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1. Abstract

Cyanobacteria are prokaryotes that perform oxygphatosynthesis. However,
all cyanobacteria respire at dark periods. In eydar phototrophs like algae and
higher plants photosynthesis and respiration apars¢ed to the different organells
chloroplasts and mitochondria, while in cyanobaattrese two processes occur in the
same compartment and many components are sharez.rédpiratory terminal
oxidases (RTOs) are key enzymes because they dareinmolved directly in
photosynthesis but transfer electrons to termineéptor Q. Cyanobacterial oxidases
belong to different classes.

There are the heme copper oxidases homologoustdchandrial cytochrome
c oxidase, the quinol oxidases homologous to cytwulerbd in Escherichia coliand
homologues to the plastid terminal oxidases thatirgensitive to cyanide. Nearly all
cyanobacteria contain at least one heme coppeasidf the cytochromaas type.
There are three different subclasses identified:

a) The genuine cytochroneoxidases, containing the characteristic motives.

b) A second class, called alternative respiratory ieshoxidase (ARTO).

c) An oxidase of typebb; (first characterized in purple bacteria).
Anabaenasp. PCC7120 belongs to the unbranched filamerdpasobacteria that can
undergo cell differentiation. If bound nitrogen t(ate, nitrite, ammonia) is absent
some vegetative cells will differentiate into heiysts with a non random
distribution. PCC 7120 has five different respirgtterminal oxidases: one genuine
cytochromec oxidase (Cox), two ARTOs, one quinol oxidase (Qamyl one plastid
terminal oxidase (Ptox). As the two ARTOs seemeadstricted to heterocysts, only 1
Cox, 1 Qox and 1 Ptox remain in vegetative cellhewcox is knocked out by an
antibiotic resistance cassette the strain losescgtochromec oxidase activity as an
assay clearly demonstrated with isolated membramek cytochromecss, isolated
from horse heart. Moreover the Cox seems to benBakdor chemoheterotrophic
growth in the dark. Despite previous reports, whatassify PCC7120 as strictly
photolithoautotrophs, experiments revealed that $kiain can grow heterotrophically
when high amounts of fructose were added to thaunmedevidently PCC7120 has the
capacity for heterotrophic growth and fructose rneliam inside its cells, however,
heterotrophic growth can only be observed at vegh liructose concentrations (at
least 50mM) in the medium. Experiments have shdwanh fructose enters the cells the
faster the higher the outside concentration igothiction of glucose carrier gegér
from Synechocysti®CC6803 by conjugation results in a transgeniairstthat can
grow photoorganoheterotrophically on lower concaiins of fructose than the wild
type (WT). However, glucose is toxic for PCC7@#0 while the WT is tolerant
towards it. The mutant from whiclcox has been deleted fails to grow
chemoheterotrophically. This is analogous to expents inSynechocysti®CC6803
andAnabaena variabiliATCC29413, where also the genuine cytochrama&idase is
essential for chemoheterotrophic growth.
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2. Introduction

2.1. General Introduction

Cyanobacteria are defined as prokaryotes that peréxygenic photosynthesis.
While other phototrophic bacteria like purple baeteand green bacteria oxidize
components like b8, H, thereby creating S, S& H', cyanobacteria use,B as an
electron source by oxidizing it to,Owhich is liberated. Anoxygenic phototrophs
possess only one photosystem (either type | omihgreas cyanobacteria have both.
Cyanobacteria were probably the first organismg graduced molecular oxygen.
According to the endosymbiosis theory (Mereschkowsk905) chloroplasts and
cyanobacteria have the same ancestors. As sodresatéd Q accumulated in higher
concentrations, the organisms had to protect theesagainst oxygen. Therefore it is
very likely that cyanobacteria were the first ongams that developed an aerobic
respiration (Broda, 1975). The,@nrichment of the atmosphere led to the extinction
of a variety of organisms that were strictly andero

Three growth modes are known in cyanobacteria: gitlodbautotrophy,
photoorganoheterotrophy and chemoorganoheterotrophy

Cyanobacteria differ in their cellular structuredgheir organisations. There are
unicellular and filamentous organisms. Some of ftleenentous strains can undergo
cell differentiation. If there is a deficiency obind nitrogen (e. g. NA or NO;)
some strains have the capacity to form heterocysisse are specialised cells capable
of fixing dinitrogen. Vegetative cells differenteaait a non random distance (every 10-
20 cells) to heterocysts. This differentiation neversible. Once formed, heterocysts
can neither divide nor redifferentiate anymore.

2.2. Systematics of cyanobacteria

Initially cyanobacteria were classified as blue egrealgae (Cyanophyta),
because of their photosynthetic nature, which Wwaaght to be a characteristic of only
algae and higher plants. Stanier and Cohen-Bammowkered their prokaryotic nature
(1977). Initially cyanobacteria were classifiedairitve orders. and the species were
named according to the binary nomenclature (Geill@82). Rippka et al replaced the
classical orders by sections (1979). The numbgeakra was reduced and the species
names were abolished. Each genus summarizes omeoi strains, which were
numbered after the Pasteur Culture Collection P€&he American Type Culture
Collection ATCC.



Section | and Il include unicellular organisms, @fhhave the shape of cocci or bacilli.
Some of them can form aggregates, which are hgkther by capsules.

Section I: Chroococcales
Unicellular organisms reproducing by binary fissarbudding
GeneraGloeobacterGloeotheceSynechocystji$Synechococcus

Gloeobacter which is the only cyanobacterium that lacks tkglds, is now
often put into a group separated from all five e

Section II: Pleurocapsales

Unicellular organisms reproducing by multiple f@siinto 4-1000 small
endospores, which are called baeocytes. Howevare strains can reproduce
by binary fission as well.

GeneraPleurocapsaMycosarcina XenococcusDermocarpa

Section Ill, IV and V include filamentous cyanolexcd, which form filaments. In

some strains a short filament, which is called hmganium, can break off from the
mother filament and reproduces to a new vegetdiiaenent. The filaments of

cyanobacteria from section Il do not show any déflerentiation, whereas members
of both section IV and V have the potential for th&erentiation of some cells into
heterocysts or akinetes (spores).

Section IlI: Oscillatoriales
Filamentous non heterocystous cyanobacteria (allidig in one plane)
GeneraOscillatoria, Spiruling Plectonema

Section IV: Nostocales
Filamentous heterocystous cyanobacteria dividingna plane
GeneraNostog AnabaenaCalothrix, Nodularia

Section V: Stigonematales
Filamentous cyanobacteria dividing in more than plaee
GenerafFischerellg Chlorogloeopsis

Besides these five sections there exist three gen@trochloron
Prochlorococcus Prochlorothrix), which also perform oxygenic photosynthesis but
they differ in some ways from the described sestidiney have chlorophyi but lack
phycobilisomes and their thylakoids are stackedyrizina. These characteristics can
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also be found in the chloroplasts of green algddo(ophyta) and higher plants,
whereas the chloroplasts of red algae (rhodoplsftaye the properties of classical
cyanobacteria. Because of the similarity of thee¢hgenera to chlorophyta these
organisms are named prochlorophyta (as being theeséwrs of chlorophyte

chloroplasts), but genetic analysis revealed tineyf tire cyanobacteria.

2.3. The different modes of growth existing in nare

Organisms can be distinguished by their metabolesnording to energy
source, electron source and carbon source.

2.3.1. Energy source

Energy is won by light or chemical reactions anoresi as ATP molecules.
When ATP is hydrolyzed, energy is released.

a) Chemotrophy

ATP is won by exergonic chemical reactions and muui of light energy is
needed

b) Phototrophy

ATP is generated by the conservation of light epeEjectrons of a molecule
with a relatively low reducing potential can be wva®d energetically. As a
consequence other molecules can be reduced, whigh d higher reducing potential
at normal conditions.

2.3.2. Electron source

The external electron donor (the first componenthia reaction) can be an
organic or an inorganic molecule

a) Lithotrophy

The electron donor is an inorganic molecule (grégkc = lithos means
“stone”) like H, FE€*, H,S, S, $05%, NHs, NO,', NOy

b) Organotrophy
The electron donor is an organic molecule
2.3.3. Carbon source

Carbon is the major element in organic molecules,treir backbones are
carbon atoms covalently linked to each other.



a) Autotrophy

The carbon source is a molecule with only one gadiom like CQ, HCOOH,
CH;OH, CH,. This means autotrophic organisms synthesize allalent bonds
between C atoms, which are characteristic of oggamlecules like sugars, amino
acids, fatty acids..., by themselves (greeko¢ = autosmeans “self”).

b) Heterotrophy

The carbon source is a molecule with at least tvaddtns covalently linked. So
some C-C bonds can be directly used from the food.

2.3.4. Combination of the diverse modes

These characteristics can be combined in nearlyoafibinations. It is named in
the following order: energy-/electron-/carbon-tragQ.: photolithoautotroph. The only
combinations that do not occur in nature are the floth photo- and chemo-)
combinations of organotroph and autotroph, as iuldidbe very illogical, if an
organism can synthesize all organic molecules baged source with 1 C atom, but
uses an organic molecule with at least 2 C atomtsadectron source. Nevertheless
mutations in some organisms have created modelthése naturally not occurring
metabolisms. The other six possible combinationge halready been discovered in
nature. Many organisms are capable of more thargmwth mode. For instance some
of them are facultative heterotrophs, which meahat tthey are capable of
heterotrophy but can also grow autotrophically. &igms that can only reproduce
heterotrophically are called obligate heterotrophs.

a) Photolithoautotrophy

All photosynthesizing eukaryotes like plants arghal are photolithoautotrophs.
They use light as energy-,8 as electron-, and G@s carbon source. This is called
oxygenic photosynthesis because they liberate b9 oxidizing HO. Among
prokaryotes there is a greater variety within phittoautotrophy. Cyanobacteria are
the only prokaryotes that perform oxygenic phottisgais, however there exist many
organisms that perform other forms of photosynthd3urple sulfur bacteria or green
sulfur bacteria for example oxidize,;$ito $, which can be further oxidized to $O
Some can even use lds an electron source. While br H,S oxidizers use only one
photosystem, kO oxidizers need two photosystems, as the redymitgntial of HO
is very much lower than that of NADP(H).

b) Photoorganoheterotrophy

Light is used as energy source, but organic moéscsérve as both electron and
carbon donor. Photoorganoheterotrophy exists angmegn nonsulfur bacteria. In



many cyanobacteria this trophy can be enforcedheynicals that inhibit photosystem
Il (see below).

c) Chemolithoautotrophy

Some organisms can incorporate L@to organic material but unlike
phototrophs they obtain their whole energy by cloamreactions. This modus is
widespread among Feoxidizing bacteria.

d) Chemolithoheterotrophy

As an electron source,HH,S, NH;, F€* is used, but for carbon metabolism
organic molecules with C-C bonds are needed. Ch#mbkterotrophy exists among
Desulfovibriostrains.

e) Chemoorganoheterotrophy

Organic molecules e. g. sugars serve as energytrateand carbon source.
This is the modus for many eukaryotes like animfaisgi, but even for plants in dark
periods. This metabolism is also widespread amookgpyotes likeE. coli.

f) Mixotrophy

Some organisms can use different modes of growthr &xample if
phototrophic organisms like the cyanobacteriGynechocysti$¥CC6803 is grown
under light in a BG11 medium (according to Rippkale 1979) supplemented with
glucose, the cells can choose between autotrophowtly, as light induces
photosynthesis and incorporation of £Gnd heterotrophy, as glucose (organic
material) can be imported by the Gtr carrier argtainolized. These conditions are
called mixotrophy.

Aerobic and anaerobic respiration and photosynshas all processes at least
partially located in membranes, where a protonigrads built up that can be used for
ATP generation. If there is not enough of the teahiacceptor, the organism may
perform fermentation, which is performed by solubtenponents, when ATP has to
be quickly produced. Some organisms cannot redpirtepnly fermentate.

2.4. Genetics of cyanobacteria

The cyanobacterial genome has a size between 32@GnMbp, especially
filamentous heterocystous strains have a rathgelgenome. They have a multiple
copy number of their chromosome (10-20 per celBr(iinan et al 1979; Herdman et
al, 1982) and a very active recombination systefniclw are both very protective
against damage by UV radiation. Many cyanobacwsigain large plasmids (2kbp to
1Mbp). Synechocysti®CC6803, which was one of the first organisms kzet been
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totally sequenced (Kaneko et al, 1996), has sevasnpds (Cyanobase, 2011).
Cyanobacteria use the standard genetic code. Sotrens have been discovered
within the genome. Most promotors frden coli are also recognized in cyanobacteria.
The origins of replicons differ, however, becaugeept for the incQ plasmids all
other plasmids that have a noncyanobacterial origne not recognized in
cyanobacteria. There are different methods of mdaimg cyanobacteria.

a) Some strains like PCC6803 &ynechococcusp. strain PCC7002 are
naturally competent for transformation (Grigoriewad Shestakov, 1982). This means
DNA has just to be added to the medium and thes egll take up the DNA. It has
been shown that natural transformation is much reffieient for integrative than for
replicative plasmids in PCC6803.

b) Another possibility is electroporation (ThieldaRoo, 1989).

c) Plasmids can be transferred fr&ncoli to cyanobacteria by conjugation, a
mechanism that is mediated by conjugative plasrilds RP4. This method was
invented by Wolk et al (1984).

d) A fourth possibility, transduction by a cyanogbais not widely used in
genetic work, because all known cyanophages are Iyt

After the introduction the DNA has to be manifestebthere are two
possibilities: replication and integration.

a) For replication the transferred DNA has to hase@wn origin that it can act
as a replicon.

b) For integration a homologous sequence of abdbp lis necessary for
recombination between the transferred plasmid hadtyanobacterial chromosome so
that the former will become part of the latter.

For the creation of a gain of function mutant (e.tlge transfer ofgtr into
PCC7120) a self replicating plasmid can be usedumsxthe new transgenic gene does
not have to be integrated into any chromosome.plé&mid’s origin is recognized by
the replication system of the new host.

Creating a knock out mutation is much more difficilhe transferred plasmid
has to contain a cassette that encodes a residianweeds a special antibiotic. This
cassette is flanked by two regions, which are hogmls to regions in the
chromosome, where the gene to be deleted is lacéthdn double recombination (at
both homologous sequences) takes place the opdmgetame (ORF) of the gene
will be disrupted by the antibiotic resistance e#ies For knock out mutations the
plasmid vector should not have an origin that ogmized by the cyanobacterial host,
to exclude a manifestation of the resistance cisseithout integration into the

chromosome. If the two flanking sequences are treneighboured on the
7



chromosome, the result will be an insertion mutgtivzecause nothing of the ORF is
missing, it is just disrupted. For a deletion-irtieer mutant there has to be a distance
between the two flanking sequences on the chromesamd the resistance cassette
may even replace the whole ORF. A deletion-insertrautant is preferred, because it
excludes that an excision of the cassette will keaal reversion to the WT, as at least a
part of the gene is missing.

In PCC6803 a whole integrated plasmid caused bglesinecombination is
unstable, so double recombination will automaticalccur. For selection of the
mutated allele the appropriate antibiotic is usedr knock out mutations in PCC6803
transformation will be done, as this strain is nalty competent. PCC6803 does not
encode for any restriction enzymes, so the for@igIsmid need not be protected by
methylation. DNA is added to the medium and lakey ¢ells will be exposed to the
antibiotic.

For PCC7120 conjugation is performed. Bn coli strain containing the two
plasmids RP4 and pRL528 is mixed with anotBecoli strain containing the plasmid
which is to be transferred. RP4 (conjugative pla3ngian initialize conjugation to
other bacteria. pRL528 (coconjugative plasmid) canmediate conjugation by itself,
however, if conjugation was initialized by a comtige plasmid, it is transferred
through the conjugative junction, so both cellséhawcopy. pRL528 encodes a nickase
that recognizes a special sequence: the “basis diflityy (bom) site” or “oriT
(transfer)”, which is nicked and a single strandransferred. The third plasmid does
not encode a nickase, however, contaibsmasite that is recognized by the nickase of
pRL528. The strain, which contains the third plasméceives the other two plasmids
during the first conjugation between the t&o coli strains. As a result some cells
possess all three plasmids now. The mixturd&otolis is added to PCC7120. RP4
mediates the second conjugation, which takes ptaceE. colito PCC7120. All three
plasmids are transferred into the cyanobacterisl, it neither RP4 nor pRL528 can
be manifested in cyanobacteria. The third plasnudtains either an origin that is
recognized by the host or homologous sequenceghwddlow integration into the
chromosome.

Cyanobacterial cells, which are not transformeaarjugated, will die in the
presence of the antibiotic. Knock-out plasmids hawe perform a double
recombination. As a consequence transformed orugatgd cells will survive in a
medium containing the antibiotic, however, theylvslill show a WT phenotype
because most chromosomal copies have the WT al&leen cells divide the
chromosomes are randomly segregated. Daughterhaslisg only WT alleles will die
because of the antibiotic. The chromosomes replibatore division and within a few
generations some cells will accumulate mutatedeslleAfter some cycles there will
be cells that are mutated homozygously (they doconatain a WT allele any more).
These cells will divide into two totally mutatedliseand so on. In its offspring the WT
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allele will not reappear. Because homozygous WTs aké, the segregation will drive

the cells towards more alleles with the resistatfogells are transferred to new plates
or into new liquid cultures several times it is gibfe to obtain a culture that is

completely mutated. This has to be further provgdpblymerase chain reaction

(PCR). Sometimes a gene cannot be knocked out hamogly. Then the gene is

essential for life (e.gecAin cyanobacteria) under the chosen conditions.

For PCC7120 the construction of a homozygous krmagkmutant is much
more difficult. In contrast to PCC6803 double retomation is very rare. Knock out
plasmids for PCC7120 carry an antibiotic resistamassette flanked by two
homologous sequences on a vector derived from pdlapRL278 that contains the
sacBgene.sacBencodes a levansucrase, which metabolizes suttrdseanes, which
are toxic for the cells (Cai and Wolk, 1990). BesidacB pRL278 contains a
neomycin phosphate transferaset), an origin fork. coli (but not for cyanobacteria)
and anoriT (bom site) that is recognized by the nickase encode@Ry528. As a
consequence one can select both for (adding kanajngad against (under the
presence of sucrose) pRL278 witHin coli. pRL278 itself cannot be manifested in
cyanobacteria because it lacks a correspondingnoagd homologous sequences,
however, the introduction of an antibiotic resis®ncassette flanked by two
homologous sequences of the gene that has to bedeksults in a functional knock
out plasmid. In the successfully conjugated cyantasal cell the plasmid first has to
resist the host’s defence system. In contrast t€6803, PCC7120 codes for three
restriction enzymes calle8lva, Avdl and Avdll (Elhai et al, 1997). To protect its
own genome the strain codes for methylases, whielthyfate the sites that are
recognized by the restriction enzymes. A methylad will not be cut any more.
pRL528 does not only code for a nickase, but also 2 methylases: Kva
methylating Ava sites and NEco47l methylating Avadl sites Ecod7] is an
isoschizomer oAvdl, it cuts at the same sites, but is derived fi®ntoli). However a
further problem arises, as half of the methylafadl sites are digested imcrB'
strains. ThereforencrB strains like HB101 and Topl10 are essential fofjuggation to
PCC7120. While the tw&. coli strains conjugate pRL528 is transferred into tteio
strain, where the methylating genes are expresgadh methylate alAva andAval
sites including those of the knock out plasmid befconjugation to PCC7120. So the
plasmid is already protected before entering th€PX20 cells. First the plasmid will
integrate via single recombination after the coajian. The exconjugant has one
chromosome containing both the WT allele and tlsestance cassette, while all other
chromosomes are normal WT. Selection with the gppate antibiotic will
accumulate chromosomes with the integrated plas@®atasionally a recombination
will occur within the other flanking sequence. Newcrose will be added together
with the antibiotic. This selects both for integoatof the cassette and for excision of
the suicide vector. Once sucrose is added, ak te#it have any integrated vector are
eliminated. The surviving cells contain at lease aasistance cassette integrated by
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double recombination. Now cultivation with antib@tvill generate totally mutated
cells, where sucrose is not necessary any moraubeall suicide vectors are excised
and cannot replicate in PCC7120.

2.5. Photosynthesis and respiration

2.5.1. Photosynthesis

During the light reaction the electrons are tramstk from HO via
photosystem 1l and | (PSIl and PSI) to NADyelding NADPH. While passing the
cyt bgf complex a proton motive force is generated atthiylakoid membrane, which
can be used for ATP synthesis. Both ATP and NADRHegsential in the calvin cycle
(dark reaction) for fixing C@ For PSII the phycobilisomes serve as light hamgs
complex (LHC). They contain the accessory pigmembycocyanin and
allophycocyanin (and in some cyanobacterial strales phycoerythrin). The reaction
centers (RC) of both photosystems are chlorophyhirs (Deisenhofer et al, 1984).
The RC of PSII has its maximal absorbance at 68@henpne of PSI at 700nm.@&
is oxidized by PSIl and Qs liberated.

2.5.2. Cyanobacterial respiration(Schmetterer, 1994; Schmetterer and Pils,
2004)

Cyanobacteria are the only organisms in which orig@hotosynthesis and
aerobic respiration occur in the same compartnoamtrary to eukaryotic phototrophs,
where these processes are separated to chloropladtenitochondria. According to
the conversion hypothesis (Broda, 1975) respiratias established as a consequence
of the produced oxygen, as the cells had to proteemselves against oxygen.
Therefore cyanobacteria must have been the figgrosms developing respiration as
they are exposed inside to oxygen. This proteanechanism has been evolved. As a
consequence electrons derived from organic compupass an electron transport
chain, which generates a proton motive force thathe used for ATP synthesis, when
no light is available in dark periods.

The cyanobacterial respiration chain differs frotrais to strain. It is best
characterized in PCC6803. This strain possessediffeent respiratory chains, one
in the cytoplasmic membrane and one in the intagsmic membrane. The latter is
closely linked to the photosynthetic electron tgors chain as some components are
shared by both. In the dark glycogen is phosphzeglito glucose monomers, which
are catabolized primarily via the oxidative pentggesphate cycle. Electrons are
transferred to NADPyielding NADPH, which reduces the quinone poolrbgans of
NADH dehydrogenase. Via the cytochrorbgf complex to cytochromesss the
respiratory chain is equal to the photosynthetiectebn transport chain. Thiesf
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complex generates a proton gradient in the sameawatyoccurs in the photosynthetic
electron transport chain. From cytochromg; electrons are transferred to the
cytochromec oxidase, which reduces,Qo H,O. It seems that plastocyanin can
replace cytochromess; for both photosynthesis and respiration, as actytimecsss
knock out mutant can still grow chemoheterotroplhycas long as the cytochronoe
oxidase was functional. So plastocyanin may haeeathility to transfer electrons to
photosystem | or to cytochronteoxidase. This would mean that cytochromand
plastocyanin are both electron donors for cytocteromxidase. However, the possible
electron transfer between plastocyanin and cytonbmmoxidase has not been proven
further. In the isolated cytoplasmic membrane (GiMjn PCC6803 no cytochronee
oxidase has been identified. It is expected th&henCM electrons are transferred from
cytochromecsgz via “alternate respiratory terminal oxidase” (AR)T@hich is located
in the CM, to @, although it is not clear, whether ARTO can ox&d@/tochromeess;
(no in vitro activity). In the ICM there exists aigol oxidase (qox) which can transfer
electrons directly from the quinon pool tg, Without passing the cyif complex.

2.5.2.1. Electron donors for the quinone pool

Normally when cyanobacteria live photolithoautotrmally, the quinone pool
is reduced by photosystem Il, however, under darkods the main electron donor is
NADPH. The latter even occurs in the light at thelic electron flow. Glucose is
mainly degraded to CQvia the oxidative pentose phosphate cycle, whex®RH is
produced. WhenSynechococcusPCC6301 was transferred from aerobiosis to
anaerobiosis, the amount of NADPH, ADP and AMP éased, NADP and ATP
decreased, whereas NADH and NABemained unchanged. It was concluded that
NADPH and not NADH was the primary electron donor fespiration (Biggins,
1969). While organic compounds are oxidized, NADRHgenerated, however, it
cannot be reoxidized, as the terminal acceptors@nissing in anaerobic conditions.
Without O, electrons cannot pass the respiration chain andTiio will be generated.
Both NADH and NADPH are in vitro oxidized by NAD(R)dehydrogenases (NDH).
In vivo NADH might be made from NADPH by a pyridin@ucleotide
transhydrogenase.

Three types of NDH are known. Type-I NDH (resemitfess mitochondrial type
in eukaryota) has seven subunits and is believdaettocalized in both membranes
(ICM and CM). Type-ll NDH is probably a monomer. élhthird type is a
ferredoxin:NADPH dehydrogenase (FNR), which caro disnction as a NADPH
dehydrogenase. Besides NADPH succinate andard be used as electron donors for
the quinon pool. Two succinate dehydrogenases haea discovered in PCC6803.
For H, three hydrogenases are known: Nitrogenases, uptgkieogenases and
bidirectional hydrogenases. Nitrogenases produygé H* but not N is the substrate.
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2.5.2.2. Quinone pool

Stoichometrically, the quinones are the compondimés are most prevalent
within the cell. Therefore the redox state by a isaetlefined by the quinone pool. They
are localized in both membranes. If the pool israeeluced (e.g. there is more PSII
than cytbgf) it will be oxidized directly by the quinol oxidagQox) or by the plastid
like terminal oxidase (Ptox), however the lattersesxonly in a few organisms and
little is known yet.

