toplasm. In these cass, only 10-
26 % of the phaons are asorbed by the pigment (Garcia-Pichel and Cagenholz, 1993. In
Nostoc commune, MAAs aethough to pay an important role in phaoprotection becausethe
MAASs aelocated in the extracdlular glycan. Two ou of threephotons are dsorbed bythe
pigment before cdl membranesor targets within the cell are reached (Bohm et al., 1995. Two
UV-A/B-absorbing pgments of N. commune with absorption maxima & 312nm and 335nm
were foundin colonies exposed to high solar radiation (Scherer et al., 198§. One of them was
the first mycosporine reported to be mvalently linked to oligosacdarides(Fig. 3) and shown to
be located in the extracellular glycan (Hill et al., 1994y BOhm et al., 1995. The pigment
providesprotection, mainly by absorbing the harmful radiation, hut the 312 chromophae of one
pigment, which isthough to be a MAA-Gly (Fig. 3, may provide aditional protection by
radical quenching (Dunlap and Y amomoto, 1995. BecauseN. communeis subjed to regular
cyclesof desiccation and rewetting and hasoften to survive longtimesin quesenceduring
which repair medhanisms ae ineffedive, UV -absorbing compound may play akey rolein UV
phaoprotedion d N. commune (Ehling-Schulz et al., 1997.

A CHO He
H R N R
O N RS 1\o/\(H 7 o7 DR,
W 0oC COOH
COOH
HO  CH,OH HO  cror
’ Apax = 335 nm
Amax = 310 nNm OS - MAA
MAA - Gly

B CH,0
H
N N
HOOC COCH

HO CH,OH

Apmax = 334 nm
Shinorine

Amax = 370 nm
Scytonemin

Fig. 3: Structures of UV sunscreen pigments. A: The monosubstituted mycosporine-like anino add
(MAA), MAA-Gly; B: The bisubstituted MAA, shinorine; C: The 335 chromophore of the
oligosactaride-MAA of N. commune (aacording to Bohm et al., 1995). R1 (galadose, xylose,
glucuronic add), R2 (galadose, glucose, glucosamine); D: Scytonemin (acarding to Proteau et al .,
1993).
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Scytonemin is another pigment with UV- shielding popertiesfoundin cyanobaderia. It
has an in vivo absorption maximum at 370nm (Fig. 4) andislocated in the cyanobaderial
sheah. Scytonemin is ayellow-brownish, li pid-soluble dimeric pigment with amoleaular mass
of 544 Da and a gructure based onindolic and phendlic subunts (Fig. 3. It hasbeen suggested
that it isformed by condensaion d tryptophan- and phenylpropanoid-derived subunits (Proteau
etal., 1998). Its gnthesisis grondy indwcible by UV-A irradiation, ut only we&ly by UV-B
irradiation and it has been proposed to serve asUV-A sunsaeen (Garcia-Pichel et al., 1992
Ehling-Schulz et al., 1997. Scytonemin plus extracell ularly located mycosporines ca provide

an effedive passive screen against harmful UV-irradiance (Fig. 4).

Absorbance [%)]

T T T T T T T T T T 1
250 300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Fig. 4: UV screen. A: Absorption spedrum of oligosaccharide-MAA in H,O (according to Béhm et al.,
1995). B: Absorption spedrum of scytonemin in tetrahydrofuran (according to Proteau et al., 1993).

Removal of toxic oxygen species can be another defense srategy. Carotenoids are well
known for their antioxidant activity. They remove singlet oxygen, triplet chlorophyll and inhibit
lipid peroxidation (for review seeEdge et al., 1997). Their phaoprotective role ayainst high
intensity of visible light is evident. UV-A and UV-B can causeoxidative stressby
phaodynamicdly generating readive oxygen intermediates(Cunningham et al., 1985 Shibata
et al., 19%). Anincreasein the carotenoid / Chla ratio of cyanobacteria hasbeen reported in
regporseto UV-A and UV-B radiation (Pael, 1984 Ehling-Schulz et al., 1997; Quesala and
Vincent, 1997, suppating the role of carotenoids as important readive oxygen - quenching
pigments. Recent studiesindicated that carotenoids have aprotective function against UV-B
irradiation in plants (Middieton and Teramura, 1993. In the gyanobaderium N. commune,

changesin the carotenoid pattern in reporseto UV-B irradiation have been olserved and
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myxoxanthophyll aswell as echinenore were siggeded to act asouter membrane-boundUV-B
phaoprotedors (Ehling-Schulz et al., 1997).

Scavenging enzymes sich assuperoxide dismutase ad peroxidases ca help to deaease
reactive oxygen species In plants and microalgae g/nthesis of superoxide dismutase ad
asorbate peroxidase have been shown to beinduwcible by UV-B irradiation (Les®r, 1996 Rao
et al., 19%). Cyanoladeria ae known to synthesize scaenging enzymes sich asas®rbate
peroxidase and catalasegMiyake et al., 1991). However, the importance of enzymeswith
radical scavenging propertiesfor UV tolerance by cyanobaderia desrvesfurther invedigation.

Synthesis of extracellular polysaccharides may also help to limit UV-damage. Baderial
extracdlular poysacdarides (EPS have been reported to provide protection against desccation,
phagocytosis, antibody recognition and lysis by viruses(Dudman, 1977 Tease ad Walker,
1987 Hill et al., 1994). The EPS- containing sheath of cyanobaderiaforms abuffer zone
between the environment and the cél. Recently, it hasbeen reported that UV-B irradiation
stimulatesthe extracell ular glycan production d N. commune. Theyield of EPSisolated from
UV-B irradiated cultureswasthreetimeshigher than that from control cultures(Ehling-Schulz
et al., 1997). Led thickening in higher plants hasbeen reported as areporseto UV-B
(Balakumar et al., 198). With athicker sheath, eff edive path lengths for the asorption o
radiation are much longer and it hasbeen suggested that EPSsynthesisis gimulated to provide a
matrix for the UV-A/B- absorbing oligosactarides-mycosporineswhich are locaed in the
sheah of N. commune (Ehling-Schulz et al., 1997.

2.3 Activerepair mechanisms

UV-damaged targets can be replacal byincreasel synthesis of the targets or by repair of
damaged targets withou de novo synthesis.

DNA repair mechanisms are universd for al typesof cdls and have been studied
extensively in Escherichia coli. UV- induced phatoproducts can be recognized and repaired by
severa medhanismsin E. coli including phdoreactivation, excision repair and postrepli cation
repair (SOS repair) (Walker, 1989. During plotoreactivation cyclobutane-type pyrimidine
dimers ae monomerized bythe enzyme DNA phaolyase which is activated by UV-A and Hue
light (Pang and Hays, 1991). Excisionrepair islight - independent and various enzymes ae
invalved. First, damaged DNA is nicked, then short single-stranded segments gpanning the base
lesons aeremoved and the gaps are filled by resynthesis. Cyanohbacteria have been foundto
exhibit bath phdoreactivation and excisionrepair (O’ Brian and Houghon, 19&; Levine and
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Thiel, 1987; Eker et al., 1990). RecA- like genes from cyanobacteria have been shown to
complement arecA deletion in E. coli (Geoghegan and Houghton, 1987; Owttrim and Coleman,
1987). The complemented recA strains showed an increased UV -C resistance. The activation of
the RecA protein by DNA damage isthe first step of the SOS repair mechanism. The RecA
protein cleaves the LexA repressor and the SOS genes are expressed (SOS regulon) (Walker,
1985). In most studies related to DNA damage repair UV-C irradiation has been used, and the
induction of the expression of recA by UV-A and UV-B irradiation has only recently been
reported in Pseudomonas aeruginosa (Kidambi et al., 1996).

Increased protein degradation and resynthesis to replace UV-sensitive proteins as fast as
they are damaged may help to counteract UV-damage. Sass et al. (1997) reported an increased
turnover of D1 and D2 proteins of the photosystem |1 reaction-centre in Synechocystis sp.
PCC6803 in response to UV-B irradiation. They suggested that UV-damaged D1 and D2
proteins are removed from the thylakoid and are replaced by newly synthesized D1 and D2
molecules. A specific cleavage site has been reported to be involved in the degradation of UV-B-
damaged D1 protein (Barbato et al., 1995). During recent years the turnover of D1 protein has
been studied in detail. It has been shown to be regulated by most stress conditions (Giardi et al.,
1997) and its turnover has been proposed to be a general adaptive response to environmental

Stresses.

24 Combinatory strategies

A combination of several strategies may be used by photosynthetic organismsto
acclimate to UV irradiation. In N. commune a cascade of physiological reactions was observed in
response to UV-B irradiation (Fig. 5): first arapid increase in carotenoids, especially echinenone
and myxoxanthophyll, and second, an increase of an extracellular UV-A/B-absorbing

mycosporine, which was associated with extracellular glycan synthesis. Finally, scytonemin was

Fig.5: Time course of the response of
713 photosynthetic and UV-
absorbing pigmentsto UV-B
irradiation (1 W m®). (For
details see Ehling-Schulz et al.,
1997). Abbreviations: scyt:
scytonemin; OS-MAA:
oligosaccharide-mycosporine;
car: total carotenoid; chla:
chlorophyll a.
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induced dightly by UV-B and very strongly by UV-A irradiation. It has been proposed that the
outer membrane-bound carotenoids provide afast, active SOS response to counteract acute cell
damage whereas the glycan with its UV- absorbing compoundsis a passive UV screen against
long term exposure (Ehling-Schulz et al., 1997).

3 UV photoreceptors

It isevident that severa different photoreceptors mediate the response to UV and blue
light in higher plants (Jenkins et al., 1995). Phytochrome, a blue light photoreceptor and a UV-B

photoreceptor have been shown to be involved in the induction of UV-absorbing flavonoids
(Brunset al., 1986).

Information about photoreceptors in cyanobacteria responsible for photoresponses to UV
irradiance is till lacking. A UV-B photoreceptor has been proposed to regul ate the
oligosaccharide-mycosporine in N. commune since its synthesisis only inducible by wavelengths

below 315 nm and a UV-A photoreceptor might be involved in the regulation of scytonemin
synthesis (Fig. 6).
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Fig. 6: Spectral characteristics of UV -treatments and wavelength dependence of pigment induction. A: Ay =

315 nm; B: Amax = 330 Nm; C: A = 370 nm. UV intensities applied were in the range of 0.5 W m? to
1.7 W m? (for details see Ehling-Schulz et al., 1997). Abbreviations see Fig. 4.
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A UV- A phaoreceotor with amaximum at 370 rm, but no Hue light stimulation, has
been reported to be involved in the carotenoid synthesis of Verticillium agaricinum (Osman and
Valadon, 1977. Campos et al. (1991]) reported that UV-B and UV-C irradiation increased levels
of 3-hydroxy-3-methylglutaryl CoA reductase RNA, which may induce caotenoid synthesis.
Since @rotenoidsin cyanobacteria showed a diff erent responseto highintensity visible light,
UV-A andUV-B (Leisner et al., 1994 Ehling-Schulz et al., 1997 it is possble that spedal
UV-B phaoreceptors aeinvolved. However, for identification and functional analysis of
phatoreceptors and signal transduction pathways, the isolation o mutants will be necesary.

4  Effectsof UV on protein composition

The knowledge @ou the dfedsof UV at the protein level islimited (Table 1). An
induction d UV-shock proteinsin reporseto highintensitiesof “nea” UV (295 nm -390 rm)
andin regponseto UV-C (265 rm) irradiation hasbeen reported in cyanobaderia (Nicholson et
al., 1991 Shibataet al., 1991). Some of the UV shock proteins were dso induwcible by hea
shock (Shibata et al., 199]) and heat shock like proteins have been foundto be UV-B induwcible
in plant seallings (Nedurchezhian et al., 1992. Recently, it hasbeen reported that UV-B
induced the expresson d psbAll and psbAlll genesin Synechococcus sp. PCC 7942 (Campbell
et al., 198). psbAll and psbAlll encode for a seondform (D1:2) of the phaosystem Il D1
protein (D1:1) in Synechococcus sp. PCC 7942.1n regpornseto UV-B D1:1 istransiently replaced
by D1:2. After 2 hous of UV-B irradiation D1:2 is exchanged bad for D1:1 (Porankiewicz et
al., 1999. In contrad to Synechococcus, Synechocystis PCC 6803 fasonly one form of the D1
protein which is encoded by psbAll and psbAlll. Under normal growth condtions, mainly psbAll
is expressal. In reporse to UV-B stressthe psbAlll geneis switched onandthe pod of psbA
MRNA for the production d new D1 protein increa®s. psbAlll hasbeen considered to be a
stress gene, which isregulated, at least partially, at the transcriptionlevel (Mate et al., 1999. It
hasbeen suggested that a gecific UV-B- related signal transduction pathway isinvolved in the
induction d psbAlll. An ATP- dependent Clp protease(ClpPl) isolated from Synechococcus sp.
PCC 7942 tasbeen shown to be UV-B- and cold- inducible (Porankiewicz et al., 198B).
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Table1l: UV-inducible gene productsin cyanobacteria.

Gene product UV-source organism reference

RecA like protein uv-C Anabaena variabili s Owttrim and Coleman 1987
uv-C Gloeocapsa alpicola Geoghegan and Houghton 1987

UV shock proteins uv-C Phormidium laminosum Nicholson et al. 1987, 1991
UV shock proteins UV-B + UV-A Synechococcus PCC7942 Shibata et al. 1991
D1:2 protein uv-B Synechococcus PCC7942 Campbell et al. 1998
psbAMRNA uv-B Synechocystis PCC6803 Mate et al. 1998
ClIpP1 protein uv-B Synechococcus PCC7942 Porankiewicz et al. 1998

5 Proteomeanalysis

Theterm“ proteome” refersto all proteins expressed by a genome at a given time point
and was first mentioned in the literature four years ago (Wasinger et al., 1995). High-resolution
two-dimensional (2D) gel electrophoresisis the basic technology of proteome analysis. In the
first dimension proteins are separated by their surface charge (isoelectric focusing) in a pH
gradient. In the second dimension proteins are separated, most commonly, by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) according to their
molecular mass. The complex protein pattern are analyzed and compared by computer assisted
image analysis. Often, 2D electrophoresis is combined with high throughput technology for
amino acid analysis, peptide-mass fingerprinting and associated sequence tags in combination
with nanoel ectrospray tandem mass spectrometry and N-terminal protein sequencing (for review
see Humphery-Smith et al., 1997; Williams and Hochstrasser, 1997)

The influence of UV irradiation onthe proteome of cyanokacteria is poorly understood
and restricted to UV-shock response and early acclimation processes (Table 1). Nostoc comnune
DRH1 cultures were treated with UV-B irradiation as described previously (Ehling-Schulz et al.,
1997), cells were harvested and proteins were analyzed by SDS-PAGE after different exposure
times (3 hours up to 5 days).
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Besde ome degradation o phycohiliproteinsin regponseto UV-B, nomagjor differences
were obsaved between the protein pattern of UV-B- treated and untreated cdls (Fig. 7). It has
been reported that UV-B hasnoinfluence on the protein pettern onthe bass of SDS-PAGE data
(Gerber and Hader, 1995 Chauhan et al., 1998. However, the resolution d SDS-PAGE isfar

toolow to monitor the UV-acclimation process

L
M

+ - + + - + - +

1 day 2 days 3 days 4 days 5 days

Fig. 7. SDS-PAGE of N. commune DRH1 was performed on 15 % (w/v) polyaaylamidegel in a
discontinuous buffer system acarding to Laemmli (1970). Cellular proteins were analyzed after
diff erent periods of exposure to UV-B (1.0 W m™). For detail s of culture conditions see Ehling-Schulz
et al. (1997). Gelswere sil ver stained aacording to Blum et al. (1987). Abbreviations: + cultures
exposed to UV-B; - cultures grown without UV-B; M protein marker (MW = 66, 45, 36, 29, 24, 20, 14
kDa).

