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RESOURCE CYCLES - SCARCITY AND ABUNDANCE

P LANETARY escape1 aside, all elements are cycled between different chemical and phys-
ical states and locations. While there is considerable knowledge on some aspects of

these cycles, their mutual interactions are understood, at best, poorly. It is understood very
well, however, that practically all elemental cycles have been perturbed by human action
over the last centuries [2]. For the sake of brevity, the section below will focus on carbon,
nitrogen and phosphorus.
Carbon. CO2 is the thermodynamic sink for the reaction of any organic molecule with ex-
cess O2. As far as absolute numbers are concerned, inorganic carbon deposits and sedi-
mentary carbonates outweigh the amount of carbon in the biosphere by far [2].
Temporal changes in the concentration of atmospheric carbon dioxide are a function of its
emission and deposition (Fig. 1.1A). Atmospheric carbon is in rapid equilibrium with dis-
solved oceanic and soil carbon. Oxygenic photosynthesis converts CO2 into organic mol-
ecules, which, in time, are released into the soil. There, the decomposition of biomaterial
leads to CO2 emission into the atmosphere. Similar cycles of photosynthetic fixation and
respiratory oxidation occur in water bodies, where sedimentary processes remove carbon
from both limnal and pelagic systems.
While ice core data identified oscillations in the range of 100 parts per million by volume
(ppmv) over the last 100,000 years, in 20002 the atmospheric CO2 concentration was almost
100 ppmv higher than the record concentration in the 420,000 year timeframe analysed in
[2]. Increases occured at a rate 10 to 100 times of pre-industrial revolution estimates [2].
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Figure 1.1: Simplified representation of the carbon cycle in a society based on fossil fuels (A) and a
future society based on renewable fuels (B). There, human carbon emissions are matched by reactor-
based synthesis. Reduction of atmospheric CO2 levels could occur if bioreactor-based products would
be used for the synthesis of polymers.

1Gaseous molecules that surpass escape velocity can vanish into outer space. See [1] for an overview.
2The year the study was published. Since then, atmospheric CO2 levels have risen further. In January 2016, the

recent global monthly mean CO2 concentration was estimated at 402.59 ppmv [3]. In the year 2000, values around
370 ppmv were reported [3]. Pre-industrial values have been reported at 280 ppmv [2].
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The main anthropogenic contributors to the global carbon cycle are fossil fuel combustion
and the expansion of agriculture. Utilising new land for agriculture may have a twofold
effect: More carbon dioxide is emitted, especially, when forests are cleared by burning,
whereas less may be fixed, especially, when acres are ploughed every season. As the hu-
man population level increases, so will the amount of land used for agricultural purposes.
CO2 levels are therefore expected to rise further.
Despite these dramatic increases, the atmospheric concentration of CO2 is still dwarfed by
those of oxygen and nitrogen. The latter, however, do not absorb infrared (IR) light3. Solar
radiation in the IR range that is reflected by the earth’s surface thus can be absorbed and
reemitted by CO2 and other greenhouse gases, creating the atmospheric greenhouse effect.
Measured data in the late 20th century are in good agreement with model predictions for
greenhouse gas-induced rises in temperature [4].
To combat this, the use of alternative fuel sources is being explored, and in the case of first
generation biofuels4, actively applied: In the US, 33.6% of the corn harvest was used for
the production of fuel ethanol in the market year 2014/2015 [5]. The use of first genera-
tion biofuels indeed can mitigate the increases of atmospheric CO2

5. The drawback is that
the concomitant increase in agricultural activity heavily influences other resource cycles, as
discussed in the following paragraphs.
Phosphorus. All living organisms require phosphorus (P), chiefly as part of the backbone of
their nucleic acids, of energy and redox equivalents such as ATP and NADPH and of phos-
pholipids, which make up membranes.
Virtually all inorganic phosphorus is present as phosphate6. With many cations, phosphate
forms mineral salts of low solubility. Weathering of these minerals7 is the only natural pro-
cess by which new phosphorus can enter the biosphere [6]. Riverine transport of phos-
phate that has been washed out of soils represents the only source for phosphorus in ma-
rine ecosystems. Sedimentation processes remove phosphorus from the sea. On geologi-
cal timescales, subduction and uplifting move minerals such that they can be exposed to
weathering again [6].
There is considerable human impact on the phosphorus cycle. An important plant nutrient,
the main application for mined phosphorus is fertilizer [7]. Artificially increased phosphate
levels in soils benefit plant growth, but also lead to increased efflux to lakes and seas. There,
eutrophication can lead to algal and cyanobacterial blooms. Subsequent degradation of the
biomass can lead to hypoxic conditions and put the entire ecosystem at risk [8].
Overuse of phosphate thus not only threatens biodiversity, but may lead to scarcity in the
near future: Following increases in energy prices and in phosphorus demand, prices peaked
in 2008 to unprecedented values, necessitating fertilizer rationing [9]. Increased efforts for
recycling are therefore of paramount importance.
Nitrogen. Nitrogen (N) is a key component of amino acids and nucleobases. Despite its

3A requirement for photoinduced vibrational and rotatianol transitions is that their dipole moment changes.
While CO2 in its ground state has no dipole moment, some of its vibrational modes do. Consequently, CO2 ab-
sorbs light in the IR range.

