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This paper presents an overview of the prospects for bio-solar energy conversion. The Global Artificial Photosynthesis
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Introduction

Civilization on Earth has been gradually advancing, and with
this has come not only discovery and enlightenment but also an
increasing dependence on energy. The energy consumption

rates underpin lifestyles and affluence and afford luxuries in
terms of personalised transport, climate control and food that
can be sourced out of season and shipped in from afar. In 2010,
estimated energy consumption on Earth globally was 16.3

terawatts (TW) of energy.[1] This energy burn ratey is the joule
per second power consumption that is sustained continually 24/7
all year. The discovery of the Edison light bulb in 1879 was a

practical and commercial success,[2] and perhaps in many ways
the onset of significant increases in energy demand. A century
after this invention, a standard feature in the industrialisedworld

was the 100-W incandescent bulb. Remarkably today, a line of
these 100-W bulbs operating edge-to-edge stretched from the
earth to the moon would require 0.57 TW of power. The 2010
global energy burn rate is sufficient to encircle the moon 14

times with light bulbs.
The global energy production is derived primarily from

fossil-fuel supplies. These products derive from eons-past

photosynthesis and are finite. The world energy consumption
contributes to anthropogenically generated carbon emissions,
and in 2010, atmospheric CO2 averaged 389 ppm.[1] Predicted

increases in global energy from projected increases in both
population and gross domestic product (GDP) indicate that
global energy demand will be .30 TW by 2050. It is reasoned

that most of the alternative energy technologies currently
available may not be sufficient to supply such a growing global
energy demand.[3,4] Renewable energy sources such as wind are
possible, but TWquotients of energy are very significant indeed.

Solar Energy and Photobiology

The potential scope of solar power on Earth is substantial as

terawatt power quotients are received hourly. The practical
challenge is that the solar energy arrives in relatively lowdensity
and therefore requires extended arrays for capture.[5] In this

paper, we will discuss two possible photosynthetic solutions
(Fig. 1). The first approach for solar energy conversion is the use
of natural photosynthetic organisms such as cyanobacteria or

algae to function as molecular factories (Fig. 1). These organ-
isms are self-replicating and can also be genetically repro-
grammed to produce molecular fuels such as hydrocarbons for
biodiesel.[6] In many regards, these organisms may well hold

significant projections for future global farming activities in the
coming decades. A second approach outlined in this paper is
artificial photosynthesis, whereby protein scaffolds localise

pigments to capture solar energy in artificial photosynthetic
reaction centres. The photochemistry of a reaction centre can
generate electricity[7] or preferably a molecular fuel with the

incorporation of an enzymatic catalyst (Fig. 1). Artificial pho-
tosynthesis systems that are biologically inspired present
enzymatic solutions to catalysis with several advantages: use of

Earth-abundant metals, and operation at neutral pH, ambient
temperature and ambient pressures. There is considerable effort
invested in hybridising these catalysts to photocatalysts as the
catalytic reactions are also efficient in terms of

thermodynamics.[8,9]

The most unique feature of photosynthetic organisms is the
reaction centre (RC) that functions as the ‘engine-room’ for

driving unfavoured reactions by extracting work from a pho-
ton.[10,11] All natural biological reaction centres function essen-
tially the same way, with only minor variations in cofactors. In

yTW is tera (1012) watt (from Joule per second) and in 2010, the global consumption of 16.36TW of energy was equivalent to 516 EJ or 1.3�104Mtoe

(megaton of oil equivalent).
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its simplest form, a reaction centre holds a chromophore
pigment (P) such that the excited state (P*) can interact with a

nearby acceptor molecule (A) and undergo electron transfer,
forming a charge-separated state (Pþ/A�).[12] The structures of
the biological reaction centres are essentially the same: a series

of transmembrane proteins that localise the P/A pair across the
membrane; a central C2-symmetric core that leads to bifurcated
electron transfer pathways in some systems. The development of

only a very limited number of reaction centres has had a
profound influence on life on Earth, and today they sustain
complex life on the planet.[10,13]