In the past, limited redlution d proteins by 2D electrophoress wasoften oltained for
sheah- producing cyanobeacteria since high concentrations of extracdlular polysacarides
negatively influenceisoeledric focusing (first dimension). With the improvement of 2D
electrophaeds, egecidly by the IPG-Dalt system (Gorg et al., 198; Weisset al., 198B) larger
volumes ca be loaded in the first dimension and pdysacdarides ae dil uted to a degreewhere
succes$ul 2D-analysis can be performed. IPG-Dalt of N. commune showed that the UV-B
regonrseis extremely complex, invalving the induction and the represson d alarge number of

proteins (Fig. 8).
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#4—IEF
9 s0S
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Fig. 8: IPG-Dalt of 60 g o total cdlular proteins from N. commune DRH1 performed with immobili zed pH
gradient 4-9 in the first dimension (according to Gorg et al. 1988). Proteins were focused for 16 000 Vh at
20°C under oil. Second dmension SDS-PAGE was carried out at 20°C on 13 % (w/v) polyaaylamide
gels, cast on GelBond PAGfilms (BioRad Laboratories). A: N. commune DRH1 cultures grown for three
days with supplemented UV-B (1.0 W m™); B: Control cultures grown without UV-B. For details on
culture conditions seeEhling-Schulz et al. (1997). Gels were sil ver stained according to Blum et al.

(1987).

The proteins can be grouped into three caegoriesby their reqponseto UV-B irradiation.
First, proteins whose ynthessis stimulated by UV-B; seond, proteins which are repressed and
/or degraded in regorse to UV-B; and third, proteins which are not affeded by UV-B (Fig. 8. A
detailed analysis of the UV influence on the proteome of N. communeis provided in chapter 3.
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Fig. 9: Schematic map of N. commune DRH1. The protein profile of N. commune treated with UV-B
(Fig. 7A) is compared to the protein profile of control cultures (Fig. 7B). The presented map is an
overlay of fiveimages which were generated with the Imagemaster 2D Elite software (Amersham
Pharmacia Biotech).(i) spots, whose spot volumes are more than threefold the spot volumes of
control spots, (ii) spots, whose spot volumes are less than one third of the spot volumes of control
spots, (iii) spots, induced by UV-B, (iv) spots, absent in UV-B, (v) spots, unchanged in UV-B.
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Chapter 2 Introduction

Chapter 2
UV-B-induced synthesis of photopr otective pigments
and extracellular polysaccharidesin the

terrestrial cyanobacterium Nostoc commune

1 Introduction

The terredrial nitrogen fixing cyanobecterium Nostoc commune Vaucher flourishesin
extremely cold and dry habitats which are dharacterized byintense lar radiation, extreme
temperature diff erences and regular periods of desccation (e.g., Whittonet al., 1979,Scherer
and Zhong, 1991for review seeDodds et al., 19%). N. commune, in its natural habitat, forms
maaospic colonieswith filaments enbedded in gelatinous glycan. In the past, most studies
concentrated onthe extraordinary drought resistance of N. commune (e.g., Scherer and Potts,
1989 for review seePotts, 1999, bu only few invegigated its UV tolerance (Scherer et al.,
1988 Whitton, 1992.

Mechanisms counterading UV-B damage have been demonstrated in plants and
cyanobaderia. Besdesrepair of UV-induced damagesof DNA by excision repair and
phaoreactivation (e.g., O'Brian and Houghon, 19; Eker et al., 1990) and accumulation d
detoxifying enzymes and carotenoids (e.g., Mittler and Tel-Or., 1992 Midd eton and Teramura,
1993, an important mecdhanism to prevent UV phaodamage isthe g/nthesis of UV-absorbing
compound. Several studies provide evidencethat epidermally locaed phenylpropanoids,
egedaly flavonad derivatives, proted higher plants by absorbing harmful UV radiation
(Tevini et al., 1991; Koatstra, 1994). Mycosporine anino adds (MAA) are thougtt to fulfill a
comparable purposein lower organisms (Karentz et al., 1991 Garcia-Pichel et al., 1998).
Mycosporine amino adds are water-soluble, substituted cyclohexeneswhich are linked to amino
adds andiminoalcohds and have &sorption maxima between 310 nm and 360 mn. Scytonemin,
with an in vivo absorption maximum at 370nm and its locaionin the oyanobaderial sheah, has
been proposed to serve asUV-A sunsaeen (Garcia-Pichel et al., 1992. It is ayell ow-brown,

li pid-soluble dimeric pigment of terredrial cyanobecteriawith a moleaular massof 544D and a
structure basel onindolic and prendic subunits (Proteau et al., 1993.

" This chapter has been published as:
Ehling-Schulz, M., W. Bilger and S. Scherer. 1997. UV-B-induced synthesis of photoprotedive pigments and
extracdl ular polysacaridesin the terrestrial cyanobaderium Nostoc commune. J. Baderiol. 179: 1940 - 1945
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A UV-A/B-absorbing pgment with absorption maxima & 312nm and 335 m wasfound
in N. commune colonies eposed to high solar radiation (Scherer et al., 1989. Recently, its
chemicd structure hasbeen shown to be aoligasaccharide mycosporine aninoadd (OS-MAA)
(Bohm et al., 1995. It wasthe first mycosporine reported to be wvaently linked to
oligosaccharides andislocated in the extracdlular glycan where it forms high moleaular weight
complexeswhich are attached to the oyanobaderial sheath by noncovalent interactions (Hill
etal., 199, Bbhmet al., 1995. BecaiseN. commune is subjed to regular cyclesof desccation
and rewetting and hes often to survive long periods in quescencein which repair mecdhanisms
are ineffedive, UV-absorbing compound may play akey rolein UV phaoprotedion o

N. commune.

The am of thiswork wasto study, in a sngle organism, the seuence of UV-induwed
syntheds of carotenoids, scytonemin and a mycosporine, which are siggested to provide

protection against UV damage.

2 Materialsand Methods

2.1 Organism and growth conditions.

The g/anobaderium Nostoc commune Vaucher strain DRH 1 wasderived from field
material of N. commune coll ected in the Hunan province, People’s Republic of China (Hill et al.,
1994). The drain growsin liquid media under laboratory conditions without producing avisible
glycan sheath surroundng singe filaments. For UV induction experiments 50 ml N. commune
DRH 1 liquid cultureswere grown under nitrogen fixing conditions & 30° C in 200ml flak in
BG11, (Rippkaet al., 19@) medium with constant shaking (80 rpm) to avoid self shading. The
flaks (Duran, Schatt, Mainz, Germany) function asUV-C filter. The ailtureswere ill uminated
from abowe. Visible light wasobtained from a wa white fluorescent tube (L 40W /25 S,
Osram, Munich, Germany, ca 2.4W m'2). Additional illumination wasprovided from a Phili ps
TL 40W / 12 lamp with an incident irradiance of 100to 140mW m?nm™* at 310 nm and 50 to
70mwW m?nm* at 330 rm. UV-A control experiments were performed using a Philips TL 36 W
/ 08 lamp with an emisson maximum centered at 375 rm. Foil swith a aitoff at 315 nm were
used asUV-B blockingfilters. The gectral irradiance which wasrecaved bythe ailtures dter
passng the flak andfiltersis preseited in Figure 10. Since no measirements ae avail able the
maximum valuesof incident solar UV-B radiation in the natural habitat of N. commune DRH1

were cdculated according to Feister (Feister, 1995 to vary between 0.7W m (winter) and
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2 W m (summer), around noorend oncloudessdays. The UV-B irradiation applied in our
experimental settingwas1 W m™,

100 +

[e2] oo}
o o
I

Relative intensity [%]
N

250 300 350 400
Wavelength [nm]

Fig. 10: Comparison o the spedral charaderistics of UV light recaved by the aultures within the flasks
from diff erent light sources and filters. Curves: 1, lamp TL-12 (UV-B + far UV-A: Ajx 315nm,
approx. LOW m?UV-B + 0.6 W m? UV-A); 2, lamp TL-12 plus 315 nm cutoff filter (far UV-A
only: Amax 330 nm, approx. 0.5 W m2 or 1.0 W m? respedively UV-A); 3, lamp TL-08 (near UV-
A: Amax 375 nm, approx. 1.7 W m? UV-A).

Photon flux density in the visible gedral region wasmeasired with a phaodiode
(G1118,Hamamatsu PhotonicsK. K., Hamamatsu, Jgoan), which was @librated with an Osram
L 40W / 25 Slamp against a quantumsensor (LI-190B, Li-Cor, Nebraska, USA). UV radiation
wasmeasired with aUV-B sensor (UV-S-310-C, Scintec, Tubingen, Germany) cdibrated by the
manufadurers with a Philips TL 40 W / 12 lamp aslight source

2.2 Growth measurements.

Cultureswere sanpled uncer sterile conditions at indicaed intervals and hanogenized
with amotor driven tisaue-grinder (Glas-Col, Terra Haute, Indiana, USA) rotating at 500 rpm.
Cell number wasdetermined by cdl counting o 1:2 dlution seriesusing a hemocytometer
(Neubauer Chamber, Brand, Germany). Dry weight wasdetermined gravimeticdly after

degccation at 85° C overnight and room temperature equili bration under CaSO..
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2.3 Extraction of pigments.

For extraction d carotenoids and scytonemin, cdls were harveged by centrifugation and
concentrated urder vacuum to remove the remaining water. Sampleswere extraded with 100%
acdone by gindingthe cdlsin the lvent with amotor driven tissue-grinder (GlasCol, Terra
Haute, Indiana, USA), rotating at about 1500rpm, undkr nitrogen in darkness Extracts were
clarified by centrifugation. Samplesfor the carotenoid composition cetermination were gored
under nitrogen at -70° C in darkness until HPLC analysis were performed. For extraction d OS-
MAA, sampleswere extraded in 30% methana (30 min at 50° C) or in 100% methanadl
(30min at 60° C) in darkness acordingto Scherer et al. (Scherer et al., 1989 and clarified by
centrifugation.

2.4 Determination of pigment contents.

UV-visible gpedrawere obtained with a Pharmaaa Ultragpec2000 plotometer
(Pharmada Biotedh, Upsala, Sweden) immediately after extradion d the pigments. Scytonemin,
chlorophyll a andtotal carotenoids were quantified from the recorded spectra of aceone extrads
using a st of trichromatic equations (Garcia-Pichel and Cagenholz, 199J). Specific extinction
coefficients used were 92.60L g* cm™ at 663 rm for chlorophyll a (Vernon, 1960, 112.6L g™*
cm™ at 384 m for soytonemin (Garcia-Pichel et al., 1992, 250L g cm™ at 490 mm for total
caotenaids (Britton, 1985. The OS-MAA content was @l culated from recorded spectra of the
30 % methanad extrads using a Pedfic extinction coefficient of 17 L gcm™at 312nm (Béhm
et al., 19%).

Carotenoid composition was aalyzed using reversed - phasehigh presaure liquid
chromatography (Hypersil ODS 5 p column, 250 x 4.6xm, Alltech Ass Inc., Deerfield, IL,
USA). For detail s of the g/stem usead seelLeisner et al. (Leisner et al., 199). Beforeinjedion,
the 100% acetone extrads were dil uted with water to 80% acetone. Solvent A consisted of 35%
acdone, 52% methana and 13% water (v/v/v), solvent B consisted of 100% acetone.
Chromatography was sarted with 100% solvent A for 8.5min and changed in alinea gradient
to 6931 (v/v) solvent A : solvent B within 30s. After runningisocratically at this composition
for 3.5min, the cmmposition was dianged in alinear gradient to 3070 (v/v) solvent A : solvent
B within 14min, followed byalinea changeto 100% solvent B within 3Cs. After 2 min at
100% solvent B the s/stem wasreturned to the initial condtions and was euili brated for 9 min.
Carotenoids were identified and cali brated using standards (zeacanthin ((3R,3'R)-[3,3carotene-
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3,3-diol) and canthaxanthin (3,/>carotene-4,4-dione) from Roth, Karlsruhe, Germany,
[3-carotene from Sigma, Delsenhden, Germany, echinenore (I3 f3-carotene-4-one) was a isolate
dorated by Dr. Czygan, Wuerzburg). Myxoxanthophyl (myxol-2'-rhamnaoside or 2'-(3-L-
rhamnopyranosyloxy-)3',4-didehydro-1',2-dihydro-3 |- carotene-3,1-diol) wastentatively
identified by comparing retentiontime and orli ne absorbance gectrawith published values
(Davies 1979. Other carotenoids were not detected. However, in Nostoc sp. Bu94.1,which was
isolated by Dr. Bidel, Rostock from the lichen Peltigera rufescens (Weis) Humb., two further
caotenoids wuld be sgarated which were tentatively identified as myxol-2'-0-methyl-
methylpentoside and 4-keto-myxol-2'-rhamnoside using the same dhromatography system
(Woitke and Bil ger, unpublished). Chlorophyll a wascalibrated using an extract of

Synechococcus.

All experiments deseibed were mnducted independently at least twice with three
replicates eah, the mean valuesgiven in the reault section representing averagesof six assgs.
Mean sgoaration wasbasel onthe calculation o 95 % confidencelimits from the gpropriate

experiment error mean square and tabulated t value.

3  Resaults

3.1 General growth response upon UV irradiation.

Short time exposureto UV-B for 1 or 1.5 days had negligible €f eds onthe growth of
N. commune DRH 1. No significant differences(p < 0.05 in cdl number, dry weight or
chlorophyll a content were observed (Table 2). Prolonged UV-B expaosure led to a decrease of
cdl replication byabout 60 % and, simultaneously, increased dry weight per cell two to three
fold when compared to control cultures(Table 2). Light microscoopic observation showed that
UV-B irradiationinduced synthesis of sheah materia surroundng the filaments (Fig. 11). The
sheah can be visualized by regative gainingwith 1% nigrosin and was dsent aroundsingle
filamentsin control cultures(data not shown). Theyield of alarge s@e glycan isolated from
UV-B-irradiated cultureswas dou threetimeshigher than the one from control cultures(data
not shown), indicaing that the dry weight increase uponUV-B radiation can be essatially
attributed to a stimulated extracdlular glycan production.
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Fig. 11: Nostoc commune DRH1 filaments grown in liquid culture; unstained light microscopic picture. A:
Typicd appeaanceof Nostoc commune DRH1 grown in liquid culture without UV-B. B: DRH1
liquid culture dter 72 haurs of UV-B irradiation (1.0 W m™@). Note that glycan is absent around
heterocysts. Barsindicate 10 pm.

The UV-B dependent induction d pigments occurred in threephasesinvaolving
caotenoids, mycosporine and scytonemin. Because dilorophyll a content per cell remained
unaff eded even after prolonged expaosure to UV-B, whil e total dry weight wasrising (Table 2),
all pigment contents are given in relation to chlorophyll a.

Table 2: Growth reporseof Nostoc commune DRH1 culturesuponUV-B irradiation?