2.5.2.3. Cytochromebgf complex

It is reduced by the quinon pool and oxidized biocliromec or plastocyanin.
When electrons pass thgf complex, which is located in both membranes, pretare
translocated and an"Hradient is built up. In cyanobacteria th complex is passed
in both the photosynthetic and the respiratory tedec chain. Cyanobacteria are
believed to be the only organisms, whegeis also used for respiration, because in
eukaryotic mitochondria it is replaced by cytochedm, complex.

2.5.2.4. Peripheral intermediate electron carriers

These factors are not localized to a special menehrbut are soluble. They
transfer electrons from cytochrontgf complex to photosystem | or cytochroroe
oxidase. Two types are known in cyanobacteria:atytmmec, which has a heme iron
cofactor, and plastocyanin, which has a copperatofaThe usage of the two classes
of electron carriers in photosynthesis (and resipma differs among the
cyanobacterial strains. Sandmann and Boger (198@pvkered that the presence of
plastocyanin and cytochronwawas dependent on the £woncentration among some
species. According to Sandmann (1986) there aee throups:

1) strains that have a gene only for cytochramleut not for plastocyanin

2) strains that have genes for both classes, but éxression depends on the
CU** content of the growth medium. At low concentrasiamly cytochrome,
whereas at high Gliconcentrations only plastocyanin is expressed.

3) strains that have genes for both and express ayiowhc constitutively, but
plastocyanin only at high Gliconcentrations.

SynechocystiBCC6803 belongs to the second group, so the batitn of the
intermediate electron carriers can be controlledthy Cd" concentration. Over
300nM Cd"* there is nearly no cytochroneand under 0.1puM there is hardly any
plastocyanin (Zhang et al, 1992). When grown in B@Giedium according to Rippka
et al (1979) there is a medium Ceoncentration of 0.3uM so that both plastocyanin
and cytochromec are present. In no cyanobacterium it was posdibl&nock out
plastocyanin as well as cytochromelt is assumed that either of the two is suffitien

for both photosynthesis and respiration. In somarst that were thought to belong to
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Sandmann group 1 the gene for cytochrantead been knocked out (Laudenbach et
al., 1990), but later a gene for plastocyanin wiasadered. At the moment PCC7002
is believed to be the only member of group 1 agy@oee for plastocyanin has been
discovered. Plastocyanin expression at low/*Ceoncentration is not completely
inhibited (Pils et al, unpublished), because a dytomec knock out mutant from
PCC6803 could still grow at a normal level whensedi at very low CU
concentrations (performed by Zhang et al, 1994 $ame is true for cytochronee
expression at high Gliconcentrations.

2.5.2.5. Respiratory terminal oxidases

Cox, Qox, Ptox and ARTO are summarized as respyatrminal oxidases
(RTOs), which all reduce 20 H,O. While several components like the quinone pool,
cytochromebgsf complex, cytochrome and plastocyanin (the latter only assumed) are
active in both photosynthetic and respiratory etectransport, RTOs are considered
as the key enzymes of respiration, as they haw#raot function in photosynthesis.

a) Heme copper oxidases

There exist three types of heme copper oxidases.génuine cytochrome
oxidases (Cox), the alternative respiratory terinmadase (ARTO) and the typsbb;
oxidase.

al) Genuine cytochromec oxidases

Except for very few strains all known cyanobactérae at least one Cox. It is
also very rare that a strain possesses more thargenuine Cox. Cytochromeis
oxidized either by photosystem | or by the Coxaaex (Schmetterer et al., 1994) and
a PSI single mutant (Vermaas et al, 1994) but not a/&84 double mutant could be
created in PCC6803 (Manna and Vermaas, 1997). Tyamobacterial Cox is
assembled from three subuntits called A, B and @ickvare homologous to the

subunits I, II and Il of mitochondrial cytochrome oxidase. In mammalian
mitochondria cytochrome oxidase is a large protein with 13 subunits, haveonly
subunits I-lll are encoded by the mitochondrial @®me. The other subunits are

encoded by chromosomes inside the nucleus. Withianabacteria no genes have
been found that were homologous to the genes irettk@ryotic nucleus encoding
mitochondrial Cox subunits IV-XIII.

In all known cyanobacteria the genes for the Cdsusits are clustered in an
operon calledcoxBAC or ctaCDE (Howitt and Vermaas, 1998, Schmetterer et al.,
2001). The oxidation of cytochroneeby Cox could be demonstrated by an in vitro
assay. The membranes from cyanobacteria were asoland ICM and CM were
separated. The pure membranes were mixed witheohgsed cytochrome that had
been isolated from horse heart. For PCC6803 it seaeluded that only membranes
containing a Cox could oxidize cytochromecbhs, which can also oxidize horse heart
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cytochromec, is not present in this strain. In PCC6803 Coxnsedo be located
exclusively in the ICM, as the CM shows no cytochex oxidase activity. In other
strains likePlectonema boryanurRCC6306 an&ynechococcus?CC7942, however,
the CM can oxidize horse heart cytochrom@eschek et al, 1988). In many strains
the capacity for chemoheterotrophic growth is deeeh on the presence of a
functional cytochrome oxidase. This has been so far demonstrated fol6BCE(Pils

et al, 1997) and ATCC29413 (Schmetterer et al, 200here knock out mutations of
coxleliminated this capacity.

a2) Alternative respiratory terminal oxidase (ARTO)

Many cyanobacteria have motexBACclusters, which are namewx1BAC
cox2BACand so on. The numbers indicate the homology eostibunits |, Il, Il of
mitochondrial cytochrome& oxidase, withcox1BACbeing the cluster most closely
related to mitochondriadlox Usually onlycoxIBAC codes for a real Cox, whereas the
others code for an ARTO. Besides the homology betw@ox and ARTO there are
two main differences in their protein sequence$sstterer et al, unpublished).

1)  Atthe Mdf* binding site in subunit |
Cox:. WAHHMF
ARTO: WVHHMEF (in most ARTOs, but not wersal)
2)  Atthe CUd* binding site in subunit Il
Cox: CaElCgpyHgvM (Elbinding motive)
ARTO: DsqgfSGaYfatm (function not yetate

The capital letters indicate conserved amino adhus,others are frequent, but
not universal and sometimes replaced by related@iacids. A heme copper oxidase
needs to have both Cox characteristics to be difasea Cox. If one or both are
missing the enzyme is viewed as an ARTO. As a canmh there are three subclasses
of ARTOs.

Type I: Cox motive neither in subunit | nor in suiddl (ARTO in both senses)
Type II: Cox motive only in subunit Il
Type IlI: Cox motive only in subunit |

The motive of subunit I in ARTO (type lll exclude®) not universal. Mostly
the alanin from Cox is replaced by valin, howevemay be substituted by another
amino acid. As the Mg binding site of subunit | is essential for thensmembrane
translocation of H, it is probably necessary for creation of a protwadient. This
might explain, why ARTOs from type | and Il (modttbe ARTOS) cannot support
chemoheterotrophic growth. Perhaps a type Ill ARWES this capacity, however, type
Il is very rare, therefore this has not been @sie far. The Cii binding site is
essential for acceptance of electrons from cytaolerg which leads as a consequence
to a positive horse heart cytochromexidation assay. This means that both Cox and
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ARTO from type Il can oxidize horse heart cytocheomin vitro. Therefore type |l
ARTOs have been classified as Cox in the past.ofljh the C&" binding motive is
missing in ARTOs except type I, it is replaced dnpother motive, which is not very
similar to the Cox motive, however, it is also vegnserved, as all Cox and ARTOs
have one or the other sequence. The function ofAR&0O motive in subunit I
remains unclear, as no specifical knock out of tieigion has been done so far.
Perhaps it is the motive required for oxidationaofyet unknown component of a
respiratory chain. Despite the significances of Mg and Cd" binding motives in
the two subunits, they are not the only differenbesween ARTO and Cox. A
hypothetical Cox subunit I, whose €ubinding motive is replaced by the ARTO
typical sequence, is still more closely related ttke Cox subunits I of all
cyanobacteria and vice versa, however, the impoetaf the different regions within a
subunit has not been analysed yet. Apart from dyacteria the cytochronts quinol
oxidase fromE. coli seems to be related to ARTOs (especially type owdver,
ARTOs have not been demonstrated to oxidize theoma pool.

The number of ARTOs differs very much between theerde strains. Nearly
all ARTOs are clustered in the same orientationCas: coxBAC An important
exception isSynechocystiPCC 6803, whoseoxB2is located far away frornox2AG
which constitute an operon as expected. Althougjuesece analysis of ARTOs from
other strains revealed that CoxB2 was the missungursit Il, it was questioned
whether it was really necessary. Perhaps CoxBhefréal Cox can assemble to a
functional ARTO with CoxA2 and CoxC2. As CoxB2 daest include a CUf binding
site, the expected ARTO is from type | (no in viaytochromec oxidase activity). If
CoxB1 is really able to trimerize with CoxA2 andX@2, a type Il ARTO (with in
vitro cytochromec oxidase activity) will be made, which increases RTO variety.

The biological function of ARTO in PCC6803 remaimsclear. A strain had
been constructed which had no RTO except the ARTf@spired (consumed Pbut
only at a very low level (about 1% of the WT reagimn). However, this strain was
able to take up 3-O-methylglucose (an analogon hfcage that cannot be
metabolized) in the dark at a rate of about 50%hefWT, whereas a mutant strain,
whose RTOs were all deleted, failed to take up a@WG. This ARTO mediated
uptake was abolished if the gene for cytochramweas deleted (Pils and Schmetterer,
2001). Therefore an electron chain has to exisighvimvolves both cytochromeand
ARTO, although ARTO failed to oxidize cytochrornen vitro. Perhaps there has to
be another component between them, or the oxidasatya of ARTO is too small to
be detected, but has enough significance in vivo.

As the subunit 1l of ARTO was the only peptide of RTO that has been
detected in an isolated CM of PCC6803 (Huang e2@D?2), it was concluded that
ARTO was localized in the CM and its activity prded enough energy for the uptake
of sugars and analogons. Despite the low respirati@ strain with ARTO as the only
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RTO, its contribution to total respiration in theTwhay be much higher. A strain of
PCC6803 which had a deleted Cox but an intact ARR® an intact Qox (see below)
respired half the rate of the WT. If HQNO or PCPsvealded (both are inhibitors of
Qox, but not for Copper heme oxidases like Cox ARd O) only 72% and 83% were
inhibited. Thus the remaining respiration had todoe to the activity of the ARTO
(Pils and Schmetterer, 2001).

PCC7120 has 3 Cox/ARTO clusteceaix1BACencodes the real cytochrome
oxidase, whereasox2BACandcox3BACcode for ARTOs, Cox2 is of type I, Cox3 of
type I. In filamentous PCC7120 both ARTOs seem doekclusively located to the
heterocysts, whereas the genuine Cox is actiieaivégetative cells. PCC7120 grown
in media containing NI or NO; showedcox1, but nocox2 or cox3 transcription.
coxltranscription was constitutive and did not chamipen the strain was grown on a
medium lacking combined nitrogen, which inducesetamtyst formation. In that
situation bothcox2 and cox3 are enhanced. In isolated heterocystscogl was
transcribed. Acox2/cox3 double mutant lost the capacity to grow diazotroglty (on
di-nitrogen without bound nitrogen), whereas botlyle mutants were still capable of
diazotrophic growth. Thus in heterocysts a mairciam of RTOs is to remove £y
reducing it to HO, as nitrogenase is extremely sensitive towargév@lladares et al,
2003).

AnabaenaATCC 29413 has fiveox clusters. Onecpx1BAG seems to encode
a genuine Cox, as its knock out abolishes the dgpéar heterotrophic growth
(Schmetterer et al, 2001). Ormk2BAQ encodes an ARTO of type I, the remaining
three CoxBAC3-% code for ARTOs of type I. Onlgox2BACwas enhanced, when the
strain was grown under diazotrophic conditions, &esv, the locus was transcribed
under combined nitrogen (NQ too, but at a lower extent (Pils et al, 2004)isTh
observation was contrary to PCC7120, whane2BAC which encodes the same RTO
type (ARTO type Il) will not be expressed, if theedium is supplemented with NO
or NH,". In ATCC 29413 the transcription afox3BACis very weak and is not
enhanced, when the strain is grown under diazoitogbnditions (contrary to
PCC7120).

a3) Cytochromecbb; type oxidase(Schmetterer, unpublished)

Oxidases of typecbl; are not very widespread among cyanobacteria. $t ha
been identified in the tw&ynechococcusp. strains PCC7942 and PCC6301. It can
oxidize horse heart cytochron® In purple bacteria it seems thebh; acts as a
cytochromec oxidase. In cyanobacterial straimichodesmium erythraeumS101,
where a real Cox is missing, tlobb; oxidase might be the most important in the
respiratory chain.
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b) Quinol oxidase (Qox)

It has two subunits, which are homologous to the swbunits of cytochrome
bd quinol oxidase irkE. coli. They are encoded by the gergdAandcydB which are
clustered in an operon. Within cyanobacteria thgsees were first discovered in
PCC6803, when the complete genomic sequence wasrdeed (Kaneko et al, 1996).
Later quinol oxidases have been detected in variogsnobacterial strains. A
PCC6803 mutant strain that lacks both Cox and ARWi@® Qox being the only
remained functional RTO respired at a similar rdten the WT. When Qox was
deleted too, the triple mutant did not respire amgye (Howitt and Vermaas, 1998). As
no further genes were discovered with sequencdagitids to subunits of RTOs, it
was concluded that PCC6803 had three RTOs: 1 CAKRTO, 1 Qox. It has been
demonstrated that Qox mediates the oxidation ofgthieone pool without involving
the cytochromebsf complex (Berry et al, 2002). The components ofhbtie
respiratory and the photosynthetic electron trarispbain do not exist in equal
amounts. There is a dramatic over excess of theogei pool. If the quinone pool is
totally reduced, it cannot oxidize PSIl or NADPHyarore. PSII* (PSII, which is
activated by photons) will revert to PSII, the &lens will be transferred back to, O
but in an uncontrolled manner. Without an oxidaseyene reactive oxygen species
like O, will be created that damage the cell. Thereforex Qas to prevent an over
reduction of the quinone pool, if it is not oxidikas quickly by PSI as it is reduced by
PSIl. Under these circumstances Qox has to traeséetrons from quinone to,Q@o
ensure an appropriate redox state.

While in the WT of PCC6803 40-50% of the total riesjon in the dark was
inhibited after HQNO or PCP was added, the respmmadf the strain with Qox as the
only RTO was abolished completely after HQNO or P&Hition. So it is assumed
that in the WT 40-50% of the totab,@onsumption is mediated by Qox. Both deletion
and inhibition of an RTO by a specific reagent g#tuence the @ consumption rate
of the other RTOs. Normally the respiration rateP@C6803 can be enhanced when
glucose (the only known organic compound that canubed by this strain for
chemoheterotrophic growth) is added. If Cox and ARWere deleted, the Qox
mediated respiration was not enhanced by glucosenaore. Both heme copper
oxidases and quinol oxidases are inhibited by gaiascyanide (KCN).

c) Plastid terminal oxidase (Ptox)

First it was thought that in cyanobacteria therandbexist any KCN insensitive
RTOs, which have been discovered in mitochondriaplaints and some other
eukaryotes. They were called alternative oxidases)((Vanlerberghe and Mcintosh,
1997). In chloroplasts of plants a similar classoridases was found, the so called
plastid terminal oxidases (Ptox). Both classesesharinsensitivity towards KCN but
they must have diverged before endosymbiosis tda&ep Prokaryotic orthologs of
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both groups have been found (McDonald et al, 2008RPCC7120 gptox gene was
identified, which was shown to be expressed. lorplasts the Ptox directly oxidizes
plastoquinol (the quinone of chloroplasts) and seémnbe important for carotinoid
biosynthesis (Carol et al, 1999; Wu et al, 1999 a&hlororespiration (Carol and
Kuntz, 2001, Peltier and Cournac, 2002).

2.5.2.5.1. Inhibitors of the terminal oxidases

KCN

KCN inhibits heme copper oxidases as well as quixadases. The only RTOs,
which are known to be insensitive towards KCN dre plastid terminal oxidases
(Ptox). KCN is very toxic because it inhibits thegachromec oxidase in mitochondria
and blocks cellular respiration. In respiration swwaments with PCC6803 KCN is
added at the end of the experiment. The strain doesespire anymore, as it does not
have any KCN insensitive RTOs.

HQNO (2-heptyl-4-hydroxyquinoline-N-oxide)

It inhibits specifically cytochroméd type quinol oxidase ift. coli (Borisov,
1996). It is used for determintation of the portiminthe total respiration mediated by
quinol oxidases. For example if the respiratiortted WT of PCC6803 is measured,
40 % is inhibited when HQNO is added. Thereforasitassumed that the Qox
respiration (@ consumption) is 40% of the total respiration. Thmaining 60% are
mediated by Cox and ARTO. A PCC6803 mutant with Qaxthe only RTO is
completely inhibited by HQNO (Pils and Schmette2801).

PCP (pentachlorophenol)
It was shown in PCC6803 to have the same effe¢i@BO (Borisov, 1996;
Pils and Schmetterer, 2001).

Azide
Its effect is opposite of HQNO as it inhibits hermepper oxidases, but not Qox
(Borisov, 1996).

DMBIB (2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone)

It blocks the cytochromebsf complex. So neither photosynthesis via
photosystem | nor respiration via cytochromexidase is possible. Electrons both
from photosystem Il and from NADPH will reduce theinone pool, which can only
be oxidized by the quinol oxidase (Qox), which eywimportant now to prevent over
reduction of the quinone pool. In experiments VABC7120, however, the respiration
was enhanced by DMBIB. Apparently the quinol oxelagas activated, transferring
all electrons reducing the quinone pool tp O

Octyl gallate
It specifically inhibits plastid terminal oxidasggerhaps the only inhibitor for them).
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Unfortunately there does not exist an inhibitort thesstinguishes between Cox
and ARTO. So it is very difficult to determine tlp@rtion of the ARTO mediated
respiration within the total respiration.

DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea)

Actually it is not an inhibitor of respiratory temal oxidases. It binds to
photosystem Il and prevents the transfer of elestrto the quinone pool. As a
consequence the liberation of @ stopped, however, photosystem | still functiand
the electrons may undergo the cyclic electron flowthe light, when PSI is active,,O
is neither produced nor consumed. This means teaOt content of the surrounding
medium remains constant.

2.6. Different trophies in cyanobacteria

According to their photosynthetic nature they areesigned for
photolithoautotrophy. Although all cyanobacterianceespire in the dark, many
cyanobacteria are obligate photolithoautotrophsririgulight periods CQ is fixed
within the calvin cycle and the produced glucosme®rporated into glycogen which
is stored in the glycogen granuli. During dark pds the glycogen is phosphorylized,
however, only a few strains are able to grow in tek on organic molecules
(chemonheterotrophy).

ATCC 29413 was demonstrated to grow in completenpeent darkness with
fructose as a carbon source (Wolk and Shaffer, 19¥dditionally fructose enhanced
photolithoautotrophic growth under diazotrophic dibions (Haurey and Spiller,
1981). Nostoc punciformeATCC29133 can grow in the dark on both glucose and
fructose (Summers et al, 1995). For PCC6803 thg ordanic substrate that can be
used is glucose. However, PCC6803 grown in the dasrka medium containing
glucose needs an illumination of at least five nesuper 24h to grow, which was
called light-activated heterotrophic growth (LAH&nderson and Mcintosh, 1991).
Although growing in permanent darkness failed, st thought to be a real
chemoheterotrophic growth, as the same strain dtdgrow at 5min light per 24h,
when glucose was missing. Besides the energy @uatdmom 5min illumination per
day did not explain the growth rate when glucose a@ded. It was believed that the
short illumination is necessary to activate a pbytome, which can change between
two forms, within a day all molecules of this phgfioome revert spontaneously to the
lower energized form. So they have to be activaieddefined interval.

Although these two strains are not closely rela(P€C6803: unicellular,
section I; ATCC29413: filamentous, heterocystows;tisn V), in both cases the
capacity for chemoheterotrophic growth is striallgpendent on the presence of the
genuine cytochrome oxidase, agox1 knock-out mutations in both strains lose this
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capacity. PCC7120 has one other RTO with in vigimchromec oxidase activity, but

this enzyme is now classified as ARTO, type Il andes not support

chemohetrotrophic growth, as eoxI/coxZ strain clearly demonstrated. While
fructose is a suitable energy and carbon sourcAT@C29413, it is not only useless
but even toxic for PCC6803, because the cells dilsavhen grown in the light under
the presence of fructose.

Transmembrane carrier Gtr (also called glucosetdaec permease or GIcP) is
responsible for both glucose and fructose uptakP@QC6803, as a mutation gir
abolishes the capacity for heterotrophic growthrrly fructose is toxic for this
strain. When plating a PCC6803 culture onto agataioing fructose, a few colonies
appear. Genetic analysis revealed that they allnmaigtions in thetr gene. So Gtr is
not only responsible for the capacity for heterphic growth, but also for the
sensitivity towards fructose (Flores and Schmette@36; Joset et al, 1988; Zhang et
al, 1989). Gtr can import both glucose and fructdse with a different affinity. The
toxicity of fructose can be prevented, if 10% glsemf the amount of fructose was
added. It was concluded that glucose binds to @tr an affinity of at least 10 times
compared to fructose. If there is enough glucdseili be imported and fructose has
no chance to bind to Gtr, even if there is a temei amount of fructose (Joset et al,
1988). When the strictly photolithoautotrophic str&ynechococcusp. PCC7942 was
transformed withgtr, glucose was taken up, however, the cells digterpresence of
glucose (Zhang et al, 1998). This clearly demotetrahat diverse strains differ in
both transport system and metabolism.

Experiments with radiolabeled chemicals revealedt thlucose but also
3-O-methylglucose (3OMG) was taken up by WT PCC68@dereas atr knock-out
mutation called GS1 failed at both sugars. Howetlggre was a difference in the
uptake properties between these two substancesambant of incorporated glucose
continuously increased, whereas 30OMG first wasrtalqe at a similar rate, but after
about an hour the incorporated amount stagnatascoSé was phosphorylated and
further metabolized (e.g. incorporated into glyaggeso the inner cellular amount
remained always zero and the uptake continued.h®@nother hand 30MG is only
taken up but cannot be further metabolized, serains unchanged inside the cell.
Once there will be such a high concentration inglte cell that the active carrier
cannot translocate any more against the gradiehtrenuptake of 30OMG stops.

In nature cyanobacteria can grow photolithoautdticgdly in the light (all) and
chemoheterotrophically in the dark (some), howeven the Ilaboratory
photohetrotrophic conditions can be generated. CML (see above) is added, the
transfer of electrons from PSII to the quinone p®olblocked and the noncyclic
pathway is inhibited so no @ can be oxidized anymore. Organic compounds like
glucose will be needed both as electron and asonasurces, therefore the cells
perform organoheterotrophy. However, photosystasnstill active and electrons can
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undergo the cyclic electron transport pathway,ahgrcreating ATP while passing the
cytochromebgf complex. As light is still used as an energy seutite cells grow
photoorganoheterotrophically. Photoheterotrophyalan be performed by strains that
lack a genuine cytochromz oxidase, because cytochromer plastocyanin can be
oxidized by PSI. Like chemoheterotrophy, phototatephy is also strictly dependent
on the presence of a carrier molecule that imgbgrganic substrate.

PCC680gtr  cannot grow in the presence of glucose and DCMlithénlight.
According to Rippka et al (1979), PCC7120 was el to be strictly
photolithoautotrophic despite the presence of 5 RT® genuine cytochrome
oxidase). Considering the fact that ATCC29413, Whecclosely related to PCC7120,
can grow chemohetrotrophically dependent on frigttdse question is raised, whether
the incapacity of heterotrophic growth by PCC7120ekclusively caused by the
missing of a sugar transport system, analogouse&rtRABC genes in ATCC29413.
If PCC7120 is manipulated that it can take up fwtance fructose, it will probably
gain the ability of heterotrophic growth. Accorditg this hypothesis Ungerer et al.
(2008) identified an operon of three gef&BC, which was under the control i5fR,

a gene located next to the operon and encodingrassor. InNostoc punctiforme
ATCC 29133 a homologous operon was identified, bot in PCC7120. It was
observed thaftrR was very important, because &bR mutation was extremely
sensitive towards fructose. It was discussed thattdse might be toxic when it is
imported in an uncontrolled manner, without a repoe. Ungerer et al. (2008)
introducedfrtRABC into PCC7120 where chemoheterotrophic growth &iva rate
was observed. Photoheterotrophic growth was alported but not shown in that
article. An introduction offtABC without ftrR into PCC7120 led to a phenotype
similar to that of ATCC29418&R'.