Engineered Photosynthesis for Algal Biofuels

Global photosynthesis accounts for ,200� 1015 g of carbon

fixed per annum. At the domestic level, ‘energy farming’ is
already being applied to photosynthetic organisms to make
biofuels and operates as a multimillion dollar business. Various

biofuel products exist but are ultimately underpinned by plant
productivity and efficiency. The biomass accumulation in crops
(offset against food production[14]) is limited by net photosyn-

thetic efficiencies of 1–2%.[15,16] The so-called third-generation
biofuels derived from photosynthetic microbes probably raise
the photosynthetic efficiency to ,5%, and although this
intrinsic efficiency of photosynthesis is not higher than terres-

trial plants, yield increases can be offset by increased culture
density and lighting in photobioreactors.[17,18]

The microbial world has utilised solar energy conversion for

some 3 billion years. The first organisms to reap the free energy
of the photon were photosynthetic bacteria, but some 2.5 billion
years ago, oxygenic photoautotrophs began to oxidize water as

the source of electrons and molecular oxygen accumulated as a
by-product. These organisms because of their unlimited supply

of water went on to colonise the planet, terraforming Earth with
an aerobic and oxidative atmosphere. The first oxygenic photo-

autotrophs to do this were cyanobacteria, and over a billion years
later, eukaryotic algae appeared with larger cells and more
complex cellular organisation. The biochemical revolution that

was photosynthesis enabled reductive reactions to fix CO2

(carbon dioxide) into sugars, carbohydrates and storage mole-
cules such as neutral lipids, triacylglycerol (TAG) and diacyl-

glycerol (DAG). For most of these organisms, the storage of
these carbon sources is sparse as accumulation is compensated
by cell replication and division. However, some organism
provide natural factories for biofuels and biodiesel.[19] Under

conditions of nutrient stresses (low N, P or Si) or temperature
extremes, natural cells go into overdrive and produce many
hundred-fold increases in storage molecules. The highlights are

microalgae stains such as Botryococcus braunii that secrete
long-chain hydrocarbons .C30–36 outside the cell under bio-
chemical stress.[20] The green algae Chlamydomonas reinhardtii

will accumulate up to 70% dry weight lipid,[21] and Chlorella

sp. can also accumulate significant lipid under mixotrophic
conditions.[22] Saline and hypersaline strains such asDunaliella

salina will accumulate significant lipid content and also a
variety of diatoms.[23,24] The cyanobacteria typically don’t
accumulate significant quantities of storage products but their
natural diversity can be readily re-engineered via genetic modi-

fication (GM). There are several examples of engineering
cyanobacteria to make ethanol,[25] sucrose[26] and the volatile
C4 isobutyraldehyde[27] and C5 isoprene.[28] Various strains

have also been engineered to produce hydrogen.[29]

Algal fuels are often considered as providing a ‘drop-in fuel’.
This is in reference to the biochemical reactions that generate

long-chain hydrocarbons.C8, and by inference require mini-
mal downstream refining before use. Ethanol derived from
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fermentation can be a biofuel (typically a fuel additive), whereas

the longer-chain lipids and alkanes from cyanobacteria and
algae are better suited for biodiesel and aviation fuels. The
calculated per annum biofuel yields of algae are of the order of

3000 gallons per acre, or ,3.5 Lm�2. Genetic engineering of
these organisms might yield something of the order of 15–
20 Lm�2 on a per annum basis. At present, there is tremendous
work with biotechnology companies trying to leverage algal

biofuels as drop-in fuels with a CO2-neutral footprint. Commer-
cial strategies are closely guarded but intellectual property
claims for using halophilic or thermophilic cultivars containing

increased carbon transporters, tailored metabolite profiles and
excretion pathways for lipids or alkanes are being promoted. In
the coming years, there will be a new era of energy biotechnol-

ogy and this will revolutionise photobiology, as these systems
are the conduits for converting solar energy into chemical fuel.