. Mean + SD
Exposure time
(days Cell number [10’ cdls/ mli] Chl a[pg/ 10" cdls] ? Dry weight [ug / 107 cell 5]
Control + UV-B Corntrol + UV-B Control +UV-B
1 22+05 25+05 1.7+0.4 15+04 n.d.” nd.9
6.5 9.3+07 39+04 1.1+02 14+02 150 + 20 370+ 50

a) DRH1 was cultivated at 30° C with cold fluorescent light of 2.4 W m? and artificial UV-B irradiation of
1.0 W m? (emisson spedra 1, Fig. 10). The control culture recéved the same intensity of fluorescent light
without UV-B.

b) no significant differences were deteded (p < 0.05). Chl a: chlorophyll a.

¢) n.d.: not determined
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3.2 Induction of carotenoids.

After 5 hous of UV-B treament with 1.0W m?, afirst significant increaseof total
caotenoids wasobserved (data not shown). The total carotenoid to chlorophyll a ratio after
1 day UV-B irradiation was34 - 40 % higher than the control value (Fig. 12A). After 5.5 cays of
UV-B exposure the enhanced carotenoid to chlorophyll aratio declined to about 115%
compared to controls.

50
Carotenoid / Chlorophyll ratio A
40 +
—E
30 + Bl
—E—

Increase of Car / Chl a [%]

20 +
10 +
0 1 1 1 1 1 1
0,6 1,0 15 25 35 4,5 55
Growth time [days]
0,2 +

Carotenoids at day 1 B

O+Uv-B  OControl «P‘P

| b
ol

Zea Canth Echin R-Car

Car/ Chlg [mg / mg]
-

Fig. 12: Influenceof UV-B irradiation on carotenoid synthesis. A: Changesin total carotenoid / chlorophyll
ratios in response to UV-B irradiation of 1.0 W m-2. Values of UV exposed cdlswere cdculated and
compared with those of non-UV-exposed cdls and presented as a percentage increase, (p < 0.05) * se.
B: Changesin carotenoid patterns after 1 day UV-B irradiation monitored by RP-HPLC. Abbreviations:
myxoxanthophyll : myxo, zeaanthin : zeg canthaxanthin : canth, echinenone : echin,

[3-carotene : [3-car, chlorophyll a: chl a. | denotes sgnificantly diff erent values compared to control
(p<0.05).
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To analyzewhether UV-B led to agenera shift upin all carotenoids or whether specific
caotenoids were induced, carotenoid patterns were analyzed by RP-HPLC. Figure 12B shows
the carotenoid pattern of N. commune DRH 1 after 1 day of UV-B treament and the
correpording pettern of the cntrol culture. As reported for other cyanobacteria (Hertzberg and
Liaaer-Jensen, 197), the caotenoid composition d N. commune wasdominated by [3carotene,
echinenore, and myxoxanthophyl, while canthaxanthin and zeaxanthin were only minor
comporents. Spedfic contents (mg pigment / mg chlorophyll a) of echinenore,
myxoxanthophyl and canthaxanthin were significantly increase (P < 0.01) while [3-carotene
and zeaanthin showed nosignificant diff erences in comparisonto control cultures No
additional carotenoids were induced by UV-B irradiation. The arotenoids mainly affeded by
UV-B were echinenore and myxoxanthophyll. Their spedfic content increased abou 40 % to

50 % in comparisonto control cultures

Theinduwction d carotenoids wasdue to UV-B, sincefilterswith a autoff at 315 nm (Fig.
10) prevented an increasdn carotenoids (Table 3). Cultures irradiated with near UV-A (A 375
nm) also showed an increasein carotenoid to chlorophyll a ratios, but the induction foll owed
completely diff erent kinetics becausecarotenoids increasé continuously over five days (Table
3).

Table 3:Wavelength dependence of pigment induction?

Time Car/Chla OS-MAA /Chl a Scyt / Chl a
[days] [% increase] [mg/ mg] [mg/ mg]
farUV-A | fartUV-A | neaUV- | farUV-A | farUV-A | neaUV- | faaUV-A | farUV-A | neaUV-
+UV-B®| only® A% |+UV-B®| only® A% |+UV-B®| ony® A
1 373+ | 31+05| 262+ |20+03 N.D. N.D. 0.05+ N.D. n.d.
0.7 0.9 0.02
25 281+ |52+06| 303+ |36+05 N.D. N.D. 0.38+ 0.02 + 11+
0.7 (109+ 0.7 (N.D.)* 0.03 0.01 0.04
0.7)* (0.03)*+
0.01
45 226+ | 02+04 | 453+ | 46+04 N.D. N.D. 023+ N.D. n.d.
0.4 05 0.05

&Car: total carotenoids, chl a: chlorophyll a, scyt: scytonemin, n.d.: not determined, N.D.: not detedted.

DRH1 cultures recéved about 2.4 W m? visible light supplemented with following UV irradiations asindicaed in
the footnotes b to d. For detail ed spedra charaderistics of UV treaments, seeFig. 10.

® Mmax 315 nm, approx. 1.6 W m?,

® Amax 330 nm, approx. 0.5 W m?or * 1.0 W m?

4 Nmex 375 rm, approx. 1.7 W m?.
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3.3 Induction of mycosporines.

UV-B exposure led to the production d UV-A/B-absorbing digasaccharide mycosporine
aminoadd (OS-MAA) with absorption maxima & 312nm and 335nm (Fig. 13.

335 .
312+ CHO , CH,

R I R
Rz/ 1~O/\/H J 3/N\H\Of 1~R2

Absorbance

300 400 500 600 700
Wavelength [nm]

Fig. 13: Absorption spedra of DRH1 in 100 % methand. A: before UV-B treament, B: 1 day UV-B
irradiation, C: 5.5 days UV-B irradiation. Inset: Structure of the 335-chromophore acording to
Bohm et al. (2). R1, galadose, xylose, glucuronic add, R2, galadose, glucose, glucosamine.

The total amournt of OS-MAA per ml culture increasé during the entire UV-B exposure
time, but the gecific content roseto a maximum of abou 4.5mg per mg chlorophyll aat 3.5
days and remained at this high value (Fig. 14A). Synthess of the pigment wasneither promoted
by suppdemented UV-A irradiation (Table 3), nar by other stressesgch asincrease
temperature, desiccation, or salt (data not shown). Tracesof OS-MAA could be deteded in dd

control culturesnot subjeded to UV stress
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6,0 ,
OS-MAA / Chlorophyll ratio A
S50 O+ UvV-B OControl
£ % 7L
(@]
£ 4,0 +
: i
= 30 +
o
S20+
=
N
810+ ﬂ_‘
0,0 | Il _]1 {—|1 ‘|1 J—I
0,6 1,0 15 2,5 35 45 5,5
time of growth [days]
0,5 . .
Scytonemin / Chlorophyll ratio B
O+ UV-B OControl (N.D.)
D04 +
=" i
(@)]
£.03 + %
=
©
£ 02+
@)
Sy
U') 0,1 T
0,0 | ’_ﬁ | | 1 1 |

0,6 1,0 15 25 3,5 4,5 55
time of growth [days]

Fig. 14: UV-B induced synthesis of extracellular UV absorbing compoundsin liquid cultures of DRH1. Time
course of oligosaccharide-MAA (OS-MAA, A) and scytonemin (Scyt; B) content at 1.0 W m?UV-B. Bares
denote standard derivations of means. N.D.: not detected. Chl &, chlorophyll a.

3.4 Induction of scytonemin.

No scytonemin was detected in control cultures grown without UV. UV-B irradiation
induced scytonemin production after an initial lag of about 1 day. The specific content rose to a
maximum of about 0.38 mg / mg chlorophyll a at 2.5 days and declined thereafter (Fig. 14B).
The induction of scytonemin was mostly due to the UV-B part (Amax 315 nm) emitted by the
UV-B light source, because cultures protected by filters with a cutoff at 315 nm (far UV-A
irradiation, Amax 330 nm) showed only avery low scytonemin production of about 6 % compared

to unfiltered cultures (Table 3). Even higher far UV-A irradiation only let to very low
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sgytonemin production, whereasnea UV-A irradiation (Amax 375nm) induced a2 to 3fold

sgytonemin productionin comparison to culturestreated with UV-B (Table 3).

4  Discussion

Synthesis of extracellular polysaccharidesisinduced by UV-B. Longtime UV-B, bu not
UV-A, expaosure of N. commune DRHL led to a deaeased cell number but enhanced dry weight
in comparison to control cultures while gort time UV-B expasure had negligible dfeds onthe
growth of N. commune (Table 2). We sugged that the decreased cdl number obseved after
6 days of UV-B exposure isdueto a $ower cdl replication caused by the metabalic cost of
increasel gycan production andisnot a ansequence of inhibition d cdl replication byUV-B.
To ou knowledge, the influence of UV-B on extracellular glycan production has not been
studied so far. Sincethe UV -absorbing mycosporinesinduced simultaneously are located in the
glycan sheath (Scherer et al., 1988 Bohm et al., 1995, it islikely that an increasd glycan
production sevesto provide amatrix for the OS-MAA, which is closdy attached to the glycan
by norcovalent interactions (Hill et al., 1994 Bohm et al., 1995. A thicker sheah provides
much longer effedive path lengths for the ésorption d radiation. Whether UV-B led to

structural changes of exopdysaccharidesis aurrently under investigation.

Myxoxanthophyll and echinenone could be envel ope membrane-bound UV
photoprotectors. For phaosynthetic organisms, the protedive role of carotenoids against high
visible radiationiswell known (Siefermann-Harms, 1987 for review seeDemmig-Adams and
Adamslll, 1992 and a protedive role of carotenoids in cyanobaderia against UV-A radiation
wasreported (Buckley and Hougtton, 1976 Paerl, 1981). Only little is known abou the role of
caotenaidsin phdoprotection against UV-B radiation (Middleton and Teramura, 199B; Quesala
et al., 19%). Cyanobaderia produce $me unique typesof xanthophyls, such asketocarotenoids
and dycosides(Hirschberg and Chamovitz, 1999. Interegingly, in N. commune DRH 1 these
unique types were induced by UV-B whereas(3-carotene and zeaxanthin showed noregponrse
(Fig. 1B). Analysis of cyanobaderial envelope membranesdemonstrated that xanthophylls ae
the predominant carotenoids, whereas(3-carotene wasfoundalmost exclusively in the thylakoids
(Jirgens and Wedkesse, 1985 Karentz et al., 1991). Myxoxanthophyl, a pigment induced by
UV-B in N. commune DRH 1 (Fig. 14), hasbeen shown to be the predominant pigment in the
outer membrane of Synechocystis (Jirgens and Méntele, 1991). Echinenone, the other carotenoid
strondy induced by UV-B in N. commune DRH 1 (Fig. 1), has &so been foundin the outer

membrane of Synechocystis, but only as aminor compound.The function d the caotenoidsin
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outer membranesof cyanobaderiais dill nat clear. Since it hasbeen shown that heterologous
expression d carotenoid genesin Escherichia coli led to an increase resistanceto UV radiation
(Tuvenet al., 1988 Tuveson and Sandman, 1993, ou reallts sigged that myxoxanthophyl
and echinenone may, indeed, ad as outer membrane-boundUV-B phaoprotedors of

N. commune. They may be induced as afag, SOS-type reporsebefore extracellular UV

sunsaeans can be g/nthesized.

UV-B induced the synthesis of two extracellular sunscreen pigments. UV-B irradiation o
N. commune DRH 1 led to the production d the water-soluble UV-A/B absorbing pigment,
which belongs to the group d mycosporine like anino adds (MAA's), and the production d the
lipid-soluble sgtonemin (Fig. 14. However, the sgtonemin content of UV-B treaed cultures
wasone order of magnitude lessthan OS-MAA content. MAAs may play an important rolein
phaoprotedion d N. commune becausethe OS-MAA islocated in the extracellular glycan. The
pigment providesprotection, mainly by absorbing the harmful radiation, bu the 312 rm
chromophae of the pigment, which isthougtt to be a MAA-Gly (Bohm et al., 1995, may
provide additional protection byradicd quenching (Dunlap and Y amamoto, 1995. No
phaobleaching d chlorophyll a wasobseved in OS-MAA produwcing N. commune DRH1 upon
UV-B irradiation (seeTable 2), whereasNostoc Bu 94.1,which produces sg/tonemin bu no
MAASs, completely bleadied when it wastreated with UV-B (Ehling-Schulz and Scherer,
unpubi shed).

UV-B irradiated liquid culturesof N. commune contained about 2 % OS-MAA by dy
weight (this study). Amourts of OS-MAA foundin desccaed field material (Scherer et al.,
1988, edimated using the sane extinction coefficient, correlate well with thisvalue. As both
OS-MAA and dycan synthesisincreased due to UV-B, bu not in reporseto UV-A, some
correlation d extracdlular paysactaride and OS-MAA induction may exist. UV-A and UV-B
induced syntheds of soytonemin in N. commune DRH 1 foll owed simil ar kinetics but pigment

concentrationsin UV-B treded cultureswere only about 30 % of those of UV-A treded cultures

We proposethat OS-MAA isthe key pigment in UV-B protection while sgtoneminis
most effedivein UV-A protection. However, the latter may have sme gedal roleas UV-B
protectant immediately after rewetting o desccated colonies In contrast to OS-MAA,
sgytonemin is not lost uponrewetting. Since it has ®me asorptionin the UV-B range it may

provide ome protection against UV-B in MAA -depleted field material.

Potential UV photoreceptors. Our reallts sugged that OS-MAA and scytonemin
syntheds may be regulated by dff erent photoreceptors. The g/nthess of OS-MAA isinduced by
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aUV-B phaoreceptor absorbing at wavelengths below 315 rm (Table 3). A separate UV-A
phaoreceptor probably regulates sytonemin becaiseits g/nthessis most pronourced at near
UV-A (350- 400nm) irradiation, whereasfar UV-A (320- 350 nm) had only little dfed. In
additionto UV-A thereis adight induction d soytonemin by UV-B (Table 3). UV-B and UV-A
induction d chalcone g/nthetase &e regulated separately (Christie and Jenkins, 1996. Based on

our data, however, it is not passhleto asgssthe snall effeds of UV-B on sgytonemin.

5 Conclusion

Photon fluenceratesof UV-B which are within the magnitude of solar fluencerates
induce acascale of physiologicad readionsin N. commune. In its natural habitat, Nostoc hasto
cope with high solar radiationin its dry state, in which phdodamage caina be dficiently
repaired. Therefore, passive phaoprotective mechanisms ae neaded. The water-soluble OS-
MAA providespassive protection against UV-B and far UV-A irradiation (Bohm et al., 1995
whereasthe lipid-soluble sgtonemin, besde ome ésorptionin the UV-B, absorbs mainly
UV-A (Garcia-Pichel and Castenholz, 199]). Since arotenoid synthessisinduced very fag
uponUV-B irradiation, aiter membrane-boundcarotenoids may play arolein phdoprotection
immediately after rewetting o desccaed colonieswhen the OS-MAA content islow. Itis
submitted that carotenoids, in UV protection, provide fast, adive SOS regponseto counteract
aaute cell damage whereasthe extracdlular glycan with its UV absorbing pgmentsis apassve

UV saeen against long-time exposure.

