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ABSTRACT
As a result of the ever increasing demanded for fossil fuels, there is a drive to develop
robust strategies for the conversion of solar energy into a storable alternative fuel such as
dihydrogen (H2). Previously, a hydrogen generation strategy was developed and optimized that
couples Photosystem I (PSI), which harvests and stores solar energy, with an [FeFe]-Hydrogenase
(H2ase) enzyme catalyst for direct generation of H2 from sunlight. The two proteins are connected
at a short distance using a dithiol molecular wire and generate H2 at a rate of 2200 µmol H2•mg
Chl-1•h-1, under optimized conditions.
Described here is the characterization and extension of the PSI—molecular wire—
[FeFe]-H2ase (PSIC13G—H2aseC97G) nanoconstruct device to expand this technology further for
improved solar H2 generation. These PSIC13G—H2aseC97G nanoconstructs are prepared through the
self-assembly of iron-sulfur coordination bonds between the dithiol molecular wire and the low
potential [4Fe-4S] clusters found in both proteins. Quantum yield measurements of the lightinduced H2 generation were conducted to determine the efficiency or number of molecules of H2
produced per photon of light absorbed under 400-700 nm illumination. Sample composition was
assayed using analytical methods to provide insight into the number of species generated in each
self-assembled sample and how to further improve upon this technology. Sample preparation
techniques were employed to exclude species such as PSI—molecular wire—PSI dimers from
PSIC13G—H2aseC97G nanoconstructs chromatographically. Replacement of the [FeFe]-H2ase with a
more oxygen-tolerant [NiFe]-H2ase catalyst was explored improve the oxygen stability of this
technology. The preliminary in vitro characterization of PSI timers isolated from a strain of PSI
containing the genes for the PsaCC13G/C33S mutations in vivo was also performed.
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Chapter 1

Introduction
[Adapted from a book chapter titled “Re-Routing Redox Chains for Directed
Photocatalysis” by Carolyn E. Lubner, Amanda M. Applegate, and John H. Golbeck (2015)
Rögner, M., ed., Biohydrogen, De Gruyter.]1

2
1.1 Abstract
Light-induced hydrogen generation promises to be an attractive method of ameliorating
society’s ever-increasing need for fuel. To that end, natural systems such as photosynthetic
proteins and hydrogenase enzymes have been exploited to achieve highly efficient hydrogen
generation with robust and efficient materials. In vitro constructs have been developed that
incorporate both naturally occurring proteins and synthetic bio-inspired analogs to achieve
efficient solar-hydrogen generation. In these devices, Photosystem I (PSI) or a bio-inspired
artificial moiety is used for light-harvesting and is coupled in some way with a hydrogenase
(H2ase) enzyme (or comparable bio-inspired catalyst) for generating hydrogen. These biological
systems have led into the development of semi-artificial and artificial constructs that incorporate
bio-inspired light-harvesting moieties and catalysts. The greatest impact for alternative energy
production will occur when a device or technology is developed that truly achieves efficient, long
term solar energy conversion with minimal loses. An in-depth review of these systems is
provided here, focusing on achieving efficient hydrogen generation and improving both the
stability and longevity of constructs for wide scale use.

1.2 Solar hydrogen generation
Hydrogen is an appealing alternative to fossil fuels. It has a high-energy content (143 kJ
g-1), which is released upon its combustion with oxygen (H2 + ½ O2 ! H2O) with no concomitant
production of carbon emission by-products. Currently, there are many energy intensive methods
to obtain hydrogen through the reverse reaction, i.e. the electrolysis of water or steam reforming
of methane.2 However, the use of a renewable method to oxidize water is necessary for
developing a sustainable hydrogen fuel economy. Sunlight is an abundant, renewable, and widely
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distributed source of energy that, if efficiently captured and converted into a storable chemical
energy, could be used to supplement societies energy demands. Sunlight reaches the earth at a
rate of ~120,000 TW, which far exceeds the current annual worldwide energy consumption of
~15 TW.3 Thus, developing strategies for combining efficient light-harvesting moieties with
hydrogen generation catalysts is at the forefront of alternative energy research. Of particular
interest is the use of natural systems, such as photosynthesis and hydrogenase enzymes, as an
approach to achieve highly efficient hydrogen generation system with robust and inexpensive
materials.

