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One of the fascinating characteristics of
photosynthesis is its capacity for repair,
self-renewal, and energy storage within
chemical bonds. Given the evolutionary
history of plant photosynthesis and the
patchwork nature of many of its com-
ponents, it is safe to assume that the
light reactions of plant photosynthesis
can be improved by genetic engineering
(Leister, 2012). The evolutionary precur-
sor of chloroplasts was a microorgan-
ism whose biochemistry was very simi-
lar to that of present-day cyanobacteria.
Many cyanobacterial species are easy to
manipulate genetically and grow robustly
in liquid cultures that can be easily
scaled up into photobioreactors. There-
fore, cyanobacteria such as Synechocystis
sp. PCC 6803 (hereafter “Synechocystis”)
have widely been used for decades as model
systems to study the principles of photo-
synthesis (Table 1). Indeed, genetic engi-
neering based on homologous recombi-
nation is well-established in Synechocystis.
Moreover, new genetic engineering toolk-
its, including marker-less gene deletion
and replacement strategies needing only
a single transformation step (Viola et al.,
2014) and novel approaches for chromo-
somal integration and expression of syn-
thetic gene operons (Bentley et al., 2014),
allow for large-scale replacement and/or
integration of dozens of genes in reason-
able time frames. This makes Synechocystis
a very attractive basis for the experimen-
tal modification of important processes
like photosynthesis, and it also suggests
innovative ways of improving modules of
related eukaryotic pathways, among them
the combination of cyanobacterial and

eukaryotic elements using the tools of
synthetic biology.

IMPROVING THE PHOTOSYNTHETIC
LIGHT REACTIONS IN CYANOBACTERIA
In plants, the activity of the Calvin cycle
(in particular the RuBisCO-mediated car-
bon fixation step) is considered to rep-
resent the major brake on photosynthetic
efficiency under saturating irradiance and
limiting CO; concentrations (Quick et al.,
1991; Stitt et al., 1991; Furbank et al., 1996).
Autotrophic growth of Synechocystis, on the
other hand, is constrained by the rate of
phosphoglycerate reduction, owing to lim-
itations on the ATP/NADPH supply from
the light reactions (Marcus et al., 2011).
In fact, cyanobacteria cannot absorb all
incoming sunlight due to light reflection,
dissipation, and shading effects. In some
cases, significant numbers of the photons
absorbed by the antennae are not used for
energy conversion due to dissipation mech-
anisms. It has therefore been proposed
that uneven light distribution could be
avoided by using cell cultures with smaller
antenna sizes packed in high-density cell
cultures, thus allowing good light pene-
tration into the inner parts of the reactor.
Proof of principle for this concept has been
obtained in the green alga Chlamydomonas
reinhardtii (Beckmann et al., 2009), but
antenna truncations in Synechocystis have
so far failed to enhance biomass production
(Page et al., 2012). Indeed, increased trun-
cations of phycobilisomes were associated
with reductions in photoautotrophic pro-
ductivity, which were attributed to marked
decrease in the PSI:PSII ratio (Collins et al.,
2012).

A radically different approach to alter-
ing the light-harvesting capability of
cyanobacteria and extending the range of
wavelengths absorbed involves the intro-
duction into cyanobacteria of the light-
harvesting complex II (LHCII) of land
plants. In principle, this should be a
straightforward exercise, as the complex
has a simple structure, containing in its
minimal version essentially only one type
of Lhcb polypeptide together with chloro-
phylls (Chl) a and b. Although Synechocys-
tis strains that produce large amounts of
Chl b in addition to the naturally occur-
ring Chl a have been generated (Xu et al,,
2001), the expression of stable Lhcb pro-
teins presents a problem, possibly because
they do not fold correctly and are quickly
degraded (He et al., 1999). Thus, ineffi-
cient light-harvesting remains the princi-
pal barrier to high-efficiency Synechocystis
biomass growth.

IMPROVING THE PHOTOSYNTHETIC
LIGHT REACTIONS OF PLANTS IN
CYANOBACTERIA

The gain in photosynthetic efficiency,
obtainable when, for instance, photosys-
tems (PS) require less repair and photopro-
tection, should be significant. It is clear that
crop plants and even model plants like Ara-
bidopsis thaliana or Physcomitrella patens
are the systems least suited for testing
such approaches, given their long life cycle
and inaccessibility to efficient (prokaryote-
type) genetic engineering technologies
(Table 1). Therefore, redesigning plant
PS will require novel model organisms
in which such concepts can be imple-
mented, tested, and reiteratively improved.
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Table 1 | Characteristics of current model systems for photosynthesis.

Organism Type of Homologous Life cycle Shot-gun Heterotrophic
photo-synthesis? recombination complementation propagation
Synechocystis Prokaryotic Yes <1day Yes Yes
Chlamydomonas Eukaryotic No <1 day No Yes
Physcomitrella Eukaryotic Yes Several weeks No Restricted?
Arabidopsis Eukaryotic No Several months No Restricted?

This distinction refers to the presence of phycobilisomes (“prokaryotic”) or Lhc proteins (“eukaryotic”) and associated regulatory differences.

b Refers to non-photoautotrophic mutants.