-39-



Chapter 3 Introduction

Chapter 3
Semiquantitative, differential 2D Display of the Dynamics of UV-B triggered
versus Growth-Cycle dependent Proteome Changesin the Terrestrial

Cyanobacterium Nostoc commune

1 Introduction

Cyanobaderia dominate the microbial communitiesof some of the most extreme
environments on eath. They are often the primary colonizers of rock surfaces ad soil (Whitton
1987 and day an important role in preventing erosion and preserving water in the il (Boaoth
1941). It is, therefore, of considerable importanceto understand their adaptive drategiestowards
changesof environmental conditions. One environmental fador which isreceiving more and
more dtentionistheincrease of solar UV-B radiation reaching the earth’s surfacedue to the
depletion d the gratospheric ozone layer (Frase et al., 1992. DNA, proteins and membranes
are likely to be important targets of detrimental UV-B radiation (Caldwell, 1979 Tuvenet al.,
1988 Barbato et al., 1995). However, phdosynthetic microorganisms display avariety of
medhanisms to counteract UV damage which have been studied at the organismal and
physiologicd level (for review seeEhling-Schulz and Scherer, 1999.

In the terredrial, highly UV tolerant cyanobacterium Nostoc commune a cascde of
physiologicd reactions wasobseved in reporseto UV-B: first, arapid increasan carotenoids,
egedaly ediinenore and myxoxanthophyll; second,an enormous increase of an extracelular
UVA-/B- absorbing ggment which was assciated with extracdlular glycan synthess and,
finaly, scytonemin, was 4 ghtly induced by UV-B and very strondy by UV-A irradiation
(Ehling-Schulz et al., 1997). The UVA-/B- absorbing pggment hasbeen shown to be an
oligosaccharide MAA whichislocated in the extracellular glycan (Hill et al., 1994 Bohm et al.,
1995. Severa studiesprovide evidence that mycosporine aninoadds (MAA) with absorption
maxima between 310and 3601m proted cyanobaderia and aher lower organisms by absorbing
harmful UV radiation (Scherer et al., 1983; Karenz et al., 1991, Ehling-Schulz et al., 1997.

Scytonemin, an extracell ular pigment which has a in vivo absorption maximum at 370mm, is

" This chapter is suibmitted for publication as:

Ehling-Schulz, M., S. Schulz, A. Goérg, and S. Scherer. Semiquantitative, differential 2D Display of the Dynamics of
UV-B triggered ver sus Growth-Cycle dependent Proteome Changesin the Terrestrial Cyanobaderium Nostoc
commune.
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known to functionas aUV-A sunsaeen in terrestrial cyanobaderia. It hasbeen shown that
sgytonemin syntheds requiresprotein de novo synthesis (Garcia-Pichel and Castenholz, 1991).
The biochemicd pathways which are involved in its g/nthesis ae unknavn. MAAs ae thoudht
to originate from the first part of the shikimate pathway, bu this still requires &idence (Favre-
Bonvinetal., 1987).

The knowledge &ou the dfedsof UV at the biochemicd and moleaular level in
cyanobaderiais limited. In the past, most studieshave been focused onactive repair
medhanisms, like DNA repair and turnover of the UV sensitive D1 reection center protein of
phaosystem Il (O’ Brien and Houghon, 1982 Eker et al., 199Q Sasset al., 1997 Cambell et al.,
1998 Mate et al., 1999 but information abou the global cellular reporseto long-time UV
irradiationislacking. Nevertheless it hasbeen claimed onthe bags of SDS-PAGE data that UV -
B hasnealy noinfluence onthe protein pettern of cyanobacteria (Gerber and Hader, 1995 Mas
and Melis, 1997 Chauhan et al., 1993. However, SDS-PAGE may na be suitable to monitor
the UV acdimation pgrocessat the protein level sinceitsresolutionisfar toolow (Ehling-Schulz
and Scherer, 1999. Proteome analysis, basad on hgh-resolution two-dimensional (2D) gel
electrophaess hasbeamme apowerful tod for investigating dobal changesin the gene
expression grogram of organisms (Antelmannet al., 1997 Godonet al., 199B; VanBogelen et
al., 1996, 1999 However, thereislittle information available onthe oyanobecterial proteome.
The only proteome which hasbeen studied in some detalil isthe proteome of Synechocystis sp.
PCC 6803(Sazuka and Ohara, 1997 Sazukaet al., 1999, but no stressreporsestudieshave
been made.

Inthis dudy, we report on dramatic global changesof the N. commune proteome during
UV acdimation, asis revealed by subtractive high-reslution two-dimensional gel
electrophaess (differential 2D display). Subtradive protein analysis all ows the arrelation o
environmental eff eds with protein compasition, hut in long-time experiments growth dependent
proteome changeshave to be taken into acmunt. In order to monitor the adaptation processover
diff erent growth stagesof N. commune, a database gplicationfor Microsoft Accesswas
developed.

2 Materialsand M ethods

2.1 Organism growth conditions and growth measurement.

The g/anobaderium Nostoc commune Vaucher strain DRH 1 wasderived from field

material of N. commune coll ected in the Hunan province, People’ s Republic of China (Hill et al.,

-41 -



Chapter 3 Materials and Methods

1994). For UV induction experiments, N. commune DRH 1 liquid cultureswere grown under
nitrogen fixing condtions at 30° C asdescibed previously (Ehling-Schulz et al., 199). Visible
light wasobtained from a wad white fluorescent tube (L 40 W / 25 S, Osram, Munich, Germany,
ca 2.4W m™). Additional UV illumination wasprovided by a Phili ps TL 40 W / 12 lamp with
an incident irradiance of 100to 140mW m?nm™ at 310 nm and 50to 70mW m?nm™ at
330nm. UV-A experiments were performed using a Philips TL 36 W / 08 lamp with an emisson
maximum centered at 375 rm. The gedral irradiance which wasreasived bythe altureshas
been de<cribed in detail previously (Ehling-Schulz et al., 1997). Because dhlorophyll a content
per cell remained ureffeded even after prolonged exposure to UV-B, whil e total dry weight was
rising, growth curveswere cdculated from chlorophyll a spectra (1.4+ 0.2ug chlorophyll a
correpondto 10 cells). Chlorophyll a contents were determined asdescibed previously
(Ehling-Schulz et al., 1997).

2.2 Preparation of protein fractions.

Cultureswere precultivated for 2.5 days, thereafter UV irradiation wasprovided and cdls
were harvested after different incubationtimes(3 hous upto 3days). Cultures were harveded
by centrifugation and cdls were washed threetimeswith Tris-HCI pH 7.8 (10 mM, 30 ) to
remove extracellular paysacdarides and proteins. Supernatants were mncentrated by
ultrafiltration (Centricon, 10kD cutoff, Amicon) and spealvac e/aporation. This fradion
contained the extracdlular proteins. The extracell ular protein fractions were tested to be freeof
intracdlular proteins by spectrophotometric tests (excision spedra, excision 355 mn) to deted
phycobiliproteins, which are the most abundant proteins in cyanobecterial cdls. After the last
washing step, cdls were resuspended in Tris-HCI pH 7.8.Proteinase inhibitor Pefabloc (0.1 mM
Boehringer Mannheim) was alded and the suspension waspas®d two timesthrougha French
pressire el (SLM AMINCO) at 140MPa. Cell debris wasremoved by utracentrifugation at
100 000 x gor 1 hou at 15°C. Protein content wasdetermined by the Bradford test (Bradford
1976 with bovne seum albumin as a tandard. The dficiency of the removal of extracélular
proteins wastested by immunolotting acrdingto Hill et al. 1994.To the supernatant fraction,
which contained the intracell ular water-soluble proteins ("cytosoli ¢ protein fraction"), the
foll owing substanceswere alded (final concentrations): 8M urea, 2% CHAPS 1% DTT and
0.8% Pharmalyte 3-10 (Amersham-Pharmada Bioted) and the sampleswere gored in aliquas
at -70°C until analysis.
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The 100 000 x g pllet waswadhed with Tris-HCI pH 7.8, (15 °C, 100 000g, 3@nin),
resuspended in a detergent buffer containing 8M urea 2% CHAPS 1% DTT and 0.8%
Pharmalyte 3-10 (Amersham-Pharmada Bioted) and sonicated 3 xfor 10 seconds each in an
icewater bath usinga Sonogdus microtip sonicator (Bandelin, Berlin, Germany). Sampleswere
then centrifuged (15°C, 8 000 x g, 30nin). The supernatant fradion, containing membrane
bound and membrane assciated proteins ("membrane protein fraction"), was cetrifuged again
(15 °C, 8 000 x g, 1%nin), recovered and stored at -70°C until analysis.

2.3 SDSPAGE and western analysis.

SDS-PAGE wasperformed on 15% (w/v) payacrylamide gelsin a disaontinuous buffer
system acoording to Laemmli (1970. Wedern bot analysis wasperformed usinga Wsp
antibodyaccording to Hill et al. (1994). For detection, the BM chemil uminiscexcewedern
blotting kit from Boehringer Mannheim wasused.

2.4 High resolution two-dimensional (2D) gel electrophoresis

High reslution two-dimensional gel eledrophaess wasperformed with immobili zed pH
gradientsin the first dimension and dscontinuows SDS-PAGE in the seond dmension (I1PG-
Dalt) accordingto Gorg et al. (1988. Both dmensions were run wsing a Multi phor Il horizontal
electrophaess unit (Amersham -Pharmada Bioted). |soelectric focusing was caried out on
IPG 4 - 9 ¢d strips, which had been rehydrated in 8M ureg 0.5% CHAPS 0.2% DTT, 0.2%
Pharmalyte 3 - 10 ower night. Each IPG strip wasloaded with approx. 60ug protein using the
Immohili ne Dry-Strip Kit (Amersham - Pharmada Bioted) and focused for 16 000Vh at 20 C
under oil. Prior to the seonddimension, strips were ejuilibrated for 2 x 15min in Tris-HCI, pH
8.8(50mM), containing 6V urea 30 glycerol, 1% DTT was alded to the first equilibration
step and 4.8% iodacacetamide was a@lded to the sscondequilibration step. SDS-PAGE was
caried ou in 13% (w/v) polyaaylamide gels which were cat on GelBond PAGfilms (Biorad
Laboratorieg. Resolved polypeptideswere sil ver stained accordingto Blum et al. (1987). UV
treated and correspondng control cultures were focused together, run onthe sane seond
dimension SDS-PAGE and stained together. Sil ver staining wasused because agoodlinear
relationship hasbeen demonstrated between protein abundance and integrated optical density of
protein spats, over 40-50fold range from 0.04 ngmn to 2 ngmn (Hochstrasr, 1997. The

intensity of alarge majority of proteinsislinearly related to the protein quantity (Damerval,
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1994). Most proteins that do not have alinear response to silver stain show a plateau, for these

proteins, the computed induction rate is a minimum value of induction (Burstin et al., 1993).

25 Dataanalyss.

Computer assisted image analysis was used for spot detection and volume measurement
(ImageMaster 2D Elite version 2, Amersham-Pharmacia Biotech). pls were calculated from the
pH gradient of the focused IPG strips and molecular weights were estimated from co-migrated
standard proteinsin the second dimension. Reproducibility of the 2D analysis was tested by
running the same sample twice on independent gels and reproducibility of the growth
experiments was tested by principal component analysis (PCA). A total of about 100 gels have
been run during this approach, a subset of 46 gels have been analyzed by computer assisted
image analysis. Subtractive gel comparison was performed at different time points. Gels were
matched in atwo step procedure. In the first step, gel images of stress treated and their
corresponding control cells were matched. In a second step, gel images of the different
timepoints were matched to provide the possibility to follow the changes of individual spots over
time. All gels were matched to each other. A database application for Microsoft Access was
developed to construct a three dimensional virtual master gel, which allowed to monitor the UV
adaptation process over different growth stages of N. commune. The mean of the log-normal
distribution of spot volume (In mean) was used as normalization variable since it is independent
of the number of spotsin agel and the stain variability from protein to protein (Garrels, 1989;
Vohradsky et al., 1997). Spots with a volume smaller than 0.15, or area smaller 200 pixel, or
density (volume/area) lower 0.018 were discarded. Spots which were outside the 68% interval of
In mean were considered to be significantly changed (this correspond approximately to a factor
of three). A cross-match algorithm was used to check al pairs of matched gels for consistency.
It compared the spots matched directly between each gel pair to the spots matched indirectly
between the same two gels. If the direct match disagreed with the majority of the indirect
matches, the direct match was corrected. Statistical analysis was performed using the software
package XLSTAT 3.5 (Thierry Fahmy). Two independent time-course growth experiments were
completely analyzed.

3  Reaults

3.1 Subcédlular protein fractions.

Total cellular protein was isolated from N. commune DRH1 cultures after different stress
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induction and gowth times The time points of sampling areindicaed in figure 15. The protein
sanpleswere fradionated prior to eledrophaessto get a better understanding d the location o
proteins dfeded by UV-B. Animmuncassg wasusel to test the gytosolic water-soluble protein
fradions for contaminated extracell ular proteins. Cytosolic protein fraction wastested by

immunostaining for contamination d Wsp. The desccation stress protein Wsp is an abundant

9,0
Growth curve of DRH1
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|
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Fig. 15: Growth curve of Nostoc commune DRH1 liquid cultures grown urder nitrogen-fixing conditi ons at
30°C receving continuous light. For detail of culture conditions se Ehling-Schulz et al. (1997). Inset:
N. commune DRH1 filament, grown 3 days with UV-B. Legend: solid line: cultures exposed to UV-B
(1.0 Wm®); dashed line: cultures grown without UV-B; bares denote standard derivation of means;
Thick arrow marks the beginning of UV-B irradiation; thin arrows mark time points at which samples
for 2D eledrophoresis were obtained. Time points which were sampled only in one experiment are
indicaed by white dots.

Loy

4 5 6 days

protein in the extracell ular glycan. None of the gytosolic water-soluble protein fractions showed
any signal in theimmunocassa (data not shown). The membrane and cytosolic protein fradions
showed completely different 2D patterns, the most abundant proteins of the ¢ytosolic fraction are
misgngin the protein profil e of the membrane fradion (Fig. 16. Becauseof the high
extracdlular paysacdaride mntent, which dsturbsthe first dimensional 1EF, 2D turned out not
to be a ppropriate technique for analysis of the extracellular proteins of N. commune DRH1.
Nevertheless SDS-PAGE showed also some influence of UV-B irradiation, eecially the
induction d aband d approx. 22 KD. Immunodetedion showed that UV-B induced the
desccation stressprotein Wsp (Fig. 17).
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Fig. 16: Subcellular protein preparations of liquid cultures of N. commune DRH1 treated

with UV-B. A: A representative 2D-€electrophoresis gel of water-soluble cytosolic
proteins of DRHL1. B: A representative 2D-¢electrophoresis gel of membrane and
membrane associated proteins of DRH1.
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L

S We -+ W

Fig. 17: SDS-PAGE and western analysis of N. commune DRH1. A: Extracdl ular proteins were analyzed by SDS-
PAGE after 12 hours of UV-B irradiation (1.0 W/m?). Gel was slver stained. B: Western analysis of
extracdl ular proteins, using the Wsp antibody to test the influence of UV-B onthe synthesis of Wsp.
Abbreviations. + cultures exposed to UV-B; - cultures grown without UV-B; Wsp puified fradion of the
water stressprotein; =» indicates the position o the predominant band induced by UV-B.