4First generation biofuels are those that come from the conversion of food crops. Examples include ethanol, which
is generated by fermentation, and fatty acid esters, that are obtained through the transesterificiation of oils with
methanol or ethanol.

5Note that because these fuels are to be consumed, the amount of CO2 in the atmosphere can not decrease solely
as a result of this technology, even when brought to perfect efficiency.

6Note that while phosphate is represented as PO 3–
4 , in aqueous systems, it is protonated to HPO 2–

4 .
7Mainly apatites: Ca5(PO4)3X; X OH–,F–,Cl–.
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abundance in the atmosphere, nitrogen is often a limiting nutrient in the biosphere due
to the low reactivity in its elemental state. In the natural cycle of this element8, N enters
the biosphere through the action of nitrogenases9, enzyme complexes that produce am-
monia (NH3) in an energetically costly fashion [13]. Some cyanobacteria, among them the
filamentous Anabaena and, crucially, the unicellular Trichodesmium [14] are capable of ni-
trogen fixation. In terrestrial systems, a substantial part is fixed by symbiotic bacteria at
plant roots [15] and leaves10. Another source of NH3 is the decay of biomass. Ammonia is
oxidised to nitrite and, subsequently, nitrate, in a process termed nitrification [17]11. NO –

3 is
assimilated by plants, or converted back into elementary nitrogen by denitrifying bacteria.
As a result of human activity, the amount of nitrogen that is made available to ecosystems
in general has doubled [10]. Generation of NOx during the combustion of fossil fuels, in
combination with ’acid rain’ is a substantial contributor. The nitrogen in artificial fertilisers
is derived from ammonia, which in turn is synthesised from N2 and H2 in the Haber-Bosch
process [18]. In highly industrialised regions, chemical nitrogen fixation is greater than bi-
ological nitrogen fixation [10]. Agriculture has led to an increase in biological nitrogen fix-
ation as well: Rhizobium occurs in symbiosys with legume roots and the total amount of
nitrogen fixed by such systems is greater than if the same space were occupied by natural
plant communties [15]. Nitrogen often is a limiting element and agriculture has artificially
increased the amount that is available in the biosphere.
Closing cycles. Alternatives to first-generation biofuels are being developed. The term "sec-
ond generation biofuels" has been used for fuels derived from non-edible biomass. This
can stem from microalgae [19]12 as well as non-food plant material [20]. An alternative ap-
proach13 uses genetically manipulated cyanobacteria for the direct production of fuels and
chemical feedstocks [21].
The synthesis of commodity chemicals and fuels by recombinant cyanobacteria (presented
in Chapters 2, 3, 5, 7, 8 of this thesis) can help to close the cycle and ultimately transition to
an economy that is fully bio-based (Fig. 1.1B).
While the cultivation of cyanobacteria in closed photobioreactor systems does produce
wastewaters that contain nitrogen and phosphorus, these are easier to capture, and ulti-
mately recycle. If realised on a sufficiently large scale, cultivation of genetically modified
cyanobacteria can aid in closing the carbon cycle.

8See [10] for a comprehensive review of nitrogen cycles and the anthropogenic impact thereon. See [11] for an
organism that converts molecular nitrogen (N2) into nitrate (NO –

3 ).
9At the high temperatures during lightning strikes, N2 and O2 can react to NOx [12].
10See references in [16].
11Recently, an organism was described that can perform all these steps [11].
12Microalgae-derived fuels are sometimes given their own category: Third generation biofuels.
13Mostly put into the category "Fourth generation biofuels".
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PHOTOSYNTHESIS

The term photosynthesis was suggested by Charles Reid Barnes in 1893 [22]14. Since then,
the word has undergone changes in defintion (See [23] for an overview). The most widely
accepted definition stems from Kamen [24]:

Photosynthesis is a series of processes in which electromagnetic energy is con-
verted to chemical energy used for biosynthesis of organic cell material; [. . .]

Photosynthesis can either be chlorophyll- or proteorhodopsin based. Chlorophyll-based
photosynthesis can be oxygenic or anoxygenic. Proteorhodopsin-based photosynthesis is
anoxygenic15. There are different hypotheses as to which kind evolved first (see [25] for a
short review). Green plants carry out oxygenic photosynthesis, while bacteria show more
variability.
Among the bacteria, there are five major classes that perform photosynthesis. These are the
proteobacteria (purple bacteria)16, the heliobacteria, the chloroflexi (green non-sulfur bac-
teria), the chlorobi (green sulfur bacteria) and the cyanobacteria [25]. The first four classes
are anoxygenic.

Chemiosmotic theory [27]
The energy that is released as
electrons flow from a higher to
a lower potential is conserved
in a proton gradient accross
a membrane. The increased
concentration of protons on
one side relative to the other
constitutes an eletrochemical
potential, which is harnessed
to drive ATP synthesis.