Engineering Proteins for Artificial Photosynthesis

Interestingly, the concept of engineering photosynthesis on the
nano scale is also being pursued. Molecular engineering of

specific photosynthetic reactions offers catalytic simplification
and also potential improvement in overall solar energy con-
version efficiency. A practical limitation with the natural in vivo

system is the intrinsic overall 1–2% efficiency of plant photo-
synthetic solar conversion.[15,16] There are various issues relat-
ing to this; foremost, the photosynthetic organism has evolved to

reproduce itself, not to store and secrete reduced carbon com-
pounds. The photochemical reaction centres also physically turn
over in a matter of hours, so need continual protein resynthesis
and repair cycles, and CO2 fixation by the RuBisCO enzyme has

a competing oxygenation reaction. Both these and additional
biochemical constraints of physiology limit the overall photo-
chemical efficiency.

The alternative is to use biotechnology for protein engineer-
ing to emulate the key reactions of photosynthesis. Protein
engineering has been widely recognised in industrial catalysis,

medicine and pharmaceuticals, and agriculture, and only more
recently has been explored in the topic of developing novel
artificial photosynthetic systems.[30–32] Protein engineering has
also played a decisive role in unravelling natural processes by

making molecular perturbations of reactions or enzymatic
catalytic sites. Extensive progress in recombinant biotechnology
and computational biology presents this as the mainstream

approach today for exploiting the extraordinary properties of
proteins.

When it comes to applying protein engineering, there are

essentially two main approaches: (1) directed evolution of
existing functional proteins, and (2) rational design of natural
and novel proteins. Directed evolution, also referred to as

‘in vitro evolution’, involves generating desirable properties in
proteins not found in nature. The process of directed evolution
conventionally entails generating molecular diversity through
random mutagenesis and in vitro recombination followed by

high-throughput selection.[33,34] The need for effective selection
markers for specific photocatalytic properties makes it chal-
lenging to apply this approach to engineering proteins for

artificial photosynthesis.[35]

Rational design, however, involves an engineering approach
to protein design, often in combination with molecular model-

ling of the protein structure. The approach leads itself to
redesigning existing proteins for a change (or improvement)
of function[30,36] or to approach this with a fresh palette and to

create de novo proteins with novel protein sequences.[37–40] The

present authors’ interest lies in engineering proteins through
rational design to create nature-inspired photocatalytic proteins
for artificial photosynthesis. The advantage of this over a purely

de novo approach is that highly evolved proteins with intrinsic
structural robustness can be finessed via molecular engineering
to take on new chemistries. There are two features specifically
required to assemble a photocatalytic protein: (1) selection and

incorporation of pigments/chromophores for light capture and to
initiate photochemistry, and (2) the choice and placement of
redox-active intermediates for electron transfer to convert

primary charge separation into redox activity.

Light Harvesting

The concept of light capture is important for chromophores as
there is no perfect single molecule that absorbs all visible light.

To do so, it would need to be black. Instead, natural systems
utilise different pigments with different site energies and
absorption, and in effect create arrays with multiple interacting

chromophores that function as excitonically coupled micro-
metre structures. These antennae deliver photons into reaction
centres where photochemical work is ultimately extracted. The
natural antenna solutions are diverse, with differing chromo-

phores (chlorophylls a–f; bacteriochlorophylls a–g, carotenoids
and xanthophyll) and differing protein scaffolds.[41,42]

For natural photosynthesis, the antennae arrays function as

dynamically changing structures that adjust to light intensity and
quality, and function specifically to dramatically increase the
absorption cross-section of the individual reaction centre. In the

mainstream oxygenic photohetertrophs (cyanobacteria, algae
and plants), chlorophyll a (Chl) is the principal pigment for
light capture and charge separation. However, from a protein
engineering perspective, Chl is difficult to utilise as it is

hydrophobic, forms aggregated clusters in solution, suffers from
instability outside a protein environment and has a tendency to
be readily oxidised. Prospects of engineering of alternative

chromophores do exist and have been explored as photo-active
pigments (Fig. 2).