2.7. Aim of the doctoral thesis

PCC7120 has 5 RTOs: 1 Cox, 2 ARTOs, 1 Qox, 1Ptaodk out mutations
already existed of the two ARTOsox2 andcox3 (Valladares et al, 2003). Single
mutants of Cox and Ptox were created to analyse pieenotypes (e.g. by Clarke
electrode). We supposed that isolated membranas@tl strain do not show any in
vitro oxidase of horse heart cytochromand the the influence of specific inhibitors to
the respiration rate differs from the WT.

gtr (from PCC6803), which was located on the repheaplasmid pBWUVG,
was introduced into PCC7120 by conjugation. Siriceeds known that transfer of
frtRABC from the closely related strain ATCC29413 resulted facultative
chemoheterotrophs, it was unclear, whetlggr from a more distantly related
unicellular strain would have the same effect inCRFC20. No plasmids occurring
naturally in PCC6803 can replicate in PCC7120 aicé versa. The sequences for

21



promoters may also differ. Plasmid pBWUV6 that wamjugated into PCC7120
contains the whole ORF and upstream regulatoryesemgs. It was not sure, whether it
would be recognized in the new host. Experiment$ \Wbelled glucose or 3S0OMG
reveal, whether the transgenic PCC74tPOstrain can take up sugars (the gene has to
be expressed and its product has to act as expected

Two mutant strains of PCC6803 have been createtthwiave ARTO as the
only active RTO, BC2 and BC3. In BC2 all Qox gerfegdA and cydB and two
subunits of Cox qoxAl and coxCl sometimes also calledtaDl and ctaEl) are
deleted, whereas in BC3 all Qogy@lA and cydB and all Cox ¢oxBl, coxAland
coxC) genes are deleted. Thexllocus (2 genes in BC2, 3 genes in BC3) has been
knocked out by a neomycin phosphate transferasegytthlocus by an erythromycin
resistance cassette. In comparison to the WT B@2BL£3 had a respiration rate of
1%, but took up half the amount of 30OMG. These strains do not differ in their
phenotype since the intact CoxB1l is not sufficiemtrimerize to a functional Cox
when assembling with 2 ARTO subunits, so in bothesaARTO is the only active
RTO.

To analyse the role of CoxB2 for the assembled AR B2was knocked out
in both strains. Now the hypothesis was tested ndre€CoxB1l and CoxA2C2 could
trimerize to a functional ARTO. IfoxB2is deleted in a BC2 strain, CoxB1 will still
be present to form an ARTO, however, in strain BIg8 is not possible. If BG2xB2
still takes up 30OMG, a trimerization between 1 Gmd 2 ARTO subunits will be
realistic. The same experiment has to be performigd BC3coxB2 as a further
check. If this strain also takes up 3OMG, it wiltlicate that CoxB2, whose ORF was
located far away, is not necessary for a functigxRT O at all. If no uptake occurs at
any experiment, the fuction of the ARTO can be tashed as being strictly dependant
on the presence of CoxB2.
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3. Materials and Methods

3.1.

Strains

Cyanobacterial strains

Synechocysti®CC6803 (Rippka et al, 1979; sequenced by Kanela, e
1996): WT, which includes thgtr gene, which was used for further cloning.
SynechocystisPCC6803GS1: deletion ofgtr (sll0771 according to
Cyanobase, 2011) by a neomycinphosphate transfé@akenetterer, 1990)
SynechocystiBCC6803ABC (Howitt and Vermaas, 1998): all knownd®T
in this strain have been knocked out

Synechocysti®CC6803BC2 (Howitt and Vermaas, 1998) both subuofits
Qox and 2 subunits of Cox (A and C) are deleted, dmxBXsll0813
according to Cyanobase, 2011) was left intact. Nbetess ARTO is the
only remained active RTO

SynechocystiBCC6803BC3 (Pils and Schmetterer, 2001) both Qaixadin

3 subunits of Cox have been deleted. The three GREsding the ARTO
are the only intact genes for RTO subunits.
SynechocystiBCC6803BCRoxB2direct (this thesis)
SynechocystiBCC6803BCR2oxB2inverse (this thesis)
SynechocystiBCC6803BCB8oxB2direct (this thesis)
SynechocystiBCC6803BCB8oxB2inverse (this thesis)

AnabaenaPCC7120 (Rippka et al, 1979; sequenced by Kane&h 2001)
AnabaenaPCC712@ox1 : a part ofcoxAlwas deleted and replaced by a
neomycinphosphate transferase, which had beentedsen the same
direction (constructed during this thesis)

Anabaena PCC7120(pBWUV6) = PCC7186": contains plasmid
pBWUV6 that includes thegtr from PCC6803 (constructed during this
thesis)

AnabaenaPCC712@tox: ptox was interrupted by a gentamicin resistance
cassette, which had been inserted in the samdidimec

E. coli strains

Escherichia coli HB101 (Boyer and Roulland-Dussoix, 1969)
F" mcrB mrr hsdS204 mg) recA13 leuB6 ara-14 proA2 lacY1 galK2 xyl-5
mtl-1 rpsL20(SH) ginV44.

Escherichia coli IM109 (Yanisch-Perron, 1985)
endAl ginV44 thi-1 relAl gyrA96 recAl mEulac-proAB) el4- [F'
traD36 proAB lacl® lacz4M15] hsdR17E mk")
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» Escherichacoli TOP10
F" mcrAd(mrr-hsdRMS-mcrBC)80lacZzIM15 AlacX74 nupG recAl
araD1394(ara-leu)7697 galE15 galK16 rpsls) endALL

» Escherichia coli DH5a (Woodcock, 1989)
F endAl gIinV44 thi-1 recAl relAl gyrA96 deoR nu@p&ddlacZIM15
A(lacZYA-argF)U169, hsdR17{rmc"), A°

3.2. Plasmids

pRL278 (Black et al, 1993) contains a neomycin phosphedasterase for
positive selection andsacBgene for negative selection if sucrose is added.

pBWUV1 (Wurzinger, diploma thesis): a portion of 7120 WTEngme
including the wholeeoxAland part otoxBlandcoxClopen reading frames had been
amplified by specific degenerated primers named0Z@2B and 7120coxC (see
section 3.4.1), which bind inside thex1Bandcox1CORF.

On the 5’ ends of both primers Xiba site had been attached and two bases 5’
next to it, to ensure that the PCR fragement caouben both sides. PCR was done
with isolated DNA from PCC7120WT as template. Ti@&RPproduct was purified by a
0.7% agarose gel. Fragment with 2448bp was cutaodt purified. Then it was
digested withXbd. pRL278, which contains thre¢bd sites, was also digested with
Xbd. Both the digested PCR product and the digesid2@8 were purified by a
0.7% agarose gel. The PCR product of 2438bp andbtigest pRL278 fragment of
5461bp were cut out, purified and ligated.

pBR328 (Soberon et al, 1980, Prentki et al 1981) contagssstances against
chloramphenicol and tetracycline.

pBR328B was digested (linearized) witBanH| and treated with mung bean
nuclease to remove overhanging ssDNA. After thatas religated. The new plasmid
kept resistance against chloramphenicol but losist@nce towards tetracycline
(BanHl site is localized within cassette) (Wurzingepldma thesis).

pBWUV2 (Wurzinger, diploma thesis): AAsISI-SgrAl fragment was cut out
from the middle of theoxA1ORF on pBWUV1 and replaced by a chloramphenicol
resistance cassette. pPBR328B, which containeda@arhphenicol resistance cassette,
had been linearized witAvd and served as template for the PCR performed thih
primers Cm5 and Cm3 (see section 3.4Gn5 contained &vu site, whereas Cm3
contained am\gd site.

24



The PCR was performed with the following program:

5min 94°C
30s 94°C
30s 41°C
1min 40s 72°C
7min 72°C

After the PCR the product was purified by a 0.7% get out (at 1076bp) and
extracted. Then it was digested whRvu, extracted by chloroform, and precipitated
with ethanol. After that it was digested witlgd. pBWUV1 was digested witAsiSI.
The reaction mix was extracted with chloroform apicipitated with ethanol.
Afterwards it was digested withgrAl. Both double digested samples were purified by
a 0.7% agarose gel and fragments at 7681bp (pBWW@d)933bp (CmR) were cut
out, extracted and ligated.

pBWUV3 (Wurzinger, diploma thesisYhis plasmid was constructed for
pBWUV2, from which the neomycin resistance was welepBWUV2 was digested
with BanH| and Eag. Then it was extracted with chloroform and préeed with
ethanol. After that it was treated with mung bearclease, which removed the
overhanging ends. Finally it was purified on a 0.A&garose gel, cut out (about
7200bp) and ligated (recirculated without the necmyragment).

pRStUV3 (constructed during this thesidjhe chloramphenicol resistance
cassette was replaced by the neomycin phosphaigdrase r{pf), which is the same
as in pRL278, pPBWUV1 and pBWUV2ipt was amplified by PCR with pRL6 (see
below) as template DNA (from a preparation accagdim Holmes and Quigley, see
section 3.8.) and Kmcassette2 and Kmcassette3iragrmnsr Kmcassette2 contained a
Pvu site, Kmcassette3 containedsad site, which are underlined below (see 3.4.3.).
PCR was performed. Then the product was extractdédokloroform and precipitated
with ethanol. Theapt PCR product and pBWUV3 were restricted wittl and Scd,
purified on a 0.7% gel, cut out and extracted.

pDUL1 (Reaston et al, 1982) is a plasmid from the filatnes cyanobacterium
NostocPCC7524. It can replicate in many filamentous oyacteria like PCC 7120
but not in unicellular strains like PCC6803.

pRL1 (Wolk et al, 1984): pBR322 (Bolivar et al, 1977)dapDU1 have been
fused. Both have been linearized withoRV and then ligated. pBR322 has only one
EcARYV site, whereas pDU1 contains 3 such sites. Ttterlplasmid was only partially
digested, so it became linearized too. The fuslaamid was called pvVW1, which was
specially treated wittAvdl and Sau 961 and then the fragments were ligated again
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together with pBR328. The new plasmid pRL1 lost &d and Avdl sites and
contained a resistance cassette for chloramphetécoled from pBR328.

pRL6 The neomycin phosphate transferase from Tn5 of PColn5
(Auerswald et al, 1981; Beck et al, 1982) was iteskmto pRL1, introducing thereby
anAvadl site (Wolk et al, 1984).

pRL7 the neomycin transferase from Tn5 (Auerswald gtl881; Beck et al,
1982) was inserted into pRL1 but in the other diogcas in pRL6 (Wolk et al, 1988).

pRL25 is derived from pRL7, which has been partially digel withMstl to
remove the chloramphenicol acetyl transferase. gdréon betweerNdd and EcaRl
had been replaced by theld-EcadRl part of pRL1VB (Wolk et al, 1988).

pBWUVG6 (Wurzinger, diploma thesigtr from PCC6803 was introduced into
pRL25. Plasmid pGT12 (Zhang et al, 1989), whichtams gtr, and pRL25 were
isolated by Ish-Horowicz preparation and digestéith BantHl. The fragments were
separated by a 0.7% agarose gel. The 2055bp fragroetaining theytr gene with its
promoter (both derived from PCC6803) and the ~980@xtor of pBWUV6 were cut
out and ligated.

pBWUV4 (Wurzinger, diploma thesis) the downstream flagksequence of
ptox was amplified by PCR using primers Ptox downstré&amand Ptox downstream
3'and PCC7120WT DNA as template. The PCR fragmead imserted into pRL278
between th&co01091 andXhd sites.

pPSUV1 (Wurzinger, diploma thesis) the upstream flanksggijuence optox
was amplified by PCR using primers Ptox upsreamarid Ptox upstream 3’ and
PCC7120WT as template DNA. The PCR fragment wastied into pRL278 between
Xhad andBanH] site.

pBWUVS5 (Wurzinger, diploma thesis) both the upstream @neddownstream
flanking sequences were inserted into pRL278. Tdreyconnected at théhad site.

pRStUV1 (prepared during this thesis) The Boassette from pBBR1MCS-5
(Kovach et al., 1995) was amplified by PCR using phimers pbbrl-5 and pbbrl-3
and introduced into pPBWUVS5 at théhd site.

PRStUV2 like pRStUV1, however the Ghrassette has been introduced into
the other direction
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pUC19 containslacZa including a multiple cloning site (MCS), ami and an
ampicillin resistance cassettanfp. Closely related pUC18 only differs at the
orientation of the MCS (Messing, 1983; Norrandealetl983; Yanisch-Perron et al,
1985).

pGGUV1 (Graser, unpublished) a flanking sequence freh®813 was
introduced into pUC19.

pGGUV2 (during this thesis): another flanking sequencest®813 was
introduced into pGGUV1.

pGGUV4 (during this thesis) a streptomycin resistanceets was introduced
between the two flanking sequences.

pGGUV5 (during this thesis) like pGGUV4, however the ptoamycin
resistance cassette has been inserted into theditbetion.

3.3. Used resistance cassettes for molecular clogi
Kanamycin — Neomycin:

Tn5 (Auerswald et al, 1981; Beck et al, 1982) emsoé neomycin phosphate
transferase(npt), which had been inserted into pRLt from Tn5 is advantageous
for PCC7120 compared to othspts.

Streptomycin

pRL463(see above) contains the cassette, which confers resistance towards
streptomycin.

Gentamicin

The gentamicin resistance cassette was derived pfBBR1MCS-5 (Kovach et al.,
1995).

3.4. Primers
3.4.1. 7120coxB and 7120coxC
7120coxB:5’CGTCTAGA GCTGAACTTTGCGGCCCCTACCACGGCGC T
7120coxC:5'CCTCTAGA GAAGGCCAGATATGCTCCGAACAAACCT
7120coxB and 7120coxC were used for constructiqBwWwUV1. The underlined
parts indicateXbd sites in both primers.
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3.4.2. Cm5and Cm3

Cmb5: 5’CCATCGATCGTGATCGGCACGTAAGAT

Cm3: 5GGAGACCGGITTTATCAGGCTCTGGGAGG3
Cmb5 and Cm3 were used for construction of pPBWUM2e Tinderlined parts indicate
thePvu site in Cm5 and thAagd site in Cm3.

3.4.3. Kmcassette2 and Kmcassette3

Kmcassette ' GCTTGCGATCBACCTTTCATAGAAGGCGT

Kmcassette 5’ GCATAGTACTGGGCTATCTGGACAAGGS’
These primers were used for construction of pRStUW& underlined parts indicate a
Pvd site in Kmcassette2 andSzd site in Kmcassette3.

3.4.4. Ptox downstream 5’ and Ptox downstream 3’

Ptox downstream B ACTCGAGCCTCAAGAGTCCTCATAACCCZ

Ptox downstream B GGAGGACCTGTGACGACCCAACAGTCTGZ
These primers were used for construction of pBWavid pBWUV5. The underlined
parts indicate aXhd site in Ptox downstream 5’ and Bico0109I site in Ptox
downstream3'.

3.4.5. Ptox upstream 5’ and Ptox upstream 3’
Ptox upstream 55’AGGATCCTCACATCCTGCTCATGTACCZ

Ptox upstream 35’ ACTCGAGCAACTCATTCCAAGACTCGC3’
These primers were used for construction of pPSEML pBWUVS5. The underlined
parts indicate 8amnH]I site in Ptox upstream 5’ and ind site in Ptox upstream 3.

3.4.6. Pbbr 1-5 and Pbbr 1-3’

Pbbr 1-5°5’GGTCTCGAGCGGAAGCATAAAGTG 3

Pbbr 1-35°GGTTGTCGABATCGGGATATGCAGG 3
These primers were used for construction of pRStdid pRStUV2. The underlined
parts indicate Xhd site in Pbbr 1-5’ and &al site in Pbbr 1-3'.

3.4.7. Graser 1 and Graser 2
Graser 15° GGCCACCGAAAGATTAGGAG 3
Graser ' AATAATCGGCACCACTGTCC 3
These primers were used for construction of pPGGUV1.

3.4.8. Graser 3 and Graser4

Graser 35" GAACTGCAGGGGAATTACCGAATCCG 3

Graser &' CCACCAGCCATAGACCATTG 3
These primers were used for construction of pGGUN1& underlined part indicates a
Psti site in Graser 3.

28



3.4.9. ARTOb-10 and ARTODb-11
ARTODb-10:5"GGTCAGCCTTGGTAGCGTGGTC 3
ARTODb-11:5’AGCTCTATTGGCGAGTCCCAGG 3

These primers were used for analysis ofdtweB2locus of new mutant strains of
PCC6803.

3.5. Cultivation of Cyanobacteria
Cyanobacteria can be cultivated on solid or iniiquedium.

3.5.1. Cultivation in liquid medium

AnabaenaPCC7120 is cultivated in BG11 medium accordindgrtppka et al
1979, whereaSynechocystiBCC6803 is grown in BG11 medium supplemented with
39/l sodium thiosulfate and 10mM TES buffer cal@@11TS medium. 50ml liquid
cultures are shaken in the light (10umdh&) and 100rpm at 32°C. If necessary,
appropriate amounts of antibiotics are added.

BG11 medium (Rippka et al, 1979):

K,HPGO, . 3 HO 40.00 mg/l 0.18 mM
MgSGQ, . 7 HO 75.00 mg/l 0.3 mM
CaCk .2 HO 47.50 mg/l 0.3 mM
NaNG; 1500 mg/l 17.6 mM
NaoMgEDTA 1.00 mg/l 2.8 uM
FeNH, citrate 6.00 mg/l 22.8 pM
Citric acid 6.00 mg/l. 31 uM
Na,CO; 20.00 mg/l 0.19 mM
H3BO; 2.86 mg/l 46 pM
MoOs 0.23 mg/l 1.6 puM
MnCl, . 4 HO 1.81 mg/l 9.7 uM
ZnSQ, . 7 HO 0.22 mg/l 0.77 uM
CuSQ .5 HO 0.08 mg/l 0.32 puM
Co(NG;), . 6 H,O 0.05 mg/l 0.17 uM

3.5.2. Cultivation on solid media

For AnabaenaPCC7120 BG11 is supplemented with 1% highly pedfagar
(HPA), whereas foiSynechocysti®CC6803 1.5% bacto agar is added to BG11TS
medium. HPA is made by washing “bacto agar” twidgghwater, once with ethanol
and once with acetone. HPA or bacto agar gels atedin the microwave. 30ml are
poured into plastic petri dishes. If necessary,ba@tics are added. For agueous
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solutions of kanamycin, neomycin, chloramphenistileptomycin the stock solutions
can be pipetted first, then the agar is added. @ébanolic stock solutions of
erythromycin the antibiotic has to be added tolitpeid agar in the petri dish. Solid
cultures are incubated for at least 2 weeks at 32d@stant light and 80% relative
humidity.

3.5.3. Permanent storage

« 50ml of a liquid culture are centrifuged at roomngeerature.

e supernatant is removed.

o pelletis vortexed and resuspended in a mixturbdfBG11 and 300ul fresh
DMSO inside a nunc tube.

» Pelletis shock frozen in liquid nitrogen and stbat -80°C.

* Fresh DMSO has been frozen to prevent oxidationsatitawed immediately
before use.

3.6. Cultivation of Escherichia coli

E. colicells are grown in LB medium (10g peptone, 5g yeasact, 10g NaCl
dissolved in 11 HO). For liquid cultures 3 to 6ml suspensions arakeh at 37°C,
200rpm over night (8 to 16 hours). For larger pliaspreparations larger cultures up
to a volume of 1l are used. For solid media, platgs 30ml LB agar in petri dishes
are used. LB agar means LB medium, which is suppteed with 1.5% (g/100ml)
bacto agar. Bacteria are distributed over the agarincubated over night at 37°C.
For permanent storage 1ml from an over night celiartransferred into a nunc tube,
shock frozen in liquid nitrogen and stored at -80°C

3.7. Antibiotics

« Kanamycin
stock solution: 5mg/ml, is used f&t coli (final concentration 50ug/ml) and
PCC6803 (final concentration 20-50ug/ml). For @sibn on a kanamycin
resistance cassette in PCC 7120 the related nennsyased.

« Neomycin
stock solution: 3mg/ml is used fAnabaenaPCC7120 (final concentration
30ug/ml).

e Chloramphenicol
stock solution: 1mg/ml. Final concentrations usexd20ug/ml for PCC6803
and 25ug/ml fokE.col..

e Streptomycin
stock solution: 5mg/ml. FdE. coli50ug/ml and for both PCC6803 and
PCC7120 20ug/ml are used.
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3.8.

Erythromycin

stock solution: 50mg/ml in ethanol because thelslity in water is very low.
Final concentrations used are 5pug/ml in PCC6803.

Gentamicin

stock solution: Img/ml. FdE. coli20pug/ml and for PCC7120 15ug/ml are
used.

Other compounds that were added to the medium

Stock solutions ofjlucose, fructose, sorbitol, 3-O-methylglucosare prepared
at a concentration of 1M, their final concentratiaary from 0.2mM to
200mM.

DCMU

stock solution: 20mM in ethanol. The final concatitn is 10uM

Plasmid minipreparation according to Holmesnd Quigley
This preparation can be used for restriction enzgigestions and polymerase
chain reactions. This method does not ensure hughypbut very little DNA is
lost and all proteins e.g. DNAses are denaturaydukeit.

1.5 to 3ml of ark. coli over night culture are centrifuged in a 1.5m| Bpgef
tube and supernatant is removed (if 3ml are haedestis step is done twice).
Pellet is resuspended in 350ul STET. Addition gfti26f a 10mg/ml aqueous
lysozyme solution is optional.

STET: 8% wl/v sucrose
10 mM Tris-HCIHB.0)
50 mM EDTA (pH3.0

Tris = tris(hydroxymethyl)aminomethane
EDTA = Ethylenediaminetetraacetic acid
After autoclaving 5(v/v)% Triton X-100 was added

After incubation at RT for 5 min the tube is putoitboiling water for 45s.

The tube is put on ice immediately afterwards agmtrifuged for 15min at 4°C,
14000rpm.

The viscous pellet is removed by a tooth pick ab@3 of 2-propanol are
added.

The tubes are inverted, put on ice for a short @me centrifuged for 15min at
4°C, 14000rpm.

The supernatant is removed and the pellet is wasbdgd 100ul 70% (v/v)
ethanol (-20°C) and centrifuged for 2min at 4°C0Q@ rpm. The supernatant is
discarded.

The remaining supernatant is removed in the vacdesiccator at 25mbar.

The dried pellet is dissolved in 50 to 100ul TEI$¢IEDTA) and stored at 4°C.
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3.9.

Plasmid minipreparation according to Ish-Hoowicz
3ml of an over night culture &. coliis harvested by centrifugation (twice) in a
1.5ml Eppendorf tube.
The supernatant is resuspended in 100ul IH1 soludiomg/ml lysozyme may
be added.
IH1 solution: 50mM glucose
25mM Tris-HCI (pB)
10mM EDTA (pH=8)
IH1 solution is stored at 4°C.
After incubation at RT for 5 min 200ul of IH2 saln are added. The tubes are
inverted several times and incubated on ice foird m

IH2 solution: 200mM NaOH
1%(g/100ml) SDS
IH2 solution is stored at RT.
Then 150ul of IH3 solution are added. The tubesraserted, put on ice for
5min and centrifuged for 15min at 4°C, 14000rpm.

IH3 solution: 3M potassium acetate

11.5% (v/v) acedimd
IH3 solution is stored at 4°C.
The supernatant is transferred to a new tube. dkigacted twice with phenol,
once with chloroform/isoamylalcohol (24:1) and omegh chloroform. 400ul
of the extraction medium is added, the tube is rteek vortexed and
centrifuged for 3min at 4°C, 14000rpm.
The upper aqueous phase is transferred to a neav Adter the extraction with
chloroform 1000ul ethanol are added. The tubegateon ice for some min,
afterwards centrifuged for 15min at 4°C, 14000rpm.
The supernatant is removed and the pellet is wasbtdgd 100ul 70% (v/v)
ethanol, centrifuged for 2min at 14000rpm, 4°C.
The supernatant is removed, the pellet dried in \theuum desiccator at
25mbar, dissolved in 20ul TE and stored at 4°C.

3.10. Plasmid maxipreparation according to Ish-Hmwicz

1l of autoclaved LB medium in a Fernbach flaskniscculated with 1ml of a
small over night culture and shaken over night7/aC3 250rpm.

On the next day it is divided into two autoclave@Dil centrifuge tubes and
centrifuged for 10min at 6000rpm at RT in the JAf@fr. The supernatant is
discarded.
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The pellets are vortexed thoroughly and resuspemadetDml IH1(see 3.9.)
solution, then united in one tube.

5mg solid lysozyme is added. The sample is incub%tein at RT.

40ml IH2 (see 3.9) solution is added. The samplaenised carefully and
incubated 5min on ice.

30ml ice cold (0°C) IH3 (see 3.9.) solution is adldédhe tube is inverted
carefully and incubated 5min on ice.

The sample is centrifuged for 20min at 10000rpng; 4¥A-10).

The supernatant is transferred to a 150ml coreg.tifthe supernatant is not
completely clear it is centrifuged in the 150mleotube 15min at 4°C in the
JA-14 rotor. Then the supernatant is transferreghtither 150ml corex tube.
54ml isopropanol are added and incubated for 2rmiRTa Then the samples
are centrifuged for 15min at 7000rpm at RT (JA-4tr) and the supernatant is
removed.

The pellet is washed twice with 70% ethanol (—20°&@)ongly vortexed and
centrifuged 10min at 7000rpm at 4°C.

Afterwards the pellet is dried 10min in the vacudesiccator at 25mbar.

The pellet is dissolved in 5ml TE while on ice.

2.5ml 7.5M ammonium acetate in TE is added andbatad on ice for 20min,
then centrifuged for 20min, 7000rpm, 4°C.

The supernatant is transferred into a 25ml corbg.tu

15ml 95% ethanol is added. The tube is inverted iandbated at —20°C for
20min (if necessary the procedure can be stoppt#dhatnoment and the tube is
stored over night at —20°C).