Cyanobacteria can perform oxygenic photosynthesis17.
They appear consistently throughout the geological
record; stromatolites, sedimented biofilms of cyanobac-
terial origin, date back to 3.5 or even 3.8 Ga ago [29], sig-
nificantly predating the great oxygenation event (2.5 Ga
ago) [30].
Oxygenic photosynthesis. During oxygenic photosyn-
thesis, electrons are transported from H2O to NADP (and
ultimately to CO2) in a series of reactions that jointly
form the Z-scheme18. In the course of the electron flow
from water to NADP, protons are translocated from the
cytoplasm through the thylakoid membrane into the thy-
lakoid lumen19.
The chemiosmotic theory [27] explains ATP formation in photosynthesis. (Fig. 1.2C).
Chlorophyll molecules can be excited by red light (Photosystem I (PS I): absorbs maximally
at 700 nm, Photosystem II (PS II) at 680 nm). Excitation can occur directly at the special
pair20 that is at the heart of each photosystem.

14Interestingly, Barnes himself preferred "photosyntax" over "photosynthesis", but the latter term caught on.
15For the remainder of the text of this thesis, proteorhodopsin-based photosynthesis will not be taken into con-

sideration.
16Note that while there are photosynthetic proteobacteria, not all proteobacteria are photosynthetic. Initially, the

photosynthetic proteobacteria were classified based on phenotype into purple sulfur- and purple non-sulfur
bacteria. Based on 16S rRNA sequence data, this class was later merged into the proteobacteia, but there is no
correlation between genotype and phenotype. Recently, it was proposed to resolve this conundrum with a com-
bination of ring- and treelike evolution patterns [26]. Divergent gene flow from one ancestor is thus represented
by continuous branching, while horizontal gene transfer and endosymbiotic events yield ring structures.

17Notably, some marine nitrogen fixers lack photosystem II and consequently do not produce oxygen [28].
18Named so because of its N-shape.
19Notably, the cyanobacterium Gloeobacter violaceus lacks thylakoid membranes. Consequently, in this organism,

the entire photosynthetic machinery is located in the cytoplasmic membrane [31]. This organism also contains
a proteorhodopsin [32].

20Two Mg-chlorophyll complexes oriented such that their ring planes are parallel to each other.
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The probability of photon absorption is greatly increased by the presence of antennae in the
form of phycobilisomes; when a photon is absorbed by an antenna complex, the resulting
exciton21 can be relayed to a special pair.
After excitation of PS II, the excited electron can be transported via chlorophyll and pheo-
phytin molecules to plastoquinone, forming a radical anion. A second reduction step yields
plastoquinol.
Water is split at the oxygen evolving complex, essentially a Mn/Ca/O cluster that catalyses
oxidation of two H2O into 4 H+, O2 and 4 e−, the latter of which fill the positively charged
electron hole(s) at PS II.
2–electron oxidation of plastoquinol at the cytochrome b6f (cyt b6f) complex recycles plas-
toquinone and formally transfers two (extra) protons from the cytoplasm into the thylakoid
lumen. Electrons from cyt b6f are transferred to plastocyanin (PC).
Also at PS I, chlorophyll molecules are excited by (red) light. The electrons are transported
from the secondary acceptor of PS I via ferredoxin and ferredoxin:NADP oxidoreductase
(FNR), to NADP, thus forming NADPH [33]. The resulting electron hole at PS I is filled by
another electron derived from reduced PC.
The proton gradient is used to fuel ATP synthesis [27]; as protons are cycled back from the
thylakoid lumen to the cytosol, they pass through ATP synthase, a protein complex that re-
sembles a rotary motor. Proton transport through this system propels the rotor part, which
leads to structural changes in the nucleotide binding sites in the cytoplasmic domain of the
enzyme (F1). Enforced proximity of ADP and phosphate in these binding pockets leads to
generation of ATP, which is released into the cytoplasm by continued rotation of the shaft of
the enzyme.
With strictly linear electron transport, the NADPH/ATP ratio provided by the photosyn-
thetic machinery does not exactly match the preferred ratio of the Calvin-Benson-Bassham
cycle (CBB or Calvin cycle, Fig.1.2B). Cyclic electron transfer around PS I, for instance, can
be used to ensure optimally adjusted output [34, 35]. Phototrophs harbour a wealth of alter-
native routes of electron transfer, often referred to as alternative electron flow (AEF). Those
systems are also relied on in stress situations, when specific energy demand is increased. An
alternative use of AEF is to translate varying energy input (varying light quality and quan-
tity) into comparatively constant output of chemical energy. Thus, alternative electron flow
pathways have been proposed to increase photosynthetic robustness [36].
Light-independent reactions of photosynthesis. In the dark reactions of photosynthesis22,
ATP and NADPH drive the Calvin cycle23 (See Fig. 1.2 B, [37, 38]). The key enzyme of the
Calvin cycle is Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO). Reaction of
CO2 with Ribulose-1,5-bisphosphate (RuBP) yields two molecules of 3-phosphoglycerate
(3PG). ATP then drives the phosphorylation of 3PG to yield 1,3-bisphosphoglycerate, which
in turn is reduced to glyceraldehyde-3-phosphate (GAP), in an NADPH dependent reaction.
Three molecules of CO2 need to be fixed to generate one molecule of GAP, which can be used
to build up biomass24. Recycling of RuBP starts with the conversion of GAP into dihydroxy