Ruthenium (Ru) pyridines have sufficient potential to oxi-

dise water and have long-lived excited states.[43] The practical
application, however, with utilising ruthenium complexes as
photosensitisers for artificial photosynthesis is that these com-

pounds are highly valuable in test systems, but the scarcity and
high cost of the Ru element make such examples unlikely to be
suitable for large-scale implementation.[44] Flavins have also
been identified as potential chromophores for light-induced

electron transfer in engineered proteins (Fig. 2). These generate
a highly oxidising triplet state on irradiation with blue light.[45]

Metal-substituted porphyrins can also be used for this purpose.

Porphyrins are more stable than chlorophylls and cheaper
than ruthenium. Zinc-substituted porphyrins that have one
amino acid axial ligand and exhibit pentacoordinate geometry

also prove suitable to assemble artificial photosynthetic
reaction centres[46,47] (Fig. 2).

Principles of Electron Transfer

Within photosynthetic proteins, the photochemical event leads to

the generation of an excited state. The excited state is either
transferred via long-range electron transfer (ET) to an acceptor
molecule, or is lost as a wasted recombination reaction. In pro-

teins, productive electron transfer is a tunnelling reaction
between a reactant and product state. These reactant and product
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states represent the electron donors and electron acceptor
cofactors before and after electron tunnelling. When it comes to
designing and emulating electron-transfer pathways in proteins,

the rationale is one of distance between and choice of cofactor.
Electron-transfer rates were outlined initially by Marcus in the
1950s and 60s.[48] The classical Marcus electron-transfer theory

describes the dependence of electron-transfer rates on an elec-
tronic coupling term, reorganisation energy (l) and driving force
(DG). However, from theMarcus framework, a simplified model

for long-range electron transfer in proteins has been proposed by
Dutton and Moser.[49–51] The model is based on a rationalisation
of a close correlation of electron-transfer rate versus distance.
The rate of pure electron-transfer tunnelling reactions in their

analysis can be approximated by the following equation

logðketÞ ¼ 13� 0:6ðR� 3:6Þ � 3:1ðDG þ lÞ2
l

where ket (s
�1) is the electron transfer rate, R (Å) is the edge-to-

edge distance between redox cofactors (the 3.6 represents van
der Waals contacts), and DG and l (eV) are the free energy and
reorganisation energy terms respectively. The three parameters,

distance (R), driving force (DG) and the reorganisation energy
(l), modulate rates of electron transfer (ket). From a review of
numerous biological proteins, it was found that almost all

productive single-electron transfer reactions lie between R, 4
and 14 Å,[40,49] although there appear to be some unique

examples of rapid electron transfer over long distances
(.30 Å) in proteins.[52]

A paradigm in biological systems is that long-range electron

transfer is mediated via redox chains[51,53]; i.e. several redox
cofactors are needed to propagate electron transfer from the
photocatalyst to the ultimate terminal oxidant and reductant.

Practical steps in building an electron-transfer pathway are
design selection of cofactors based on redox potential to define
the overallDG. Modulating the redox potentials, and thereby the

DG, can be achieved by varying the protein surrounds of
cofactors by mutagenesis.[54,55] When designing proteins, it is
optimal to bury both electron donors and acceptors within the
artificial system. Electron acceptors in solution have large

reorganisation energies associated with electron transfer and
thus may have reduced rates of electron transfer. Burying these
cofactors at optimal distances within a protein matrix is ideal for

effective electron-transfer rates.