PSI and Photosystem II have been utilized, since their discovery, for solar hydrogen
generation.

Early reports detail in vitro light-induced hydrogen generation from mixtures

containing crude cell extracts from bacteria, algae or plants, and combinations thereof.4-9 In time,
the components responsible for the light-driven hydrogen were systematically parsed out, such
that the process was first localized to the chloroplasts, and then to the thylakoid membrane
fractions. It was finally realized that it was PSI that harvested light and generated the reducing
equivalents responsible for hydrogen evolution by the H2ase enzymes in the cell extracts. In some
in vitro systems, native and non-native electron mediators, such as ferredoxin (Fd) and methyl
viologen, were added to the cell extract mixtures to support hydrogen evolution, while
Photosystem II (PSII) functioned as an electron source when the extracts included chloroplasts or
thylakoid membranes. These systems typically had short lifetimes due to the inactivation of the
H2ase enzyme by oxygen evolved from PSII and the instability of PSII under continuous
illumination.10

Recently, in vitro strategies have been developed that couple a ‘photochemical module’,
such as PSI, to a ‘catalytic module’ for directed hydrogen generation. These attempts employ PSI,
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either in its native state or with modifications to its internal redox chain, or synthetic systems that
serve to mimic the basic structure and chemistries that occur within the PSI reaction center.
Studying these systems can provide insights into how to further improve hydrogen generation and
construct a system that can be used as an alternative energy source.

1.3 In vitro PSI-catalyst coupled hydrogen generation strategies
In vitro light-driven hydrogen generation strategies have been developed wherein the PSI
reaction center is coupled with either inorganic and biological hydrogen production catalysts.
These attempts aim to generate hydrogen using robust catalysts that operate around the
thermodynamic midpoint potential, i.e. -420mV. The maximum rates hydrogen generation is
observed when the electron transfer chain of PSI is modified to directly interact with the catalyst.
Understanding how these devices work can provide insight into directed hydrogen generation as
well as how strengths and weakness of the technology can be expanded upon or altered to further
improve the system.

1.3.1 Light-harvesting Module
PSI is a membrane-bound protein complex that uses an extensive light-harvesting
antenna and a number of redox cofactors to capture and convert solar energy into a stable long
lived charge separated state.11 PSI absorbs all visible light (albeit unevenly) at wavelengths less
than 700 nm using bound chromophores, i.e. chlorophyll (Chl) and carotenoid molecules.11, 12 The
absorbed energy is transferred via the excited electronic states of the chromophores to the
electron transport chain cofactors. These cofactors span the thylakoid membrane and provide a
stable long-lived pathway for electron transfer to soluble redox partners, such as Fd. The electron
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transfer chain begins with a special pair of Chl a/Chl a’ molecules, termed P700, that upon
absorption of a photon leads to a charge-separated state (Figure 1-1).13 Electron transfer precedes
as an energetically downhill reaction to the primary acceptor a Chl a molecule, A0. From there the
electron is transferred to A1, a phylloquinone, and serially through three [4Fe-4S] clusters, FX
(found within the membrane-spanning region) and FA and FB, (both of which are located within
the stromal PsaC subunit).13 It is at this point that the electron is passed to soluble redox acceptors
such as Fd and flavodoxin (Fld), provided that the rate of reduction surpasses the rate of charge
recombination rate between FB– and P700+, i.e. ~65 ms.14 Electron transfer is highly dependent on
time and distance, and the connection of the PSI redox chain with a hydrogen generation catalyst
must account for the finite lifetime of the charge-separated state.15