21electron/electron-hole pair.
22Note, that these reactions require ATP and NADPH and therefore happen in the light. No direct photon input is

needed, however.
23Also referred to as the reductive pentose phosphate pathway.
24Although the description above (and Fig. 1.2 suggest(s) GAP to be the only molecule from which further biosyn-

thesis originates, this is a simplification. Indeed, most CBB cycle intermediates are shared with other central
metabolic pathways.
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acetone phosphate (DHAP)25, followed by a series of carbon-carbon bond formations and
backbone rearrangements catalysed by aldolase and transketolase. Aldolase catalyses the
reaction of an aldose phosphate and a ketose phosphate to a single ketose bisphosphate.
In the CBB cycle, aldolase catalyses the reactions of GAP and dihydroxyacetone phosphate
to fructose-1,6-bisphosphate and of erythrose-4-phosphate (E4P) and DHAP to sedoheptu-
lose-1,7-bisphosphate. The bisphosphates are converted into the terminal monophos-
phates by dedicated phosphatases. Transketolase catalyses the transfer of a C2 unit from
a ketose onto an aldose, yielding an aldose with a carbon chain length diminished by two
and a ketose with a chain length increased by two. Accordingly, transketolase catalyses the
reaction of fructose-6-phosphate with GAP to xylulose-5-phosphate (Xu5P) and E4P as well
as the reaction of sedoheptulose-7-phosphate (S7P) with GAP to ribose-5-phosphate (R5P)
plus Xu5P. R5P and Xu5P are converted into ribulose-5-phosphate (Ru5P) by ribose phos-
phate isomerase and phosphopentose epimerase, respectively. The phosphoribulo-kinase-
catalysed phosphorylation of Ru5P recycles RuBP, closing the CBB cycle.

CYANOBACTERIA

Cyanobacteria are phototrophic prokaryotic organisms. They have simple growth require-
ments and consequently have conquered many ecological niches, ranging from polar [39]
to equatorial regions. Cyanobacteria dwell in seas [40], lakes [41], hot springs [42], even
deserts [43] and, rather more recently, laboratories. Given that primordial cyanobacteria
are thought to be the ancestors of plant chloroplasts ([44], [45] and references therein), their
habitat formally extends to the inside of green plants. In short: wherever there is sunlight,
you can expect to find cyanobacteria.
When conditions are favourable, cyanobacteria are known to form blooms [46]. Some cya-
nobacterial strains produce extremely potent toxins [47]. This does not only prohibit recre-
ational use of lakes but may endanger existent ecosystems and put drinking water supply at
risk [48]. In lakes, degradation of cyanobacterial biomass in the aftermath of a bloom can
lead to anoxic conditions26, which poses a threat to fish populations. A better understand-
ing of how such blooms come about could help to reduce risk for these ecosystems [49].
Structure and morphology. Cyanobacterial morphology is diverse; some species are uni-
cellular, some are filamentous (linear, branched, helical), others form colonies or are part
of microbial mats. Individual cells are spherical or rod-shaped [50]. In addition to vege-
tative cells, filamentous, nitrogen-fixing strains like Anabaena possess heterocysts, whose
microoxic [51] interior allows the operation of nitrogenase [52].

Altogether, cyanobacteria display a cell wall structure27 akin to Gram-negative bacteria,
albeit there are some differences28.
With one exception [31], the interior of a cyanobacterial cell is dominated by the presence of
thylakoid membranes. Thylakoids differ in composition from the cytoplasmic membrane

25catalysed by triose phosphate isomerase.
26I.e. a disturbance in the oxygen cycle.
27Outside to inside: exopolysaccharide layer (some species)-S-layer-outer membrane-peptidoglycan layer-

periplasmic space-cytosolic membrane.
28E.g. the peptidoglycan layer is thicker and shows a degree of crosslinking resembling that of Gram-positive