Electron-Transfer Donor and Acceptors

For an artificial photosynthesis reaction, an abundant substrate
electron donor needs to be identified. It is possible to use an
anode (electrode) if electrical potentials alone are to be har-

nessed. In the biological photosynthetic reaction centres, two
examples exist for electron-transfer donors. One is a mobile
cytochrome electron-carrier involved inmediating electrons in a

cyclic reaction. The second example is in Photosystem II (PSII),
which is uniquely capitalised on the catalytic oxidation of water.
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The oxidation of water was a significant solution as it is abun-

dant, and the chemistry in PSII is quite unique, involving a
cluster of four manganese ions and one calcium ion structurally
arranged as anMn4CaO5 cluster.

[56] TheMn ions undergo redox

cycling and catalyse the concerted four-electron oxidation of
two water molecules. A nearby tyrosine D1-Y161 (YZ) func-
tions as the redox-active electron intermediate between the
Mn4CaO5 cluster and the light-activated pigment P680

þ . The

whole reaction is optimised for,103 turnovers per second, with
low driving force, and such efficiency has not yet been achieved
with synthetic catalysts.[57,58] Similarly, in other oxidor-

eductases, electron donors involve metal clusters, redox-active
amino acids and haem-cytochromes. Yet for many chemists, in
finding an abundant renewable terminal oxidant, it is hard to

overlook water.
The prospects for electron acceptors in proteins are similarly

numerous. Quinones are a common intermediate in natural
oxidoreductase systems and feature prominently in the Type II

photosynthetic reaction centres that include PSII. Yet engineer-
ing a hydrophobic quinone binding pocket in proteins is chal-
lenging as the binding domain has to stabilise a hydrophobic

molecule with non-covalent interactions. An alternative
approach relies on covalent attachment of quinones on protein
scaffolds and de novo proteins via linkage to a free sulfhydro

group (–SH) through a sulfur addition reaction.[59] Cysteine
residues can be utilised for this purpose. Other variants of this
theme use thiol addition reactions and addition/elimination

reactions between the cysteine sulfur and thioether quinones.[60]

Additional electron acceptors commonly utilised for such stud-
ies to bind to synthetic photosensitisers are methyl viologen and
cobalt(III) pentamine.[61]

Artificial Photosynthesis ]Modification of Natural Proteins

The biochemical reactions of life were established,3.5 billion
years ago and from this ancient linage, abundant protein struc-
tures exist today (structures can be found in the protein data

bank at www.rcsb.org). Through the course of evolution, most
enzymes have been optimised for improved kinetic or thermo-
dynamic performance. Using such a library of natural proteins,
many protein scaffolds are available to explore, and those

that can be (1) expressed in bacteria, (2) don’t require post-
translational modification, or (3) don’t require chaperone-
assisted folding and assembly can be considered as viable

targets for protein re-engineering.
Modification of amino acids (removal, replacement or dele-

tion) is achieved with mutagenic primers using the polymerase

chain reaction (PCR). Systems are constantly improving, but it is
possible tomodify thembymutagenesis (up to three amino acids
in the same reaction). Increasingly, it is also possible to purchase

modified DNA sequences for a whole gene and therefore make
substantial changes to the protein amino acid sequence.

Re-engineered natural proteins for photoactivity include using
apo-myoglobin to study the in vitro binding of the protopheo-

phorbide a derivatives of Chl[62] and binding of Chl (and
derivatives) to the water-soluble Chl protein (WSCP).[63] Ruthe-
nium complexes have also beenwidely linked to protein scaffolds

to initiate photochemical electron-transfer reactions mimicking a
photosynthetic reaction centre.[64–66] There are also examples of
attached Ru complexes involving iron–sulfur proteins and

myoglobin.[67,68] Photoactive porphyrins have been studied in
b-type cytochromes when haem is first removed[69] and then
replaced with zinc and iron porphyrins.[70,71] In apo-cytochrome

b562, binding of zinc-chlorin e6 (ZnCe6) has been studied asZnCe6
has a long-lived excited state.[72] Flavin derivatives have also been

covalently bound to surface cysteine residues of cytochrome c.[73]