Cyanobacteria, particularly Synechocys-
tis, will play an important role in such
attempts because of its superior genetic
tractability. Thus, the long-term goal is to
introduce elements of plant photosynthesis
into model cyanobacteria like Synechocys-
tis and optimize their effects by genetic
engineering. Consequently, chimeric PS
employing, for instance, plant cores and
antenna complexes from algae could com-
bine features from the whole range of
diversity available in eukaryotes, while
allowing their impacts to be tested and their
properties to be optimized in a prokary-
ote. Besides the technical advantages of
this strategy, it has the added attraction of
delegating most of the required work with
genetically modified organisms (GMOs)
to Synechocystis. Reducing the transgenic
work done directly in plants might also
improve the acceptability of the approach
to a public, which has proven to be, at best,
skeptical of GMOs.

IMPROVING CO;, FIXATION

Cyanobacteria, like plants and algae, use the
Calvin cycle for assimilation of CO;. The
first step in CO; assimilation is the car-
boxylase reaction catalyzed by RuBisCO,
which results in the production of two
molecules of 3-phosphoglycerate; one of
these is recycled to regenerate ribulose-1,5-
bisphosphate (RuBP), whereas the other is
converted to biosynthesis of sugars, ter-
penoids, and fatty acids (Melis, 2013).
However, RuBisCO can also react with
molecular O, in a process called pho-
torespiration. This oxygenase reaction pro-
duces one molecule of 3-phosphoglycerate
and one molecule of 2-phosphoglycolate,
which acts as an inhibitor of enzymes
involved in photosynthetic carbon fixa-
tion. Therefore, photorespiration reduces
the overall efficiency and output of

photosynthesis, since there is a net loss of
both CO; and nitrogen.

Of the four distinct forms of RuBisCO
(Andersson and Backlund, 2008; Tabita
etal.,, 2008), form I is the most widespread,
being found in plants, algae, and cyanobac-
teria. The cyanobacterial version comprises
eight small (RbcS) and eight large (RbcL)
subunits. Not surprisingly, RuBisCO is
widely conserved across species, but some
of its natural variants are slightly more
effective than others. For instance, heterol-
ogous expression of RuBisCO from the
purple-sulfur bacterium Allochromatium
vinosum in Synechococcus elongatus sp.
PCC 7942 increased CO; assimilation by
almost 50% (Iwaki et al., 2006). Therefore,
metagenomic analysis of natural RuBisCO
diversity may identify superior enzymes to
be engineered into a cyanobacterial host
for detailed characterization and platform
improvement.

Besides its catalytic subunits RbcL and
RbcS, RuBisCO seems to need the mole-
cular chaperone RbcX for proper folding.
In some cyanobacteria, the rbcX gene co-
localizes with the genes encoding RbcL and
RbcS in the chromosome. However, to what
extent this chaperone is actually needed
is still unclear, and the folding/assembly
process needs further investigation (for a
recent review, see Rosgaard et al., 2012). In
plants, activation of RuBisCO by RuBisCO
activase is essential for catalysis; however,
evidence of a requirement for RuBisCO
activase for optimal function of cyanobac-
terial RuBisCO is lacking (Rosgaard et al.,
2012).

Although RuBisCO is the major enzyme
responsible for carbon fixation, cyanobac-
teria possess an additional assimilation
mechanism that accounts for nearly 25% of
CO;, fixation (Yang et al., 2002). Phospho-
enolpyruvate carboxylase (PEPC) catalyzes

the reaction that fixes HCO3 ~ on phospho-
enolpyruvate (PEP) to form oxaloacetate
and inorganic phosphate in the presence
of Mg?™ (O’'Leary, 1982). This enzyme is
widely distributed in all plants and many
bacteria. Attempts to improve plant CO;
fixation by expression of a cyanobacterial
PEPC with diminished sensitivity to feed-
back inhibition have been unsuccessful; the
resulting transgenic plants even showed
decreased fitness (Chen et al., 2004).

In the cytosol of cyanobacteria,
RuBisCO is found in proteinaceous micro-
compartments known as carboxysomes
(Kerfeld et al., 2010). A carboxysome con-
sists of a shell assembled from roughly 800
protein hexamers, forming the 20 facets
of an icosahedron, and 12 pentamers that
form its corners (Heinhorst et al., 2006).
The carboxysome encapsulates RuBisCO
complexes and plays a central role in a
mechanism that concentrates inorganic
carbon providing enough CO, for the
enzyme to favor the carboxylase reaction.
In the cytosol, carbonic anhydrases con-
vert CO; to HCO3 ™, thereby trapping the
inorganic carbon species inside the cells.
The carboxysome is rather impermeable to
O,, but it readily takes up HCO3;~ (Price
et al., 2008). Inside the carboxysome, spe-
cialized carbonic anhydrases catalyze the
release of CO; from the incoming HCO3 ™.
The number of carboxysomes and the
expression levels of carboxysome genes
increase significantly when cyanobacterial
cells are limited for CO, (Heinhorst et al.,
2006). Carboxysomes can potentially be
exploited as synthetic compartments, sim-
ilar to eukaryotic organelles, to rationally
organize pathways or networks within a
spatially distinct subsystem (Kerfeld et al.,
2010).