In the caseof cytosolic and membrane fradions, highly reproducible protein pattern were
obtained by . Typical silver stained gels of the subcdlular protein fractions ae hownin
figure 16. In the oytosolic fradionatotal of about 750 potein spots, and in the membrane
fradion atotal of abou 600 poteins could be deteded in the moleaular massrange of 10kDato
110kDa andthe pl range of pH4 to 9. A syntheticaly mader gel wasgenerated showing all
proteins detected either in the oytosol or membrane fradion (Fig. 18. Cytosolic fradion and
membrane fradion showed diff erent frequency distributions of pls and moleaular weights of the
detected protein spats (Fig. 19. The frequency distribution d pls of membrane fradion proteins
showed a dear center of gravity in the frequency classpH 5.5to 6, whereasin the ¢ytosolic
protein fradion noclea center of gravity could be deteded. Most proteins real owver five
frequency classesranging from pH 4 to pH 7. Dependent on moleaular weight frequency
clas®s, the membrane fradion proteins were mncentrated in the class20 kDato 30 KDa,
whereasthe gytosolic fradion proteins were mncentrated in the 40 kDato 50 KDa frequency
class(Fig. 19.
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maps (see Fig. 22, 23). Squares indicate cytosolic protein spots, whereas circles refer to membrane and
membrane associated protein spots. Spots which are not influenced by growth stage nor by UV-B or

Fig. 18: Schematic reference map of Nostoc commune DRH1 proteome generated from the subcellular protein
UV-A are highlighted.
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Fig. 19: Frequency distributions of all protein spots detected by 2D electrophoresis in dependence of

isoelectric point (pl), molecular weight (MW) and volume (vol.).

3.2 Database application and statistical analysis.

The database application for Microsoft Access provided the possibility to analyze the two

parameters, growth and stress, at the sametime. A three dimensional virtual master gel allowed

to monitor the UV-B influence over different growth stages of individual spots, aswell as global

changesin gel profiles. Principal component analysis (PCA) showed that the corresponding

protein fractions from different experiments are strongly correlated, whereas UV treated gel

profiles are clearly separated from their corresponding controls (Fig. 20).
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Fig. 20: Principal component analysis (PCA) of corresponding gel profiles from two independent experiments to

[eigenvector]

test the reproducibility of the experimental procedure. Gel data are projected into a factorial subspace
defined by the first two factors. The distance between gel profiles (indicated by points) within this space
represents the degree of similarity between the gel profiles. The closer the gel profiles are located to the
circle the more of the variability is explained. A: cytosolic fraction, B: membrane fraction. Abbreviations:
UV-B: Gel profile of aculture treated with supplemented UV-B (1.0 Wm™); control: Gel profile of a
corresponding control culture grown without UV-B. E1 refersto the first experiment, E2 refersto a
second experiment.

To investigate the main sources of variation in the gel profiles, principal component

analysis (PCA) was performed (Fig. 21). In the cytosolic fraction, the first two factors

cumulated 86% of the variability and in the membrane fraction, the first two factors
cumulated 88% of the variability (data not shown). In both fractions, the first factor is the

same for all protein samples, whereas the second factor only affected UV-B treated samples.

It was therefore concluded that, the growth dependent changes are reflected in the first factor

and the UV-B dependent changes are reflected in the second factor.
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Fig. 21: Principal component analysis (PCA) was performed using gel profiles of cytosolic protein fractions (A) and

of membrane protein fractions (B). The first 2 factors cumulated 86 % of the variability in case of the
cytosolic fractions (A) and cumulated 88 % of the variability in case of the membrane fractions (B).
Trianglesindicate the first factor of PCA and squares indicate the second factor of PCA. The solid lines
indicate gel profiles of UV-B treated cultures and the dashed lines indicate gel profiles of control cultures

grown without UV-B.
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3.3 Growth state dependence of the proteome.

L ong-time exposure experiments include growth of organism (Fig. 15). Thisresulted in
significant changes of the proteome of the control cultures with time (Fig. 22). Changesin the
protein profiles were monitored from the start of exponential growth to late exponential growth.
A minimum of 214 protein spots in the cytosolic fraction and a minimum of 112 protein spotsin
the membrane fraction turned out to be affected by growth stage (Table 4). In both protein
fractions spots were identified which were not influenced by growth state nor by UV-B or
UV-A irradiation (Fig. 18). These proteins, 78 spots in the cytosolic fraction and 25 spotsin the
membrane fraction, which are most likely involved in the primary metabolic pathways and

probably fulfill housekeeping functions, can be used asinternal markers.

Table 4:Number of proteins from DRH1 influenced by growth phase or UV-B irradiation.

Growth
Water -soluble cytosolic proteins® Membrane and membrane associated
proteins®
4b b 4 b
Start of exponential growth 39 24 25 3
Early exponential growth 29 21 20 7
Late exponentia growth 60 30 48 9
Total 128 75 93 19
UV-B (1 Wm?)
Water-soluble cytosolic proteins?® Membrane and membrane associated
proteins®
+b b 4 _b
Early transient reaction 25 71 33 85
Early durable reaction 6 6 3 2
L ate reaction 71 91 50 50
Total 102 168 86 137

# Proteins which are in the 68% interval of In mean are omitted. Total number of proteins analyzed:
cytosolic protein fraction about 750, membrane protein fraction about 600.

P +: new and increased proteins; -: absent and decreased proteins.
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Fig. 22: Schematic 2D pattern of N. commune DRH1 presenting proteins which are growth cycle dependent. A:
Cytosolic protein fraction. B: Membrane protein fraction. Blue: spots which are effected at the onset of
exponential growth; black: spots which are effected during the early exponential growth phase; orange:
spots which are effected during late exponentia growth. Symbols: plus: spots which are positively
effected (increased or induced); minus: spots which are negatively effected (decrease or absent); circles
indicate all other spots detected.
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Fig. 23: Schematic 2D pattern of N. commune DRH1 presenting proteins which are influenced by UV-B. A:
Cytosolic protein fraction. B: Membrane protein fraction. Blue: spots transiently influenced during early
acclimation; black: spots durably influenced; orange: Spots influenced during long-time acclimation.
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3.4 UV-B stressinfluence on the proteome.

Around 40 % of al proteins detected by 2D-electrophoresis were significantly affected
by UV-B (Fig. 23), whereas UV-A influenced less than 10 % of the proteins (data not shown).
During the first 12 hours of UV-B treatment, 108 spots of the cytosolic protein fractions and 123

spots of the membrane fractions were influenced by UV-B. Most early reactions were transient,

only 12 protein spots of the cytosolic fractions and 5 protein spots of the membrane fractions

were permanently changed. After prolonged UV-B treatment for 3 days, 162 spots of the

cytosolic fractions and 100 spots of the membrane fraction showed significant differences to the

control factions (Table 4). The influence of UV-B on protein synthesis can be grouped in

4 categories. First, synthesis of novel proteins after short-term exposure, which diminished after

prolonged exposure (Fig. 24, type 1). Second, transient increase or decrease of proteins which

are present in the controls (Fig. 24, type 2). Third, synthesis of novel proteins after prolonged

exposure (Fig. 24, type 3). Fourth, continuous increase or decrease of proteins which are present

in the controls after prolonged exposure (Fig. 24, type 4). Cytosolic water-soluble proteins

showed different kinetics in their response to UV-B irradiation compared to membrane-bound /

-associated proteins. The protein response in the membrane fraction to UV-B was faster and
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Fig. 24: Time course of protein changes in response to UV-B is shown for selected proteins of DRH1. Legend:
solid lines: UV-B treated; dashed lines: control grown without UV-B; squares: first experiment; crosses:

second experiment.
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stronger during early acclimation than in the cytosolic fraction (Fig. 21, Fig. 23). During early
acclimation 27% of the analyzed proteins in the membrane fraction changed significantly, while
in the cytosolic fractions 18% of the analyzed spots significantly changed. Spots which
contributed to the UV-B triggered changes where distributed over the entire proteome (Fig. 23).
UV-B did not significantly change the frequency classes of pl or molecular weight distribution in
the cytosolic or membrane protein profiles (Fig. 19). The mgjority of proteins (about 70%)

influenced by UV-B were low abundant proteins, volumes <100, (data not shown).

4  Discussion

This proteomic approach showed the dynamic nature of the protein expression profile of
N. commune. Programmed changes in the protein expression profile were observed during
exponential growth of the organism. Which proteins were stimulated was strongly influenced by
the specific growth stage. For each phase, onset of exponential growth, early exponential growth
and late exponential growth a set of specific stimulated or specific expressed proteins was
observed (Fig. 22). Growth cycle specific (expressed) proteins could be used as marker proteins
to identify the growth stage of a culture. Proteome analysis of the microsymbiont Snorhizobium
meliloti revealed a minimum of 52 reproducible changesin expression profile of total cellular
proteins when early exponential growing cells were compared to late exponentia cells (Guerrero
et al., 1999). If proteins are fractionated before 2D electrophoresis amore detailed analysisis
possible. Pre-fractionating of proteins provides information about the subcellular location of
affected proteins and information concerning subcellular specific kinds of reaction (see Fig. 22),
changes can be detected, which are not observed in whole cell extracts (Zischkaet al., 1999).
Therefore whole cell extracts of N. commune were fractionated prior to analysis. In the
membrane fraction, mostly positive stimulated proteins were detected, whereas nearly no
negative stimulated proteins were found. This indicates that the membrane responses to
exponential growth with the addition of novel metabolic features while keeping old ones intact.
In the cytosol more proteins showed to be growth stage dependent than in membrane and more
proteins were repressed (Table 4). Cytosol turned out to be more reactive to growth than the

membrane.

In long-time stress experiments influence of growth on the protein expression profile has
to be taken into account. The three dimensional virtual gel, generated with the database
application, was used to investigate the UV-B triggered versus the growth stage dependent
changes in the protein expression profile of N. commune. The UV-B response turned out to be
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surprisingly complex. Semiquantitative analysis of abou 1350proteinsrevealed at least 493
proteins (37%) belongngto the UV-B stimulon. A minimum of 168 poteins were positive
stimulated, whereas aminimum of 305 poteins were negative dimulated (Fig. 23. The relative
deaeaseof proteinsin stressd cells muld be due to the repression d their synthess, bu could
also bethe result of their differential turnover. The term stimulonrefersto a sé of proteins
whose anourt or synthegs rate changesin respondto asingle gimulus, a gedafic environmental
condtion (reviewed in VanBogelen et al., 1999. The phosphate limitation (PL) stimulonin
Escherichia coli included 413proteins, half of this proteins were positive dimulated and half of
them were negative stimulated (VanBogelen et al., 1996. Ancther complex stimulonwhich has
been described only recently is the H,O, stimulonin Sacharomyces cerevisiae. The g/nthesis of
115 poteinswas $simulated by H,O,, whereas52 other proteins were represse. Except for afew
targets the H,O, reporse wastransient (Godonet al., 1998. In E. coli, Salmonella typhimurium
and Bacillus subtilis diff erent typesof stimulons have been investigated (Spedor et al., 1986
Antelmannet al., 1997 VanBogelen et al., 1997), whilein cyanobaderia detailed gobal
analysis of protein synthesis under specific environmental condtions to define stimulons ae 4ill
missng.

Theinduction d UV-shock proteins hasbeen reported in responseto UV-C irradiation
(265mMm) and highintensitiesof “nea” UV (295rm -390rm) (Nicholsonet al., 1991; Shibata et
al. 1997 and an ATP dependent Clp proteaseClpPl) isolated from Synechococcus sp.

PCC 7942 fasbeen shown to be UV-B and cold indwcible (Porankiewicz et al., 1998). To ou
knowledge the influence of UV-B ontotal protein pattern of cyanobaderiahad na previously
been studied. The 37 % observed changesin the protein expresson profile of N. commune refled
that the organism completely changed its physiology in regpornseto UV-B. These banges ae the
reault of true alaptation and ot of damage, sinceno gowth delay wasobserved in N. commune
(Fig. 15. We howed that short-time (1 day) UV-B treatment had noeffeds on the growth
whereasin long-time gudiesthe a&ll number deaeasel at the (metabadlic) cost of glycan and
sunsaeen production (Ehling-Schulz et al., 1997). The cell s aljusted their physiology to the new
condtions. Theregulation d gene expression uncerlying these daptationsis of considerable
intered, sincethe regponseobseved onthe physiologicd level showed a stringent order of
reactions. The ocontrol of theseprocesesislikely to be mmplex. The seising d UV-B signals by
cyanobaderiais ill cryptic. A UV-B phaorecetor has been proposed to regulate the
oligosaccharide-mycosporine in N. commune and a UV-B spedal photorecegtor might be
invalved in the regulation d carotenoid synthess (Ehling-Schulz et al., 1997 Ehling-Schulz and
Scherer, 199). However, for identification and functional analysis of phaorecetors and signal
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transduction pathways, the isolation d mutants will be necessry. Genesinvolved in signal
transduction rormally expressed in low copy number, which are unlikely to be identified from
2D eledrophaesis becauseof the detection limit of 2D. Thus 2D differentia display and
moleaular genetics have to complement ead ather to get amore hadlistic understanding o

acdimation d cyanobaderiato UV-B.

70% of the dimulated proteins during UV-B acdimation were low abundant proteins,
‘acclimation proteins', with volumesbelow 0.4% of total cellular proteins, whereas Bock
proteins ae usually buk proteins. E.g.,the magjor cold shock protein CspA of Escherichia coli
acouns for 13% of total cdlular protein 1 haur after cold shock (Goldstein et al., 199). Our
approach emphaszed adaptations to stressrather than shock reporse therefore slver staining
wasused for protein detedion. In longterm studiesthe actual turnover of proteins, which can be
measired bylabeling experimentsis nat as interesting asthe adual compositionwhichis
refleded in the anount of ead protein presented in the cél. Pulselabeling provide an
instantaneous image of the protein synthesis at the time point. However, in longtime
experiments the anourt of ead protein available for metabadlic, biochemicd activity of the céls
IS more interesting than its actual synthess. No dff erentiation wasmade between nowel and
increasel proteins snce proteins which where often stated to be novel may just be in the @ntrol
protein petterns below the detection limit of the gaining method wsed and nd really novel.
Recantly, it hasbeen stated that almost all proteins of a all are expressd constitutionally in low
copy number by replicationinduced protein synthesis (RIPS for review see Humphery-Smith,
1999

A programmed acdi mation to the new growing conditions under UV-B wasobseved.
The influence of UV-B onthe proteome can be divided into early acdimation regporse within
thefirst 12 hous, and late acclimation response which requires1 upto 3 days. Most of the
protein changesobsaved during ealy acclimation were transient (Table 4). Thisfindingis
consistent with the observations from physiological invedigations. UV-B irradiation o
N. commune led to arapid, bu transient increaseof outer membrane boundcarotenoids, and a
slower, bu constant production d extracellular UV-A/B absorbing mycosporines and
extracdlular glycan. It hasbeen propcseal that the outer membrane-boundcarotenoids provide a
fad, adive resporseto cournteract aaute cell damage whereasthe glycan with its UV absorbing
compoundsis apassve UV saeen against long-time exposure (Ehling-Schulz et al., 1997. The
regponseto UV-B turned ou to be subcellular spedfic. Influence of UV-B onthe protein

expresion profile of the membrane wasfager than onthe gstosolic protein expression pofile
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(Fig. 21, factor 2). The protein composition of the membrane fraction was more strongly
influenced during early acclimation, while the cytosolic fraction was more strongly influenced
after long-time UV-B (Fig. 23). Membranes are known to be primary targets for UV-B induced
damage by reactive oxygen intermediates and free radicals (Tuveson et al., 1988; Hideeg and
Vass, 1996). The transient stimulated proteins, especially in the membrane, may be important for
early adaptation after UV-B shock, whereas the majority of the stimulated proteins are need for
continuous growth under UV-B light.

