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lectron transfer is central to a wide

range of essential metabolic path-
ways, from photosynthesis to fermen-
tation. The evolutionary diversity and
conservation of proteins that transfer
electrons makes these pathways a valu-
able platform for engineered metabolic
circuits in synthetic biology. Rational
engineering of electron transfer path-
ways containing hydrogenases has the
potential to lead to industrial scale pro-
duction of hydrogen as an alternative
source of clean fuel and experimental
assays for understanding the complex
interactions of multiple electron transfer
proteins in vivo. We designed and imple-
mented a synthetic hydrogen metabolism
circuit in Escherichia coli that creates an
electron transfer pathway both orthogo-
nal to and integrated within existing
metabolism. The design of such modu-
lar electron transfer circuits allows for
facile characterization of in vivo system
parameters with applications toward fur-
ther engineering for alternative energy
production.

Synthetic biology uses concepts and lan-
guage from computer science and elec-
trical engineering to enable control of
cellular behavior in a predictable, useful
manner." Standardized, modular biologi-
cal components have been isolated and
recombined in cellular “chassis,” typically
E. coli, creating novel circuits that often
have functions reminiscent of electrical
engineering. In particular, biological cir-
cuits have been built to behave like toggle
switches,? oscillators,> memory loops* and
logic gates.” This type of engineering has
potentially powerful applications in basic
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science,® biotechnology,” medicine® and
alternative energy.’

Aside from their technological appli-
cations, synthetic biological circuits can
test basic science hypotheses by mimick-
ing natural genetic networks in a simpli-
fied context.!”” These pathways are often
intended to function orthogonally to exist-
ing cellular behaviors, creating a frame-
work for studying in vivo behaviors with
the isolated simplicity of in vitro studies."
Much of the work in synthetic biology has
focused on understanding and recombin-
ing cellular information processing in this
way, integrating environmental signals
into a novel, coordinated biological behav-
ior. Here, the indirect analogy to compu-
tational information processing serves as
a simplifying and abstracting framework
for understanding and engineering com-
plex systems. Recently, synthetic biology
and biological engineering have begun to
address increasingly complex circuits com-
posed of numerous biological parts from
many organisms'* as well as the electronic
properties of cells and membrane ion
channels.” However, such efforts remain
focused primarily on the control of genetic
transcription and translation rather than
on the unique electronic abilities of living
cells.

The engineering of cellular compo-
nents that manage and transfer electri-
cal charge can lead to novel methods of
integrating electronic devices and bio-
logical systems,'* as well as the design of
complex redox pathways within cells for
the production of reduced molecules such
as fuels. Physical interfaces between elec-
tronic and biological devices can be used
as biosensors, combining the strengths of
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biological environmental sensing with the
speed and existing infrastructure of com-
putational processing. Such sensors can
be used to measure environmental pol-
lution or as medical devices for monitor-
ing and maintaining health. Connections
between electronic and biological systems
can also be used as sources of energy, as
in microbial fuel cells, while engineering
of electron-transfer redox pathways within
cells is crucial for rerouting reducing
power from natural energy metabolism
into useful molecules, including hydro-
gen. As components of synthetic biologi-
cal devices, biological electron transfer
proteins not only more closely resemble
the electronic components in the anal-
ogy to electrical engineering but provide
a common currency for biological devices
integrated into metabolism and producing
valuable outputs.

Electron transfer pathways in biology
are crucial for the reduction of inorganic
chemicals into biologically functional
molecules and the metabolic breakdown
of organic compounds. Electrons readily
tunnel quantum-mechanically between
two protein-bound iron-sulfur clusters
only when these clusters are in close con-
tact, with an optimal tunneling distance
of 14 A Because they are bound to pro-
teins rather than freely diffusing small
molecules, electrons held by reduced iron-
sulfur clusters are unique metabolites with
fascinating opportunities for engineering.
Many natural electron transfer proteins
have already been studied in detail and
described in terms of engineering prin-
ciples® and have been recombined both in
'17 and in vivo," making them ideal
parts for synthetic biology.