bacteria. See [53] and references therein for further information.
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Figure 1.2: Schematic overview of Photosynthesis. (A) The Z-scheme; a qualitative representation of
an electron’s potential energy as it travels from water to NADP. (B) The Calvin Benson Bassham cy-
cle. Reaction of Ribulose-1,5-bisphosphate (Ru1,5BP) yields two molecules of 3-phosphoglycerate,
which undergo phoosphorylation to 1,3-bisphosphoglycerate. NADPH-mediated reduction gives
glyceraldehyde-3-phosphate (GAP), which can be isomerised to dihydroxyacetone phosphate (DHAP)
or react with a number of ketoses in transketolase catalysed reactions: Reaction of GAP with DHAP
gives fructose-1,6-bisphosphate, which is dephosporylated to Fructose-6-phosphate (F6P). Reaction
of GAP with F6P gives ribose-5-phosphate (R5P) and erythrose-4-phosphate (E4P). E4P and DHAP
react to sedoheptulose-1,7-bisphosphate, which first gets dephosphorylated (to yield sedoheptulose-
7-phosphate) and then reacts with GAP to give R5P and Xylulose-5-phosphate (Xu5P). R5P and Xu5P
isomerise to Ribulose-5-phosphate, the phoshporylation of which gives Ru1,5BP, closing the cycle.(C)
Schematic representation of electron and proton flow in oxygenic photosynthesis. Electrons originat-
ing from water move through membrane proteins and molecules to NADP, forming NADPH. Abbre-
viations: PS: Photosystem, Q-pool: plastoquinone pool, PQ: Plastoquinone, PQH2: Plastoquinol, Cyt:
Cytochrome, PC: Plastocyanin, FD: Ferredoxin, FNR: Ferredoxin-NADP oxidoreductase
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and are the site of both photosynthetic and respiratory electron flow [54]29.
Cyanobacteria have evolved microcompartments, termed carboxysomes, which harbour
RuBisCO and carbonic anhydrase. Compared to O2, CO2 is a rather poor substrate for Ru-
BisCO30. In the carboxysomes, the CO2 concentration is higher than in the cytoplasm, which
allows more efficient operation of RuBisCO (see [57–59] for review articles on the subject).
Other major intracellular structures include ribosomes, polyphosphate bodies, polyhydrox-
yalkanoate granules, cyanophycin granules and lipid bodies [60]. Some species harbour
cylindrical proteinaceous gas vesicles that take part in buoyancy regulation [61, 62].
As prokaryotes, cyanobacteria lack a nucleus and the DNA is therefore located in the cy-
tosol. Cyanobacteria have circular chromosomes31 and may hold several additional plas-
mids. Genome sizes range from 1.44 Mb (UCYN-A [64]) to 12.07 Mb (Scytonema hofmanni
PCC7110 [65]) in length. The number of chromosome copies per cell depends on the species;
experimentally determined gene copy numbers vary from 1 (Synechococcus WH8101 [66])
to a staggering 218 (exponentially growing Synechocystis [67]).
Phylogeny. The Cyanobacteria are a monophyletic clade in the Bacteria. Details of cyano-
bacterial phylogeny are the subject of extensive debate [68], the conclusion of which seems
to be that this taxonomy needs to be revised [69]. Initially, cyanobacteria were considered
to be plants32 by all but a few "shrewd and isolated pioneers" [70]. After techniques with
high spatial resolution (electron microscopy) became available [70], cyanobacteria were re-
classified by Rippka et al. under bacteriological criteria (morphology, reproduction) into
five subsections [71]. This system, although not in accordance with nomenclatural rules
(subsections instead of classes, orders), is convenient, and therefore, still widely used33

Subsections (Rippka et al. [71])

I Chroococcales

II Pleurocapsales

III Oscillatoriales

IV Nostocales

V Stigonematales

Classes (NCBI) [73]

h Gloeobacteria

h Nostocales

h Oscillatoriophycideaei

h Pleurocapsales

h Prochlorales

h Stigonematales

A
blind-
text
to
in-
clude
the
box.
and
an-
other
one
more.

i This class is composed of the Chroococcales and the Oscillatoriales.

29 Light-harvesting phycobilisome antenna complexes are located on the cytoplasmic side of the thylakoid mem-
brane [54] and seem to control the distance between the respective sheets [55]. Thylakoid shape and position
are species-dependent; (See [56] for very clear schematic illustrations).

30Photosynthesis evolved in an oxygen-poor environment [29].
31Cyanothece ATCC51142, apart from a circular chromosome and plasmids, harbours a linear chromosome, as

well [63].
32Hence, the historical term, "blue-green algae".
33Often, newly available molecular data is at odds with the current taxonomy; sequence analyses have shown that

a number of morphological characteristics used for classification have evolved multiple times [72] and conse-
quently cannot be reliable indicators of lineage. In light of newer approaches [26] that incorporate divergent as
well as convergent evolution, it would be highly interesting to rethink this statement.
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Synechocystis sp. PCC6803 belongs into the Chroococcales. Although mentioned already
earlier in this section, it is the cyanobacterium this thesis revolves around and therefore de-
serves a separate, short introduction. The PCC stands for Pasteur Culture Collection. The
original isolate was the third that was deposited in the BCC (Berkeley Culture Collection) in
1968 and was consequently given the number 6803 [74]. In the older literature, Synechocys-
tis is referred to as Aphanocapsa [74]. In 1996, Synechocystis sp. PCC6803 was the first cya-
nobacterial strain for which a genome sequence was published [75]. Synechocystis is a nat-
urally transformable [76], unicellular cyanobacterium that preferentially grows photoau-
totrophically but can also use glucose. It is accessible to genetic modification through the
integration of foreign DNA into the chromosome and into endogenous plasmids [77]. Fur-
thermore, replicative plasmids, introduced by conjugation, were shown to be maintained
[78].
Although initially isolated from a Californian freshwater lake [74], Synechocystis can toler-
ate salt concentrations of up to 1.5 mol/L. For a recent review on cyanobacterial salt stress
acclimation, see [79].
Salt stress response. As bacteria face osmotic stress (e.g. by an increased extracellular NaCl
concentration), water diffuses out of the cells, while salt ions diffuse inwards [80, 81], caus-
ing the cells to shrink temporarily [80]34.