Our results clearly showed the importance of ong-time experiments, which can provide
valuable information on the mechanisms and adaptation to UV radiation in cyanobacteria. The
cellular adjustment to UV-B resultsin alternative metabolic fluxes. After prolonged UV-B
irradiation, the cell number decrease due to a slower cell replication caused by the metabolic cost
of MAA and glycan synthesis (Ehling-Schulz et al., 1997). The induction of MAA synthesisis
associated with the induction of awater stress protein (Wsp) (Fig. 17) and acidification of the
glycan (Ehling-Schulz and Scherer, unpublished results). The induction of Wsp by UV-B
support itsrole in the synthesis of the oligosaccharide MAA which has been proposed by Hill et
al. 1994. However, further studies are necessary to unravel its specific role, if it isdirectly
involved in the synthesis of oligosaccharide-MAA or via modification of the glycan to provide a
matrix for oligosaccharide-MAA. UV-B is switching the cellular activity from biosynthetic
towards protective functions.

UV-A had only little influence on the protein pattern of N. commune, nevertheless
continuous growth under supplemented UV-A had remarkable effects on its pigment
composition (Ehling-Schulz et al., 1997). This confirms that UV-B response is highly complex

and underlines the high biological effectiveness of short wavelength UV.

The number of proteins directly contributing to UV-B tolerance is currently unknown
since an ateration in the level of expression in response to UV-B treatment does not necessarily
imply arole in UV-B tolerance. Some of the proteinsinduced by UV-B are also salt inducible,
but the response to salt stressis not as complex as the response to UV-B (Ehling-Schulz and
Scherer, unpublished). To get a holistic understanding of cell response further studies at the
biochemical level, especially combination of 2D with high throughput amino acid analysis,
peptidemass fingerprinting and associated sequence tags in combination with nanoel ectrospray

tandem mass spectrometry will be necessary to unravel the global cell response.
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5 Conclusion

Overall, these results clearly showed that the response to UV-B irradiation involves
complex changes in gene expression. The complex proteome response observed during the
adaptation period can not be explained by an adjustment of only afew cellular components.
Therefore, it might not be sufficient to study only individual genes. 2D electrophoresis leads into
apromising land of novel discoveriesin cyanobacteria stress physiology. We monitored the UV
induced changes in the proteome of N. commune as afirst step toward the understanding of the
molecular basis of the high UV tolerance of N. commune. To get more specific information on
the proteins affected by UV-B protein biochemical techniques have to be combined with
molecular techniques. Global analysis on change in protein expression profiles can yield
important general information about the response of cellular systems to stress. However, the
more specific information will be obtained by genetic analysis. It is suggested that the true level
of complexity of the regulation of the UV response can only be addressed by the combination of
mutants, signal transduction analysis and the complete analysis of the cellular response offered
by high resolution 2D electrophoresis.
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Chapter 4
Annual timecour se of the contents of carotenoids and UV-protective pigments

in the cyanobacterium Nostoc commune’

1 Introduction

Highirradiation pdentially threaens all terredria plants. Solar radiation in the waveband
between 400and 700 m (Phatosynthetically Active Radiation, PAR) is necesary for
phaosynthetic cabonfixation. However, whenever the light absorbed by the phatosynthetic
apparatus exceeds the anournt necessgy to saturate light utilization by plotosyntheds, damage to
phaosystem Il (PSI1) will result (Aro et al., 1994. Although leing orly aminor portion d the
total solar spectrum, ultraviolet radiation at wavelengths between 280and 320 m (UV-B) is
highly damaging to living aganisms. In contrag to longwavelength ultraviolet radiation (UV-A,
320400 rm), UV-B radiationis &sorbed by DNA and proteins and causesdamage to these
moleaulesdue to its high energy (Strid et al., 19949.

To protect themsdves @ainst the damaging effeds of exessve radiation, plants have
developed avariety of strategies Higher plants can effedively dissipate excess dsorbed PAR as
hea (Demmig-Adams and Adams, 1996. Thereis much evidencethat in this process the
caotenoid zeaxanthin ((3R,3 R)-B3,3-carotene-3,3' diol) isinvaved, which isformed in the ©
cdled xanthophyll cycle (Pfiindel and Bilger, 1994 Demmig-Adams and Adams, 1996.
However, cyanobaderialack the xanthophyl cycle. This hasbeen interpreted as one of the
potential causesfor their comparatively high sensitivity to highirradiation (Demmig-Adams
et al., 199). Althoughcyanobaderia generally contain zeaanthin, it apparently doesnot
contribute to phdoprotedion asits contents did na correlate with light exposure of avariety of
cyanobaderial lichens (Leisner et al., 1994). In contrad, Leisner and coworkers foundthat
ancther carotenoid, canthaxanthin (3,3-carotene-4,4 -dione), increased with increasng exposure
in the gyanobecterial li chen Peltigera rufescens under natural condtions (Leisner et al., 1994
Leisner, 19%). Antiparallel to the riseof canthaxanthin [3-carotene @ntents dedined. In

terredrial cyanobaderia andin all cyanobeacterial lichensinvedigated so far high

" This chapter has been published as:
Bilger, W., M. Bohuschke and M. Ehling-Schulz. 1997. Annual time murses of the contents of carotenoids and UV-
protedive pigments in the cyanobacterium Nostoc commune. Bibl. Lichenol. 67: 223 - 234,
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canthaxanthin/[3-carotene ratios were ansistently found uneyr highirradiance (Leisner et al.,
1994 Vincent et al., 1994). However, a photoprotedive function d canthaxanthin has not yet

been proven.

Cyanobaderia goparently protect themsdvesby synthesis of UV saeening pigments
against harmful effeds of ultraviolet radiation. In the glycan sheath of terrestrial cyanobacteria
the UV-A absorbing ggment scytonemin is located (Garcia-Pichel and Cagenhdz, 1991, 199).
Cyanobaderia aso contain mycosporine like aninoaad (MAA) pigments which have
absorbance maximain the UV-B and far UV-A waveband (Scherer et al., 1988 Garcia-Pichel
and Cadenhdz, 1993 Bohm et al., 1995. The MAA foundin Nostoc commnune hasbeen shown
to be cvaently linked to oligosacdarides andto be located in the glycan sheath (BOhmet al.,
1995. Evidence hasbeen presented that both MAA and sgytonemin can saeen the cdl against
ultraviolet radiation (Garcia-Pichel et al., 1992, 199).

In N. commune the g/nthesis of MAA isinduced by UV-B radiation, while UV-A causes
scoytonemin formation (Scherer et al., 1983; Ehling-Schulz et al., 1997). Under natural conditions
the UV radiation climate may vary largely. During the aurse of ayea UV radiationislow
during winter and high duing summer (Dehne, 1989,Blumthaler et al., 1985. Therefore, one
would exped that synthesis of UV protedive pigmentsis preferentially induced in the simmer.
In this gudy we exploreif the natural variation d isolations of N. comnune during the course of
ayea will result in parallel changesin the UV-protective pigment contents dongwith changes
in the carotenoid composition. Since data on the variability of the contents of the hydrophilous
carotenoid myxoxanthophyl under natural condtions were missng so far we determined the
contents of this pigment aswell.

2 Materialsand M ethods

2.1 Organism and collection sides

Spedmens of Nostoc commune Vaucher were oll ected from August 1995 urtil
November 1996in monthly to three-monthly intervals & two dfferent places Reichenberg and
Lindflur, 8and 11 kn, repedively, south of Wirzburg, Germany. In most casessanpleswere
collected duing humid weaher sincethey could then be better recognized. At Reichenberg, the
cyanobaderiawere growing ona NNE-SSV direded field-path ona outh facing slope. The
inclination d the dope wasbetween 7 and 104. 6 sanpling siteswere distributed alongthe path
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over adistance of abou 130m. At ead site 2 speamens of N. commune were mlleded every
time. Whil e the path wasopen to the weg, at its eatern side several buildings were located
which shaded the path urtil between 900 AM to 1200 AM. The sampling site a Lindflur was a
horizontal areaof abou 10 m? onafield-path covered with limedone gravel. Here, irradiation d
the ste wasnot hindered throughou the day. At Lindflur each time 5 sampleswere oll ected
from December 1995 uril November 1996.After coll ection the sampleswere wetted and

cleaned before they were frozen, freeze-dried and stored at -20°C until extraction.

2.2 Extraction and deter mination of pigments

Before extraction eat sanple wasgently broken into small pieces An aliqua with a
massof abou 4 mg was etracted with aqueous methand (30%, v/v) at 50°C for 30 min. From
this extract MAA contents were determined spedrophotometrically (UVIKON 930,Kontron,
Eching, Germany) in the supernatant after centrifugation. An extinction coefficient of 17L g*
cm® at 312 nm wasused (Bohm et al., 1995.

Abou 12 mg o the remaining sanple were rewetted with 120pl distilled water. After
15 min the sanple wasgroundat 77K in amortar and ImL 100% aceone alded together with
abou 0.5pumol chlorophyll (chl) b asinternal standard. After decanting and rinsing the mortar
with 0.2mL 100% acedone the mixture wasgently sonicated for 5 min (Sonic Power Model S
125,Branson, Danbuy, CT, USA). Subsequently, it was sored for 2hat 4°C in darkness. After
centrifugation the pell et was etracted with 200pL acetone for another 30 min. This extract was
adjusted to 8% acetone by adding distilled water and wasused for determination d carotenoids,
chl a and sgytonemin using HPLC (Ehling-Schulz et al., 1997). Pigments were identified
acording to their absorbance gectra, retentiontimes ad bycomparison with pigment
standards. Thesewere ather purchased ([3-carotene, chl a, chl b, Sigma, Deisenhdfen, Germany;
canthaxanthin, zeaxanthin, Roth, Karlsruhe) or prepared by TLC (myxoxanthophyl, scytonemin)
acordingto the method d Garcia-Pichel and Castenhdz (1991). Echinenore was agift of F.-C.
Czygan, Wirzburg. These sandards were usel also for cali bration using extinction coefficients
from Davies(1976. Pigment contents were calculated after correction for the recovery of the
internal standard.

Daily sums of global radiation measired at Wirzburg were kindly provided bythe
Deutsche Wetterdienst, Potsdam.
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3 Results

For the comparison d pigment contents with radiation cli mate the period before sampling
isof intered. Therefore, daily sums of global radiation were averaged over the preceding Sdays
for ead day duingthe annual time wurse(Fig. 25). The data ae wrrected for the varying day
length over the yea and represent houly averages The irradiance & the sanpling dates ©vered
arange between 20and 170IJm? h'. As expeded, large fluctuations occurred during summer.
For example, duingthe end d April there was aperiod d bright weather, whereasin the begin
of May, rainy wedaher predominated. After both periods sampleswere @lleded.
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Fig. 25: Time @urse of global radiation from August 1996 until November 1996 measured at Wirzburg, Germany.
Daily sums of global radiation were averaged over 5 days precealing to the adual date and divided by day
length to corred for seasonal variation in day length. Diamonds represent global radiation at the dates of
sample mlledion.

At Reichenberg, nosignificant diff erencesin pigment content were found letween the
6 different sampling sites The ste at Lindflur wasconsiderably more open than the site &
Reichenberg where the sanplespartialy grew between grasstufts or were $aded by adjacent
housesfor several hours in the morning. Nevertheless no olvious diff erences between both
placeswere foundfor the contents of all pigments with two exceptions, scytonemin and the ratio

between canthaxanthin and 3-carotene (see below).

N. commune colleded duingwinter time waslooking rather yellowish, whereasit had
dark-green color during summer. These tiangesare dso apparent in the dil a contents (Fig. 26).

They showed a mntinuaus decline during winter reading minimal valuesin April. In May chl a
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contents increased again, most probably because of humid weather and warmer temperatures. At

that time also a resumption of growth was apparent.
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Fig. 26: Time course of chl a contents of N. commune from August 1995 until November 1996. Open circles
denote samples collected at Reichenberg (n = 10 to 12), closed circles denote samples collected at
Lindflur (n = 4 to 5). Error barsindicate standard deviation.
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Fig. 27: Time course of the ratio between the carotenoids canthaxanthin and [3-carotene (upper panel) and
myxoxanthophyll contents (lower panel) in N. commune from August 1995 until November 1996.
Symbolsasin Fig. 26.
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Total carotenoid content followed that of chl a, leading to an almost constant ratio
between bah parameters (data not shown). Similar results were obtained for myxoxanthophyl
(Fig. 27,lower panel). Abou twice asmuch myxoxanthophyl wasfoundin summer as
compared to the winter. Myxoxanthophytl wastentatively identified asmyxol-2’-rhamnoside
from online asorbance gectra. In the cyanobionts from the lichen P. rufescens we had detected
also myxol 2'- O-methyl-methylpentoside (M. Woitke and W. Bilger, unpulhi shed). During
summer an additional pigment appeaed which wastentatively identified as2’- O-Rhamnosyl-4-
ketomyxol. However, its antents were too low for reproducible quantification.

B-Carotene antents were low during winter and dd not increase sgnificantly during
summer, while canthaxanthin contents stayed rougHy constant during the whole time (data not
shown). In the Reichenberg material, theratio between both pigments foll owed roughly
irradiation (Fig. 27, uppr panel). During the period d rainy weather in early May (compare
Fig. 25) theratio declined considerably. The sane occurred in fall 1995and 1996 However, in
November ‘96 and December ‘95 the ratio increase again althoughradiation waslow. Thislack
of correlation with PAR might have been caused by an interference with temperature. Also
Leisner (1995 had foundtwo dfferent correlations between the canthaxanthin/p-carotene ratio
for the wld and the warm seasn, with atendency to higher valuesof the ratio during winter.
Whil e during the sImmer months canthaxanthin/p-carotene washighin the Reichenberg
material, it wasrather low in the sanplesfrom Lindflur. The low valuesof the latter might be
caused by extended periods of drought during which N. commune wasmetabali cally inadive.
The dightly more favorable microclimatic condtionsin Reichenberg may have dlowed limited

adivity.

The contents of the UV-B protective pigment, MAA, represeaited a ansiderable fraction
of dry weight and were highed during the winter time (Fig. 28, uppr panel). Althoughthere was
variability within the diff erent sampleson a given date, it could be $hown that the MAA contents
in Decamber 1995and November 1996were sgnificantly higher than the simmer values(Mann
and Whitney’s U-teg, p< 0.05). For eat sampling date ammplete UV -absorption spectra of the
extract were recorded from 2 to 5 samples Besdesthe main absorption bendat 312 rma
shouder around 335 m waspreseait. From the dhape of the gectrano changein the
compasition d MAA during the obseavation period wasobvious. Also other extraded
comporents which have arelative asorbance maximum at 260 nm contributed equally over the
yea by 6.5% (stdev. 1.8%) to the dsorbanceat 312 rm when cdculated acording to the
formula given by Garcia-Pichel et al. (1993). Therefore, the obseved increasein MAA contents
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during winter was not due to unspecific absorption changes at 312 nm or due to changesin the

composition of MAA.
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Fig. 28: Time course of the contents of MAA (upper panel) and of scytonemin (lower panel) in N. commune
from August 1995 until November 1996. Symbols asin Fig. 26.

Scytonemin is a pigment which protects cyanobacteria against UV-A radiation. The
annual time course of its contentsis shown in Fig. 28, lower panel. Only statistically
insignificant trends over the year are apparent. Furthermore, while scytonemin contents seem to
rise dightly in the samples from Reichenberg during summer, it reached minimal values at the
same time in the Lindflur material. Scytonemin often displayed the highest variability of all
pigments within a given set of samples.