Modifications to existing photosynthetic proteins have also
been investigated to examine the ‘evolutionary argument’. The

purple bacterial reaction centre (BRC) from Rhodobacter

sphaeroides is an ancestor of the plant PSII. The reaction centres
P870 and P680 operate with different pigments and potential, yet
Kalman and coworkers[74,75] re-engineered the BRCs to

increase themidpoint potential and, after the addition of tyrosine
amino acids, photooxidise them.[76,77] The group also further
paralleled PSII evolution by introducing carboxylate acid resi-

dues at mirror positions in the BRC and binding of mononuclear
Mn to function as an electron donor.[78] This work with the BRC
has gone the furthest in reprogramming photosynthetic function

on the donor side. On the acceptor side, the first successful
quinone binding to a modified non-photosynthetic protein
scaffold was shown by Hay et al. in 2004.[46] This was done

by introducing a cysteine residue within the hydrophobic core of
cyt b562 and covalently linking various quinone variants through
a sulfur addition reaction to the quinone ring. The modified
cyt b562 was probably the first example of an introduced donor–

acceptor pair in a natural protein.

Modified Bacterioferritin as a Photoactive Reaction Centre

An approach initiated by T. Wydrzynski was to explore a non-

photoactive protein scaffold as a framework to introduce the
redox-active cofactors similar to the PSII reaction centre in a
simple in vitro model system. The protein used for this purpose

is a haem-containing ferritin found in Escherichia coli called
bacterioferritin (BFR).[79] First identified from its optical
spectrum as cytochrome b1 in 1934 by Keilin,[80] BFR is a

soluble non-toxic iron storage and detoxification protein.[81,82]

The expressed protein assembles into a hollow, almost spherical
shell-like nanostructure (,8 nm internal diameter) of 24 sub-
units configured as a dodecameric structure (Fig. 3a). Each

subunit in its oligomeric form is a four-helix bundle with a
molecular mass of ,18.5 kDa.[83,84] The four helices align
antiparallel to each other with a small fifth helix at the

C-terminus that aligns almost perpendicularly to the rest of the
bundle (Fig. 3b).[85–87] Each of the four-helix-bundle subunits of
BFR contains a dinuclear metal binding site. The site binds two

FeII atoms with histidine (H54 and H130) and glutamate (E51,
E18, E127 and E94) residues as capping ligands. The two atoms

Fig. 3. Cartoon diagram ofEscherichia coli bacterioferritin (BFR) protein.

(a) Spherical, dodecameric (24-subunit) form of BFR; (b) monomeric

subunit (four-helix bundle) of BFR (PDB file: 1BCF).

Bio-Solar Global Artificial Photosynthesis 647

http://www.rcsb.org


are connected by the two bridging carboxylate groups (E51 and
E127) (Fig. 4a). Bacterioferritins are uniquely different to
other ferritins in possessing an intrinsic haem group that is

non-covalently bound at the interface between each of the two
four-helix bundle subunits. This symmetrical inter-subunit
haem-binding site is highly hydrophobic, and a single methio-

nine residue from eachmonomer provides a pair of axial ligands
to the metal centre of iron-protoporphyrin IX in the assembled
BFR dimer (Fig. 4b).[86]

These inherent properties of E. coli BFR present it as a good

scaffold for reverse-engineering PSII RC reactions. It is also a
novel way to explore the complex pathways of light-driven
electron transfer in an artificial PSII analogue system. The

design features of BFR that make it a suitable starting point
for multistep protein engineering work are (i) the dinuclear site
provides binding ligands for other class II metals such as Mn;