Glucosylglycerol

O
HO

HO

O
OH

OH

OH

OH
gl

uc
os

e

gl
yc

er
ol

Figure 1.3: The cyanobac-
terial osmolyte glucysolglyc-
erol consists of a glucose-
and a glycerol moiety linked
by a glycosidic bond.

Simultaneously, compatible solutes [82]35 are accumulated
[80]. These are small organic molecules that are characterised
by high solubility in water, lack of net charge36 and by being
preferentially excluded from the immediate vicinity of pro-
teins [84]37.
The nature of cyanobacterial compatible solutes is strain-
dependent; There is no correlation of the osmolyte accumu-
lating and the habitat of a given strain38.
The main osmolyte of Synechocystis is glucosylglycerol [88].
Osmolyte synthesis is energetically costly and these com-
pounds are often of only temporary use. In Synechocystis, a
degradation pathway for glucosylglycerol was suspected [89],
but could not be identified [90].
Applications of cyanobacteria. Historically, cyanobacteria have been used as sustenance

34Na+ influx is counteracted by the activation of efflux pumps [79].
35In the literature, the terms osmolytes and osmoprotectant are also used.
36Interestingly, some picoplanktonic cyanobacteria have been shown to accumulate glucosylglycerate, with a net

charge of –1 [83].
37 Accumulation of compatible solutes has two effects; it raises the intracellular osmotic pressure and therefore

balances the increased extracellular osmotic pressure, which allows the cells to retain the cytoplasmic water.
Additionally, compatible solutes increase protein stability. An explanation for the latter can be found in the water
exclusion hypothesis: The interaction of solute and protein is unfavourable (either due to unfavourable protein-
solute interaction or due to a structural effect that excludes the solute from the protein-solvent interface [85]).
Therefore, the system tends to minimise protein-solvent contact. Folded proteins have a smaller surface area
than denatured ones. Consequently, the native state of the protein is preferred [86]. Thus, compatible solutes
increase stability of proteins, not by stabilising the native state but by destabilising the denatured state.

38Instead, a correlation between osmolyte and maximum osmotolerance was found [87]: Strains that only tolerate
low (<0.6 M NaCl) salt concentrations use sucrose, moderately halotolerant (<1.6 M NaCl) strains utilise gluco-
sylglycerol (GG, Fig. 1.3) and highly salt resistant strains (>1.5 M NaCl) use glycin betaine [79]. As a comparison,
the NaCl concentration of seawater is approximately 0.5 M (assuming 3% (w/v)).
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for both livestock and humans alike [91]39. Nowadays, Arthrospira is sold as dietary supple-
ment, food and feed.
Their relation to chloroplasts found in today’s green plants has made cyanobacteria impor-
tant experimental model systems in efforts to shed light onto the details of photosynthe-
sis. This is facilitated in particular by the fact that many cyanobacteria can grow (photo-
)heterotrophically [71], a feat that allows the construction of mutant strains deficient in
some aspects of photosynthesis. Such strains are serviceable tools in the quest to assign
functions to individual parts of the photosynthetic apparatus. In the course of these funda-
mental research projects, a number of genetic tools for the manipulation of cyanobacteria
was developed and continuously expanded [92].
In recent years, cyanobacteria have attracted considerable interest for biotechnological ap-
plications. While some wild-type strains produce attractive molecules on their own [93],
the majority of research efforts has focused on the addition of desirable traits, through ge-
netic engineering (see Chapter 2 for a short overview on progress during the past few years).
Their ability to convert CO2 into organic molecules using little more than sunlight and water
is extremely attractive from an ecological as well as an economic standpoint.

POLYOLS

Polyols are carbon- based molecules with more than one hydroxy group. Applications of
these compounds are numerous. Polyols are used among other things as antifreeze agents,
tooth-friendly sweeteners and raw materials for polymer production. This thesis will focus
on two very simple polyols: Glycerol and 2,3-butanediol.
Glycerol is a C3 compound (C3H8O3) some derivatives of which are central to the metabo-
lism of all living organisms. The first industrial application of glycerol was the synthesis of
nitroglycerin by Nobel. Industrially important derivatives include esters of inorganic (nitric
acid in particular) and organic acids and polyglycerols (See [94] for a more complete list).
Glycerol is used in the food, cosmetics, tobacco and pharmaceutical industry as a moistur-
izer, preservative and solvent [94]. As glycerol is the backbone of lipid molecules, splitting
their ester bonds through hydrolysis or transesterification reactions yields glycerol as a by-
product. At this point, the biodiesel industry has to be emphasised as a major source of
crude glycerol; 100 kg of glycerol are formed per ton of biodiesel [94]. An alternative syn-
thetic route of industrial importance is the synthesis from propene (via allyl chloride and
epichlorohydrin) [94]. Although glycerol is on the list of compounds for which biosynthetic
routes should be researched, there is no fermentative route of economic significance for its
synthesis [94]. In 1995 supply of glycerol surpassed demand, a fact that is expected to be
exacerbated by continuing use of first generation biofuels and, particularly, biodiesel[94].
2,3-Butanediol (C4H10O2) has three stereoisomers: R,R-, S,S-, and R,S- (meso) (Fig. 1.4).
Technical synthesis of 2,3-butanediol is accomplished by hydrolysis of 2,3-butene oxide
[95]. Natural producers of 2,3-butanediol include Klebsiella pneumoniae and Enterobacter
aerogenes. Most species produce R,R- or R,S-2,3-butanediol. Biological production of 2,3-
butanediol peaked in World War II [96]. Double elimination of water from 2,3-butanediol
yields 1,3-butadiene40, the precursor of synthetic rubber. 2,3-butanediol can be used as