The samples are centrifuged for 20min at 7000rg@,id4 the swing-out rotor.
The supernatant is discarded and the pellet isdldge 10min in the vacuum
desiccator at 25mbar.

The pellet is dissolved in 2,5ml 50mM NaCl in TE52 of a 10mg/ml
RNAse A solution are added for an end concentraifobOpg/ml. The DNA +
RNAse A solution is incubated for 30 min at 37°C.

The solution is aliquoted to 5 Eppendorf tube5Q@0ul).

Then the solution is extracted with various reagient

Twice with phenol equilibrated with an agqueous Diuson: 500ul phenol are
added. The tubes are inverted several times, \exitexd centrifuged for 5min
at 14000rpm. The upper aqueous phase is transfer@ehew Eppendorf tube.
The interphase is cotransferred with the aqueoussgh Once with
chloroform/isoamylalcohol 24:1, once with pure eblorm. At the last two
steps the samples are centrifuged for 1min only #oed interphase is not
transferred to the next tube.

10% (of the total volume of the agueous phase) 8Musn acetate is added.
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From 95% ethanol the double volume of the aqueobase (after the

chloroform extraction) is added. The tubes arerit@ekand incubated on ice for
10min.

The samples are centrifuged for 15min at 14000451,

The supernatant is removed and the pellet is wasited’0% ethanol.

The samples are centrifuged once more for 1mid@dQrpm, 4°C.

The supernatant is discarded then the pellet isyagantrifuged for a few sec.
The remaining supernatant is removed and the pislletied in the vacuum

desiccator for 2min at 25mbar.

The pellets are dissolved in 20ul TE and storetf@t

The vyield of this preparation is ~ 1-2ug/ml.

3.11. Total genomic DNA preparation from cyanobaeria

A liquid culture (20 — 50ml) is centrifuged in arBDGreiner tube at 1000rpm
for 5min (filamentous strains) or 10min (unicellusdrain).
The supernatant is removed and the pellet is vederesuspended in 1ml TE
and transferred into a 1.5 ml Eppendorf tube.
The tube is filled with TE and centrifuged for 2mifor filamentous strains like
PCC7120 or for 10 min for unicellular strains lIREC6803.
The supernatant is removed. The pellet is vortexsdl resuspended in 400l
TE. 20ul SDS (10% = 10g/100mkL&), 150ul glass beads that are sterilized by
heat and 450ul phenol/chloroform (1:1) are added.
The samples are vortexed for one min, then immelgigiut on ice for one min.
This step is performed five times for filamentousaims and 10 times for
unicellular strains. Then the tubes are centrifuiged.5 min at 14000rpm, 4°C.
The supernatant is transferred into another tuloeextracted four times with
400ul of different media.

phenol

phenol/chloroform (1:1)

chloroform/isoamylalcohol (24:1)

chloroform
After the last extraction step 40ul 3M sodium aetand 1000ul ethanol are
added. The tube is inverted, put on ice for 1 nmd eentrifuged for 15 min at
4°C, 14000rpm.
The supernatant is removed and the pellet is wasined with 100ml 70%
ethanol and centrifuged for 2min at 4°C, 14000rpm.
Then the pellet is dried in the vacuum desiccat@5anbar for 2min, dissolved
in 50ul TE and stored at 4°C.
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3.12. Polymerase chain reaction (PCR)

As template DNA plasmids fromE. coli or the genomic DNA from
cyanobacteria were used. PCR is performed in d tatame of 50ul in a mini
Eppendorf tube specifically designed for PCR.

5ul of 10x Thermo buffer

0.5ul of both primers (100uM)

0.5ul (10mM) dNTP mix

0.5ul of Tag Polymerase (5units/pl)

1-2ul of the DNA in TE solution

filled up with H,O to a total volume of 50pl.

Ideally the Taq polymerase is added last. Whengadni amount of DNA is
desired, a higher volume (e.g. 10x of all reagestpyepared and aliquoted to 50pl. If
two different DNAs are treated with the same pragrand reagents (primer), a
mastermix is made. When n assay materials are tisedn+1) times amount of the
reagents (except the DNA) is mixed and then aliediod portions of 48-49ul (volume
without the DNA) and the different DNAs are addast!

» First the samples are heated for 5min at 94°C.

* Then the cycles start. In each cycle the sampkesirat heated to 94°C for 30s
(denaturating phase).

 Then it is cooled down to allow the annealing c¢ irimers (5°C below the
primer with the lower binding temperature) for 3@anealing phase).

« Afterwards it is heated to 72°C (elongation phagé).that temperature the
DNA polymerase ofl. aquaticushas its optimum. The time depends on the size
of the desired PCR product. About one min is negs$or synthesizing
1000bp. If two different products are made, thengadion time depends on the
longer product. 30 to 50 cycles are performed.

« After the last cycle the temperature is held atC7&r 7min to ensure that all
DNA synthesis is completed.

* Then the samples are stored at 4°C.

The reactions are performed in a PERKIN ELMER ay¢@éene Amp PCR system
2400). For further treatment of the product gelcetgphoresis or chloroform
extraction + ethanol precipitation is performed.

3.13. Ethanol precipitation
Sometimes a DNA has to be treated with at leasizZgraes that cannot be used
simultaneously (e.g. Taq polymerase + restrictinoayene or 2 restriction enzymes,
where no suitable buffer for both exists).
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In such cases the volume is filled up with TE @OHup to 400ul and extracted
with an equal volume of chloroform to remove theyme of the past reaction.
The sample is centrifuged for 3min, at 14000rpnC.4The upper aqueous
phase is transferred to a new tube and 40ul 3Musodicetate and 1000ul
ethanol are added.

The tube is inverted several times, put on icecioe min and centrifuged for
15min at 14000rpm, 4°C.

The supernatant is removed and the pellet is washid100ul 70% ethanol
and centrifuged for 2min at 14000rpm, 4°C.

The supernatant is removed and the pellet is dndte vacuum desiccator at
25mbar.

After that the DNA is dissolved in 4@ or TE and the next enzyme can be
added.

3.14. Restriction enzyme digestion

Products or plasmids are cut with restriction eregrfrom diverse bacteria,

recognising a special DNA sequence. 2 units (\Brayme per pg DNA and 10% of
the total volume from the appropriate 10x buffex added. The reaction is performed
in a volume of 10-50ul and the samples are incubfde 2 hours in a water bath at
37°C. The enzymes and buffers are from “New Engl&molabs” (NEB). After
digestion the cut fragments are purified with det&ophoresis.

3.15. Gel electrophoresis

0.5-2.0% agarose in 1x TAE (Tris Acetate EDTA) leufis boiled in the
microwave and poured into a special apparatus, evtier agarose forms a gel
(becomes solid). 30ml are prepared for a minigel 20ml for a big gel. The
agarose concentration depends on the size of thA Dagment. A higher
concentration is applied for a more precise sepsradf shorter fragment
lengths.

While the gel is still liquid the slots are maddwa comb. Afterwards the solid
gel is covered with 1x TAE and the samples aretf@danto the slots.

The samples are mixed with loading dye (10-50% h&f total volume). A
voltage of 3.4-5.5V/cm (80-120V) is applied.

When the blue line of the loading dye reaches &csenfit distance from the
loading slot, the gel is stained for 30min in ahbedntaining ethidium bromide
(EtBr) and washed for 10min in,B8.

Then the gel is analysed with UV(302nm) and a pects made. In the case of
a preparative gel the fragments with the appropisate are cut out with a razor
blade.
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3.16. DNA extraction from gel slices

 The weight of the gel slice is determined. 500ul gelubilizer S (from
Invisorb® Spin DNA Extraction Kit) is added for aewht up to 150mg.
Between 150 and 300mg the volume of the solubilizer increased
proportionally (500-1000ul). Over 300mg the slicashto be divided and
treated as two samples.

* The gel in the solubilizer is incubated in a wdiath at 50°C for 10-15 min. In
intervals of 5 min the tube is vortexed.

o 250-500ul (half of the volume of the solubilizer) lmnding enhancer (from
Invisorb® Spin DNA Extraction Kit) is added.

 The mixture is pipetted onto a spin filter tubeoffr Invisoro® Spin DNA
Extraction Kit) that has been stuck on a 2 ml tahd centrifuged for 1min at
14000rpm. If the total volume is over 800ul (maximalume that can be
collected in the tube under the filter) the centdtion has to be repeated until
the whole mixture is filtrated.

» The filter is washed twice with 500ul washing bufferom Invisorb® Spin
DNA Extraction Kit). The tube is centrifuged formin at 14000rpm and the
filtrate is removed.

» After the second washing step the tubes are cegétf 4 min at 14000rpm to
remove all washing buffer.

 The spin filter is put onto a new 1.5ml tube. 2Ggllition buffer (from
Invisorb® Spin DNA Extraction Kit) are pipetted onthe filter. The tube is
incubated at RT for 5min.

* The tube is centrifuged at 14000rpm for 1 min. Tiker is removed.

 The extracted DNA is stored at 4°C. All centrifugas are performed in the
Eppendorf centrifuge at RT.

3.17. Quantification of DNA on agarose gels

To determine the concentration of a DNA solutiothedined volume is put onto
a gel. A DNA standard length size with well defif@NA has to be copippetted to the
gel. After separation of the marker's bands hasrigiace, the gel can be analysed by
UV. The DNA concentration of our sample is estirdabyy comparing its intensity to
that of the fragments of the marker. DNA ladders apecifically designed for
qualitative but not for quantitative analysis. Usp@ne fragment has a higher (2-3
fold) mass. If lambda phage is restricted wiHindlll it will be cleaved into the
following fragments: 23130/9416/6557/4361/2322/2684/125bp. Each of them will
be present in equimolar amounts. Therefore a braage of DNA mass can be
determined. The fragments 23130bp and 4361bp midy tona 27,5kbp fragment due
to 12bp single strand overhangs (cohesive endsgrevtambda usually circularizes
within the cell. If lamda/Hindlll DNA is incubatefdr 3min at 70°C the 23130bp and

4361bp fragments will be separated.
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3.18. Ligation

Restricted vector and insert that have been pdrifig gel electrophoresis are
ligated. The vector (0.1-1.0pg) and the insert a4 fold the molar amount of the
vector) are mixed with 1ul T4 ligase (400unitsfubm NEB), 1ul 10x ligase buffer
(from NEB) and filled up with KD to a total volume of 10ul (yielding 1x T4 ligase
buffer) and incubated over night at 4°C. Then etgaration is performed.

1X T4 ligase buffer: 50 mM Tris-HCI
10 mMyRal,
1 mMP
10 mMtidothreitol
pH @ 25°C

3.19. Preparation of competent cells for electropation

Escherichia coli cells are specially treated to become competemt fo
electroporation.

« 2ml of SOB medium (+ antibiotics if necessary) m@culated with the desired
E. colistrain and incubated over night at 37°C, 200rpm.
SOB-Medium: 20g Bacto-trypton

59g Yeast extract
0,5g NaCl

The above mentioned components are dissolved imBGBO. By titration
with KOH the pH is adjusted to 7.5. The solutiofiilied up with H,O to a total
volume of 1l and autoclaved. Afterwards 20ml ofeparately autoclaved 1M

MgSGQ, solution is added.

* On the next day 1ml of the o/n culture is trangfdrinto a Fernbach flask,
containing 200ml SOB (+ antibiotics if necessahjatthas been preincubated
for 30 min at 37°C. The flask is shaken at 275rpm.

» At regular intervals the optical density (OD) a0/ is measured. When an
ODsgo between 0.7 and 0.8 is reached, cells are hadieBhey are transferred
into an ice cooled 250ml centrifuge tube, incubatedice for 10min and
centrifuged for 5min at 7000rpm and 4°C.

» The supernatant is removed, the pellet vortexesisgended in 200ml ice cold
glycerol.

« After the second washing step the supernatantn®ved, the pellet vortexed
and divided into aliquots of 80ul into 1.5ml Epperfatubes, which are shock
frozen in liquid nitrogen and stored at -80°C. éatroporation is performed
immediately, freezing is not necessary.
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3.20. Electroporation

For each electroporation an aliquot is thawed en ic

1-2ul of the DNA to be transformed are added tottieeved competent cells

and kept on ice for 10-15min.

Then 60ul of the DNA cell mixture are transferratbia special metal cuvette
designed for electroporation. The cuvette is pub ia cuvette holder and

electroporation is performed at 2.5kV, 2D025uF. The time constant should
be 4.6-4.8ms. Immediately after the electroporation SOC medium is added

and the whole suspension is transferred to a stieride and shaken at 200rpm
for 1h, at 37°C.

SOC-Medium: 20g Bacto-Tryptone
5 gYeast Extract
0,5gNacCl

These components are dissolved in 900s® HBYy titrating with KOH the pH
is adjusted to 7.5. The solution is filled up withO to 1l and autoclaved.
Afterwards 10ml of a Mg solution (1M Mg&and 1M MgSQ) and 20ml of a
1M glucose solution are added (Mg and glucose isoisithave both been
autoclaved separately).

Then the suspension is transferred to a 1.5ml Eppénube and centrifuged
for 1min at 14000rpm. The supernatant is removeck @ for 100pl.

The pellet is resuspended in the remaining supanhand plated on 30ml LB
medium, supplemented with 1.5% (g/100ml) bacto aad the appropriate
antibiotic. At this step a lower concentration loé @antibiotics is often used than
the usual standard (e.g. only 20pg/ml for Km and.Sm

The plates are incubated at 37°C over night.

For a liquid culture of the transformant a colorsy picked and used for
inoculation of a 3-6ml LB culture with the apprage antibiotic, which is
shaken over night at 37°C.

For isolation of the newly constructed plasmid asphid preparation according
to Ish-Horowicz (see 3.9.) or Holmes and Quiglese(8.8.) is performed. To
prove that the colony contains the correct plasmidestriction enzyme
digestion is performed and analysed by gel elebtvogsis.

3.21. Transformation

When PCC6803 is genetically manipulated, transftionais used because
this strain is naturally competent f@nisformation.

1.5ml of a PCC6803 culture is centrifuged for 10miiri4000rpm, at RT.

The supernatant is removed. The pellet is vortexed resuspended in 1ml
BG11TS medium.
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» ODys30is measured. An O, of 2.5 is desired. The density is adjusted either
dilution or by centrifugation and resuspension snaller volume.

o 150ul of the suspension with Gfp of 2.5 is pipetted into a completely
transparent 15ml Falcon tube.

o 1-2ul of the DNA is pipetted at the top of the tube centrifuged at 2000rpm
for a few seconds.

 The cells and the DNA in the tubes are incubateer awght in the light at
32°C. On the next day the cells are plated ontdeales nitrocellulose filter
placed on BG11TS agar in a petri dish.

« Two days later the filters are transferred to a Me@@11TS plate, which
includes the antibiotic.

3.22. Conjugation
As PCC7120 is not naturally transformable, conjivgagiene transfer has to be
performed.

« E. coli HB101(RP4+pRL528) and th&. coli strain with the appropriate
plasmid to be transferred are grown over night B Wwith the appropriate
antibiotics (3ml).

* On the next day 750ul of both cultures are cergatufor 1min at 14000rpm.

 The supernatant is removed and the pellet is resulgg in 1ml LB and
centrifuged for 1min at 14000rpm.

* The supernatant is removed except for a small amihat covers the pellet.
The pellet is resuspended in the remaining supanhat

* The two resuspended pellets are mixed and inculbateld— 1.5h hours at RT.

e 1.5ml of a PCC7120 culture is centrifuged for 2rain14000rpm, RT. The
supernatant is removed and the pellet is resusgendel.5ml BG11l and
centrifuged for 2min at 14000rpm at RT.

* The supernatant is removed and the pellet is reslgokin 50ul BG11. From
this PCC7120 suspension a 1:10 and a 1:100 dil@renprepared by adding
BG11.

* From the original suspension as well as from tli® &nd 1:100 dilutions 20l
are streaked on the nitrocellulose filter on thelR@late. They are streaked as
lines next to each other on the filter.

o After the 1-1.5h incubation 1-2ul of the conjugaabE. coli mixture are
pipetted on each line of the cyanobacterial dihgicAs an additional test 1-2pul
of theE. coli strain without RP4 are pipetted onto each dilutioe.

* The plate is incubated for 2 days in permanent l&32°C and 80% relative
humidity.

« Then the filter is transferred to a new plate WB®11HPA containing the
antibiotic selecting for conjugation.
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The exconjugants that have grown on the filtertemasferred to a new plate
without a filter containing the same antibiotic.

Colonies from this plate are then used to inocuda8ml BG11 culture with
antibiotic.

3.23. Selection for double recombinatiofCai and Wolk, 1990)

100ul of a liquid culture of exconjugants (withagtated plasmid) are streaked
on a plate containing the antibiotic and 5% (g/100Osucrose. If the cells
expresssacB (levansucrase), which is encoded by the plasmidstor, the
sucrose will be metabolized to polyfructans thiittke cells. Therefore the loss
of the vector portion of the knock out plasmid bysacond homologous
recombination is necessary for survival of thescellsucrose.

Colonies from the antibiotic/sucrose plate are reasted on a new
antibiotic/sucrose plate. Colonies from these glai® used for inoculation of a
50ml liquid BG11 antibiotic/5% sucrose culture.

To prove that the culture was homozygously mutatesl DNA is isolated. PCR
is performed with primers amplifying the correspmigdgene or the introduced
resistance cassette and products are analysed blegeophoresis.

To exclude the presence of any WT allele, 1ml ofigaid culture with
antibiotic is centrifuged 2 min at 14000rpm at R he supernatant is removed
and the pellet is resuspended in 1ml BG11.

A new 50ml culture in pure BG11 without antibiot&cinoculated. When this
culture has reached the stationary phase a fucthierre is inoculated.

After a few cycles the DNA is isolated again andRP performed with
primers flanking the locus of interest. If the siregs already homozygous the
WT allele will not reappear.

3.24. Measurement of the optical density (OD)

For many experiments it is necessary to deterninaeconcentration of cells by

a spectral photometer. OD at 730nm (@pis a measure of the cell density of
cyanobacterial suspensions. 1ml of the suspensipipetted into a quartz cuvette. At
the same time 1ml of the growth medium (BG11 or BG3) is pipetted into another

cuvette and the difference of absorption (= OD)aatspecial wavelength (for

cyanobacteria at 730nm) is calculated (double behatometry). If the value is over

1.0 the suspension is often diluted: 100ul suspansi 900ul medium, because the
photometer measures most exactly an OD betweear@ 11.0. For experiments with

E. colia suspension is measured atsgWith LB medium as the reference.

OD = -lg (1)
OD....... absorption (optidansity)
loooeen. intensity of lighfter leaving the sample
ol.....intensity of light after leaving the reference
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3.24.1. Measurement of chlorophyll content of cyebacterial suspensions

1ml is taken and centrifuged in a 1.5ml tube forr2at 14000rpm at RT. The
supernatant is removed. The pellet is vortexed limin and resuspended in 1ml
methanol and again centrifuged at 14000rpm for 2atinRT. The Olgss of the
supernatant is measured.

3.25. Growth measurement under photoheterotrophiand

mixotrophic conditions

e Liquid cultures of 50ml in a 100ml Erlenmeyer flagke inoculated at an
OD;30~ 0.1.

» Appropriate amounts of sugars are added. For pkttobirophic but not for
mixotrophic conditions 10uM DCMU is added. If nesmy antibiotics are
added and the cultures are shaken in permanenalid®Orpm at 30°C.

« At regular intervals (2-3 days) 1ml of the cultuseremoved, pipetted into a
guartz cuvette and Of) is measured.

» The content of the cuvette is transferred into5ml tube and the concentration
of chlorophyll is measured (see section 3.24.1.).

3.26. Growth measurement under chemoheterotrophic

conditions
Cultures are inoculated at an @p~ 0.1 and shaken in a gyrotory shaker in the
dark at 70rpm at 30°C. Every 2-3 days 1ml is rerdoaed measured at Gfg Then
the chlorophyll concentration is determined.

3.27. lsolation of membranes fronAnabaena sp. PCC7120

* A big bottle (diameter = 23cm) with 10l BG11 (ifeessary with antibiotics) is
inoculated with a dense 50ml culture. The 10 Igalture is sparged with a
COy/air mixture and illuminated with two lamps fromettside (distance =
14cm) and one from above.

* When the culture has reached stationary phaseupession is centrifuged in
500ml centrifugation bottles for 10min at 8000rptmRA’. 6 tubes are used at
the same time (number of positions in centrifuge).

* The supernatant is removed and the remaining segpeirs poured onto the
pellet.

* The centrifugation is continued until the wholetatg has been harvested. The
pellets are resuspended in HEN. 3 pellets are diniteone bottle, which is
filled up with HEN to a total volume of 500ml. Thesulting 2 bottles are then
centrifuged for 10min at 8000rpm at RT.
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HEN (HEPES, EDTA, NaCl): 20mM HEPES
10mM EDTA
5mM NaCl
pH was adjusted with K@H7.4
HEPES = 4-(2-hydroxyethyl)-1-piperazineetbsulfonic acid

The supernatant is removed. The 2 pellets are pesded in HEN, united in
one bottle, filled up to a total volume of 500mlidanentrifuged 10min at
8000rpm at RT.

The supernatant is removed. The pellet is resugoeimd300m|I HEN and 75g
sucrose are added and dissolved.

1ml of the cell suspension in HEN + sucrose is fpgakinto 2 hematocrit tubes.
The tubes are centrifuged for 8min at 7000rpm at Rie packed wet volume
of cells (in pul cells /ml total volume) is read the tubes and the average of the
two tubes is determined.

The cell suspension in HEN + sucrose is centrifugieel pellet is resuspended
in the calculated volume to yield a density of 10packed cells/ml. The cell
suspension is then put on ice.

0.0075% (w/v) DNAsel and 1mM PMSF (phenylmethaneswylfluoride)
(stock solution: 100mM) are added.

If a 50ml culture instead of a 10l culture is hateel the 50ml are transferred to
a 50ml Greiner tube and centrifuged 10 min at R2@A0rpm. The pellet is
washed twice with 50ml HEN and afterwards resuspdnd 50ml HEN. PMSF
and DNAsel are added as above.

The culture is treated by the French press 2-3stimgpe of the French press:
French ® pressure cell press, SLM AMINCO ®, SLMttaomentals INC. For
filling the chamber within the French press thei®aelector is switched on
“Down”, for pressing the cells out of the Frencless the Ratio selector is
switched on “High”. A pressure of 680psi is chosEist the French press is
washed with HEN and afterwards the cell suspenisigmessed. If the volume
of the cell suspension is larger than 40ml (maxiwwlme within the French
press) the procedure has to be repeated untibthevolume has been pressed
through. Afterwards the chamber is washed agaih WIEN to press the last
cells out, which are also collected.

The pressed cell suspension is centrifuged for a@n#000rpm at RT.

The supernatant is filled into ultracentrifugatimes to portions of 25ml and
centrifuged for 2h at 60000rpm, 4°C.

The supernatant is removed. The pellets are resdedein 20mM HEPES
(pH=7.4, adjusted with KOH) buffer, united to onéb¢ and filled up with
HEPES buffer to 25ml.
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* Again the sample is centrifuged for 2h at 60000rgit;. The supernatant is
removed and the pellet is resuspended in 1-5ml| HEB&fer (the smallest
volume possible) and stored at 4°C.

» The protein concentration of this suspension isrdeined.

3.28. Measurement of the protein concentrationfahe isolated
membranes

Two aqueous BSA stock solutions are prepared: Lirgyioh 100ug/ml.
» A series of different BSA solutions (0, 0.5, 1,%,10, 20, 50ug) in a total
volume of 50ul is prepared.
e 950ul of Bradford solution are added, vortexed medbated for 40min at RT.

Bradford reagent solution:

20mg Coomassie Brilliant Blue G are dissolved imlLO5% ethanol. 20ml of
85% HPQO, are added. The solution is filled up with®to a total volume of
200ml. The Bradford solution is stored at 4°C armtgrted against light.

« The ODys is measured and a standard curve is calibratedrdiog to the
values of the different BSA concentrations. Sintylatifferent dilutions of the
membrane suspensions are prepared, mixed with @hdblution and OE3s is
measured. The measured £Pvalues are listed in table 1 and the standard
curve is illustrated in fig. 1.

ng/ml ODs (difference to pure Bradford solution)

0 0.00000 (determined)
2 0.15654
5 0.26439

10 0.42248

15 0.58285

20 0.67549

25 0.82509

30 0.97625

40 1.04989

50 1.18452

Table 1
Measurement of Ofg, from different BSA concentrations.
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Fig. 1

Calibration of ORQys according to the used concentration of BSA

3.29. Measurement of the cytochrome oxidase activity of

isolated membranes

» 30mg of horse heart cytochromas dissolved in 1ml HEPES buffer (20mM,
pH = 7.4).

* 5mg of sodium ascorbate is added.

« Then the cytochromeis purified by Econopac columns.

 1.5ml HEPES buffer (20mM) and 15ul of the elutedueed cytochrome
solution are pipetted into a 2ml quartz cuvettdhvaitmagnetic stirrer.

* Small amounts of sodium ascorbate are added umil QD5 reaches its
maximum.

* When no further increase occurs, soligFE(CN), (potassium hexacyanoferrate
(lln)) is added until the OB, reaches its minimum. Together with the
maximum and the minimum the reduction status ofcgftechromec solution is
calculated.