4  Discussion

The contents of most pigments of N. commune showed pronounced changes over the
course of the year. Photosynthetic pigments and other carotenoids were low during winter and
rose strongly in early May (Figs. 26 and 27). Opposite changes were found for MAA while
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scytonemin was the only pigment for which no obvious trends were detected. A more detailed
study of the climate related variation of pigment contents was not possible dueto a large
variability within each sample. N. commune thalli are sheath like, but often curled or folded into
severa layers. This causes a high degree of self-shading and concomitant variability of pigment
contents which is sometimes visible to the bare eye when upper layers of athallus piece are
looking more bleached than the lower ones. The heterogeneity within a single thallus may not be
the only reason for variability since thalli from Lindflur, which were considerably flatter than
those from Reichenberg, displayed asimilar degree of pigment variability.

Since it was not possible to relate pigment contents to cell number which would have
been desirable, it was necessary to use dry weight as a basis. Therefore, changesin dry weight
could cause apparent changes in pigment contents. The glycan sheath represents a considerable
fraction of the dry weight of N. commune. An increased exopolysaccharide production in
response to desiccation was reported from cyanobacteria (Grilli Caiola et al., 1996) and other
terrestrial bacteria (Roberson and Firestone, 1992). UV-B-induced exopolysaccharide production
resulting in atwo- to threefold increased dry weight per cell was observed in N. commune DRH1
(Ehling-Schulz et al., 1997). While drought is a stress which is present throughout the year for a
poikilohydrous organism, UV-B radiation is enhanced during summer. Increasesin cell related
dry weight during summer could have concealed increasesin MAA or scytonemin at that time.
On the other hand, the minimum of chl a content in winter would then be even more

pronounced.

Our data suggest that winter may be considered as the most stressful time of the year for
N. commune. Low chl a contents in late winter might have resulted from the concomitant
exposure to increasing radiation at low temperatures. The latter may largely reduce metabolic
reactions including photosynthetic CO, fixation which would cause increased photoinhibition
with simultaneous inhibition of repair processes resulting in photobleaching. For the lichens
P. rufescens and P. praetextata from different habitats minimal chl contents were observed for
the months March and April (Leisner, 1995). March was also the time when PS 11 quantum yield
of P. rufescens was severely reduced, indicating photoinhibition (Leisner et al., 1996). In a study
on Aphanocapsa spec. grown in liquid culture, Nonnengiesser et al. (1996) observed a strong
reduction of chl a contents with increasing PAR. In contrast, under field conditions irradianceis

not the only factor influencing chl content.

Also with regard to the contents of the UV -protective pigments scytonemin and MAA,

irradiance seemed to have little influence. These pigments showed either no changes or varied
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antiparallel to the radiation climate over the murse of ayea. This seensto be even more
surprising, asboth pigments ae grondy induced by UV-A or UV-B radiation, respedively
(Scherer et al., 1988 Garcia-Pichel and Castenhdz, 1991, 1993 Ehling-Schulz et al., 1997).

Radiationin the UV-A wavebandis arelatively constant fraction d total global radiation.
Its proportion daesnot vary much between the diff erent seasons of the year. For equal aeosol
and water contents of the amosphere and equal ozone mlumn, the part of solar radiation at
wavelengths below 400 rm, which is dmost completely dominated by UV-A, variesfrom 5.00%6
during January to 56% during July at alatitude of 48°N (Dehne, 1989. At shorter wavelengths,
egedaly in the UV-B waveband, the propational decline of the UV-fradion at low solar zenith
angle is even more pronourced, sincethen the radiation hasto pass darger ozone alumn which
sdectively reducesUV-B (Dehne, 1989. Measirements of Blumthaler et al. (1985 at the
Jungfraujoch (3576m) in the Alps ae consistent with this notion. However, the relationship
between UV-B and dobal radiation shows more scéter sinceit is strongly influenced by
atmospheric fadors sich as ¢ouds. Neverthelessit is a sée assumption that during winter time
the UV-B radiation reading the earth is grealy reduced. Hence, the relatively high contents of
UV-absorbing pgmentsin N. commune during the winter must be caised by dher fadors than

exposure to high UV radiation.

Scytonemin and MAA are located in the glycan sheath of N. commune and, hence, are
largely inaccesible for metabaolism. Scytoneminis extremely stable and shoud not be degraded
by physical fadors (Garcia-Pichel and Cagenholz, 199]). One could envisage that scytonemin
synthedgzed in summer in reporseto high UV exposure would na disgopear when the exposure
isdeaeasing which would explain the relative constancy of its mntents. However, MAA may be
lessstable in vivo. In extracts (30% methandl) this pigment had a half life time of abou 3 months
at 4°C in darkness(M. Ehling-Schulz, unpublished). After induction d MAA synthessin liquid
culturesof N. commune DRH1, MAA syntheds antinued even in the absence of UV-B radiation
when the aultureswere in the exporential growth phase However, in late gationary phase MAA
contents deaease urder the same condtions (M. Ehling-Schulz, unpulbished). This observation
could indicae ather sportaneous disintegration a baderial metabdlizaion d MAA. An
involvement of baderiain MAA decomposition hasbeen described for the marine alga
Phaeocystis (Marchant et al., 1997). N. commune under natural conditions may well be
comparable to a ailture in the dationary phase and becteria were probably also present under
field condtions. Therefore, adecay of MAA isnot improbable and high concentrations of MAA
may indicae its continued synthesis.
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N. commune is apoikilohydric organism andis frequently desiccated urder natural
condtions. Thisisoccurring egecially under highirradiation. For the lichen P. rufescensit was
shown that on about 90% of the occasons when the lichen wasexposed to a PAR above 1000
pumol m? s it wasin the desiccated state (Leisner, 1995. In this mndtion metabolismis
arrested and exposure to highirradiation canna have any influenceon ggment synthesis. It is
obwvious that desiccation at highirradianceswould level out seaonal differencesin irradiance
Theratio of the carotenoids canthaxanthin/p-carotene hasbeen suggested as an indicator for
irradiance experienced in the metabadlically adive state (Leisner et al., 199). Our data srow for
the place Lindflur that indeed there wasno large variation, whereasin Reichenberg, the ratio was
higher in the suammer and aregporse to the pronourced weaher change in April/May 1996was
also obvious. In addition, we foundwet thalli during summer around nootime which receved
much higher irradiation at this time as ompared to the winter time. Even if cyanobaderial
adivity would have been redricted to days with humid weaher condtions and complete doud
cover, there would have been substantial diff erencesin UV-B exposure between the seasns
(Blumthaler et al., 1989. Therefore, alithough @siccation certainly may be ameans for the
cyanobaderiato avoid radiation stress, we consider this medchanism not sufficient to eliminate
the large differencesin UV radiation ketween summer and winter. Since UV-B radiationis
probably detrimental also to dry cyanobaderia, they shoud be able to adapt the protective

pigments even under weaher conditions when dedccation accurs frequently.

If dry weight of the thalli did not vary to a ansiderable extent, our datawould indicate
that MAA synthesiswasinduced in late fall in spite of deaeasng UV-B expaosure. In view of
this conclusion additional fadors influencing MAA synthesis soud be considered. An obvous
fador could be low temperature. Short term treatment of liquid culturesof N. commune DRH1 at
7°C did na induce MAA synthedsin the dsence of UV-B irradiation (M. Ehling-Schulz,
unpubi shed). However, such results do nd exclude a possible influence of long-term growth at
low or freezng temperatures or the occurrence of synergistic dfeds between temperature and
UV-B irradiance under natural conditions. This shoud beteded in future experiments.

At low temperatures eizymatic repair of UV-B-induced legonsis partialy inhibited. This
means that under such conditions asoidance of UV-B exposure by screening ggmentsis even
more important than at elevated temperatures Also in higher plants increased synthess of

phaoprotedive pigments & low temperatures wasdemonstrated (Christie et al., 1994).
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General Discussion

UV-protection mechanisms

Growing laboratory culturesof the highly UV tolerant terrestrial cyanobacterium Nostoc
commune were treated with artificial UV-B and UV-A irradiation. Photon fluence ratesof UV-B

which are mmparable to solar fluence ratesinduced a cascale of physiological reactions.

First, synthesis of carotenoids wasrapidly induced by UV-B irradiation and changesin
the crotenoid pettern of N. commune were obsaved (Fig. 12). Carotenoids are well known for
their antioxidant activity. Their phaoprotective role ajainst high intensity visible light is evident
(for review seeDemming-Adams and Adams, 1992 and a protective role of carotenoidsin
cyanobaderia against UV-A radiation wasreported (Buckley and Houghton,19%; Paal, 1989.
Cyanobaderia produce me unique typesof xanthoplylls, such asketocarotenoids and
glycosides(Hirschberg and Chamovitz, 1994. Interestingly, in N. commune these unique types
were induced by UV-B whereas3-carotene and zeaxanthin showed noregonse Thisisin
contrast to results observed in resporseto UV-A or highvisiblelight. UV-A exposure of
different cyanobeacterialed to an increase of all carotenoids (Paal, 1984) while highvisible light
exposure of Nostoc Bu 94.1led to a sharp decline of 3-carotene and a5 to 6fold increase of
canthaxanthin (Bilger, unpulbished data). Xanthophylls ae the predominant carotenaidsin
cyanobaderial envelope membranes whereasl3-carotene wasfoundalmost exclusively in the
thylakoids (Jirgens and Wedkesse, 198; Omata and Murata, 1984). Myxoxanthophyl and
edhinenore, pigments grongly induced by UV-B in N. commune, have been shown to be located
in the outer membrane of Synechocystis sp PCC 6714 (Jurgens and Mantele, 1991). The function
of carotenaidsin the outer membrane of cyanobaderiais gill not clea. Sinceit hasbeen shown
that heterologows expresson d carotenoid genesin Escherichia coli led to an increasé
regstance to UV radiation (Tuveson and Sandmann, 1993 Tuvesonet al., 1989 it is suggested
that myxoxanthophyll and echinenore act asouter membrane-boundUV-B phaoprotectors of

N. commune.

Second, UV-B induced the synthesis of two extracellular sunscreen pigments. UV-B
irradiation d N. commune led to the production d the water-soluble UV-A/B absorbing pigment,
which belongs to the group d mycosporine like anino adds (MAA'), and the production o the
lipid-soluble sg/tonemin (Fig. 14. However, the sgtonemin content of UV-B treaed cultures
wasone order of magnitude lessthan MAA content. In N. commune, MAAs ae thougdht to play

an important role in photoprotedion becausethe MAAs aelocaed in the extracellular glycan.
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Two ou of threephaons are ésorbed by the pigment before all membranesor targets within
the cll arereadhed (Bohm et al., 1995. The UV-A/B-absorbing pigment of N. commune with
absorption maxima & 312 rm and 335nm wasthe first mycosporine reported to be covalently
linked to digosactarides(OS-MAA) and shown to be located in the extracdlular glycan (Hill
etal., 1994; Bohm et al., 1995. The pigment providesprotection, mainly by absorbing the
harmful radiation, kut the 312 chromophae of the pigment, which isthough to be a MAA-Gly,
may provide alditional protection byradica quenching (Dunlap and Y amomoto, 1995. No
phaobleaching d chlorophyll a wasobseved in MAA producing N. commune uponUV-B
irradiation (Table 2), whereasNostoc Bu 94.1,which produces sgtonemin bu no MAAS,
completely bleached when it wastreaed with UV-B. BecaiseN. communeis sibjed to regular
cyclesof desiccation and rewetting and hasoften to survive longtimesin quesenceduring
which repair medhanisms ae ineffedive, UV -absorbing compound may play akey rolein UV
phaoprotedion d N. commune. UV-A and UV-B induced synthegs of sgytoneminin

N. commune foll owed simil ar kinetics but pigment concentrationsin UV-B treated cultureswere
only abou 30 % of thoseof UV-A treaed cultures The mntent of abou 12to 16 g scytonemin
per mg dry weight obsaved in UV-A treated culturesisin goodagreement with concentrations
foundin UV-A treaed culturesof Chlorogloeopsis (Garcia-Pichel et al., 199).

The OS-MAA isproposeal to be the key pigment in UV-B protedionwhile sytoneminis
most effedivein UV-A protection. However, the latter may have osme geda roleas UV-B
protectant immediately after rewetting o desccated colonies In contrast to OS-MAA,

sgytonemin is not lost uponrewetting.

Third, UV-B irradiation stimulated the extracellular glycan production of N. commune.
Synthess of extracellular polysaccharidesmay also help to limit UV-damage. Baderial
extracdlular paysactarides (EPS have been reported to provide protection against desccation,
phagocytosis, antibody recogntion and lysis by viruses(Dudman, 1977 Tease ad Walker,
1987 Hill et al., 1994). The EPS- containing sheath of cyanobaderiaforms abuffer zone
between the environment and the cél. Theyield of EPSisolated from UV-B irradiated cultures
wasthreetimeshigher than that from control cultures. Led thickeningin higher plants hasbeen
reported as aregorse to UV-B (Balakumar et al., 198). With athicker sheath, effedive path
lengths for the asorption d radiation are much longer. As bath OS-MAA and dycan synthesis
increasel dueto UV-B, bu nat in reporseto UV-A, some arrelation d EPSand OS-MAA
induction may exist. It is siggested that EPSsynthesisis stimulated to provide amatrix for the
OS-MAAswhich are located in the sheath of N. commune.
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Potential UV photoreceptors. The regulation d gene expresson uncrlying these
adaptationsis of considerable interest, sincethe responseobserved onthe physiological level
showed a gringent order of readions. The antrol of theseprocesssislikely to be mmplex. Itis
evident that several diff erent phaoreceptors mediate the regponseto UV and Hue light in higher
plants (Jenkins et al., 1995. Phytochrome, a blue light phaoreceptor and a UV-B phaoreceptor
have been shown to beinvadved in the induction d UV-absorbing flavonoids (Brunset al., 1989
but information abou phaoreceptors in cyanobeacteriaregonsible for phaoregporsesto UV
irradiance is still lacking. A UV-B phaoreceptor is proposed to regulate the oli gosaccharide-
mycosporine in N. commune since its g/nthegsis only inducible by wavelengths below 315 rm
and a s@arate UV-A phaoreceptor probably regulatesscytonemin becauseits s/nthesisis most
pronourced at nea UV-A (350- 400 nm) irradiation, whereasfar UV-A (320- 350 rm) had
only little dfea (Table 3). A UV- A phaoreceptor with amaximum at 370nm, but no Hue light
stimulation, hasbeen reported to beinvalved in the carotenoid synthesis of Verticillium
agaricinum (Osman and Valadon, 1977. Campos et al. (199]) reported that UV-B and UV-C
irradiation increasel levels of 3-hydroxy-3-methylglutaryl CoA reductaseRNA, which may
induce @rotenoid syntheds. Since carotenoids in cyanobaderia rowed a diff erent regorse to
highintensity visible light (Leisner et al., 194), UV-A and UV-B (Fig.6) it is possible that
speda UV-B phaoreceptors aeinvolved

Inits natural habitat, Nostoc hasto cope with high solar radiationin its dry state, in which
phaodamage caina be dficiently repaired. Therefore, passive phaoprotedive medianisms ae
needed. The water-soluble MAA providespassive protection against UV-B and far UV-A
irradiation (Bohm et al., 1995 whereas the li pid-soluble sg/tonemin, besde sme asorptionin
the UV-B, absorbs mainly UV-A (Garcia-Pichel and Cagenholz, 1991). Since carotenoid
synthessisinduced very fag uponUV-B irradiation, auter membrane-boundcarotenoids may
play arolein photoprotectionimmediately after rewetting d dedccated colonieswhen the OS-
MAA content islow. It is submitted that carotenaoids, in UV protection, povide fag, adive SOS
regponseto courteract aaute cell damage whereasthe extracdlular glycan with its UV absorbing
pigmentsis apassive UV saeen against long-time exposure.