39Strains of the genus Arthrospira (also referred to as Spirulina) were known to the Aztecs of central America as
techuitlatl and are to this day harvested and processed to Dihé by the Kanembu of Chad ([91] and references
therein).

40Industrially, this was achieved through pyrolysis of the diacetate [95].
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a glycerol substitute, cryoprotectant, a lubricant, humectant, an additive in cosmetics, a
cross-linker in polyurethanes and a starting point for chemical synthesis (of insecticides,
for the pharmacetical industry) [95, 97]. It was shown to increase the octane number of fu-
els [97]. Furthermore, 2,3-butanediol can be used as a precursor of 2-butanol, a promising
fuel candidate.

ASYMMETRY

If a molecule cannot be overlayed with its mirror image, it is called chiral41. Two molecules
that are mirror images of each other are called enantiomers. An equal mixture of two enan-
tiomers is called a racemic mixture, or racemate42. In a given non-racemic mixture of two
enantiomers, the enantiomeric excess (%ee) is calculated as follows:

%ee = |n1 −n2|
n1 +n2

·100%

ni = amount of isomer i
(1.1)

When n1 = n2, i.e. in a racemic mixture, the ee is zero.
Achiral molecules that can be converted into chiral molecules in one step are called prochi-
ral. Examples of such molecules in this thesis are glycerol43, meso-2,3-butanediol and bu-
tanone.
Stereoisomeric molecules that differ in the absolute configuration of at least one, but not all
stereocentres, are called diastereomers.
Chirality comes in many flavours, among them helical, axial and planar. As far as mole-
cules in nature are concerned, the most commonly observed form of chirality is central
chirality44. This term refers to a central atom with at least four different substituents, whose
positions are sufficiently fixed. If inversion barriers are low, molecular vibration will convert
one enantiomer into the other (as seen in e.g. substituted amines).
A ray of linearly polarised light can be seen as a superposition of two rays of opposite cir-
cular polarisation. Chiral entities interact differently with enantiomers of other chiral en-
tities45. Since one ray interacts more strongly than the other, it is retarded along the light
axis. The combination of the two rays again gives linearly polarised light, but now the plane
of polarisation is rotated.
Although not recommended, the D/L nomenclature is still widely used in the literature, par-
ticularly for sugars and amino acids (historically, this method has been attributed to Emil
Fischer; see Fig. 1.4A for an illustration). To determine the absolute configuration with this
method, the molecule is rotated such that the carbon atom with the highest oxidation num-
ber is at the top. The carbon chain extends from top to bottom (Fischer-projection). Now,
the carbon atom that has a substituent other than hydrogen and that is furthest away from
the top needs to be identified. If this substituent is on the right side of the chain, you are
looking at the D-form. If it is on left, you are looking at the L-form.

41derived from the χει%, (Greek: hand) [98]; chiral molecules differ like the left hand differs from the right.
42After an antiquated name of tartaric acid (racemic acid, from the French acide racemique [99]).
43While glycerol is achiral, enzymes can distinguish the two primary alcohols. Glycerol kinase, thus converts glyc-

erol into the R isomer, exclusively.
44Helical chirality of e.g. DNA or amylose is a consequence of central chirality in the sugar moieties. The direction

of α-helices in proteins similarly is determined by the central chirality of the amino acids.
45For hands-on experience, try uncorking a bottle with your left.
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Figure 1.4: Illustration of nomenclature for entire molecules according to Fischer (A), and for indi-
vidual stereocentres in molecules according to Cahn, Ingold and Prelog (B) [100]. Arrows in the first
line denote rotations of molecules or rotations around binding axes. Arrows in the bottom row indi-
cate the stereoconfiguration of the respective sereocentre. The grey plane denotes a plane of mirror
symmetry, which renders the molecule achiral.