Electrons typically tunnel from lower
to higher potential iron-sulfur clusters
in what can loosely be thought of as an
amorphous electronic circuit. While the
detailed interaction between iron-sulfur
proteins is often poorly characterized, as
a common currency of biological electron
metabolism, iron-sulfur proteins repre-
sent uniquely useful parts for the design
of diverse synthetic biological systems.
The photosystems of plants and the cata-
bolic enzymes of oxidative respiration or
fermentation introduce high-energy elec-
trons into cellular metabolism, and can
therefore be thought of as “batteries.”

vitro
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These low potential electrons are then
passed to “wires,” proteins or cofactors
that can transfer electrons to other oxi-
doreductase enzymes that then generate
a measurable output, such as reduction of
protons, sulfur, nitrogen, oxygen and car-
bon or the hydroxylation of steroids.”

As oxidoreductase enzymes are revers-
ible and these circuits are constructed from
cellular components free to move through-
out the cell, the electrical potential of the
protein bound iron-sulfur cluster and the
nature of the protein-protein interactions
will determine the direction and the rate
of the electron “current” traveling through
the pathway. The transcriptional control
of genes, surface co-evolution of interact-
ing partners and scaffolding of certain
crucial pathways has led to precise con-
trol over natural, evolved electron trans-
fer circuits, and these become valuable in
synthetic biology as methods of circuit
insulation in the recombinant design of
novel biological circuits.

Many E. coli redox enzymes are elec-
tronically coupled to the chemical “wire”
cofactor NADH, with a reducing poten-
tial of -320 mV. Numerous enzymes from
plants and anaerobic bacteria, however,
are partnered with the protein-based elec-
tron carrier ferredoxin, which can have a
wide range of reducing potentials, typi-
cally close to that of the H /H* pair (-420
mV). As a class of proteins with different
regulatory and structural properties that
bind iron-sulfur clusters of variable poten-
tial, ferredoxins represent a tremendous
toolbox for synthetic biology applications.
Furthermore, while ferredoxin
ity has been well characterized in many
photosynthetic pathways, the function
of ferredoxin in E. coli,”® though essen-
tial,?! remains poorly understood. Here,
synthetic biology, through engineering
and functional testing of ferredoxin-based
electron transfer pathways and insulation
strategies, may be useful in elucidating the
natural biology of bacterial iron-sulfur
cluster protein systems in a simplified in
Vivo system.

Ferredoxins are small (~11 kD) soluble
proteins that coordinate at least one iron
sulfur cluster through a conserved cys-
teine motif. They have been proposed to
be among one of the earliest proteins in
evolution due to their simple structures,

activ-
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basic functions and limited amino acid
content.”? The simplest ferredoxins are
found in anaerobic bacteria and coordinate
two [4Fe-4S] clusters. These short bacte-
rial proteins (~55 aa) with two cysteine-
based iron-sulfur cluster binding motifs
likely resulted from the duplication of a
still smaller ancestral gene.?® Ferredoxins
from higher plants, typically coordinating
only one [2Fe-2S] cluster, likely branched
off in evolution from the bacterial fer-
redoxins through a second duplication
event.”® Such gene duplication, fusion,
horizontal gene transfer and drift has
led to the existence of ferredoxin-like
domains in many other iron-sulfur oxido-
reductases. Indeed, the X-ray structure of
the [FeFe]-hydrogenase from Clostridium
pasteurianum shows that the hydrogenase
electron transfer domain is made up of
three smaller iron-sulfur cluster binding
domains, one with homology to bacterial
ferredoxins, one to plant-type ferredoxins
and one a unique linker domain.” As a
common component of electron transfer
proteins, ferredoxins are excellent parts for
the design of novel electron transfer path-
ways and novel modular electron transfer
proteins.

Ferredoxins are characteristically acidic
and electrostatic forces have been shown
to be important for the interactions
between ferredoxins and some oxidore-
ductases, in particular the hydrogenase
from Chlamydomonas reinbardtii, which
does not contain the ferredoxin-like
domain of the clostridial hydrogenases.*®
Mutational analyses of acidic surface resi-
dues in ferredoxin show that different resi-
dues are important for binding to different
oxidoreductases.”’”? However, electro-
static forces have also been shown to not
be important in other ferredoxin-paired
reactions, notably that of bacterial ferre-
doxin and the clostridial hydrogenase.”” In
these cases, random transient interactions
between proteins may be sufficient to ini-
tiate the extremely fast electron tunneling
between iron-sulfur proteins and dynamic
interactions must be regulated in a differ-
ent way.