Proteome Analysis

Proteome analysis, basad on D electrophoresis hasdeveloped into a powerful todl to
invedigate global changesin the gene expresson profile of organisms (Antelmannet al., 199,
Godonet al., 1998 VanBogelen et al., 1999. However, thereis only few information avail able
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on cyanobacterial proteome. The only cyanobacterial proteome which has bee studied in some
detail isthat of Synechocystis sp. PCC 6803 (Sazuka and Ohara, 1997; Sazuka et al., 1999), but
no stress response studies have been performed. The proteomic approach presented in this work

showed the dynamic nature of the protein expression profile of N. commune.

The proteome of N. commune was strongly influenced by the specific growth stage. For
each phase, growth cycle specific expressed proteins were observed, which could be used as
marker proteins to identify the growth stage of a culture (Fig. 22). Whole cell extracts of
N. commune were fractionated prior to analysis to provide information about the subcellular
location of affected proteins and information concerning subcellular specific kinds of reaction. In
the membrane fraction, mostly positive stimulated proteins were detected, whereas nearly no
negative stimulated proteins were found. This indicates that the membrane responses to
exponential growth with the addition of novel metabolic features while keeping old ones intact.
In the cytosol more proteins showed to be growth stage dependent than in membrane and more
proteins were repressed (Table 4). Cytosol turned out to be more reactive to growth than the
membrane. Influence of growth on the protein expression profile has to be taken into account
when long-time stress experiments are performed and analyzed.

Influence of UV on the proteome. The three dimensional virtual gel, generated with the
database application, was used to investigate the UV-B triggered versus the growth stage
dependent changes in the protein expression profile of N. commune. The UV-B response turned
out to be surprisingly complex. Semiquantitative analysis of about 1350 proteins revealed that at
least 493 proteins (37%) belong to the UV-B stimulon. A minimum of 168 proteins were
positive stimulated, whereas a minimum of 305 proteins were negative stimulated (Fig. 23). The
term stimulon refers to a set of proteins whose amount or synthesis rate changesin respond to a
single stimulus, a specific environmental condition (reviewed in VanBogelen et al., 1999). The
phosphate limitation (PL) stimulon in Escherichia coli included 413 proteins, half of this
proteins were positive stimulated and half of them were negative stimulated (VanBogelen et al.,
1996). Another complex stimulon which has been described only recently is the H,O, stimulon
in Sacharomyces cerevisiae. The synthesis of 115 proteins was stimulated by H,O,, whereas 52
other proteins were repressed. Except for afew targets the H,O, response was transient (Godon
et al., 1998). In E. coli, Salmonella typhimurium and Bacillus subtilis different types of
stimulons have been investigated (Spector et al., 1986; Antelmann et al., 1997; VanBogelen et
al., 1997), while in cyanobacteria detailed globa analysis of protein synthesis under specific

environmental conditions to define stimulons are still missing.
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The 37 % obseved changesin the protein expression profile of N. commune refled that
the organism completely changed its physiology in regponseto UV-B. These banges ae the
reault of true alaptation and ot of damage, sinceno gowth delay wasobserved in N. commune.
The cdls ajusted their physiology to the new condtions. 70% of the gimulated proteins during
UV-B acdimationwere low abundant proteins, ‘acclimation proteins’, with volumesbelow 0.4%
of total cellular proteins, whereas kock proteins are usualy bulk proteins. E.g.,the mgor cold
shock protein CspA of Escherichia coli acounts for 13% of total cellular protein 1 hou after
cold shock (Goldstein et al., 1990. The influence of UV-B onthe proteome can be divided into
ealy acdimation reorse, within thefirst 12 hous, and late acdimation regponse, which
requiresl upto 3days. Most of the protein changesobserved during early acclimation were
transient (Table 4). Thisfindingis consistent with the obsavations from physiologicd
invedigations. UV-B irradiation d N. commune led to arapid, but transient increaseof outer
membrane boundcarotenoids, and a dower, but constant production d extracellular UV-A/B
absorbing mycospaorinesand extracell ular glycan. The reponse to UV-B turned out to be
subcdlular specific. Influence of UV-B on the protein expresson profil e of the membrane was
fager than onthe ¢ytosolic protein expresson profile (Fig. 21,fador 2). The protein composition
of the membrane fradion wasmore grongly influenced duing ealy acclimation, while the
cytosolic fractionwasmore grongly influenced after long-time UV-B. Membranes ae known to
be primary targets for UV-B induced damage by reactive oxygen intermediates and freeradicals
(Tuvesonet al., 1988 Hideeg and Vass 19%). The transient stimulated proteins, egecially in
the membrane, may be important for early adaptation after UV-B shock, whereasthe majority of
the gimulated proteins are need for continuaus growth under UV-B light.

Thesereallts dearly showed the importance of long-time experiments, which can provide
valuable information onthe mecdhanisms and adaptationto UV radiationin cyanobaderia. The
cdlular adjustment to UV-B realltsin alternative metabali c fluxes. After prolonged UV-B
irradiation, the all number deaeasedue to a dower cell replicaion caused by the metabalic cost
of MAA and dycan synthegs (Table 2). Theinduwction d MAA synthedsis assciated with the
induction d awater stress protein (Wsp) (Fig. 17 and acidificaion d the glycan. Theinduction
of Wsp by UV-B suppat itsrolein the g/nthesis of the oligosaccharide MAA (OS-MAA) which
hasbeen proposed by Hill et al. 1994.However, further studiesare necessry to unravel its
speaficrole, if it isdiredly involved in the g/nthess of OS-MAA or viamodificaion d the
glycan to provide amatrix for OS-MAA.
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UV-A had only little influence on the protein pattern of N. commune, nevertheless
continuous growth under supplemented UV-A had remarkable effects on its pigment
composition (Table 3). This confirms that UV-B response is highly complex and underlines the
high biological effectiveness of short wavelength UV.

The sensing of UV-B signals by cyanobacteriais still cryptic. A UV-B photoreceptor is
proposed to regulate the oligosaccharide-mycosporine production in N. commune and aUV-B
specia photoreceptor might be involved in the regulation of carotenoid synthesis. However, for
identification and functional analysis of photoreceptors and signal transduction pathways, the
isolation of mutants will be necessary. Genesinvolved in signal transduction normally expressed
in low copy number, which are unlikely to be identified from 2D electrophoresis because of the
detection limit of 2D. Thus 2D differential display and molecular genetics have to complement
each other to get a more holistic understanding of acclimation of cyanobacteriato UV-B.

Experimentsunder environmental conditions

Morphology of field material. In contrast to laboratory grown liquid cultures, which
showed diffuse growth, N. commune formsin its natural habitat sheath like thalli, which are
often curled or folded into several layers. This causes a high degree of self-shading and
concomitant variability of pigment contents, even in a single thallus, which made a detailed
study of climate related variations in pigment contents difficult. Since it was not possible to
relate pigment contents to cell number which would have been desirable, it was necessary to use
dry weight as a basis. The glycan sheath represents a considerable fraction of the dry weight of
N. commune. An increased exopolysaccharide production in response to desiccation was reported
from cyanobacteria (Grilli Caiolaet al., 1996) and other terrestrial bacteria (Roberson and
Firestone, 1992). UV-B-induced exopolysaccharide production resulting in a two- to threefold
increased dry weight per cell was observed in laboratory grown N. commune . While drought isa
stress which is present throughout the year for a poikilohydrous organism, UV-B radiation is
enhanced during summer. Increasesin cell related dry weight during summer could have

concealed increasesin MAA or scytonemin at that time.

Annual time course of pigments. Photosynthetic pigments and other carotenoids were low
during winter and rose strongly in early May (Fig. 26 and 27). In regard to the contents of the
UV -protective pigments scytonemin and MAA, irradiance seemed to have little influence. These

pigments showed either no changes or varied antiparallel to the radiation climate over the course
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of ayea (Fig. 28). This ssemsto be even more surprising, asbath pigments ae strongy induced
by UV-A or UV-B radiation, regectively. The anourt of MAA foundin the field material
correlated well with the anount of MAA foundin of UV-B irradiated liquid culturesof

N. commune. The MAA content wasorder of magnitude higher than the sg/tonemin content.
Scytonemin and MAA are located in the glycan sheath of N. commune and, hence, are largely
inacaessble for metabalism. Scytonemin is extremely stable and shoud not be degraded by
physical fadors (Garcia-Pichel and Cagenholz, 199]). After induction d MAA synthessin
liquid culturesof N. commune, MAA synthess mntinued even in the ésence of UV-B radiation
when the altureswere in the exporential growth phase However, in late gationary phase MAA
contents deaeased urder the sane condtions. This observation could indicae ather
sportaneous disintegration a bacterial metabalization & MAA. An involvement of baderiain
MAA decompasition hasbeen described for the marine dga Phaeocystis (Marchant et al., 1997).
N. commune under natural condtions may well be comparable to a ailture in the dationary
phase ad bacteriawere probably also present under field conditions. Therefore, a decay of
MAA isnot improbable and high concentrations of MAA may indicae its continued synthess.

Winter is considered to be the most stressful time of the year for N. commune. Low
chlorophyll a contents in late winter might have resulted from the concomitant exposure to
increasng radiation at low temperatures The latter may largely reduce metabadlic reactions
including phdosynthetic CO, fixation which would cause increased phdoinhibition with
simultaneous inhibition d repair procesgs reallting in photobleaching. If dry weight of the thalli
did na vary to a mnsiderable extent, the presented data would indicate that MAA synthedswas
induced in late fall i n spite of deaeasng UV-B exposure. In view of this cnclusion additional
fadorsinfluencing MAA synthesis should be mnsidered. An obvious fador could be low
temperature. Treament of liquid culturesof N. commune at 7°C did nd induce MAA synthesis
in the senceof UV-B irradiation. However, such reaults do ot exclude apossible influence of
longterm growth at low or freezing temperaturesor the occurrence of synergistic dfeds
between temperature and UV-B irradiance under natural conditions. This shoud be tested in
future experiments. At low temperatures éizymatic repair of UV-B-induced lesonsis partially
inhibited. This means that under such condtions avoidance of UV-B expasure by saeening
pigmentsis even more important than at elevated temperatures Also in higher plantsincreased
syntheds of phaoprotedive pigments & low temperatures wasdemonstrated (Christie et al .,
19949).
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General Conclusion

The acclimation response of cyanobacteriato UV stress appears to be rather complex.
Photon fluence rates which are in the magnitude of solar fluence rates induce a cascade of
physiological reactionsin the terrestrial cyanobacterium Nostoc commune. The data presented in
this work reflect the complex interactions at the physiological and molecular levels, and suggest
that the study of individual genes may not provide sufficient information to allow holistic
understanding of UV stress adaptation. High resolution 2D electrophoresis coupled to
computerized image analysis and database analysis turned out to be a useful technique for
studying the complex proteome changes during the UV-B acclimation process of N. commune.
The results presented in this work revealed the importance of long-time experiments and

emphasize further research to unravel the molecular basis of UV tolerance.

The combination of 2D electrophoresis with high throughput amino acid analysis,
peptidemass fingerprinting and associated sequence tags in combination with nanoel ectrospray
tandem mass spectrometry can lead into novel discoveriesin cyanobacteria UV stress
physiology. Genetic approaches can also make significant contributions to the understanding of
the UV acclimation processes, as has already been shown in studies of UV tolerance in higher
plants (Jenkins et al., 1995). Theisolation and characterization of mutants will be an important
step in the investigation of signal transduction pathways, which are still cryptic. For such studies,
it will be advisable to use cyanobacteria strains, which are growing as single colonies rather

than to use filamentous strains, like the N. commune strain used in this work.

Since the glycan of N. commune appeared to be play a central role not only in desiccation
tolerance, but also in UV tolerance it would be an promising approach to study synergistic
effects of UV-B and desiccation stress. The UV-B induced synthesis and secretion of UV-A/B-
absorbing mycosporines, extracellular glycan and the water stress protein Wsp, whichis
involved in the desiccation tolerance of N. commune (Scherer and Potts, 1989), represent a
considerable metabolic investment by N. commune, but it still remains to be determined whether
and how this processes are related and coordinated. For such studies, defined laboratory
conditions are necessary. On the other hand, this work aso showed that it is of great importance
to obtain more data under environmental conditions, especially concerning synergistic effects

and defense mechanisms.
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Appendix

Appendix A: Strategy of protein fraction preparations.

cells
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¥
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Appendix B: IPG-Dalt of subcellular protein fractionsfrom N. commune DRH1.

B1: UV-B influence on the cytosolic protein fraction
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Appendix

B1: UV-B influence on the cytosolic protein fraction (continued).
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Appendix

B1: UV-B influence on the cytosolic protein fraction (continued).
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Appendix

B1: UV-B influence on the cytosolic protein fraction (continued).

|EF
4 9
kDa =
-, - --.. &
67| - o ey b5
S o "_....." . ' i
.l':"'"l" ..
) Aee 4t -
23 ) g *:‘.-_‘f reo o
™ . : -
* o
30 O {
.+ e
- L
20
L ]
14
.

12 hours control

-02-

SDS



Appendix

B1: UV-B influence on the cytosolic protein fraction (continued).
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Appendix

B1: UV-B influence on the cytosolic protein fraction (continued).
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Appendix

B1: UV-B influence on the cytosolic protein fraction (continued).
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Appendix

B1: UV-B influence on the cytosolic protein fraction (continued).

|IEF
4 9
kDa —
- E -_h-i.—
= - e
67 e - '# r‘:_"’
& - * ﬁ - ﬂl-' ‘ —
- - - |- b ".
sy 9 . -
= i . '.
- ‘- e “ i
- - ‘ -
43 A = _-.:' ==t >
- . : 't L] o o o
=i -
. ® .
30
L]
20
.
4 .
14 _®
3 days control

-06-

SDS



Appendix

B2: UV-B influence on the membrane protein fraction
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Appendix

B2: UV-B influence on the membrane protein fraction (continued).
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Appendix

B2: UV-B influence on the membrane protein fraction (continued).
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Appendix

B2: UV-B influence on the membrane protein fraction (continued).
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Appendix

B2: UV-B influence on the membrane protein fraction (continued).
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Appendix

B2: UV-B influence on the membrane protein fraction (continued).
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Appendix

B2: UV-B influence on the membrane protein fraction (continued).
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Appendix

B2: UV-B influence on the membrane protein fraction (continued).
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Appendix

B3: UV-A influence on the cytosolic protein fraction
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Appendix

B3: UV-A influence on the cytosolic protein fraction (continued).
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Appendix

B4: UV-A influence on the membrane protein fraction
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Appendix

B4: UV-A influence on the membrane protein fraction (continued).
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Appendix

Appendix C: Stress stimulons of N. commune DRH1.

C1: Response of N. commune DRH1 protein expression profile to different kind of stress. - Early
response (3 hours of particular stress). For details on stress conditions see chapter 2.
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Appendix

C1: Response of N. commune DRHL1 protein expression profile to different kind of stress. - Early
response (3 hours of particular stress) (continued).
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Appendix

C2: Response of N. commune DRH1 protein expression profile to different kind of stress. - Late

response (1 day of particular stress).
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Appendix

C2: Response of N. commune DRH1 protein expression profile to different kind of stress. - Late

response (1 day of particular stress) (continued).
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