% of reduced cytochrome= (OD - ORQ,) x 100
Dy - ODyy

OD........ initial absorption of cytwmomec solution
ODgg...... maximal absorption after sodium ascorbate audit
OD,......minimal absorption after potassiumhexacyanater(lil) addition

45



The optimal calculated percentage of the pre-retleggéochromec preparation

for further use is greater than 90% but smallen th@0%. If a 100% reduction
is calculated the removal of all sodium ascorbatdenules in the solution
cannot be completely guaranteed.

1320ul of 20mM HEPES are pipetted into a 2ml quantzette with a magnetic
stirrer and measured in the spectral photometeh it dual wavelength
spectroscopy technique. The difference ofs§@and OB, is calculated. At
541.75nm there is the isosbestic point, wheredldeced and the oxidized form
of cytochromec absorb at the same rate (extinction coefficientd.9mM'cnmi

1), whereas at 550.25nm the reduced: (27.7mM*cmi?) but not the oxidized
molecule ¢ = 9.0mM'cm™) has an absorbance maximum (Margoliash and
Frohwirt, 1959). The difference between the actisakbestic point or the
absorption maximum and the wavelengths used forsarement ¢ssged =
27.6,e5500X = 9.1,es40€d = 8.85400X = 10.2) is negligible. For calculating the
changes of the relation between the concentratidnsxidized and reduced
cytochrome ¢ molecules the OEyODs,, difference is measured at two
different times.

€ = (550 - E5a0)red - (€550 - €5a0)ox = (27.6 - 8.8) - (9.1 - 10.2)mNem™* =

=18.8 - (-1.1)mMcm™* = 19.9mM'cm*

OD=gxcxd c[mM]=0Déxd =19.9x0OD (d=1cm

conc(oxidized cyt) [mM] = conc(cytc red) — conc(cytc red) =

= [(ODsso - ODs4g)1 - (ODsso - ODs4g)2] x 19.9

land 2 ...... attime 1 and 2

Program Cary WinUV is used with the following setup
Kinetics, user collect: Read(550)-Read(540), simgléect, 30min per cycle are
measured. The temperature is blocked at 38°C.

When HEPES is added no difference betweersgdhd OB, is measured.

20ul of the cytochrome solution derived from the Econopac column are
added. The ORyrODs4increases and then stays constant at a highdr leve
Then 50-200ul of isolated membranes in HEPES budfer added. At that
moment the OBrODs4 decreases abruptly. If the membranes have no
cytochromec oxidase activity the absorption stays constargratie abrupt
decrease. If there is any cytochronoe oxidase activity, the absorption
continuously decreases further.

To ensure that this decrease is due to a cytochmmedase activity, 2ul of
1M KCN is added. Then the decrease stops.
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3.30. Measurement of sugar uptake rates into cells

Cells are cultivated in permanent light, at 32°C.

When the culture has reached an £B1.0 the cells are harvested and
concentrated up to OD=2.0. The cells are centrduge 10min (for unicellular
strains) and for 5min (for filamentous strains@00rpm at RT.

The supernatant is removed and the cells are washed with BG11 or
BG11TS (depending on the strain). Then the cebscantrifuged for 5-10min
again at 2000rpm at RT.

The supernatant is removed and the pellet is resualga in the appropriate
volume of BG11 or BG11TS for a desired end conegiatin of OD3=2.0

The cells are pipetted into the cell chamber aidest with a magnetic stirrer
for 5min. The cells are illuminated or not, accaglio the type of experiment
(uptake in the light or in the dark).

After an incubation time of 5min stable and radioac (U*'C) sugar of the
same molecule are added. The sugar concentratitmnwine cell is only
influenced by the stable molecules because the fabelled sugar molecules
are added in very small amounts.

In regular intervals 1ml is taken and pipetted oatnitrocellulose filter (pore
size 0.45um), which is connected to an oil vaccummp apparatus. The
supernatant is sucked off, while the cells areimethon the filter. The filter is
washed immediately afterwards with 5ml medium (B@iBG11TS) and put
into a scintillation vial, where it is mixed withOfnl scintillation cocktail.
Therefore radioactivtiy from the supernatant is oged and only the
incorporated radiolabelled molecules remain orfittes.

scintillation cocktail: 60g Naphthalin
4g PPO (2,ipienyl-1,3,4- oxadiazol)
dissolvedlith Dioxan.

0.5ml of the cell culture within the cell chamberpipetted into a scintillation
vial without any filter and mixed with 10ml scirétion cocktail.

The samples are analysed over night in the santih counter. The counts per
minute (cpm) are measured.

% of incorporated molecules at a certain poiniroét
100x cpm (at that time) / 2x cpm of total suspemsio

The time when the radiolabelled (and stable) sigyadded is set as 0. The %
of uptake at different points of time is displayed diagram.

47



4. Experiments and Results

4.1. PCC7120 WT but not PCC712fbx1 has the capacity for

chemoheterotrophic growth dependent on fretose

Anabaenasp. PCC7120 had been thought over decades to hgateby
photolithoautotrophic (Rippka et al, 1979). Ungerdr al (2008) introduced the
frtRABCgenes from ATCC29413 into PCC7120, which confethedcompetence for
chemoheterotrophy dependent on fructose to the trewggenic strain. This clearly
demonstrates that PCC7120 still retains some fsectoetabolism within the cell. It
results in the capacity for heterotrophy inhibitely by the failure to incorporate
fructose from the environment. Considering thattthe Anabaenastrains PCC7120
and ATCC29413 are closely related the expressidntRABC in PCC7120 was not
unusual. We tried to transfer the glucose transpagenegtr from Synechocystis
PCC6803 into PCC7120 by conjugation to investigdiether the promoter @jtr was
recognized in PCC7120 despite the fact that unilzllPCC6803 is not closely related
to PCC7120. Another question was, whether PCCGtt2@ould use glucose for
heterotrophic growth as Gtr is mainly a glucosengprter although it can also
mediate fructose uptake in PCC6803.

4.1.1. Introduction of pBWUVG6 into PCC7120 by cojugation

pBWUVG6 (see section 3.2.) was introduced into PCXD by conjugation. It
can replicate autonomously because it has the piidin.

Conjugational experiment:

E. coliHB101(RP4+pRL528) + Topl0(pBWUV6) + PCC7120WT

Negative control experiment:

E. coliTopl0(pBWUV6) + PCC7120WT

(strain with RP4 and pRL528 was missing)

The E. col!fPCC7120 mixture stayed 3 days without antibiotiCisen it was
selected on 30pg/ml Nm and some colonies grew. Mlenes were visible with the
negative control. The colonies were streaked oeva plate and a liquid culture was
inoculated with colonies growing on that plate. \Wlilee culture had become dense it
was analysed for the presenceEofcoli cells. 1ml of the culture was centrifuged,
resuspended in remaining 100ul supernatant, stleake an LB agar plate and
incubated over night at 37°C. No colonies formeteréfore allE. coli cells had
already been removed.

To prove the presence of the plasmid in the cdis DNA from the
transgenic culture as well as from a WT cultureenisolated and PCR was performed
with primers amplifiyinggtr. Two different primers were used for the 5’ end arere
combined with the same 3’ end primer. An anneatemmperature of 45°C and an
elongation time of 1min 20s were chosen. PCC712@GWT PCC712§tr" were tested
with both primer combinations. Transgenic PCC#jtP0yielded a 1124bp fragment
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with the old 5 primer and an 881bp fragment witie thew 5’ primer, which
confirmed the expections. PCR with the WT DNA yezldhone of the two fragments
(see fig. 2).

gtr-5old: 5’ATGAATCCCTCCTCTTCTCCZ

gtr-Snew: 5’GGGCGGATTAAAACGATGS’
gtr-3: 5'GTCACCAAAGCAATTATCCCAGCZ

old gtr-5 new gtr-5
M WT gtr" WT gtr

«—1124bp with old gtr-5
<« 881bp with new gtr-5

Fig. 2
Detection ofgtr in new transgenic strain PCC7120 but not in the WT by 2 primer combinations.
M...1kb ladder (from NEB)

4.1.2. Comparison of PCC712ir" with PCC7120WT according to their
trophies

Now it was investigated whether the new strain axh any capacity of
heterotrophic or mixotrophic growth. As a contrbetsame experiments were also
performed with the WT.
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4.1.2.1. PCC7124r* and the WT are capable of mixotrophic growth on fuctose

First both strains were grown under mixotrophic gftbtolithoautotrophic
conditions. They were cultivated in the light withdCMU. As a consequence both
photosystems were active allowing non cyclic etattiransport. Different amounts of
fructose (10, 20, 50, 100 and 200mM) were addddak whether the growth rate was
enhanced by fructose compared to strictly photodithiotrophic growth in pure BG11.
We can clearly recognize that 100mM fructose cambto the growth rate of
PCC712@tr" but 200mM fructose has a toxic effect on the st(aee fig. 3). Very
unexpectedly the WT has also the potential for mnoghic growth (see fig. 4). The
phenotypes of the two strains did not differ venyam except for the fact that the WT
tolerated 200mM fructose in the first two weekstetfvards the culture lysed and
adopted a blue colour.

/\ / —&— autotrophic
4 —x

/ ——10mM Frc

3 e 20mM Frc

/ / 50mM Frc

2 / —%—100mM Frc

x// % —e—200mM Frc

0 5 10 15 20 25 30
days
Fig.3
Mixotrophic growth (except for the curve markedittatrophic”) of PCC712@tr* dependent on the
fructose concentration
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6
5 .
—e&— autotrophic
4 ——50mM Frc
5 3 100mM Frc
2 —¢—200mM Frc
1
0
0 5 10 15 20 25 30
days
Fig. 4

Mixotrophic growth (except for the curve markedit@rophic”) of PCC7120WT. For two weeks
200mM fructose was beneficial for the WT contraryPCC7120tr".

As any mixotrophic and heterotrophic potential bagn completely excluded
in the past the experiment was repeated but tme the chlorophyll content was
determined additionally. The results were reprodu@ee fig. 5) and the chlorophyll
content increased as well (see fig. 6).

—e— autotrophic

——10mM Frc
20mM Frc

—»—50mM Frc

—¥—100mM Frc

0 5 10 15 20
days
Fig. 5
ODy50 during mixotrophic growth (except for the curverked “autotrophic”) of PCC7120WT
dependent on the fructose concentration
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0,9

0,8 /')K
0,7 )
/ —e— autotrophic
0,6 /
o 05 / f ——10mM Frc
= /“\/ //‘
=
© 0.4 20mM Frc
£
E‘ 0,3
= 50mM Frc
5 92 //
<
§ 01 e —*%—100mM Frc
0 ,/V., ‘ . ‘
5 10 15 20
-0,1
days
Fig. 6

Chlorophyll content during mixotrophic (and autgqtinic) growth of PCC7120WT dependent on the
fructose concentration

4.1.2.2. Glucose is toxic for PCC712@" but not for PCC7120WT

After investigation of the fructose’s role in mixophic growth the effect of
glucose was investigated. When PCC#jt20was grown in 10mM glucose and 10uM
DCMU (photoheterotrophic conditions) the cells dedhin a few days (data not
shown). To exclude a harmful effect of glucose +NDCthe PCC7126tr* strain was
grown mixotrophically with 5mM or 10mM glucose witht DCMU. Additionally the
cells were grown in a 10mM glucose/ 50mM fructos&tane. Fructose and glucose
are both imported by Gtr in PCC6803. In this stradditional glucose as a
competitive substrate can relieve the toxicity mfctose by preventing fructose entry
into the cell (Flores and Schmetterer, 1986). FOEP12@tr* the opposite situation is
assumed and fructose may protect from the deletereffect of glucose. These
predictions turned out not to be true. Glucose wag even at low concentrations of
5mM as well as at 10mM and addition of 50mM fruetasd not prevent the effect of
glucose (see fig. 7).
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—e—pure BG11
—8—-5mM Glc
10mM Glc

—¢—10mM Glc +
50mM Frc

days

Fig. 7
PCC712@tr" was grown mixotrophically at different glucose centrations and compared with
photolithoautotrophic conditions.

The effect of glucose on PCC7120WT was also teJtkd.strain was grown in
the light with 10mM, 50mM and 200mM glucose (miaghy). None of these
concentrations was toxic for the WT strain. On toatrary 200mM glucose even
showed a small stimulating effect on growth, howe@®0mM fructose, which was
tested in the same experiment, was much more luglgBee fig 8).

—e—pure BG11

3 —#—10mM Glc
8 50mM Glc
—>¢—200mM Glc
—¥—200mM Frc
days
Fig. 8

Effect of glucose (different concentrations) anetfose on PCC7120WT in mixotrophic conditions.
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4.1.2.3. PCC7124tr* and the WT are capable of photoheterotrophic growh

In the next experiment the cells were grown in light with DCMU, so that
photolithoautotrophy was inhibited but photohetephy was still possible. Both
PCC7120WT and PCC7180" had the capacity for photoheterotrophic growth. A
control with DCMU but without any fructose, wher® igrowth occurred, clearly
demonstrated that cell reproduction was drivenrbogtbse (see figs. 9 and 10).

—e— autotrophic

——0mM Frc

5mM Frc

10mM Frc

—¥—20mM Frc

——50mM Frc

25

Fig. 9
Photoheterotrophic growth of PCC7120. Cultures were grown at different fructose
concentrations.10uM DCMU was added except for thieecmarked “autotrophic”.

1.8

1,6 /
14 / —e— autotrophic
1,2 / ——0mM Frc

5mM Frc

10mM Frc

—¥—20mM Frc

——50mM Frc

25

days

Fig. 10
Photoheterotrophic growth of PCC7120WT. 10pM DCMbbkvadded except for the curve marked
“autotrophic”.
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Both strains were capable of photoheterotrophievgtphowever, a difference
could be detected. The WT could obviously use thetbse as carbon and electron
source when PSIl was blocked by DCMU, whereas @MU without sugar no
reproduction took place. Nevertheless the growte & PCC7120WT with 50mM
fructose and DCMU was clearly below the rate oftphitmoautotrophic growth (see
fig. 10) while PCC7126tr" grew at a rate that was only slightly below the
photolithoautotrophic rate (see fig. 9). The preseof Gtr evidently facilitates the
import of fructose but fructose uptake also océnrthe wild type. Since the capacity
for photoheterotrophic growth of PCC7120 strainsswguite unexpected, these
experiments were repeated, using also higher fseatoncentrations (see fig. 11).

A
5
4,5 A
4 —e&— autotrophic
——0mM Frc
s
/ 10mM Frc
P 20mM Frc

—¥—50mM Frc

—— 100mM Frc

200mM Frc

25 30

—e— autotrophic

——0mM Frc

50mM Frc

100mM Frc

—%—200mM Frc

0 5 10 15 20
days

Fig. 11
Photoheterotrophic growth of PCC7120 (A) and WT (B). Cultures were grown in 10uM DCMU +
different fructose concentrations except for theves marked “autotrophic”, where the cells were
grown in pure BG11. The PCC7120WT but not PCCgtZ&an tolerate 200mM fructose.
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Again the WT tolerated 200mM fructose and growtls\eaen most enhanced
at that concentration, contrary to strain PCCtZ0which died at 200mM (see fig.
11). Therefore we can conclude that the differérishavior does not depend on
DCMU. Besides the WT exhibited photoheterotrophimvwgh rates, which were either
similar to (200mM) or below (50mM and 100mM) theopdiithoautotrophic growth
rate, whereas the PCC7120 strain grew much faster in DCMU + 100mM fructose
than in pure BG11 (see figs. 11B and 11A). To eXel@an increase of QB by
chemoheterotrophic contaminants the WT cultureseweeasured additionally for
their chlorophyll content. The positive effect aludtose up to concentrations of
200mM was confirmed within the experimental erreereat 200mM (see fig. 12).

6 /’
5 —e— autotrophic
o /
>
ER X —8—0mM Frc
£
E‘ 3 // 50mM Frc
&
= ///’/‘ 100mM Frc
3] 2
g
/ —k—200mM Frc
1 .
%H——i\i\-
0 T 1 1 T
0 5 10 15 20
days
Fig. 12

Chlorophyll content of PCC7120WT, grown photohetienphically at different fructose
concentrations compared to photolithoautotrophiwddens. 10uM DCMU were added except for the
curve marked “autotrophic”.

4.1.2.3.1. Sorbitol is not a substrate for photolerotrophic growth: neither for
PCC7120WT nor for PCC712fr*

Other organic compounds than fructose were trieghassible substrates for
photohetrotrophic growth. PCC71@0" and PCC7120WT were cultivated in the light
in BG11 supplemented with 10uM DCMU and diversecemtrations of sorbitol (50,
100 and 200mM) and compared to cultures in BG1h Wi€MU without any sorbitol

or photolithoautotrophic cultures in pure BG11.tNer PCC7120WT (see fig. 13) nor
56



PCC7120tr" (see fig. 14) were affected by sorbitol at anyasonration and their

ODy3 did not differ from that in DCMU without any sotbl. Besides PCC7120WT
was incubated in photoheterotrophic conditionhapresence of DCMU and 200mM
glucose and no growth occurred (data not shown).

—&— autotrophic

—— 0mM sorbitol
50mM sorbitol

—¢—100mM sorbitol

—¥— 200mM sorbitol

0 5 10 15 20 25
days
Fig. 13
Incubation of PCC7120WT under photoheterotrophiaddions dependent on sorbitol: Except for the
curve marked “autotrophic” all cultures containégild DCMU.

—&— autotrophic

—#—0mM sorbitol
50mM sorbitol

—¢—100mM sorbitol

—¥— 200mM sorbitol

0 5 10 5 20 25

days 1

Fig. 14
Incubation of PCC712fr" under photoheterotrophic conditions dependenbditel: Except for the
curve marked “autotrophic” all cultures containégild DCMU.
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4.1.2.4. PCC7120WT but not PCC712fr* is capable of chemoheterotrophic
growth

When PCC7120WT and PCC7120 were grown in the dark on fructose most
unexpected facts were observed. PCC7120WT grewlyslbut continuously in the
dark (see fig. 15 A and B), whereas strain PCC@fr2@ailed at dark growth with any
fructose concentration (see figs. 16 and 17). Gomsi with mixotrophic and
photoheterotrophic growth the cells grew fastesbd@trnal concentrations of 200mM
fructose. 100mM fructose supported the growth tesser extent. At 10mM, 20mM
and 50mM the OB, stagnated (their values differed within the normatiance),
whereas the density declined when no fructose wdsd(see fig. 15A). Measurement
of the chlorophyll content of chemoheterotrophitiues confirmed these results (see
fig. 15B). Even after incubation in the dark forang 4 months PCC7120WT cells
grown in 50mM fructose kept the capacity to inoteila photolithoautotrophic culture
(data not shown). PCC71@0®" grew within the first days, especially at 50mM téra
the cells died at all concentrations (see fig. 18pt even a cultivation at lower
concentrations could induce a proliferation, howeVée cell density was constant in
5mM, whereas the density decreased when cultivaidtbut fructose (see fig. 17).
Since glucose increases the uptake of fructose wtdad simultaneously (see section
4.1.4.1.1.) PCC7120WT was also incubated in thk gea mixture of 20mM fructose
and 2mM glucose but no growth occurred (data noivsi).

Although chemoheterotrophic growth of PCC7120 wasved without any
doubt (growth took place dependent on the fructmseentration) it remained unclear
whether it was real chemoheterotrophic growth ghtliactivated dark growth because
the cultures were unavoidably illuminated when meas. 4 cultures of PCC7120WT
were inoculated at the same time in BG11-100mMtése at an OR, = 0.09 and
grown in the dark. Every week one culture was mestkuvhile the others remained
untouched and were protected from light. Cultuheg had already been opened once
were measured again and compared to the cultuteh#ithjust been opened for the
first time. So it could be analysed whether thersilomination had any effect on the
growth. Both the OBy and the chlorophyll content increased continuoeslgh week
regardless of whether the culture had already bgened or not (see fig. 18A and B).
As a consequence the growth can be considere@ altemoheterotrophic growth.

Glucose was also tested as a substrate for cheemotrephic growth of
PCC7120WT and PCC71g0". The former strain was incubated in 200mM glucose
the latter in 50mM glucose growth was not deteetiedny of the two strains (data not
shown). For PCC712r" it is not clear whether glucose could not be uasda
substrate for chemoheterotrophic growth or it eitbi a toxic effect towards this
strain in the dark as well, since glucose has lmEsnonstrated to be toxic in the light
(see section 4.1.2.2.).
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—o—0mM Frc

——10mM Frc

20mM Frc

—»¢—50mM Frc
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—0—200mM Frc

days
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% —&—10mM Frc
3
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days
Fig. 15

Chemoheterotrophic growth of PCC7120 WT at difféfeuctose concentrations.
A measurement of Of)
B determination of chlorophyll after methanolrextion
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0,18

0,16
0,14
012 —e—0mM Frc
' —=—10mM Frc
0,1 20mM Frc
S 008 < 50mM Frc
—%—100mM Frc
0,06 —e—200mM Frc
0,04
0,02
0
days
Fig. 16

PCC712@tr" failed to grow in the dark

0,06

0,05
—&— 0mM Frc
0,04
——1mM Frc
30,03 2mM Frc
]
(@)
~——5mM Frc
0,02
—¥—10mM Frc
0,01
0
0 5 10 15 20 25 30
days
Fig. 17

PCC712@tr" also failed to grow in the dark at low fructos@centrations.
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Fig. 18

Growth of PCC7120 WT in complete darkness
A ODy3g measurement
B determination of the chlorophyll concentratafter methanol extraction



4.1.2.4.1. Sorbitol is not a chemoheterotrophiabstrate for PCC712Qtr"* either

It was investigated, whether PCC7#R0 could use sorbitol as a substrate for
chemoheterotrophic growth. PCC7420 was incubated in BG11 supplemented with
50mM, 100mM and 200mM sorbitol in the dark. Thes#ures were compared to
PCC7120tr" incubated in the dark in pure BG11. No chemohétepbic growth
dependent on sorbitol was detected, however, ayelaell dying was observed.
While the OB, of PCC7120tr" rapidly declined in pure BG11 in the dark, the
addition of sorbitol could delay the decline of &3, This effect was the stronger
the more sorbitol was added (see fig. 19).

0,12

o
i
\

\ —— 0mM sorbitol

0,08
\ \ ——50mM sorbitol
0,06
\\ \.\F 100mM sorbitol
—i i

0,04
\‘_’/’\. 200mM sorbitol

0,02

OD730

0 10 20 30 40 50 60
days

Fig 19
PCC712@tr" grown in the dark on different concentrations arbitol
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4.1.3. Construction of PCC712€bx1
4.1.3.1. Construction of the plasmid

Since knock-out mutants afox2 and cox3 exist already inAnabaenasp.
PCC7120 (Valladares et al, 2003), a knock-out ntutdcox1was constructed. PCR
was performed with isolated genomic DNA from PCQY &&d primers 7120coxB and
7120coxC (see section 3.4.1.). Both primers intceduanXba site at the ends. The
PCR product contained the completexA1ORF and parts of the adjacerxBland
coxClgenes. pRL278 (see section 3.2.; Black et al, 1888)the PCR product were
digested withXba. pRL278 has Xba sites (see fig. 20). The largest fragment with
2448bp (containing neomycin phosphate transferasetlaesacB gene) was ligated
with the PCR product. The new plasmid was named pB\lV(see fig. 20).

In a second step a chloramphenicol resistance ttasge chloramphenicol
acetyl transferase =zaf) replaced part of the&oxAl ORF. The chloramphenicol
resistance (Cf) cassette from pBR328B was amplified by PCR ushmy primers
Cmb5 and Cm3 (see section 3.4.2.).

Cmb5 contains &#vu site. Pvd cuts once in the entire plasmid pBR328, but not
within the Cnff cassette. Cm3 contains Agd site. Agd cuts 1x in the plasmid within
the region of the amplified PCR product but dowessin of the CFiORF. So for each
enzyme one recognition site was introduced intoRE#&R product. The product was
purified by gel electrophoresis and cut out froma ¢el as a fragment of 1076bp. The
Cm? cassette PCR product was restrictedPvyl and Agd into four fragments: the
short 7bp fragments on both ends and the 927b@d aBlp in between. pBWUV1 was
digested byAsiSI andSgrAl into two fragments: the larger 7684bp vector Kimme
and a small fragment of 215bp, which is in the reddf the coxAl ORF. Both
digestions were purified on agarose gel. The 7684or backbone of pBWUV1
and the 927bp fragment including €mvere cut out from the gel. The DNA was
extracted and the two molecules were Iligatétkud and AsiSI sites have
complementary sticky ends. So d@d and SgrAl. The new plasmid, which was
named pBWUV?2 (see fig. 20), was used to createletide-insertion mutation at the
coxllocus leaving the genesxBlandcoxClintact.

pBWUV2 was restricted witBanHI and Eag and the vector (withoutpt but
with sacB was treated with mung bean nuclease to remowoweshangsBanH| and
Ead ends are not compatible). Then the remaining orewtas ligated. The new
plasmid was named pBWUV3 (see fig. 20). A conjugatwas performed several
times but never succeded, neither with pPBWUV2 nibh wBWUV3.
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pBR322 origin
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Petl
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pBWUV3
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coxC14"
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HgoMIV coxB1.3°

Hdel
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Fig. 20 Construction of pRStUV3
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We decided to replace the chloramphenicol resistaassette in pPBWUV3 by
a neomycin resistance cassette. The neomycin patesplansferasenpt) cassette was
obtained from pRL6 (see section 3.2.) by PCR anaplion with pRL6 as a template.
PCR was performed with primers Kmcassette2 and lsestte3 (see section 3.4.3.).
54°C were used as annealing temperature and 1reiaslBélongation time.

pBWUV3 andnpt PCR product were both restricted wiRvu and Scd and
purified by an agarose gel (see fig. 21). After DB)raction from agarose gel 370ng
of pPBWUV3 vector (6934bp) and 105ng bt (1137bp) were ligated, which means a
1.7 fold molarity ofnpt The ligation mix was electroporated irffo coli Top10 and
two colonies grew on an LB agar plate supplemematt 20pg/ml Km. After
inoculation of small over night cultures (4ml LB ttvi50ug/ml Km) and plasmid
minipreparations according to Holmes and Quiglege(section 3.8.) a restriction
digestion withEcoRI was performed, which yielded the expected frags&785bp
and 1287bp (see fig. 22). Ancestor pasmid pBWUV3 waizo restricted witlEcoRl
and analysed on the same gel. From the expectettties pattern 4951/1435/1287bp
only the largest fragment could be detected (gpefl).