As they are common throughout evo-
lutionary history, ferredoxins can be func-
tionally expressed heterologously in a wide
host range,*!
be amenable to functional gene fusion.*

and have been shown to
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The genomes of many organisms include
several putative ferredoxin proteins, with
one ferredoxin particularly suitable for a
given oxidoreduction reaction.?® In higher
plants, a range of ferredoxins at different
electronic potential are typically expressed
in leaves to account for the complex range
of electron transfer reactions occurring
in these organisms.>* The specification of
each ferredoxin to its particular applica-
tion may be due to its electronic potential,
determined by the amino acid composi-
tion surrounding the iron-sulfur cluster or
to the surface complementarity between
ferredoxin and the cognate oxidoreduc-

tase.”

A synthetic metagenomics®® or
directed evolution®” approach to the devel-
opment of engineered electron-transfer
pathways in synthetic biology could iden-
tify the ideal ferredoxin for each desired
application.

We chose the ferredoxin-paired [FeFe]-
hydrogenases as the read-out of “current”
through our iron-sulfur protein circuit
in E. coli, as these enzymes thermody-
namically favor hydrogen production at
a high rate, and have been shown to be
functionally expressed in E. coli?® For
our “battery” we desired an oxidoreduc-
tase enzyme that would be able to gener-
ate electrons through the breakdown of a
common metabolite, integrating our sys-
tem into native E. coli metabolism, as well
as donate those electrons to our ferredoxin
wires. We chose pyruvate-ferredoxin oxi-
doreductase (PFOR), an enzyme involved
in energy metabolism through the hydro-
gen production circuit of the hydrogeno-
some,” and shown to generate reduced
ferredoxin recombinantly.”4 PFOR, with
a midpoint reducing potential of -520 mV,
breaks down pyruvate, a central molecule
of carbon metabolism, into acetyl-CoA,
and in the process reduces ferredoxin.
Ferredoxin then donates the electron to
the hydrogenase, completing the circuit
and re-setting cellular redox balance while
leading to the production of high levels of
hydrogen gas, ranging from 0.005% to
nearly 3% of the theoretical maximum
level of hydrogen production from pyru-
vate (Fig. 1A).

Rethinking
metabolism as a simple electronic cir-
cuit is certainly an oversimplification
of an intricate, highly regulated system,

electron transfer-based
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Figure 1. (A) Schematic of the synthetic hydrogen production pathway. The circuit is analogous
to an amorphous electronic circuit. Electrons enter the circuit at -520 mV through the function

of pyruvate-ferredoxin oxidoreductase (PFOR), which thus behaves as a “battery.” Electrons are
transferred to ferredoxin, an electron carrier that behaves as a “resistive wire.” Ferredoxin passes
electrons to the hydrogenase, which in turn produces hydrogen at -420 mV that can be mea-
sured as as the “current” through the circuit. The circuit can be insulated from competing cellular
electron metabolism through: (B) deletion of reactions that can interact with any of the circuit
components leading to “short circuits”, (C) improvement of the ferredoxin-hydrogenase binding
surface and (D) through direct protein fusion of the ferredoxin and hydrogenase. This fusion
provides physical “circuit board” structure that increases the local concentration of electrons
available to the hydrogenase.

Bioengineered Bugs
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but a particularly useful one for the level
at which we are currently able to engi-
neer metabolic pathways. There is much
that is still unknown about the dynamic
regulation of coordinated metabolic pro-
cesses, but it is possible to quickly com-
bine groups of iron sulfur proteins inside
cells, thereby creating novel hydrogen
metabolism circuits. As a modular circuit,
it is then possible to vary components in
order to query different system param-
eters. These circuits must be integrated
into cellular metabolism in order to func-
tion, but must be isolated from compet-
ing electron-transfer reactions in order
to optimize function. We engineered the
circuit for preferential transfer through
the desired pathway, thus insulating the
circuit, through the deletion of competing
genes, the modification of protein-protein
binding surfaces and the fusion of com-
ponents into an integrated circuit design
(Fig. 1B-D).