(ii) the native haem in the hydrophobic pocket of the protein can
be removed[69] and replaced with a photosensitive porphyrin, in
this case a chlorin (Ce6); and (iii) the presence of tyrosine
residues proximal to the bound cofactors, which can be utilised

as efficient electron-tunnelling intermediates. We have demon-
strated through spectroscopy and calorimetry that apo-BFR
(haem and Fe removed) can bind Mn in place of Fe and zinc-

chlorin e6 (ZnCe6) in place of haem.We have also shown that in
the presence of weakly coupled bound MnII,II at the metal site,
light-activation of the ZnCe6 induces an electron-transfer reac-

tion oxidising the inherent tyrosine residues.[79,88] There are
seven tyrosine residues per BFR monomer and therefore four-
teen possible tyrosine residues per homodimer that might be

redox-active. Our current focus is on understanding the electron
transfer/tunnelling pathways through the redox active tyrosine
residue(s) in this artificial system.[88]

Artificial Photosynthesis ] ‘De Novo’ Design Approach

The design and synthesis of de novo proteins involve con-
struction of a novel polypeptide sequence. Some groups refer to

them as ‘maquettes’, likening them to architectural models or
sculptures. Usually, there is no comparison with existing pro-
teins in nature, but from this scaffold, function is added.[37,89] In

general, research in de novo protein design and synthesis is
directed by the following basic principles[37,90]:

(1) Simple design – making for a small, versatile and robust
polypeptide sequence that is generated through either
chemical synthesis or by recombinant expression;

(2) Stable protein folding – the peptide design must contain
elements in the heptad repeat (for a-helices) to stabilise a
desired fold thermodynamically by incorporating amino

acids that favour specific chemical interactions
energetically;

(3) Cofactor binding sites – inserting amino acids to bind

protein cofactors such as metals and porphyrin groups.
These may correspond to catalytic sites for enzyme design
or may facilitate folding of polypeptides to oligomeric
structures;

(4) Structural information – it is important to resolve the
structure of designed novel proteins as minor changes can
alter the original design;

(5) Functional characterisation – test of the folded polypeptide
for its function. This is often associated with redesigning
(adding or deleting amino acids) of the de novo sequence to

improve functional efficiency.

Perhaps the only real limitation with de novo maquettes is

that their size limits the available dimensions of the protein
scaffold. The initial de novo protein design success was
developed by DeGrado and coworkers in the 1980s. The first

product was a peptide synthesised as a self-folding amphiphi-
lic four-helix bundle.[91] The methodology used for assem-
bling a-helical bundles is now termed as ‘binary patterning’
and the principle is based on the folding pattern of secondary

structures in native four-helix bundles. The a-helix has 3.6
residues per turn, resulting in a two-turn heptad (almost seven
residues) repeat (Fig. 5). Alternating peptide sequences of

hydrophilic and hydrophobic residues can be designed to form
a tetrameric bundle with a hydrophobic core driven by
hydrophobic sequestration. In the past two decades, there

have been remarkable advances in de novo peptide design to
generate correctly folded proteins with increased functional
complexity.[33,92,93] These maquettes are usually small, with a
size of ,16 kDa.[94] There are several examples of using

de novo a-helical bundles as scaffolds for haem binding via
bis-histidine ligation[95,96] and the development of multi-haem
polypeptides to perform long-range ET between cofactors.[94]

A recent study demonstrated binding of a water-soluble
bacteriochlorophyll derivative to a de novo designed haem-
binding four-helix bundle.[97] There are also other examples of

Chl binding to synthetic peptides,[98–100] photo-active pig-
ments such as Ru-pyridines, flavins and light-sensitive
porphyrins[47,101–103] (Fig. 2).

