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Final Report: Synthetic Biological Engineering of Photosynthesis
ABSTRACT

The overall goal of the grant is to create a synthetic biology platform based on solar energy that can be used on a local level to generate bulk
amounts of chemical commodities. The specific aims of the original proposal are to construct a photosynthetic cynaobacterium that: 1)
produces hydrogen by directed electron flow from the photosynthetic machinery; and 2) produces short alkyl chains by channeling electrons
from photosynthesis into artificial metabolic pathways. During the course of the granting period, we also made significant progress on
understanding the compartmentalization of carbon fixation and flux in relationship to photosynthesis and obtained increases in
photosynthetic activity that have broad implications for production of commodities on demand.
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Scientific Progress

Statement of Problem Studied

The overall goal of the grant is to create a synthetic biology platform based on solar energy that can be used on a local level to
generate bulk amounts of chemical commodities.

Summary of most important results

Hydrogenases catalyze the reversible reaction 2H(+) + 2e(-) ¢, H(2) with an equilibrium constant that is dependent on the
reducing potential of electrons carried by their redox partner. To examine the possibility of increasing the photobiological
production of hydrogen within cyanobacterial cultures, we expressed the [FeFe] hydrogenase, HydA, from Clostridium
acetobutylicum in the non-nitrogen-fixing cyanobacterium Synechococcus elongatus sp. 7942. We demonstrate that the
heterologously expressed hydrogenase is functional in vitro and in vivo, and that the in vivo hydrogenase activity is connected
to the light-dependent reactions of the electron transport chain. Under anoxic conditions, HydA activity is capable of supporting
light-dependent hydrogen evolution at a rate > 500-fold greater than that supported by the endogenous [NiFe] hydrogenase.
Furthermore, HydA can support limited growth solely using H(2) and light as the source of reducing equivalents under
conditions where Photosystem Il is inactivated. Finally, we demonstrate that the addition of exogenous ferredoxins can
modulate redox flux in the hydrogenase-expressing strain, allowing for greater hydrogen yields and for dark fermentation of
internal energy stores into hydrogen gas. These results proved our ability to connect electron flow from photosynthesis to
hydrogen production. This accomplished Aim 1 and has broad significance for diverting electron flux in general.

One of our overarching goals was to engineer photosynthetic bacteria to produce commaodities. We had a number of successes
with regard to fatty acids. However, our biggest accomplishment was to engineer cyanobacteria to secrete sugar. This allows
them to be used directly in bioreactors to feed cells producing more complex commodities. In addition, we made significant
findings regarding how to increase the photosynthetic capacity that will have broad implications.

We have further characterized a strain of cyanobacteria that efficiently secretes sucrose at rates exceeding sugar production
from terrestrial plants, providing a potential alternative feedstock source which does not compete with food crops for arable
lands. The strain utilizes a sucrose symporter (cscB) in a fashion where the proton gradient across the cytoplasmic membrane
is reversed, allowing secretion of sucrose produced autotrophically from solar energy and CO2. A substantial fraction of the
carbon dioxide fixed by cscB-expressing S. elongatus can be exported as sucrose (50-85%), representing a highly efficient re-
diversion of cellular resources. Sucrose is produced continuously and occurs at levels exceeding those previously reported for
targeted production of metabolites in cyanobacteria and algae.

Furthermore, we described an unexpected improvement in photosynthetic productivity in sucrose-secreting cyanobacteria;
results that have broad scientific implications for photosynthesis-driven production of a variety of valuable metabolites. We
hypothesize that the export of this sugar feedstock acts to expand the cellular ‘metabolic sink’, allowing a greater utilization of
solar energy under conditions of excess light. The engineered microalgae exhibit a 25-30% enhancement in photosynthetic
activity relative to wild-type strains.

Finally, we demonstrated that the sucrose produced by this cyanobacterial strain can be utilized by industrially-relevant
heterotrophic microbes (e.g. E. coli and S. cerevisiae) without further refinement or purification. We extended this research
through the co-culture of cyanobacteria and a variety of heterotrophic microbes in order to evaluate the feasibility of indirect
production of biofuels and other economically valuable bioindustrial compounds from solar energy.
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Scientific Progress and Accomplishments

Statement of Problem Studied

The overall goal of the grant is to create a synthetic biology platform based on solar energy that
can be used on a local level to generate bulk amounts of chemical commodities.

Summary of most important results

Hydrogenases catalyze the reversible reaction 2H(+) + 2e(-) « H(2) with an equilibrium
constant that is dependent on the reducing potential of electrons carried by their redox partner.
To examine the possibility of increasing the photobiological production of hydrogen within
cyanobacterial cultures, we expressed the [FeFe] hydrogenase, HydA, from Clostridium
acetobutylicum in the non-nitrogen-fixing cyanobacterium Synechococcus elongatus sp. 7942.
We demonstrate that the heterologously expressed hydrogenase is functional in vitro and in
vivo, and that the in vivo hydrogenase activity is connected to the light-dependent reactions of
the electron transport chain. Under anoxic conditions, HydA activity is capable of supporting
light-dependent hydrogen evolution at a rate > 500-fold greater than that supported by the
endogenous [NiFe] hydrogenase. Furthermore, HydA can support limited growth solely using
H(2) and light as the source of reducing equivalents under conditions where Photosystem Il is
inactivated. Finally, we demonstrate that the addition of exogenous ferredoxins can modulate
redox flux in the hydrogenase-expressing strain, allowing for greater hydrogen yields and for
dark fermentation of internal energy stores into hydrogen gas. These results proved our ability
to connect electron flow from photosynthesis to hydrogen production. This accomplished Aim 1
and has broad significance for diverting electron flux in general.

One of our overarching goals was to engineer photosynthetic bacteria to produce commaodities.
We had a number of successes with regard to fatty acids. However, our biggest
accomplishment was to engineer cyanobacteria to secrete sugar. This allows them to be used
directly in bioreactors to feed cells producing more complex commodities. In addition, we made
significant findings regarding how to increase the photosynthetic capacity that will have broad
implications.

We have further characterized a strain of cyanobacteria that efficiently secretes sucrose at rates
exceeding sugar production from terrestrial plants, providing a potential alternative feedstock
source which does not compete with food crops for arable lands. The strain utilizes a sucrose



symporter (cscB) in a fashion where the proton gradient across the cytoplasmic membrane is
reversed, allowing secretion of sucrose produced autotrophically from solar energy and CO,. A
substantial fraction of the carbon dioxide fixed by cscB-expressing S. elongatus can be exported
as sucrose (50-85%), representing a highly efficient re-diversion of cellular resources. Sucrose
is produced continuously and occurs at levels exceeding those previously reported for targeted
production of metabolites in cyanobacteria and algae.

Furthermore, we described an unexpected improvement in photosynthetic productivity in
sucrose-secreting cyanobacteria; results that have broad scientific implications for
photosynthesis-driven production of a variety of valuable metabolites. We hypothesize that the
export of this sugar feedstock acts to expand the cellular ‘metabolic sink’, allowing a greater
utilization of solar energy under conditions of excess light. The engineered microalgae exhibit a
25-30% enhancement in photosynthetic activity relative to wild-type strains.

Finally, we demonstrated that the sucrose produced by this cyanobacterial strain can be utilized
by industrially-relevant heterotrophic microbes (e.g. E. coli and S. cerevisiae) without further
refinement or purification. We extended this research through the co-culture of cyanobacteria
and a variety of heterotrophic microbes in order to evaluate the feasibility of indirect production
of biofuels and other economically valuable bioindustrial compounds from solar energy.