We tested three ferredoxins as our cir-
cuit’s “wires” that represent a wide range of
natural structure and function: the bacte-
rial 2[4Fe-4S] ferredoxin from Clostridium
acetobutylicum with a midpoint potential
of -420 mV, leaf-type [2Fe-2S] ferredoxin
I from spinach (-420 mV) and root-type
[2Fe-2S] ferredoxin from corn (-345 mV).
These three ferredoxins serve as models
for ferredoxins of their type, and have
been shown to interact specifically with
several types of [FeFe]-hydrogenase.?

In addition, we tested five [FeFe]-
hydrogenases and three PFORs from
different species with different proper-
ties and behaviors in the synthetic cir-
cuit—hydrogenase  from  Clostridium
acetobutylicum, ~Clostridium  saccharobu-
tylicum, ~ Chlamydomonas  reinbhardtii,*®
Shewanella oneidensis and  Thremotoga
maritima and PFOR from C. acerobury-
licum,* Desulfovibrio afvicanus,** and the
E. coli homolog YdbK.* The heterologous
expression of functional hydrogenases
requires the co-expression of two matu-
ration factors, HydEF and HydG; in our
circuit, we used commercially synthe-
sized HydEF and HydG sequences from
Chlamydomonas reinbardtii. While the
high GC content of the native algal genes
made the maturation factors unstable
when expressed heterologously in E. col7,%
our codon optimized sequences were
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stable in our expression system and able to
mature hydrogenase from all of the species
tested.

All combinations of PFOR-ferredoxin-
hydrogenase circuits produced measurable
amounts of hydrogen over strains express-
ing the hydrogenase or hydrogenase and
ferredoxin alone. Notably, the combina-
tion with the highest activity was not
that where all the components came from
the same organism, but instead when the
PFOR came from D. africanus and the
ferredoxin and hydrogenase came from
C. acetobutylicum. The ability of PFOR,
ferredoxin and hydrogenase from diverse
organisms to interact when coexpressed
in E. coli reflects the generality of iron-
sulfur cluster proteins through evolution,
as well as the need for regulation of syn-
thetic pathways to ensure proper function,
insulating synthetic circuits from natural
electron transfer pathways and preventing
cross-talk between multiple engineered
pathways in more complex designs.

We compared four methods that would
“insulate” the circuit from native E. coli
electron metabolism, ensuring proper
flow of electrons through the circuit and
thus increasing the amount of hydrogen
produced. These methods are based on
how natural electron transfer systems are
controlled, simplified to develop generally
applicable techniques for pathway insula-
tion in synthetic biology. The temporal
control of gene and protein expression is
known to be involved in the control of
many metabolic pathways, maintaining
expression of genes only when needed.
Different electron transfer proteins are
expressed at different times and in dif-
ferent environmental conditions, ensur-
ing that hydrogenases are expressed only
in the absence of oxygen, and when the
electrons are not needed in other path-
ways.”® We simplified and modeled this
kind of transcriptional control through
the deletion of reactions that compete for
electrons and effectively “shore-circuit”
the pathway, testing single knockouts of
genes with homology to ferredoxins and
ferredoxin oxidoreductases: Afpr, AydbK,
Ahcr, AyeaX, AbcaD and AfrdB. Of these
mutations, only deletion of YdbK, the E.
coli PFOR homolog, affected hydrogen
production, decreasing background levels
when hydrogenase and ferredoxin were
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expressed alone and increasing production
from the whole pathway. Ferredoxin-
based electron metabolism in E. coli is
still poorly understood, with the func-
tion of many iron-sulfur proteins and
their interactions still uncharacterized.
Further combinatorial knockout analy-
sis and other synthetic pathway design
may point to physiological roles for the
other ferredoxin-based proteins as well
as improve hydrogen production through
the synthetic pathway. Deletion of meta-
bolic competitors can help to direct the
flux of metabolites through a desired path-
way,* and can be used to make specifically
tailored “minimal chassis” strains for any
desired application.