The terpenoid and fatty acid biosyn-
thetic pathways receive only about 5 and
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10% of the photosynthetically fixed carbon,
respectively, and this allocation is constitu-
tive but stringently regulated (Melis, 2013).
If photosynthetic organisms are to be used
as a platform for pathways devoted to the
biosynthesis of terpenoid- or fatty acid-
derived products, this product-to-biomass
carbon portioning must be increased sig-
nificantly.

SYNTHETIC BIOLOGY

The aim of synthetic biology is to engi-
neer biological systems by designing and
constructing novel modules to perform
new functions for useful purposes. “Build-
ing blocks” (i.e., genes, enzymes, path-
ways, or regulatory circuits) in synthetic
biology are thought of as modular, well-
characterized biological parts that can be
predictably combined to yield novel and
complex cell-based systems following engi-
neering principles (Endy, 2005). In this
context, the photosynthetic complexes (PS
I and II) in the thylakoids of cyanobac-
teria can be regarded as building blocks,
which can be integrated into novel biosyn-
thetic pathways. Ideally, the biosynthetic
pathway should be located in the thy-
lakoids or at least in close proximity to
the photosynthetic electron transfer chain,
allowing the biosynthetic enzymes to tap
directly into photosynthetic electron trans-
port and energy generation, and even draw
on carbon skeletons derived from CO;
fixation. Recently, an entire cytochrome
P450-dependent pathway has been relo-
cated to the thylakoids of tobacco chloro-
plasts and shown to be driven directly
by the reducing power generated by pho-
tosynthesis in a light-dependent man-
ner (Zygadlo Nielsen et al., 2013; Lassen
et al., 2014). This demonstrates the poten-
tial of transferring pathways for struc-
turally complex chemicals to the chloro-
plast and using photosynthesis to drive the
P450s with water as the primary electron
donor.

Synthetic biology in cyanobacteria still
lags behind conventional species such as
E. coli and yeast in terms of molec-
ular tools, defined parts, and product
yields. Some progress has been made in
redirecting photosynthetically fixed car-
bon toward commercially interesting com-
pounds. The Cs molecule isoprene is a
volatile hydrocarbon that can be used
as fuel and as a platform-chemical for

production of synthetic rubber and high-
value compounds. For photosynthetic gen-
eration of isoprene in cyanobacteria, the
isoprene synthase gene from the plant
Pueraria montana (kudzu) has been suc-
cessfully expressed in Synechocystis and
isoprene was indeed produced (Lind-
berg et al., 2010). However, drastic meta-
bolic engineering will be required to
redirect carbon partitioning away from
the dominant carbohydrate biosynthe-
sis toward terpenoid biosynthesis. In
fact, heterologous expression of the iso-
prene synthase in combination with the
introduction of a non-native mevalonic
acid pathway for increased carbon flux
toward isopentenyl-diphosphate (IPP) and
dimethylallyl-diphosphate (DMAPP) pre-
cursors of isoprene resulted in a 2.5-fold
improvement in isoprene yield (Bentley
etal., 2014).

Tightly regulated and inducible pro-
tein expression is an important prerequi-
site for product yield and predictability in
synthetic biology approaches. In this con-
text, riboswitches are attracting increasing
interest. Riboswitches are functional non-
coding RNA molecules that play a cru-
cial role in gene regulation at the tran-
scriptional or post-transcriptional level in
many bacteria (Roth and Breaker, 2009).
In general, the sensing domain (aptamer)
of riboswitches is combined with a reg-
ulating domain. The regulating domain
can comprise several types of expression
platforms to control gene expression. For
instance, direct binding of a specific lig-
and to the aptamer domain can be used
to attenuate transcription termination or
translation initiation (Roth and Breaker,
2009). Recently, a theophylline-dependent
riboswitch was established as a strict and
inducible protein expression system in
S. elongatus PCC 7942 (Nakahira et al.,
2013). Three theophylline riboswitches
were tested, and the best one exhibited clear
on/off regulation of protein expression. In
the ON state, protein expression levels were
up to 190-fold higher than in the absence
of the activator. Moreover, it was possible
to fine-tune the level of protein expression
by using a defined range of theophylline
concentrations.

CONCLUSION

Cyanobacteria are receiving increasing
interest as experimental scaffolds for

the modification of their endogenous
photosynthetic machineries, as well as the
integration and engineering of modules
of plant photosynthesis. Therefore, we
believe that cyanobacteria will be exten-
sively used by many plant biologists as
additional model system in future analy-
ses. Indeed, for the identification of the
entire set of components necessary for
photosynthesis only cyanobacteria are suit-
able as experimental platforms. If this
is achieved, the next goal is to transfer
this photosynthetic module to other (non-
photosynthetic) organisms like E. coli.
Moreover, cyanobacteria are attractive as a
“green” platform for synthetic biology to
produce high-value compounds, chemical
feedstocks, or even fuels.
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