H130
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H54
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E94

Fig. 4. Cartoon of cofactor binding sites in Escherichia coli BFR. (a) Di-nuclear metal centre; metal shown as sphere

(yellow) in its ligand environment, direct ligands shown as a dotted line (black); (b) haem-binding site at the hydrophobic

interface shown as a bi-axial ligation at equivalent M52 in each subunit (PDB file: 1BCF).
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Metal binding sites engineered in de novo proteins in early
designs incorporated zinc and mercury.[104,105] Subsequently,

the ‘Duo Ferri’ (DF) series of maquettes was developed to
mimic di-iron proteins. The DF maquettes bind two iron atoms
and will also bind other metals ions (Zn, Co and Mn) with the

stoichiometry of two ions per protein.[106,107] A four-helix
bundle was also designed to incorporate an iron–sulfur cluster
(Fe4S4) in its hydrophobic core in a recent de novo protein

engineering effort.[108] In an alternative approach, bab struc-
tures computationally designed were shown to bind mononu-
clear zinc ions.[109] Quinone binding to these novel proteins was
shown in one example, where a three-helix bundle was designed

with a cysteine to link 2,6-dimethylbenzoquinone (DMBQ).[110]

These examples provide hope for incorporating metal clusters
and various electron acceptors such as quinones in photocata-

lytic electron transfer in proteins through de novo engineering
approach.

It could potentially be argued that structural and functional

aspects of natural proteins are representative of ‘evolutionary
baggage’. Enzymes such as RuBisCO or the photosynthetic and
respiratory electron-transfer proteins are not perfect, yet are
essentially conserved with inbuilt limitations. Thus, revisiting

enzymatic function using de novo design is a way of potentially
optimising chemical and redox reactions. Using this approach,
only the amino acids that are essential for the protein’s function

are incorporated and the role of each amino acid is defined by the
engineer. It also provides the opportunity for exploring protein
folding and function inways that are not present in nature.[93,111]

In the alternative approach of modifying natural proteins, the
advantages lie in the remarkable inherent features of selected
proteins that may facilitate redesigning with minimal modifica-

tion.[36] Another highly valuable attribute of manipulating
naturally occurring proteins is the ease of incorporating the
modified variants into biological systems through recombinant
technology, and therefore the possibility of immediate in vivo

characterisation.

Looking to the immediate future, the prospect of engineering
proteins from natural sources or de novo design to provide

artificial photosynthesis is probably not a commercially reality.
Small amounts ofmaterial are currentlymade in vitro. However,
it may be expected that in vivo production will become achiev-

able in the coming decade owing to developments in the field of
synthetic biology. This approach will enable expression of
protein-based catalysts, and then the full in vivo assembly of
cofactors for solar-driven catalysis. The prospects for assem-

bling chromophores and cofactors into the scaffold could even
use non-standard amino acids to expand the ligation – imagine a
protein zipper with novel amino acids!

Concluding Remarks

Global Artificial Photosynthesis (GAP) targets to resolve a future
global ‘energy problem’ by creating novel technologies inspired
from the extremely efficient photosynthetic reactions. These

systems would likely be based on whole organisms, either algal-
based or bacterial, and use sunlight to generate storable, trans-
portable chemical fuels. The capabilities of GAP would be

underpinned by molecular engineering and provide for solar
farming (Table1). It is interesting to return toThomasEdisonwho
once said, ‘I would put my money on the sun and solar energy.
What a source of power! I hopewe don’t have towait until oil and

coal run out until we tackle that’.[112] He also stated, ‘Anything
thatwon’t sell, I don’twant to invent. Its sale isproofofutility, and
utility is success.’ This puts another emphasis on the GAP prod-

uct: what is the utility of these technologies to the end consumer?
Oil extraction rates aloneof liquid fuels are 150000L s�1 globally
and this translates to enormous financial revenue from the origin

of extraction through the refining and distribution networks. Can
GAPcompete andbe implemented in the developingworldwhere
the uptake of energy is at its greatest?Not nowcertainly, but in the
future, the bio-based solar fuels can be produced by farming

techniques. The inroads to this are carbon tax credits, emission
regulations and discovery of new science. There iswillingness for
a ‘green’ planet, but at the end of the day, financially unburdening

energy usage for the end user will be essential.
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