Co-evolution of interacting pairs of
proteins is crucial to the evolution of bio-
logical systems that evolved through the
duplication and drift of a small number
functional enzymes.”® We synthetically
modeled this co-evolution by mutating
the surface of the C. reinhardtii hydrog-
enase with amino acid changes computa-
tionally predicted to improve electrostatic
interactions with the plant-type ferredox-
ins.? Two of these mutations, ESK and
D126K, produced a small measurable
increase in hydrogen production, indi-
cating that surface mutations can impact
the function of electron transfer circuits,
as well as shedding light on the compu-
tational analysis of electrostatic protein-
protein interactions. Deeper mutational
analysis and design of complementary
mutations in interacting partners will fur-
ther impact our ability to design tightly
regulated electron transfer systems, as well
as likely improve our understanding of the
co-evolution of iron-sulfur protein bind-
ing surfaces.

The most versatile and easily portable
method for pathway insulation does not
require deep understanding of protein
structures or competing metabolic path-
ways, but simply requires localizing two or
more interacting components in the same
place, thereby increasing the likelihood
of collision and electron transfer. Natural
electron transfer pathways are often regu-
lated through the physical scaffolding of
protein components in the membrane, for
example in the electron transport chain of
mitochondria. Of course, scaffolding of
electrical components in a physical circuit
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defines circuit function, and there is a long
history of engineering fusions between
electron transfer proteins for dual func-
tion, primarily with P450 monooxygenase
and/or ferredoxin-NADP* reductase,?>4
as well as the [NiFe]-hydrogenase.” By
genetically fusing the hydrogenase and
ferredoxin or targeting both to a tertiary
scaffold®® we were able to increase the
local concentration of ferredoxin available
to the hydrogenase in our hydrogen pro-
duction circuit. This effectively insulates
the circuits from outside electron compe-
tition since electrons will preferentially be
transferred between the fused components
rather than with outside enzymes.

Because electron transfer proteins must
be in brief physical contact and in the
proper orientation for quantum tunneling
between iron sulfur proteins, the function
of the fused or scaffolded proteins exhibit
strong dependence on the length of the
flexible protein linker between them,”
and on the relative position of each on the
scaffold domains. The proteins must be
able to easily interact with each other as
well as with other electron transfer com-
ponents, as in the case of the ferredoxin,
which both receives and donates an elec-
tron through quantum tunneling. In the
case of the genetically fused proteins, very
short linker lengths (two amino acids)
restricted the ability of the ferredoxin and
hydrogenase to interact, decreasing hydro-
gen production, while very long linker
lengths (>45 amino acids) were indistin-
guishable from pathways with no fusion.
The optimal linker length of fourteen
amino acids increased hydrogen produc-
tion by nearly five-fold. Genetic or scaf-
fold fusion for physically isolating electron
transfer partners can be generally applied
to the design of electron transfer circuits,
with care needed in determining the posi-
tioning and linker lengths for optimal col-
lision rates and electron transfer.

In our system, hydrogenases provided
the readout of circuit current, produc-
ing varying levels of hydrogen depending
on the input parameters. Hydrogenases,
however, are reversible, able to consume
hydrogen as a source of reducing power.
Hydrogenases are “batteries” in several
species of bacteria, notably the hydrogen
oxidizing [NiFe]-hydrogenases of the
chemolithoautotroph Ralstonia eutropha®®
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and as the source of reducing power to fix
sulfur in Desulfovibrio vulgaris>' Pairing
of hydrogenases with the root-type fer-
redoxins, which have a higher reducing
potential, will favor these hydrogen con-
sumption reactions and can aid in the
creation of many synthetic metabolic
pathways.

The application of engineering prin-
ciples such as modularity, abstraction
and insulation to the design of biological
systems has the potential to lead to facile
development of biological pathways for
diverse applications. The assumptions,
abstractions and simplifications of syn-
thetic biology are valuable for developing
novel biological technologies and study-
ing biological complexity, as long as such
assumptions do not cause researchers to
lose sight of important biological dynam-
ics. In developing new parts and platforms
for synthetic biology, it is important to
look to natural modularity in gene and
protein structure as starting points for the
design of novel circuits. Through such
simplifications we can build networks
from isolated genetic and enzymatic ele-
ments and begin to characterize and
understand how such parts function in
novel contexts. Electron transfer circuits
built of modular iron-sulfur protein parts
can be applied in the design of countless
such biological pathways, with potential
for integration of electronic and biologi-
cal systems, industrial-scale production of
renewable fuels and importantly, biologi-
cal assays and tools for better understand-
ing the principles underlying complex
biological systems for further engineering.
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