BW3 M npt

vector portion of pBWUV3
(6934)bp—

«—npt PCR product

(1137bp)
CmR cassette (738bp)

Fig. 21

pBWUV3 (BW3) and the PCR product opt were digested witlscd andPvu. The 6934 fragment of
pBWUV3 and the restrictedpt were cut out from the gel and the DNA was extrécte

M.... marker SM1123 (from Fermentas) contains thgrfrants 10, 4, 2, 1 and 0.5 kbp.
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M new BW3 M

6785bp- —4951bp

1287bp->

Fig. 22

Restriction digestions of the new plasmid (latdlecBpRStUV3) and old pBWUV3 (BW3) with
EcoRl, M...1kb ladder (from NEB): contains the fragrtefO, 8, 6, 5, 4, 3 (thick band), 2, 1.5, 1
and 0.5 kbp.

Further restriction digestions were carried ouhwite newly constructed plasmid:

1) NgaMIV  6162/1443/467bp
2) Ndd 4794/2648/630bp
3) Pst 5971/2102bp

At the same time the ancestor plasmid pBWUV3 was edstricted withPst.
1) Pst 7673bp

All enzymes yielded the expected pattern (see 28). The digestion witlfst
clearly revealed the difference between the ancgsBWUV3 and its derivative,
which was named pRStUV3 (see fig. 20). A liquidterg of Topl0 (pRStUV3) was
frozen and stored at -80°C as No 1077.
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pPRStUV3 Pst
M un NgoNdd RSt BW3

Fig. 23

Control digest of pRStUV3

M...1kb ladder (NEB), un...undigested pRStUWgjo...NgdV, BW3...pBWUV3, RSt...pRStUV3
NgdV and Ndd were used for restriction of only pRStUMWBst for both plasmids.

4.1.3.2. Conjugation of pRStUV3 intcAnabaena sp. PCC7120
Conjugational approach:
HB101(RP4+pRL528) + Topl0(pRStUV3) + PCCAVA0
Control approach:
ToplO(pRStUV3) (twice the amount) + PCC7120iWo RP4)

After incubation on a BG11HPA-30ug/ml neomycin plaome colonies had
grown in the 1:100 dilution on the side, where RRd been present. On the control
side, where no RP4 had been present, no coloniéddmmed. The colonies were
streaked on a new plate with BG11HPA+30pug/ml Nm sratulated a 50ml liquid
culture, which was proved to be freetfcoli cells (see section 4.1.1.).
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4.1.3.3. Anabaena sp. PCC712@0x1 was homozygously mutated in the

cox1 locus.

After the integration of pRStUV3 the culture wastpd on BG11-5% sucrose
with 30pug/ml Nm to select for the second recombamatColonies were transferred to
another BG11HPA plate with 30pug/ml Nm and 5% suer&@ell mass that had grown
on the new plate was used for inoculation of a 50equlid culture. The DNA was
isolated from a PCC7120x1 culture with a high cell density. A PCR was penfed
with the same primers that had been used for aynpdithecox1locus of the WT (see
section 3.4.1.). 2 approaches of strain PCCZa20 (5ul and 10ul of the template
DNA) were compared with PCC7120WT DNA and knock plasmid pRStUV3 as
template. PCR with DNA from the new strain PCC7d@&d (both with 5ul and 10ul)
showed the same pattern as the PCR with pRStUMBagment of 3559bp for the
coxllocus interrupted bypt but no WT allele (2438bp) was detected (see . 2
Cultivation in the absence of neomycin did not dethis pattern (see fig. 25), not
even if cultivated a second time (inocculated bg first antibiotic less culture)
without antibiotic (data not shown). This meanst tthee WT allele was completely
absent.

M WT 5pl10u RSt:M

« cox’ allele 3559bp
WT allele 2438bp»

Fig. 24
PCR performed with DNA from PCC7120WT, PCC7&@%1 and knock out plasmid pRStUV3.
M....1kb ladder (NEB), 5ul and 10ul... from PCC7t281 DNA, RSt3...pRStUV3.
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M WIoxRSt3

—coxI:NmR
«—COXIWT

Fig. 25

PCR with isolated DNA frongoxI strain after growth in BG11 without Nm or sucrose
M....1kb ladder (NEB)cox: DNA preparation of liquid culture of PCC71&ix1.

RSt3: Plasmid preparation of pRStUV3

4.1.3.4. Cytochromec oxidation reactions
4.1.3.4.1. Effect of KCN on cytochrome alone

First the ORs;-ODs4g difference of a cytochrome solution in 20mM HEPES
buffer was observed over 30 min without adding anther substances (membranes,
KCN) to look whether the redox status of cytochromdas changed by other
components (e.g. HEPES) over a longer period. Withe first few minutes the values
decreased indicating an oxidation of cytochraerey air at a rate of 0.21nmol niin
then flattened to a negligible rate of 0.023nmohisee fig. 26A). After this
experiment the effect of KCN on cytochroraeabsorbancy without any membranes
was tested. Before KCN addition cytochronte was oxidized at a rate of
0.11nmol/min, afterwards this trend was reverseeDt@1nmol mifl (see fig. 26B).
Obviously KCN alone had an influence on cytochraan&CN solutions, which are
highly alkaline in aqueous solutions, change drarally the pH value in the cuvette.
As a consequence the absorption spectrum is changed
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Fig. 26
A Measurement of cytochrome c alone.
B KCN reacts with pure cytochrorae50ul of cytochrome solution and 2ul of 1M KCN were
used.
4.1.3.4.2.

Cytochrome oxidase experiments with membranes from 50ml

cultures

First the experiment was performed with 50ml c@tuof both strains (WT and

coxI). When the cultures had reached the stationarseliae membranes were
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isolated (see section 3.27.). Then the protein eotnation of the membrane

suspension was determined (see section 3.28.).cdloeilated average values were
2.1pg/ul forcoxI and 2.5ug/ul for the WT see table 2 and 3).

The following protein concentrations were calculafier the suspension of the isolated
membranes of PCC7120x1:

volume  measured concentration calculated to ialti

used Ol in the cuvette sed volume concentration

0.5ul 0.09075 —  1.1lpg/ml — 1.1ugin0.5ul - 2.2 ug/ul
1ul 0.11803 —  1.5pg/ml — 1.5ugin 1yl — 1.5 pg/ul
2ul 0.25039 —  4.7ug/ml —  4.7ugin 2ul — 2.35 pg/ul
Sul 0.42922 — 10.0pg/ml — 10.0pgin 5ul — 2.0 pg/ul
10ul 0.68262 — 20.0ug/ml — 20.0pgin 10ul— 2.0 pg/ul

Table 2 Protein concentration of suspensionsathted membranes from 50ml culture of
PCC712@ox1

From the WT of PCC7120 the protein content of #wdated membranes were
measured as follows:

volume measured concentration calculated to initial
used O in the cuvette used volume concentration

0.5ul  0.13551— 1.7ug/ml — 1.7ugin 0.5ul — 3.4 pg/ul
1ul  0.22596— 3.6ug/ml — 3.6pgin 1pl — 3.6 pg/ul
2ul  0.23062— 5.0pg/ml — 5.0ugin 2ul — 2.5 pg/ul
5ul  0.45999— 11.1ug/ml — 11.0pgin 5ul — 2.22ug/ul
10ul  0.64057— 17.8ug/ml — 17.8ugin 10ul — 1.78ug/ul

Table 3 Protein concentration of suspensionsatéiied membranes from 50ml culture of
PCC7120WT.

4.1.3.4.2.1. PCC7120x1 does not exhibit any cytochrome oxidase activity
when grown in a 50ml culture

First the redox status of the cytochromsolution was determined (see section
3.29.). ORso = 0.35682 was measured for the untreated cytoohmsolution, while
after the addition of sodium ascorbate or potasdiexa-cyanoferrate (ll1) O3y =
0.47411 and OB, = 0.12760 were obtained, respectively. The progorbf the
reduced form can be calculated as 66.15% of toyagbcbromec. 50ul of the
cytochromec solution and 200ul of the isolated membranes frioenWT were added.
At the moment of membrane addition the £PDDs,, difference dramatically
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changed independently whether any Cox is presembtofsee fig. 27). From that point
any further decrease of measureds€®Ds,q is caused by oxidation of cytochrome
by the membranes. An oxidase activity of 14nmol in[mg protein]* could be
observed that was stopped when 2ul 1M KCN were Gdder about 8min (see fig.
27). After KCN addition OR¢-ODs49 began to increase like in section 4.1.3.4.1.

me € solution

0.6 | + 50pI cytochr® |
.\“’—"'7—\ 1+ 200yl wWT membran€ suspension
0.4-
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o 0.2 Wy szi""‘“”
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T ] | | |
0 2 : : 8 10
Time (min)
Fig. 27

Cytochromec was oxidized by membranes of PCC7120WT. The reaetas inhibited by KCN.
50u! cytochrome solution, 200ul of isolated membranes and 2puMKKICN were used.

The experiment was repeated, however, this time dbeation of the
measurement was elongated to 30min and no KCN daadato analyse the change of
the reduction state over a longer period. The ptapo of reduced cytochrome
continuously decreased although the curve becaatterflwithin 30 min (see fig 28).
The initial rate of oxidation was 6.86nmol ik [mg protein]. Once more an
experiment was performed with membranes deriveoh fRCC7120WT but this time
2l KCN were added after about 10 min. The measen¢iwontinued again for 30min
in order to compare this experiment with the prasione. Until the moment of KCN
addition, the experiment was similar to the precegdne. Cytochromec was
oxidized, starting with a rate of 6.23nmol Mir [mg protein]*, which later decreased
(see fig. 29). After KCN addition the QE}-ODs40 value began to increase (see fig. 29
and section 4.1.3.4.1.). These results clearly detnate that the decrease of the
measured OER-ODs, difference is caused by a cytochromexidase localized in the
membranes that can be inhibited by KCN, as otherthie oxidation continues.
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Fig. 28

Cytochromec was oxidized by membranes of PCC7120WT. No KCN adoed and oxidation
continued within the first 30min. 50ul cytochromeolution and 200ul from the isolated WT
membranes were used.
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Fig. 29

Cytochromec is oxidized by PCC7120 WT membranes, which iskiteéd by KCN.
50ul of cytochrome solution, 200l oEoxI membranes and 2l of 1M KCN were used.

The same experiments were performed with the mamebraf thecox1 strain.
Again 50ul of the cytochrome solution and 200ul ofoxI membranes were used,
because the protein concentrations of the isolaiehbranes from the different strains
were similar (see table 2 and 3). The cytochramadition was performed in two
steps. Hardly any cytochronweoxidase activity could be detected (see fig. 30).
KCN was used to analyse whether the values contiougtay constant for half an
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hour. Now the reaction towards KCN was investiggsee fig. 31). The addition of

KCN led to a small increase of the measureds4gDDs4 vVery similar to the value
obtained without membranes (see fig. 26B).
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Fig. 30

No cytochromee oxidation by membranes 0bxI: 50ul (20ul + 30ul) of cytochronesolution and
200l ofcoxI membranes were used.
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Fig. 31

No oxidation of cytochrome by membranes of PCC71@8x1: 50ul cytochrome solution, 200l of
coxI membranes and 2pl 1M KCN were used.
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4.1.3.4.3. Experiments with membranes from 10| tures

From PCC7120WT andoxI 10l cultures were grown. TheoxI culture was
harvested at an GR), of 0.730, the WT culture at an @fgof 0.422. The membranes
were isolated (as described in section 3.27.) dwedprotein concentrations of the
membrane suspensions were determined (see table 4).

used volume of measured  concentration according to initial
suspension ODs5 in the cuvette initial volume concentration
1ul 0.52423 13pg/ml 13ug/1pl 13 pg/ul
A 2ul 0.81454 25ug/ml 25ug/2ul 12.5ug/ul
1ul 0.28879 6pg/ml 6pg/1ul 6pg/ul
B 2l 0.50169 12pg/ml 12pg/2ul 6pg/ul
Table 4

Measurement of the protein concentration of isdlaembranes of PCC71&ik1 (A) and WT (B).

First the redox status of the cytochroa®olution was measured (see section 3.29.).

basic £ 0.34759
ODs5 after sodium ascorbate additic 0.36520
ODsg after potassium hexacyanoferrate addti 0.10381

This means that 93.26% of the cytochrooweere reduced. 20ul of cytochrome
c and 10ul of isolated membranes were used forah ¥Yotume of 1350ul. At last 2ul
1M KCN were added. A peak down was observed ormgthaphic, where the magnetic
rotator might have been touched (see fig. 32). ®hdding something into the cuvette
the spectral photometer had to be opened. Duriisgstiort period the measurement
was interrupted. When the measurement was contiadge® was connected between
the values before and after opening. The quickeretkperiment was performed the
steeper the connection was. A real oxidation waseoled. The OBRgrODsy
difference continously decreased from an initialueaof 210.58nmol mih x [mg
protein]l. After KCN addition the measured @ ODs,4 increased again (see section
4.1.3.4.1.). The experiment was repeated with Zfjpisolated membranes, which
leads to a faster oxidation and the effect of KENhbre significant (see fig. 33).

The decrease from the recovery after the down pegke moment of KCN
addition corresponds to the cytochromexidase activity of the isolated membranes
because of its intact Cox. Directly after membrauglition an oxidation rate of
233.5nmol mift x [mg protein]' was calculated, which later flattened. After the
addition of KCN the ORBy-ODsy4g increased again (see section 4.1.3.4.1.).
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Measurement of the cytochroro@xidase activity with the membranes of the WT. 128futhe
cytochromec solution, 10ul of the membrane suspension ane2uM KCN were added.
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Fig. 33

Horse heart cytochromeoxidation by isolated membranes from the WT: 20ate added from
cytochromec solution as well as from the membranes. Again allgpeak occurred after cytochrome
c and a high peak after the membrane addition.
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The same experiment was performed with the membrahthe mutated strain.
The redox status of the cytochromeolution was determined again. The initial P
was 0.28959, the highest value after sodium ast®rddition was 0.35291 and the
lowest value after potassium ferricyanate (1) iidd was 0.08982. 75.9% of the total
cytochromec was reduced. 20ul were used of both the membnas@easion and the
cytochromec solution.

Unexpectedly an oxidation activity of 3.50nmol mhix [mg protein]* was
observed (see fig. 34) although this strain hadnbeeoven by PCR to be
homozygously mutated in theox1 locus. After the addition of KCN the measured
ODs50-0Dsyg increased again (see section 4.1.3.4.1.). Theriexpet was repeated and
this time an oxidation of even 5.94nmol mir [mg protein]* was calculated (data not
shown). Nevertheless the oxidation activity wasyv&anall compared to experiments
with membranes of the WT.

0.4
L+ 20l cytochrome ¢ solution
03 = M\\_@ﬁ_\#% L+204 cox1™ membrané suspension
o
b 0.2
(a] 2
i Le2p N
1
2 0.1-
(a]
0 -
0.0 ——- ]
-0.1 | | |
. 10 20 53
Time (min)
Fig. 34

Cytochromec oxidation by membranes 0bxI. 20ul cytochrome solution, 20ul membrane
suspensions and 2ul of 1M KCN were used.

4.1.3.5. Ifcoxlis deleted, PCC7120 loses its capacity for
chemoheterotrophic growth
PCC712@oxI was also tested for chemoheterotrophic growttc0),100 and
200mM fructose were used. Only at 50mM both the,Bnd the chlorophyll content
kept constant, whereas without sugar or at highetdse concentrations a reduction
of both ODG39and chlorophyll content could be seen (see fig. 35
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Fig. 35

Cultivation of PCC712€0x1 in the dark under different concentrations of fogse.
A measured OR,
B chlorophyll concentration after methanol egti@n

Without any fructose or at concentrations of 100 200mM the cells died
after 2 weeks, whereas at 50mM the culture coudtiagu its density within the first 2
weeks. Nearly no increase of chlorophyll was obsgrat SOmM fructose for theoxI
strain.
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4.1.4. Uptake measurements of sugars

4.1.4.1. Uptake of sugars by the wild type

If the strain PCC7120 has the ability for heterphic growth dependent on
fructose this sugar has to be taken up into thé fobwed by its metabolism.
Therefore experiments with radiolabeled fructoseewmgerformed. First an external
concentration of 0.2mM was chosen. PCC7120 WT wavedsted at an Oy =
2.5167 and diluted to 2.0. After addition of 0.2nfiMdctose the cells were incubated in
the light for 8 hours and every hour a sample of ias taken.

The uptake of glucose by PCC7120 WT from 0.2mM tsmuwas analysed the
next day. The same liquid culture was used for dheeose and for the fructose
experiments. The culture was harvested at4D 2.7846 and diluted to Ok = 2.0.
The incorporated radioactivity was measured by shmtillation counter and the
percentage of the total radioactivity incorporait@d the cells was calculated (see fig.
36).
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Fig. 36
Fructose and glucose uptake by PCC7120WT

Interestingly the uptake rate of glucose was muighdr, although glucose
cannot be used as a substrate for heterotrophievtigroHowever a fructose
concentration of 0.2mM has not been observed tacedany mixotrophic growth.
Therefore fructose uptake was analysed at a camtiemt of 2mM, 10mM, 50mM,
100mM and 200mM. The percentage of uptake was btghemM and declined with
an increasing concentration. The uptake rate wag s@nilar at concentrations of
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0.2mM, 50mM and 100mM (see fig. 37), while the seibok up only half the
percentage at a concentration of 200mM Frc.
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Fig. 37
Fructose uptake by PCC7120WT compared at differetatrnal concentrations

According to the percentage of uptake the amouninobrporated fructose
molecules was calculated at 4h, 6h and 8h aftectdse addition. Although the
percentage of uptake decreases with a higher exteuctose except for 0.2mM, the
absolute amount of incorporated fructose incregssstable 5).

Concentration 4h 6h 8h
0.2mM 0.68 0.90 1.36
2mM 62.60 88.20 130.00
10mM 164.00 279.00 270.00
50mM 130.00 185.00 280.00
100mM 290.00 470.00 590.00
200mM 420.00 520.00 620.00
Table 5

Incorporated amounts of nmol Frc x [ml suspensio®BD;s, = 2.0]*

4.1.4.1.1. Effect of glucose on fructose uptake

Now the effect of glucose addition to fructose kptavas investigated. When there
were external conditions of 2mM glucose and 0.2miMctbse the latter was
incorporated at a much higher rate (about 18% a®e). When the external
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concentration of both glucose and fructose was Ml2m even higher fructose uptake
of about 25% after 7h was observed (see fig. 38).
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Fig. 38

Frc uptake dependent on the concentration of a@died-rc uptake at 0.2mM and 2mM Glc was
compared to the Frc uptake in the absence of Gile.Frc concentration was 0.2mM in every case.

4.1.4.2. Sugar uptake rates of PCC7180"

gtr was derived from PCC6803 (Schmetterer, 1990), svites responsible for
the strain’s ability to take up glucose, 30OMG anatfose gtr confers the capacity for
heterotrophy with glucose as well as sensitivitwaods fructose and both features
were abolished in a PCC68§i8 strain (Flores and Schmetterer, 1986, Joset et al,
1988; Zhang et al, 1989). However, when PCC6803WaE wcubated in 10mM
glucose in the light for 24-48h the strain tookngarly no 30OMG. When incubated in
the light in the presence of both 10mM glucose &M DCMU the glucose uptake
was also reduced but not as much as with glucaseegkee fig. 39). It was analysed
whether the introduction ofitr changes the phenotype of PCC7X2Mhcerning the
uptake of sugars. The uptake rate of glucose (extezoncentration = 0.2mM) by
PCC7120@tr" was significantly higher than the rate of the V6&¢ fig. 40). The same
experiment was performed with 3-O-methylglucose NI&&). Again the uptake by
PCC712@tr" was much higher (see fig. 41), however, a diffeecto the preceeding
experiment was observed within the following 4h.ttWh the first hour an uptake
occurred that was comparable to the glucose impben the curve flattened and even
decreased (see figs. 41 and 42). 30MG cannot beboleted. Therefore the
concentration remains constant within the cell. |&dt the effect of cultivation in
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fructose on the glucose uptake by PCCTftP0was tested (cultivation in glucose was
not possible due to its toxicity). The strain PC@&jtr* took up glucose at a much
higher rate when grown mixotrophically in BG11 slgopented with 10mM fructose
than after cultivation in pure BG11 (see fig. 48).both cases no fructose had been
added during the experiment itself and any fructbad been removed from the
medium by washing before.

1,6
14
1,2
—e—preincubated in pure
1 BG11
—#—in BG11 with 10mM Glc
Q
é 08 in BG11 with 10mM
s Glc, 10uM DCMU
% 0,6
X
0,4
0,2
0
0 5 10 . 15 20 25
min

Fig. 39
30MG uptake by PCC6803WT is influenced by preintiioain medium containing 10mM glucose
(external concentration of 3OMG: 0.25mM)
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Fig. 40
Glucose uptake by PCC7120WT agtd” at an external concentration of 0.2mM
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Fig. 41
30MG uptake by PCC7120WT agtt™ at an external concentration of 0.2mM
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Fig. 42
Comparison of the uptake of glucose and 30MG by PQytr”: In both cases the external
concentration was 0.2mM.
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Fig. 43
PCC712@tr" takes up glucose at a much higher rate when tiherelinas been incubated in 10mM

fructose compared to a culture that had been et#td/in pure BG11.

Concerning the uptake of fructose by PCCHtP0 experiments were
performed with external concentration of 0.2mM d&t@inM fructose. In contrast to
the wild type (see fig. 37) fructose was incorpedaat a higher percentage, when the
external concentration was 50mM (see fig. 44). Unithe latter conditions strain
PCC712@tr" takes up fructose at a 2-4 fold rate (see fig., 4@)ereas under the
former conditions PCC7120" cells take up fructose only at half the rate (&ges5).
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Fig. 44
Uptake rates of fructose by PCC7#R0 at different external concentrations
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Fig. 45
Fructose uptake by PCC7120WT agtd": The external concentration was 0.2mM in both sase
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Fig. 46
Fructose uptake by PCC7120WT agtd”: The external concentration was 50mM in both cases
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4.2. Creation of aptox knock out mutant

The ORF of theptox gene &ll2096 according to Cyanobase, 2011) was
disrupted by a gentamicin cassette. Two flankingueaces from the chromosome are
adjacent to the gentamicin resistance cassettephagmid pRL278 as the vector.

4.2.1. Construction of pBWUV4(constructed by Wurzinger, diploma thesis)
First the downstream flanking sequence was amglibg PCR with DNA
isolated from the WT of PCC7120 as template andptimers Ptox downstream 5’
and Ptox downstream 3’(see section 3.4.4.).
pRL278, which had been isolated frdg coli Top10(pRL278) and thptox

downstream fragment were both cut wKhd and Eco0109I1. Both primers include
restriction sites, which are not located at thisukon the chromosome. Primer Ptox
downstream 5’ containsX@hd site, Ptox downstream 3’ primer containsEsoO109I
site (underlined in section 3.4.4.). The digesté&tAlpbassed an agarose gel, DNA was
extracted and the downstream flanking sequencansasted into pRL278 vector (see
fig. 47). Competent cells were electroporated i ligation product and selected on
an LB agar plate containing 50ug/ml kanamycin. Mamjonies had grown over
night. 24 minipreps were performed followed by resbn analysis. All 24 minipreps
were digested witiecd01091 and analysed by agarose gel. Minipreparaion 18
showed the expected pattern of 5649/1327bp. Astheiucontrol minipreparation No.
18 was digested with:

1) Xhd: 5649/1327

2) Pvu: 6976

3) Xhd/EcaRlI: 4813/2163

4) BspEl: 4987/1989

5) BspHI: 5189/1242/371/174
The numbers in the list indicate the calculatedhiles of the fragments in bp. All
digestions gave the expected pattern (data notrshdokihe new plasmid was named
pBWUV4 (see fig. 47).