The recommended nomenclature for stereocentres is the (R/S)- or CIP (Cahn-Ingold-Prelog)-
system [100]. Priorities are assigned to substituents of a stereocentre. In the simplest case,
atoms with the higher atomic number gain the higher priority. The stereocentre is then ro-
tated such that the substituent of lowest priority faces away from the observer. Now, if draw-
ing a circle from the first via the second to the third priority results is a clockwise motion,
the stereocentre has R-configuration (rectus, lat.: straight). If the motion is counterclock-
wise, the molecule has S-configuration (sinister, lat.: left). See Fig. 1.4B for an illustration. If
a molecule with more than one stereocentre has a plane of mirror symmetry, the molecule
is achiral. An example in this thesis is meso-2,3-butanediol.

DRIVING FORCES

Given a kinetic pathway between two states, the composition of a system will move towards
lower Gibbs energy. A crucial task of metabolic engineering is thus to survey the thermody-
namics of production pathways and to apply insights of these studies to the engineering of



1

14 1. GENERAL INTRODUCTION

the pathway at hand.
In the biosynthetic pathway to n-butanol for instance, the first step, i.e. the synthesis of
acetoacteyl-CoA from two acetyl-CoA is endergonic. In the natural host, e.g. Clostridium
species, the reaction is driven by the high amount of acetyl-CoA, which is derived from sub-
strate catabolism. Furthermore, high amounts of NADH, also from substrate catabolism,
drive reduction reactions further downstream, altogether creating a thermodynamically
favourable pathway.
Fatty acid biosynthesis similarly begins with acetoacetyl-CoA. To avoid the endergonic reac-
tion of two acetyl-CoA to acetoacetyl-CoA, the direct reaction is replaced with two exergonic
reactions: the reaction of acetyl-CoA to malonyl-CoA, in which hydrolysis of ATP provides
the driving force, and the condensation of malonyl-CoA and acetyl-CoA to acetoacetyl-CoA,
which is driven forward by the liberation of CO2. Lan and Liao demonstrated that the re-
placement of the direct reaction to acetoacetyl-CoA with the two steps derived from fatty
acid biosynthesis substantially increases yields when the butanol pathway is expressed in
transgenic Synechococcus elongatus PCC7942 [101].
The butanediol biosynthetic pathway that is presented in chapter 3 of this thesis contains
two decarboxylation reactions, which provide a driving force for the respective reactions. In
the same chapter, it is demonstrated that the substitution of an NADH dependent acetoin
reductase with an NADPH dependent homologue provides a driving force for the synthesis
of 2,3-butanediol. Moreover, in chapter 7, the use of acetoin reductases with different co-
substrate specificity allows the construction of a driving force towards S,S-2,3-butanediol.
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SCOPE

This thesis focuses on the engineering of the cyanobacterium Synechocystis sp. PCC6803.
Heterologous reactions are introduced into the metabolism of Synechocystis, to allow the
synthesis of molecules that this strain would not normally produce. Additionally, a path-
way for salt-dependent glycerol production is discovered and a likely candidate enzyme is
presented. Finally, the use of multicompartment systems (cocultures) allows the combina-
tion of otherwise incompatible processes in the same culture.
Chapter 2 reviews recent progress made in genetically manipulated cyanobacteria for the
conversion of CO2 into fuels and chemical feedstocks. Methods, concepts, results and some
perspectives are discussed.
In Chapter 3, mutant strains of Synechocystis sp. PCC6803 are presented that have been en-
gineered for the production of meso-2,3-butanediol from light, water and carbon dioxide.
This chapter investigates how the nature and abundance of a cosubstrate (NAD(P)H) that is
required for the last step of the pathway influences the yield of 2,3-butanediol.
In Chapter 4, the [butanediol]/[acetoin] ratios measured in Chapter 3 are used to estimate
intracellular [NAD(P)H]/[NAD(P)] ratios. In Chapter 5, a mutant strain of Synechocystis
sp. PCC6803 is presented which harbours the phosphoglycerol phosphatase 2 enzyme of
Saccharomyces cerevisiae and produces glycerol from light, water and carbon dioxide. The
chapter investigates the effects of mild salt stress on the glycerol production. This increase
is shown to be independent of the heterologous enzyme, i.e. the wild type strain already
produced glycerol under these stress conditions.
In Chapter 6, the pathway by which wild-type Synechocystis produces glycerol under mild
salt stress is investigated with a set of inacitvation mutants. A genome-scale model of Syne-
chocystis is extended to incorporate different candidate reactions for the hydrolysis of glu-
cosylglycerol and to predict the benefit such a reaction would confer onto the cyanobacte-
rium.
In Chapter 7, a means of production for enantiopure S,S-2,3-butanediol is presented. This
approach relies on the usage of the NADPH/NADP pool as the driving force for the reduc-
tion of acetoin, while the NADH/NAD pool of a heterotrophic bacterium is used to oxidise
the 2,3-butanediol enantiomer with the undesired stereo-configuration.
Chapter 8 covers the dehydration of polyols to yield alcohols with increased hydrophobic-
ity and heating values. Since the enzymatic pathway that leads to these molecules contains
oxygen-sensitive steps, these reactions are investigated in chemotrophic bacteria such as
recombinant E. coli and Lactobacillus reuteri in addition to recombinant Synechocystis.
Chapter 9 puts the results obtained in this thesis into a broader perspective.