4.2.2. Construction of pPSUVconstructed by Wurzinger, diploma thesis)

The ptox upstream flanking sequence was amplified by PCGRguBCC7120
WT as template and the primers Ptox upstream 5’Rtod upstream 3’ (see section
3.4.5.). Primer Ptox upstream 5’ containBaaH| site, while primer Ptox upstream 3’
contains aXxhd site (underlined in section 3.4.5.), which arg¢hboot present at these
loci in the natural genome but will be introducdtea PCR. pRL278 and the PCR
fragment were digested witkhd and BanHI and the fragments were purified by an
agarose gel. The pRL278 vector and the PCR progdact cut out from the gel and
extracted from the agarose. They were ligated {igeet7) and electroporation was
performed withE. coli Topl0 cells. Electroporated cells were selected_Bnagar
supplemented with 50ug/ml kanamycin. 55 colonied gewn over night at 37°C.
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From one colony an over night culture was inoculagnd an alkaline lysis
minipreparation was made. Several restriction erzgigestions were performed. The
desired plasmid was predicted to show the follownagment lengths in bp.

1) BanHl: 7070

2) Xhd: 7070

3) Acd: 2202/1882/1639/650/353/335/9
4) Pvu: 6009/682

5) Bsp: 3137/2759/1174

The predicted patterns were confirmed (data notvehoThe new plasmid was named
pPSUVL1 (see fig. 47).

4.2.3. Construction of pBWUVS5 (constructed by Wurzinger, diploma thesis)
pPSUV1 and pBWUV4 were restricted witaRl andXhd and purified by an
agarose gel. The 4813bp fragment from pBWUV4 arel 3891bp fragment from
pPSUV1 were cut out from the gel, extracted from #yarose and ligated (see fig.
47). After electroporation int&. coli Topl0 the cells were selected on LB agar with
50ug/ml kanamycin. 3 colonies had grown over nighB87°C. From all 3 colonies
minicultures were inoculated and minipreps werdquered. The desired plasmid has
three Pvd fragments of 6281/1061/762bp. Only one minipraegian gave the
expected result. Other restriction assays wergethout as additional controls.

1) Xhd/EcoRl: 4815/3291bp

2) BanHlI: 8104bp

3) Pvul: 5298/1349/1313/144bp
4) Hindlll: 5992/2112bp

On the control gel all expected patterns were dete¢data not shown). The new
plasmid was named pBWUVS5 (see fig 47).
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Fig. 47
Scheme of the construction of pRStUV1 and pRStUV2
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4.2.4. Construction of pRStUV1 and pRStUV2

In pPBWUVS the upstream and downstream flanking segas ofptox are
directly linked at thexhd site. A gentamicin resistance cassette was afdafrom
plasmid pPBBR1MCS-5 (Kovach et al., 1995). JM109(pBBICS-5) was streaked
from a frozen stock culture to an LB plate contagnbg/ml gentamicin. One colony
was used for inoculation of an over night minictdtu An alkaline lysis
minipreparation was performed and the gentamicaistance cassette was amplified
by PCR using pBBR1MCS-5 as template and the prifabls 1-5’ and Pbbr 1-3’ (see
section 3.4.6).

The 5’ primer contains a recognition site #hd, the 3’ primer forSal. The
total amount of the PCR product was estimated tabdmeit 500ng by comparison with
a DNA standard marker. The cohesive ends aKkd and Sal digestion are
complementary to each other. The PCR product wgestkd by botiXhd and Sal,
purified by gel electrophoresis and extracted frahe agarose. A plasmid
midipreparation of pPBWUV5 was performed. Both tHeated PCR product and the
midiprep were quantified by a 1% agarose gel (gp49).

M1 M2Pvd 5 Gn¥

Fig. 48
M1 ... AHindlll, directly used, M2..AHindlIl, heated at 70°C before ugeyu...pBWUV5 cut with
Pvd, 5...pBWUV5 uncut, Gr...extracted PCR product of Grout with Xhd/Sal

The concentration of the midipreparation was edschaat 2.6 ng/ul, the
concentration of the PCR product was 18 ng/ul {gpe48). As the concentration of
the midiprep was very low the complete yield of atb®50ng was used for ligation.
An equimolar amount of the PCR product (1308bp) uwsesd. 1.4l (at a concentration
of 18 ng/ul) of the PCR product were cut wkba and Sal and ligated to pBWUV5
restricted with Xhd. The ligation product (see fig. 47) was electn@ted into
competentE. coli IM109 with selection on LB agar with 5pg/ml geni@m Of 24
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colonies inoculated in liquid cultures, only 3 cués had grown over night (No. 9, 10,
13). Plasmids were isolated by plasmid miniprepainat The preparations were
digested with the following enzymes:

a) Pvu 6280/205061bp
b) Xhd/Eco0109IBarH| 5511/2622/1265bp

All three samples gave the expected patterns (gpe49). The direction of the
insertion cannot be revealed because none of #resenes cuts within the cassette.

Pvu Xhad/Eco01091BanHl|
M 9 10 13 9 10 13

—5511bp

«—2622bp

Fig. 49
All 3 minipreparations were digested withRyu and b)Xhd/Ecc01091/BamHI. Each of them was
digested to the expected pattern. M digested wittHindlll.

Pvul cuts within the 1308bp gentamicin resistancesetis dividing the
cassette into fragments of 1185/110bp and 3 timé#kinwthe vector. The very
unsymmetrical division of the cassette allows th&dtion of its orientation within the
new plasmid. Plasmid preparations No 9 and 13 led the pattern
4719/1873/1349/1313/144bp, No 10 to 5794/1349/18144bp. The two
fragments of 1349 and 1313bp appear as one fragorethe gel because of their
similar length and the 144bp fragment is too sntallbe detected (see fig. 50).
According to the restriction pattern it was con@ddthat both variants had been
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successfully constructed. The plasmid isolated fromcolony
No 9 (gentamicin cassette antiparalleptox ORF, see fig. 47) was named pRStUV2,
whereas the plasmid from No. 10 (gentamicin casspé#irallel toptox ORF, see
fig. 47) was called pRStUV1. Both plasmids werecet@porated separately int6.
coli strain HB101 (pRL528). The strains containing tleav plasmids were shock
frozen in liquid nitrogen and stored at -80°C.

JM109 (pRStUV1) = culture No. 10 »  No. 1014
JM109 (pRStUV2) = culture No. 9—  No. 1015
HB101 (pRL528 + pRStUV1) —  No. 1016
HB101 (pRL528 + pRStUV2) —  No. 1017

—5749bp
—4719bp

~1873bp
—1349bp

~789bp

Fig. 50
The minipreparations were digested withd/Nsil (left) andPvul (right). Pvul digestion led to the
expected patterns. M...SM0332 (from Fermentas).
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4.2.5. Conjugation of pRStUV1 and pRStUV2 into PCZ120WT
pRStUV1 and pRStUV2 were both conjugated into thE &WPCC7120.

Conjugation assays:

HB101(RP4) + HB101(pRL528 + pRStUV1) + PCC7120WT
HB101(RP4) + HB101(pRL528 + pRStUV2) + PCC7120WT
Control assays:

2x HB101(pRL528 + pRStUV1)

2x HB101(pRL528 + pRStUV2)

Conjugation was performed on a nitrocellulose ffi{see section 3.22.). At first
the filters were incubated on pure BG11HPA for 3ysdaAfter that they were
transferred to BG11HPA containing 15pug/ml gentamidingle colonies grew within
the 1:100 cyanobacterial dilution on both the pesiand the negative side of the
pRStUV1 conjugation and no difference could be ol between the conjugational
and the control side. Colonies from the positivdeswere restreaked onto a new
BG11HPA plate containing 15ug/ml gentamicin. Coésnof this new plate were used
to inoculate a liquid culture. When it had grown &bout a month, an aliquot was
streaked on a BG11HPA plate containing both 15ugertamicin and 5%(w/v)
sucrose, which selected for the second recombma##o colony from the sucrose
containing plate was used to inoculate a new liquldure in BG11 with gentamicin
and sucrose. DNA was isolated from the sucrose ntagacin liquid culture and a
PCR was performed to analyse its genotype.

The primers Ptox upstream 5 and Ptox downstreaiise® sections 3.4.5. and
3.4.4.) were used for amplifying the region betwéan two flanking sequences. The
PCR was performed using the following conditionst isolated DNA (from PCC7120
WT, the ptox culture, plasmid preparation of pRStUV1). The gmion phase was
15min, the annealing temperature was 49°C. Suoh@élongation phase was used to
ensure the completion of all started products. Divin ptoxX as template yielded the
3896bp fragment, which is characteristic of the ated allele and was also visible
with knock out plasmid pRStUV1 as template DNA. WA allele (3008bp) could be
detected with the DNA of straiptoxX. Another fragment appeared in all samples. As
PCC7120WT and knock out plasmid pRStUV1 do not ehany homologous
sequences except the two flanking sequences itbeanoncluded that these PCR
products derive from one of the flanking sequendé® length of the fragment was
estimated to be about 1300bp. Since the size ofldh&ing sequences is 1282bp for
the upstream one and 1344bp for the downstreanaonrannealing of the primers is
possible at least within the downstream flankingussce (see fig. 51A). For a final
proof the culture was grown without antibiotics @hé DNA was isolated and PCR
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was performed with the new DNA. Strain PCC74@X can be concluded to be
homozygously mutated because the WT allele didewagipear (see fig. 51B).

The conjugation with plasmid pRStUV2 (see abovéy IRCC7120 was also
attempted. Colonies from the positive side of thejuegational plate were restreaked,
but inoculation of liquid cultures failed even befdhe selection on sucrose. Single
colonies had grown on the negative side of bothugational experiments. They were
treated as described in section 3.22. and finallyid cultures in gentamicin + sucrose
were established. DNA isolation followed by PCRea&ed their WT genotype on the
corresponding locus (data not shown).

M  WT ptox P M  WTptoxX P

—ptox 3896bp —ptox
W 5 3896bp
300850 3008bp
«flanking « flanking
sequence sequence
~1300bp ~1300bp
A B

Fig. 51
PCR with PCC7126toX to prove homozygosity
A PCR after growth in medium with gentamicin audrose
B PCR after growth in medium without any antilis
M....1kb marker (NEB)ptox... PCC712@tox, P....pRStUV1
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4.3. Creation of a knock out plasmid forSynechocystis sp.
PCC6803 gend|0813

4.3.1. Construction of pGGUV1(G. Graser, unpublished)

From strain DH&a(pUC19) a 1l LB over night culture was inoculatetaa
caesium chloride plasmid preparation (method notvs) was carried out. Genomic
DNA from PCC6803 was isolated according to secBdri. PCR was performed with
PCC6803 DNA as template and primers Graser 1 a(e section 3.4.7), which
amplify the 5 flanking sequence region ell0813 the gene which encodes the
putative subunit B of the ARTO. It is located favay from the subunits A and C,
which are adjacent on the chromosome. The impostaricsubunit B for the entire
enzyme and the possibility of its replacement blyusit B of Cox (see aim of the
thesis) were to be analysed.

The PCR product (1084bp) was purified by agarodeetgetrophoresis and
extracted from the gel. Both the PCR product an€p®@(see fig. 52) were cut with
Hindlll and Pst (both from New England BiolabsHindlll requires NEB2, whereas
for Pst NEB3 is the appropriate buffer. The main diffezens the double amount of
NaCl in NEB3 compared to NEB2. Therefore the DNAarevdigested withHindlll
and NEB2 first, then the amount of NaCl was doulfleg supplementing 0.5ul of a
1M NaCl stock solution) anBst was added. Both restrictions were performed for 2
at 37°C. After this step the restricted DNAs weueified by gel electrophoresis with
0.7% agarose.

The desired fragments were cut out (919bp for &stricted PCR product and
2647bp for the vector portion of pUC19) and the DMWAs extracted from the gel.
125ng of the linearized pUC19 were ligated to 200hg¢he restricted PCR product,
which means a 4.6 fold molarity for the PCR proddéectroporation was performed
into E.coli IM109 and the cells were streaked on an LB agde gupplemented with
50ug/ml ampicillin.

Many colonies grew on the plate. From 24 coloniedadmes and Quigley
plasmid minipreparation (see section 3.8.) wasgoeréd and the concentration was
determined by gel electrophoresis of an aliquot.

The following restrictions were carried out:

1) Ncad

2) Ncad/Eco0109I
3) Ball

4) BseY|

Analysis was performed by gel electrophoresis
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Ad 1) Ncd only cuts once in the flanking sequences butinothe pUC19
vector portion. The restriction pattern was ongtfnant of 3593bp.

Ad 2) Ncd cuts once in the insefEco0109I1 once in the vector and once in the
insert, however the site within the insert was kéat by overlapping methylation. As
expected two fragments of 3111bp and 481bp werbl®is

Ad 3) 2171/1118/304
Ad 4) 2608/733/252

The results (data not shown) demonstrated thatlésgred plasmid had been
constructed. It was named pGGUV1 (see fig. 52). ahd JM109 (pGGUV1) liquid
over night culture was mixed with glycerol and stbrat -80°C after shock freezing
under the number 1018 in the list.

4.3.2. Construction of pGGUV2

JM109(pGGUV1) was streaked on an LB agar plateplsupented with
50pg/ml ampicillin. From an over night grown colomy liquid miniculture was
inoculated and a plasmid minipreparation accord¢ingh-Horowicz (see section 3.9.)
was performed. The 3’ flanking sequence of $h@813 gene was amplified by PCR
with total DNA from PCC6803 as template and thengrs Graser 3 and Graser 4 (see
section 3.4.8). The annealing temperature was 4ntthe elongation time was 36s.

The 5’ end of primer Graser 3 containBst site (underlined in section 3.4.8).
Inside the amplified sequence there is a natbdm@RI site. pGGUV1 and the PCR
product were digested withcoRl andPst and the restricted DNAs were purified by
two different agarose gels according to the sizéhefDNA (2% for the PCR product,
0.8% for pGGUV1). From pGGUV1 a fragment of 3554(gee fig. 53B) and the
416bp PCR product were cut out (see fig. 53A),aeted from the gel and quantified
by an agarose gel. 66ng of pGGUV1 vector and 96rngeoPCR product were ligated
to each other, which means a 12 fold molarity efitisert.

A control assay was also performed, where the tnsad been omitted to
observe the frequency of self recirculation. Ligateand control mix were incubated
over night at 16°C. Afterwards the ligase was ivateéd by heating at 65°C for
10min. Both mixtures were electroporated into cotapeTopl0 cells and streaked on
a plate containing LB agar with 50pug/ml ampicillihcolonies grew on the plate with
insert, whereas on the control plate not a singlerty appeared. From all colonies
mini liquid cultures were inoculated. One cultuid dot grow over night. From the
other six cultures plasmid preparations were paréat, followed by restriction
analysis. EnzymeNcd andEco01091 were used for single restrictions.
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«—insert

Fig. 53

A: restricted PCR product

B: pGGUV1 cut withEcoRIl andPst.

M....1kb ladder (NEB), V...pGGUV1 (3554bp), I....PCR prmd (416bp)

Ncd cuts once in the 5’ flanking insert and therefar pGGUV1 and once in
the 3’ flanking insert yielding fragments of 35684bp.Ecac0109I cuts three times,
once in the pRL278 vector, once in the 5’ flankingert and once in the 3’ flanking
insert. Therefore three fragments were expecte8R/228/700bp.

The digestions were performed with preparationedi® which had the highest
DNA concentrations. Afterwards RNAse was addbltd restriction yielded the
expected pattern of 3566/404bp (see fig. 54A on right). However, only two
fragments 3270/700bp were visible with 8eo0109I digestions (see fig. 54A on the
left). Analysis by the NEB cutter programntip://tools.neb.com/NEBcutte)evealed
that one site is overlapped bylammethylation site and thereby blocked. The 2532bp
and 738bp fragments stayed connected as a 3278pmént. A double digestion of
Eco01091 andEcaNl led to three fragments: 2783/700/487bp (see 54A in the
middle). EcoNI cuts once within the 738bp fragment dividingnito 487bp and 251bp
but nowhere else in the desired plasmid. This ict&tn was performed to prove
whether the smalEcoO109I fragment in fig. 54A on the left corresponds/00bp or
to 738bp, as the two fragments could not be distsiged on the gel. The other part of
the DNA was assumed to be still connected to tlgelfragment. The photo of the gel
clearly demonstrates that the 700bp fragment waarated, while the 738bp fragment
remained attached to the large one. The 487bpopovtas cut off byEcoNI, but the
remaining 251bp size DNA was still connected to2682bp DNA forming a 2783bp
fragment, because thiecdO109I site is blocked by overlappiggmmethylation. As a
further control, minipreps from pGGUV1 were digestwwith EcoO01091 as well as
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with Ncd. Both (single) digestions led to a linearizatiohthe 3593bp fragme! (see
fig. 54B). pGGUV1 contains onNcd site and twoEcdO109I sites, however, one
blocked bydcmmethylation

010091,
01091 NI Ncd
ML4 5 4 5 4 5 M2 M1 EcoNcad

3270bp- «—3566bp «—linearized pGGUV]
2738bp- at 3593b
700bp—
487bp- —404bp
A B
Fig. 54

A shows restrictions of Holmes Quigley preparz 4 and 5
B pGGUVL1 was restricted wiEca0109I andNcd.
M1...1kb ladder, M2.100bp ladderboth from NEB)

Since the construction of the desired plasmid heehlproven, 1ml of an ov
night culture containing the plasmid was shock érom liquid nitrogen and stored
-80°C. It was named pGGU" (see fig. 52 and numbered 1020 within the |

4.33. Construction of pGGUV4 and pGGUV!

The two flanking sequences are directly connected Pst site on pGGUV2
For a complete knock out plasmid a resistance ttased to be introduced into th
Pst site between the two flanking sequen:

pPRL463 contains them cassette encoding a resistaragains streptomycin.
This cassettederived from pHP 4Q (Prentki and Krisch, 1984jas been inserted
into the L.HEH inverted polylinker regit of pRL138 (Elhai andwWolk, 1988)
resulting in pRL463A plasmid minipreparatioof pRL463 wagerforme( according
to Ish-Horowicz(see section 3.¢. Three single digestions were carried out with
plasmid:Pst, BanH| andDral. The fragments were separated by an agaro: (see
fig. 53).
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Pst: 2662/2092
BanHl: 2698/2056
Dral: 1942/1203/898/692/19

The smallest fragment of 19bp could not be detecidds pattern clearly
demonstrates the presence of a fragment of abo@®bpO corresponding to the
streptomycin resistance cassette, which is praseait digestions. As the cassette has
been introduced into a reverse polylinker, it carekcised with all remaining enzymes
of this linker. Luckily none of the three enzymesscwithin the cassette but all left an
intact ORF (see fig. 55).

M1
Pst
BanHl
Dral
M2

st® cassette at
~ 2000bp-

—
——
—
—
——
—

Fig. 55
pRL463 was restricted with &st, b) BanHlI, c¢) Dral; digestions were analysed by an agarose gel

M1...1kb DNA ladder, M2....100bp ladder (NEB). A fragntef about 2000bp is present in all 3
digestions (the strR resistance cassette)

pRL463 and pGGUV2 were both digested widl. pGGUV2 was linearized at
the site between the two flanking sequences, vithdestreptomycin resistance cassette
was separated from the pRL463 vector portion. Tigested plasmids were purified
by electrophoresis (see fig. 56), the linearizedGp&2 and the streptomycin
resistance cassette were cut out from the gelaebeirt and quantified by an agarose
gel (data no shown). About 200ng from the pGGUVZ2tee and 100ng from the
streptomycin resistance cassette were ligated. Titie equimolar amounts were
mixed (3970bp pGGUV2: 2092bp cassette = 1.9:1) because it could be selected
directly for the insertion of the resistance casséihe ligation mix was incubated for
4h at room temperature. After that half of the tiigga mix was inactivated by heating
for 10min at 70°C, while the other part continuedigate over night at 4°C.
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Fig. 56
pGGUV2and pRL463 were cut wilPst. Linearized pGGUV2 (3970bp) andcassette of pRL4€
(2092bp)were cut out and ligate

Electroporation of 2puof the inactivated ligation mix into competent Ca was
carried out and cells were selected on an LB aQag&nl streptomyciiplate. Many
colonies had grown over night. 24 small liquid auts were inoculated, howev
only two of them grewover night. The DNA was isolated by minipreparation al
Holmes and Quigleysee section 3.8and a estriction analysis was performed w
AlwNI, Bsd andNsd (three single digestions). These digestions doonty prove the
successful insertion, but also indicthe orientation of the cassetigthin the vector.
As the insert has the same ends on both sides sartion is possible in bot
directions. One preparatiaontained a clonevhose digestion pattel(see fig. 57A)
clearly corresponded to thiesiredplasmid, where the streptomycin resistance cas
had been inserted in thsame orientation asll0O813 This plasmic was named
pGGUV5 (see fig. 52).
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M1 AlwNI Bsd Nsd M2

Hindlll

=
n
o

A

Fig. 57
Control digestions of presumptive pGGU\
A Control digestions with &IlwNlI, b) Bsd, c) Nsd.
ML1...1kb ladder, M2...100bp ladder (both from NE
B Control digestions with &sil, b) Hindlll.
M...1kb ladder (from NEB)

AlwNI: 4047/2015
Bsd: 3323/2739
Nsg: 2560/1917/158

For further proof this miniprejration was digested witRsil as well as with
Hindlll: Digestion to the predicted fragments occu (see fig. 57B)

Pst: 3970/2092
HindlIll: 3090/2014/95

When digested witlHindlll a large amount of RNA was visiblbecause no
RNAse had been addedttos sample (see fig. B).

Electroporationwas repeated to obtain a plasmid, ere the o cassette is
inserted in the othasrientationthansll0813 2ul of the over nighligasereaction were
electroporated into DHbcells followed by selection on LB agar supplemented
20pg/ml streptomycin. After growing liquid cultureand plasmid preparati,
restriction digestions were performed WAIWNI, Nsd (see fig. 5&) andHindlll (see

fig. 58B). At least one preparation contail the right clone,which was named
pGGUV4 (see fig. 52).
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AlwNI: 3458/2604
Nsf: 3063/1917108z
HindlIll: 3090/2014/95

MIAIWNI Nsg M2 M1 Hind M2

3458bp-> —3063bp

2604bp->
—1917bp 3090
—1082bp

Fig. 58

Control digestionsf the presumptive pGGUV

A: with a) AlwNI and b)Nsg

B: with HindllI

ML1...1kb ladder, M2...100bp ladder (both from NE

Since both desiredll081: knock out plasmidéiad been constructeparallel
control digestions were carried « pGGUV4 and pGGUV5 were restricted w
AlwNI, Nsd, Pst andHindlll and their digestions were compared on the sam®se
gel. The treatment witiAlwNI and Nsd revealed the different orientation of the
cassette within thewo plasmids (see fig. ! on the left side and in the mid),
whereas @si digestionyielded the same patn for both plasmids (see fig. on the
right side) because it justvered the last cloning step and causegaration into th

initial compours (vector and inse.
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AWNI: 3458/2604 (pGGUV4) / 4047/2015 (pGGU

Nsp: 3063/1917/182 (pGGUV4) / 2560/1917/158HGGUV5)
Psi: 3970/2092 (pGGUV and pGGUV5)

After this final confirmation theE. coli strains DHo(pGGUV4) and
DH5a(pGGUV5) were Bock frozen and stored -80°C, where they got the followir
numbers: DHa(pGGUV5)— 1021 and DH&(pGGUV4)— 1022

AlwNI Nsd Pst
M 4 5 4 5 4 5M

Fig. 59
pGGUV4 and pGGUV5 were botligested wittAlwNI, Nsd andPst.

AlwNI andNsd digestiongesulted in different pattern, wherePst digestions led to the same pattern |
as expected). 4 and 5 are abbations for pGGUV4 and pGGUVM...1kb ladder from NEB)
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4.3.4. Transformation of pGGUV4 and pGGUVS5 into PC6803BC2 and
PCC6803BC3

In both strains BC2 and BC3 the Qox and the Coxlesh inactivated leaving
ARTO as the only remaining RT@ydA andcydB (encoding Qox) were inactivated
by an erythromycin resistance cassette. In BC3nthele cox1locus €oxBl coxAl
and coxCJ) was inactivated by a neomycin phosphate transéefgt). In BC2 only
coxAl and coxC1 were inactivated by anpt cassette, butoxB1 remained intact.
Transformation of plasmids pGGUV4 and pGGUV5 int@aisis of PCC6803 leads to
a knock-out of theoxB2gene $110813 that is located far away from tloexA2and
coxC2genes.

Strains BC2 and BC3 were streaked on BG11TS agéegpbupplemented with
20pg/ml kanamycin and 5ug/ml erythromycin. The oediss that had grown on the
plates was used for inoculation of a 50ml liquidtwe supplemented with the same
amounts of antibiotics.

The following transformations were performed:
PCC6803BC2 + pGGUV4> PCC6803BCRoxB2::Snf'direct
PCC6803BC2 + pGGUV5> PCC6803BCRoxB2::Snfinverse
PCC6803BC2 no plasmid added

PCC6803BC3 + pGGUV4> PCC6803BCBoxB2::Snf'direct
PCC6803BC3 + pGGUV5> PCC6803BCBoxB2::Snfinverse
PCC6803BC3 no plasmid added

After an over night incubation in the light at 32°@Ge cells were plated onto
filters placed on BG11TS agar with 20pg/ml kanamyamd 5ug/ml erythromycin and
incubated for 48h in the light. Then the filter wiaansferred to a plate containing
20pg/ml kanamycin, 10ug/ml streptomycin and 5ugénjthromycin. After two
weeks some colonies had grown on all transformagilates, whereas none were
visible on the negative controls. From liquid cudts of transformants the DNA was
isolated and theoxB2 locus was analysed by PCR with primers ARTODb-1@ an
ARTODb-11 (see section 3.4.9) and compared to th& bNthe WT and the knock out
plasmids.

The PCR yielded fragments of 761bp for the WT ah@2y6bp for the mutated
allele. The WT allele (761bp) was not visible iryar the mutant strains. As a control
the PCR was also performed with plasmid pGGUV4 p6d5UV5 as the substrate
(see fig. 60).

104



BC2coxB2inverse
BC3coxB2inverse

-
5
4]

=

he!

N

o0
<
9
~
O
o0

BC3coxB2direct
pGGUV4
pGGUV5

«— coxB2

— WT

Fig. 60
PCR products with primers ARTOb-10 and ARTOb-1lhvdifferent DNAs: The WT allele was not

detected in any of the mutant strains. M...1kb ladqhé&B).

4.3.5. No uptake of glucose or 3SOMG by BC2 and BG8as observed

Unfortunately the construction of strains PCC680288xB2dir,
PCC6803BCR2oxB2inv, PCC6803B8oxB2dir and PCC6803BC®xB2inv did not
lead to results that allowed an answer to a passibiction of the CoxB1 subunit in
the ARTO protein. Very small amounts of glucose3@MG were taken up by BC2
and BC3 cells in the dark. The results of Dietmds ould not be reproduced.
Possibly my experiments concernicgxB2 of PCC6803 failed, because complete
exclusion of external light was not achieved. Tipgake rates of glucose and 30MG
did not differ significantly between the BC2, BC3idathe ABC mutant. As a
consequence the deletion 06xB2 did not diminish the incorporations (data not

shown).
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5. Discussion

5.1. PCC7120WT is capable of heterotrophic growth
(both chemo- and photoheterotrophic growth)

In the past PCC7120WT was considered to be striiigtolithoautotrophic
(Rippka et al, 1979), however, the results desdriibethis thesis, clearly reveal the
strain’s capacity for mixotrophy and photoheterpbrp as well as for
chemoheterotrophy. Obviously the fructose metabolsintact and the only barrier is
the cytoplasmic membrane, which is passed at a legryrate by fructose molecules
and extremely high concentrations are needed fasible effect. It is very likely that
fructose concentrations of 100mM and 200mM, whiekehbeen used in this thesis,
have not been tested so far, because these corsditie very rare in nature.

The experiments indicate that PCC7120WT exhibggyaificant heterotrophic
growth only at concentrations of at least 50mM fiogse (see section 4.1.2.) and the
rate is increased with rising fructose concentretiof the medium (see figs. 4-6). This
observation clearly corresponds to the uptake t®swihere the absolute amount of
incorporated molecules per cell increases withettternal concentration (see table 5),
although the percentage of uptake (based on taértatmber of surrounding fructose
molecules in the medium) diminishes with rising cemtrations with the exception of
0.2mM fructose (see fig. 37). It can be calculatest 1.77pmol fructose per day and
ml suspension of Oy = 2.0 (incorporated amount at 100mM) have to ethtercells
to allow a mixotrophic growth. The absolute uptakeructose does not differ very
much between 100mM and 200mM (see table 5). Neskts 200mM is the best of
all tested concentrations for the wildtype undexatrophic (at least within the first
two weeks, see fig. 4) as well as under photohttghbic (see fig. 11B and 12) and
chemoheterotrophic conditions (see fig. 15A and IB)contrast to the experiments
showing mixotrophy (see fig. 4) the cells did ngsd at 200mM fructose when
cultivated under chemoheterotrophic conditions (8ge 15A and B). This can be
explained by the fact that chemoheterotrophic gnowes so slow that an Q£ of 4.0
was not surpassed within a month (duration ofelseriment).

Based on the proved heterotrophy dependent onoBaciwo facts about the
substrate molecule can be concluded. There hag @ fouctose uptake mechanism
into the cell as well as a corresponding metabolismhe total genomic sequence
(Cyanobase, 2011) several ORFs have been annasatptbteins involved in either
sugar metabolism or uptakalrO517 codes for a putative fructokinase, however, its
most closely related gene (98.5%) in ATCC29413 sdde a phosphofructokinase B
(PfkB). all5002 encodes a sugar kinase, which has many homologuesther
organisms (Cyanobase, 2011 and NCBI Blast, 20k&ggminantly ROK (repressor,
open reading frames, kinase) family proteins in noyecteria. Taken into
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consideration that glucose cannot be used for dietgrhic growth the sugar kinase
might be the first enzyme in the unknown fructosetabolism. The experiments of
this thesis indicating that simultaneously addedcgse dramatically increases the
uptake rate of fructose (see section 4.1.4.1.1h)bealinked to observations that there
exists a sucrose metabolism in PCC7120 (Cumind,&2@07; Curatti et al., 2002) and
its closely related strain PCC7119 (Curatti et 2002). Sucrose has also been shown
previously to support mixotrophic growth in PCC714&. Flores, personal
communication). Fructose seems to be importanteterbcyst development as an
overexpression adusA which cleaves sucrose, impairs the developmehetd#rocysts
(Curatti et al., 2002). Both the uptake and theamelism of sucrose and fructose may
be linked.all0261 codes for a sugar transport system permease pratbi823 for a
sugar ABC transporter, ATP binding proteadl1916 for a sugar transport system,
sugar binding protein. IlAnabaena variabilisATCC29413 Ungerer et al. (2008)
identified putative ABC transporter like genasa2071 ava2072andava2073 These
clustered genes are believed to be under the daifttioe upstream locatea/a2070 a
transcriptional regulator of the Lacl family (seg.f61). ava2172 which encodes an
ABC transporter-like protein, shows only 38.4% itiignto PCC7120 genalr5362 a
sugar ABC transporter ATP binding protein. A geeé lsomologous to the fructose
carrier genes in ATCC29413 has not been discovarBe€C7120 so far.

Chr

2655k, 2656k, 2657k, 2655k, 2659k,
Locus
Ava_2169 Ava_z171
— I =
Dihydrouridine sunthaze, OUS Feriplazmic hinding proteindlacl tranzcriptional regl
Ava_2170 Ava_2172
- ] [ -
Tranzcriptional Regulator,. Lacl family AEC tranzporter-like
Ava_2173
 —
inner—memkr
Fig. 61

Putative fructose ABC transporter geaes2171,ava2172 andava2173 and their regulator geaea
2170in ATCC29413 (Cyanobase, 2011)

5.2. PCC7120 is capable of real chemoheterotromhdark growth

Contrary to PCC6803, which cannot grow in comptiiekness on glucose, but
needs a daily illumination of 5min, called lightti@&ated heterotrophic growth
(LAHG) (Anderson and Mcintosh, 1991), PCC7120 ammily grows over a period
of one month in complete darkness (see fig. 18ABntilke its closely related strain
ATCC29413 (Haury and Spiller, 1981). Moreover, théso filamentous organisms
have in common fructose as their carbon sourcldtarotrophic growth.
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5.3. Introduction of gtr from PCC6803 changed the phenotype of
PCC7120

gtr was derived from PCC6803, which is a unicellulegamism. It had been
identified by Schmetterer (1990). Since there amesplasmids like pDU1 (Reaston
et al., 1982) that can replicate in filamentousaias like PCC7120, but not in
unicellular PCC6803, it was not clear, whetg#ar which had been introduced with its
original promoter from PCC6803 would be recognized®CC7120 and expression
could occur. However, the uptake of glucose (sge4®) and 30MG (see fig. 41) by
PCC712@tr* was much higher than in PCC7120WT and the maatfiest of thegtr
gene within the new strain was demonstrated by P& fig. 2). If there were no
expression, no difference of glucose uptake betwbese two strains would have
been detected.

At an external concentration of 0.2mM PCC7d20 took up about 15 times
more glucose or 3OMG than PCC7120WT. In the |lattese the uptake stopped after
about 2h (see fig. 41), because 30OMG is not furtimetabolized and therefore
accumulates within the cell. For fructose the uptdkference was not so significant.
At an external concentration of 0.2mM PCC7d20took up even less than the WT
(see fig. 45), while at a concentration of 50mM FC2Wtr* the uptake rate was 2-4
fold of that of the WT (see fig. 46).

As Gtr imports glucose into PCC6803 (the straimik/dneterotrophic substrate)
it is not surprising that its presence in PCC71#f8cés mostly the glucose uptake.
PCC712@tr" exhibits a great sensitivity towards glucose (seetion 4.1.2.2.).
Concentrations of 5mM are able to kill PCC7d20 cells within 1 day (see fig. 7),
whereas the WT does not seem to be impaired bygéieven at 200mM (see fig. 8).
The behavior towards fructose also changes, wgjiems introduced into PCC7120.
200mM fructose has a toxic effect for PCC7d20 (see figs. 3 and 11A), but seems
to be the optimal concentration for heterotrophowgh of the WT (see figs. 4, 11B
and 12). Under mixotrophic conditions little diftgrce concerning the growth rates
was detected between the two strains except f@axssrnal concentration of 200mM
fructose (see figs. 3-5). The growth stimulatinfgeff of fructose was nearly the same
in both strains (very little effect at 2:0mM Frcgsificant enhancement at 50mM and
100mM). Regarding the photoheterotrophic experisi@€C7120tr" grew better at
10-50mM fructose than the WT (see figs. 9 and 1Mder photoheterotrophic
conditions at 50mM fructose PCC7120 exhibited a growth rate nearly equal to the
photoautotrophic growth (see fig. 9), whereas thewth rate of PCC7120WT was
enhanced at 50mM under photoheterotrophy, butethel lof photoautotrophic growth
was not reached (see fig. 10). Higher concentrati@®OmM) had to be added to
PCC7120WT to achieve a growth rate in the rangphaoftolithoautotrophy (see fig.
11B).
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In the light PCC7128r" behaves just the opposite of PCC6803, the organism
from which gtr was derived. For PCC6803 fructose is toxic (Flaed Schmetterer,
1986) and glucose is a heterotrophic substrateigAst al., 1984), whereas it is
exactly the contrary for PCC71@@". In both cases the heterotrophic substrate is also
toxic, when added at high concentrations. Theresaweral possible explanations for
the toxicity of glucose in PCC7180". When glucose is taken up through the Gtr
protein protons are cotransported. If this occtirs @ery high rate the proton gradient
may dissipate. It cannot be excluded that glucesedtabolized differently according
to the way of its entry into the cell. The same bartrue for fructose, where an outer
concentration of 200mM is only toxic for PCC7420 but not for PCC7120WT. A
further aspect is the possible insufficient regatatof glucose metabolism in
PCC7120. In PCC6803 a putative histidine kinase3Hikas been identified to be
important for glucose tolerance. When the gene @ngat was knocked out the cells
were impaired in their growth after the additionDfylucose but not 3SOMG, which is
not further metabolized (Kahlon et al., 2006). Besi PCC6803 lowers the glucose
import rate when grown in the presence of glucose fdays (see fig. 39). Whejtr is
transferred to a new organism, where importantledgts may be missing, problems
may occur.

PCC7120tr" has never grown successfully in the dark under
chemoheterotrophic conditions regardless of theceotmation of fructose used (see
figs. 16 and 17). If PCC718@" is grown in pure BG11 in the dark the cells do not
survive, whereas low concentrations of fructoseNbamd 10mM) can delay the dying
process (see fig. 17). However, an increase obfteal density did not take place.
An addition of high sorbitol concentrations hadoalke effect of a slower cell dying
(see fig. 19), which excludes a negative osmofieceof high fructose concentrations.
Given the possibility that fructose uptake thro@@h dissipates the proton gradient in
PCC712@tr, this might explain the strain’s inability to grdaw the dark, whereas in
the light enough ATP is produced using the cychotpsynthetic electron transport so
that the cells are not significantly impaired bg tiptake mechanism.

5.4. PCC71200x1 loses cytochrome oxidase activity

PCC7120 lost most of its cytochromm@xidizing activity when theox1region
was replaced by a neomycin resistance cassette figee30, 31 and 34). The
guantitative values could be reproduced withinadiaof 2, which is small compared
to the effects measured. When grown in a 50ml oeiltuardly any activity was
measured (see figs 30 and 31), whereas membrameediédrom a 10l culture of
PCC712@oxI exhibited a relatively low but still significanate of cytochromec
oxidase activity (see fig. 34). This might be doethie fact that membranes isolated
from 10l cultures generally tended to oxidize hdngart cytochrome to a greater
extent than membranes from 50ml cultures (seemecd.1.3.4.2.1. and 4.1.3.4.3.).
For 50ml cultures membranes from the wild type @eadcytochromec at a rate of
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more than 100 fold higher compared with membramesn fPCC71200x1I (see
section 4.1.3.4.2.1.). When membranes were obtdnmoed a 10l culture of the wild
type the cytochrome oxidation rate was about 50 fold higher than tifahe mutant
strain (see section 4.1.3.4.3.). These two fa@oeswithin the same range. While the
very small rates of 0.08nmol niin[mg protein]* (see section 4.1.3.4.2.1.) are
neglegible, rates of 4.72nmol riin[mg proteir'] (see section 4.1.3.4.3.) are
significant. The remaining oxidase activity of PAQ@coxI cannot be explained by
the presence of wild type copies of ttex1genes, as the PCR clearly demonstrated
the homozygosity of the strain (see figs. 24 and 25

Valladares et al. showed thebx2 and cox3 are exclusively expressed within
the heterocysts (2003). The two loci code bothABITOs but their type differsox2
encodes a type Il ART@ox3a type | ARTO. While type | ARTOs do not contain a
CU** binding motive essential for the oxidation of @ficomec, ARTOs of type I
possess a Cox like €ubinding motive in their subunit Il (see sectioB.2.5.) thereby
possibly allowing the oxidation cytochronge Under the assumption that heterocyst
formation is never completely inhibited, even a BGgrown culture develops
heterocysts, whereox2andcox3are expressed. In contrast to Cox3 Cox2 might also
contribute to the total cytochrome oxidase activity. For the wild type the Cox2
mediated portion of the oxidizing activity may bery small, but it might explain the
remaining activity aftecoxldeletion.

Interestingly membranes from 10l cultures exhibitlaager cytochromec
oxidase activity than membranes from 50ml cultufese sections 4.1.3.4.3. and
4.1.3.4.2.1.), for PCC7120WT by a factor of 24, R€C7128ox1 by a factor of 60.

It can only be speculated, why the cells developigher cytochromec oxidase
activity, when cultivated in a larger vessel. Theasured OB, of 10l cultures never
reached 1.0 (see section 4.1.3.4.3.), whereas BQlnlres grew up to a density of
OD;30 = 5.0 (data not shown). Perhaps the stronger iflation of the 10l bottle (less
self shadow at less dense cultures) enhances tikigyagf Cox1 (and maybe of Cox2)
within the membranes.

5.5. Strain PCC71200x1 fails to grow chemoheterotrophically

PCC712@ox1I fails at chemoheterotrophic growth (see sectidh345.). In
diverse strains like PCC6803 (Pils et al., 1991 aTCC29413 (Schmetterer et al.,
2001), which are only distantly related among thganobacteria, it has been
demonstrated that chemoheterotrophic growth iststrdependent on the presence of
the genuine Cox. Therefore the same situation vessiple for PCC7120, which is
closely related tdAnabaenaATCC29413. Both strains have one genuine Cox, more
than one ARTO, which belong to the subgroups 1 Zndne Ptox and at least one
Qox. Some of the ARTOs are involved in the develeptof heterocysts (Valladares
et al., 2003). At the beginning of the thesis thesiion was not raised whether Cox is
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essential for chemoheterotrophic growth, as thairstwas believed to be strictly
photolithoautotrophic, but during the work thisastr was discovered to exhibit both
photoorganoheterotrophic and chemoheterotrophieviiiroThese facts raised new
questions concerning the role of Cox in chemohétgpby. For PCC7120WT
concentrations of at least 50mM fructose have ldxserved to support growth in the
dark. For that reason 50mM, 100mM and 200mM havenbested for theoxl
mutant (see figs. 35A and B). Interestingly 50mMctose could keep constant the
optical density over a long time, though no inceeasuld be detected, whereas at
100mM and 200mM fructose the density decreased uatedy, just as in the control
experiment without fructose. This might have osmotiasons. A medium osmolarity
may save the cells. Too high concentrations cafldence the pH inside a cell. Since
Cox has a function in generating proton motive doitccan regulate the pH. Absence
of this enzyme might lead to an increased sensittawards deviation from normal
pH.

5.6. A PCC712@tox strain could only be created, if Gnft was
inserted in parallel to theptox ORF

Very little is known about the functions of RTOs tie Ptox type in
cyanobacteria. Some evidence suggests their ratarimtenoid biosynthesis (Carol et
al., 1999; Wu et al., 1999). Initially we plannedknock out thetox (all2096) gene
by inserting a gentamicin resistance cassette tin #ioections into the ORF and both
knock-out plasmids were successfully constructemlvéVer, the creation of a mutant
strain failed, where the resistance cassette ierted with the reading frame
antiparallel to that of thptox gene (see section 4.2.5.). Markus Mikulic, whedrto
inactivateptox by insertion of a streptomycin resistance casseitienot succeed in the
antiparallel direction either. Analysis of the sumding genes of th@tox locus
according to Cyanobase (2011) showed a cell degtpressor geneal2097), which
is the neighbour on the 5’ side of th&ox gene (see fig. 62pll2097 shows some
homology (30-40%, according to Cyanobase, 2011)gb (lethal-leaf spot 1) like cell
death suppressor proteins in other cyanobactelsa.related non-heme oxygenases of
cyanobacterial origin are also widespread in plé@iay et al., 2004). IArabidopsis
thaliana LIsl related Pao (pheophorbide oxygenase) is responsible for the
degradation of chlorophylls (Pruzinska et al, 2005%)e cell death suppressor protein
of PCC7120 is transcribed in the same directioptas As a consequence a resistance
cassette inserted in the opposite direction mightbit the transcription of the cell
death suppressor gene. In contrast to the ORFeo$tiieptomycin resistance cassette
the length of the transcriptional unit of the Gmene is not elucidated. Given the
possibility that important terminator sequencesehaot been cloned in pRStUV1 and
pRStUV2 one cannot exclude that the mRNA of thestasce cassette might act as an
antisense RNA towards the mRNA of the cell deafipsesssor protein.
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Surounding genes @tox (Cyanobase, 2011)
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6. Zusammenfassung

Cyanobakterien sind Prokaryoten, welche oxygendd@lnthese betreiben. Dennoch
konnen alle Cyanobakterien im Dunkeln atmen. Im d&bsgtz zu photosynthetischen
Eukaryoten (Algen, hdohere Pflanzen), wo Photosysghend Atmung in Chloroplasten und
Mitochondrien raumlich voneinander getrennt stadkéin, laufen diese beiden Prozesse in
Cyanobakterien in ein und demselben Kompartimentrabeinige Komponenten werden von
beiden Elektronentransportketten verwendet. Diepira®rischen terminalen Oxidasen
(RTOs) sind Schlusselenzyme, da sie nicht direldearPhotosynthese beteiligt sind, sondern
die Elektronen zum terminalen Akzeptor, Geiten. Respiratorische Oxidasen in
Cyanobakterien gehéren verschiedenen Klassen an.

Wichtige Klassen sind die HAm Kupfer Oxidasen, Wwelbomolog zur Cytochrom
Oxidase in Mitochondrien ist, die Chinon Oxidaselae homolog zu Cytochrofid in E.
coli ist, sowie die Klasse jener RTOs, die homolog lastil terminalen Oxidasen (Ptox) in
Chloroplasten ist. Fast alle Cyanobakterien besitzemindest eine Cytochrom oxidase
vom Cytochronaa3type.

Drei verschiedene Unterklassen von Cytoche@8 Typ RTOs sind identifiziert worden:

a) echte Cytochrona Oxidasen, welche die charakteristischen Motivaaien;

b) eine 2. Unterklasse, welche alternative respirstbe terminale Oxidase (ARTO)

genannt wird,;

c) eine Oxidase vorobb; Typ (zuerst in Purpurbakterien charakterisiert).
AnabaenaPCC7120 gehort zu den unverzweigten filamentosgan@bakterien, welche zur
Zelldifferenzierung beféahigt sind. Bei einem Mangalgebundenem Stickstoff (Nitrat, Nitrit,
Ammoniak) kénnen einige vegetative Zellen zu Heatgsten differenzieren (in nicht
zufalliger Verteilung innerhalb eines FilamentsE 7120 hat 5 verschiedene respiratorische
terminale Oxidasen: 1 echte CytochranOxidase (Cox), 2 ARTOs, eine Chinon Oxidase
(Qox) und 1 Plastid terminale Oxidase (Ptox). Da Bxkpression der beiden ARTOs auf die
Heterocysten beschréankt zu sein scheint, verbleibelen vegetativen Zellen 1 Cox, 1 Qox
und 1 Ptox. Wenn derox Locus durch eine Antibiotikumkassette ausgeschaitel, verliert
der neue Mutantenstamm jegliche Cytochmoxidase Aktivitat, wie Versuche mit isolierten
Membranen aus dem Mutantenstamm und aus Pferdekeliertem Cytochromcssg
bewiesen. Aullerdem scheint Cox essentiell fir dammoheterotrophe Wachstum von
PCC7120 im Dunkeln zu sein. Trotz bisheriger Untelnsingen, welche diesen Stamm als
streng photolithoautotroph klassifizierten, zeigteue Versuche, dass PCC7120 heterotroph
wachsen kann, vorrausgesetzt hohe Mengen an Feuttoslen dem Medium hinzugesetzt.
Offenbar hat PCC7120 eine gewisse Kapazitat furerbe#bphes Wachstum und
Fruktosemetabolismus im Inneren der Zelle. Sehrehkbnzentrationen im Nahrmedium
reichen aus, dass Fructose uber die Zellwand uedMBmbranen ins Innere gelangt.
Experimente haben gezeigt, dass umso mehr Frukiodgeingt, je héher die Konzentration
im &ulReren Medium ist. Das Einschleusen des Glukaser Gengtr aus PCC6803 flihrt zu
einem transgenen Stamm, der im Gegensatz zum \Wildigreits bei geringeren
Fruktosekonzentrationen photoorganoheterotroph seachkann. Glukose ist jedoch toxisch
fir PCC712@tr", wahrend der Wildtyp dieser gegeniiber tolerantDst Mutantenstamm, in
welchemcox ausgeschaltet worden ist, kann nicht mehr cheraattedph wachsen. Ahnliche
Ergebnisse gibt es auch v&ynechocysti®CC6803 undinabaena variabilisATCC29413,
in welchen Cox ebenfalls notwendig fur das chemsiogtophe Wachstum ist.
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7. Abbreviations

ADP
AMP
ATP
ARTO
ATCC
bp
BSA
CM
Cm
Cox
Cpm
Cyt
dcm
DCMU
DMBIB

DMSO
DNA
dNTP
E. coli
EDTA
EtBr
Frc
Glc
GlcP
Gm
Gtr
HEN
HEPES
HQNO
ICM
kbp
KCN
Km
LAHG
LB
LHC

MCS
mM

adenosinediphosphate
adenosinemonophosphate
adenosinetriphosphate

alternate respiratory terminal oxidase
American Type Culture Collection
base pairs

bovine serum albumin
cell membrane, cytoplasmic membrane
chloramphenicol

cytochrome oxidase

counts per minute

cytochrome

DNA cytosine methyltransferase
3-(3,4-dichlorphenyl)-1,1-dimethylurea (diujon
2,5-dibrom-3-methyl-6-isopropyl-p-benzoquiren
(dibromothymoquinone)
dimethyl-sulfoxide
desoxyribonucleic acid
desoxy-nucleosidetriphosphate
Escherichia coli
ethylene-diamino-tetraacetic acid
ethidium bromide

fructose

glucose

glucose-fructose permease
gentamicin

glucose transporter

HEPES EDTA NacCl
n-2-hydroxyethylpiperazine-N’-2-ethanesulfanl
2-heptyl-4-hydroxyquinoline-N-oxide
intracytoplasmic membrane
kilobasepairs

potassium cyanide

kanamycine

light-activated heterotrophic growth
lysogenic broth, Luria-Bertani

light harvesting complex

molar

multiple cloning site

millimolar
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KM
Mbp
NAD"
NADH
NADP*
NADPH
NAD(P)"
NAD(P)H
NDH
NEB
Nm

nm

npt

oD
ORF
3-OMG
PCC
PCP
PCR
pmf
PMSF
PSI
PSII
Ptox
Qox
RC
RNA
RT
RTO
SIS
Sm
SOB
SOC
TAE
TE

Tris
tSIE
viv

w/v %
WT

micromolar

megabasepairs

nicotinamide adenine dinucleotide

reduced form of NAD

nicotineamide adenine dinucleotide phosphate

reduced form of NADP

NAD" or NADP'

NADH or NADPH

NAD(P)H dehydrogenase

New England Biolabs

neomycin

nanometer

neomycin phosphate transferase

optical density (extinction)

open reading frame

3-O-methylglucose

Pasteur Culture Collection

pentachlorophenol

polymerase chain reaction

proton motive force

phenyl-methyl-sulfonylfluoride

photosystem |

photosystem Il

plastid terminal oxidase

quinol oxidase

reaction center

ribonucleic acid

room temperature

respiratory terminal oxidase

spectral index of the sample

streptomycin

super optimal broth

super optimal broth with catabolite repression

Tris acetate EDTA

Tris EDTA

tris(hydroxymethyl) aminomethane

transformed spectral index of the externaidaad

volume per volume (concentration)
g/100ml (wbktger volume)

wild type
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