FB
FA

FX
A1A

A1B

A0A

A0B

A-1A

A-1B
A Branch

B Branch
P700

Figure 1-1: PSI electron transport chain cofactors (PDB ID: 1JB0). Charge separation is initiated
at P700 and electrons are transferred across the membrane along either the A or B-side branches to
A0A or A0B, the primary acceptor, and then to the phylloquinone, A1A or A1B. The electrons
converge at the FX [4Fe-4S] cluster and are transferred serially through FA and FB. Chl a are
shown as green sticks, phylloquinone as cyan sticks, and [4Fe-4S] clusters as yellow and orange
spheres.
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1.3.2 Coating PSI with platinum
One bio-hydrogen generation strategy is to directly attach an oxygen-stable noble metal
catalyst to the reducing side of PSI. Gold and platinum have been extensively employed as
catalysts for hydrogen generation. Catalysis occurs when a proton adsorbs to the metal surface
and combines with an electron to generate an H atom. Two adsorbed H atoms are joined
catalytically to form a covalent bond, followed by desorption from the surface. This activity is
observed in the bulk material as well as in nanoparticles made from these metals.
For efficient light-induced hydrogen generation, the catalyst must be in close proximity
to the reducing side of PSI. This ensures that an electron is transferred within the time constraints
of the system, which is ~65 ms, before the electron on FB– recombines with P700+.13 Colloidal Pt
has been photochemically deposited directly onto both thylakoid membranes and isolated PSI
complexes in an approach pioneered by Greenbaum and co-workers.15-18

Illumination of either

chloroplasts (or isolated PSI) in the presence of hexachloroplatinate ([PtCl6]2-) results in the
reduction of Pt4+ ions to Pt(s), which precipitates onto the protein surface.16, 18 The Pt metal serves
as an additional cofactor in the electron transfer chain of PSI and, once deposited, catalyzes the
reduction of protons to hydrogen. Illumination of isolated PSI reaction centers in the presence of
a sacrificial electron donor, sodium ascorbate, and the native electron donor to spinach PSI,
plastocyanin, resulted in the generation of 0.025 µmol H2 mg "Chl-1"h-1.19 Improvements to this
rate were observed by eliminating diffusional electron transfer between plastocyanin and PSI
(0.075 µmol H2 "mg Chl-1"h-1), and further after increasing temperature (5.5 µmol H2 "mg Chl1

"h-1) (Figure 1-2).20 Highest rates of light-induced hydrogen generation were observed when

hexachloroosmiate ([OsCl6]2-) instead of [PtCl6]2- was deposited on the surface of thylakoids,
0.113 µmol H2 "mg Chl-1"h-1.17 It has also been found that pre-formed Pt nanoparticles associate
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with PSI in a nearly a 1:1 ratio, which results in a light-driven H2 generation rate of 244 µmol
H2"mg Chl-1"h-1.21

Figure 1-2: Electron flow in platinum nanoparticle coated PSI. A partially docked Cyt c6 (red)
donates electrons to PSI (purple). The redox chain of PSI vectors electrons toward platinum
clusters (grey stars) adsorbed on the stromal surface of PSI, where H2 reduction occurs. Reprinted
by permission from Macmillan Publishers Ltd: Nature Nanotechnology20, copyright 2009.

Depositing oxygen, insensitive metal catalysts onto varying preparations of PSI, either
cell extracts, chloroplasts, thylakoids, or isolated proteins, makes it an attractive method for biohydrogen generation. This strategy acts to eliminate diffusion-mediated electron transfer between
the photochemical and catalytic components. It is also compatible with proteins from most, if not
all, photosynthetic organisms. However, it requires expensive and rare metals, and the
photochemically deposited metal atoms may not all be oriented in such a way that supports
efficient catalysis.

1.3.3 PSI-enzyme fusion complexes
Several strategies for hydrogen generation replace expensive noble metal catalysts with
enzyme-based catalysts. These enzymes, known as hydrogenases (H2ases), use Earth-abundant
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metals, i.e Fe and Ni, to reversibly catalyze the production or oxidation of hydrogen (2H+ + 2e#! H2), on either side of the thermodynamic midpoint potential, -420 mV.25-30 Catalysis occurs
at the enzyme active site, which contains a bimetallic cofactor ([FeFe]-or [NiFe]-) ligated to the
protein by several thiol cysteine ligands and by several unusual non-protein inorganic ligands, CO
and CN.28-31

Typically, multiple iron-sulfur clusters are used for electron transfer between the

protein surface and active site, while separate channels exist for protons (H+) and hydrogen
transfer.28, 29 [FeFe]-H2ases are oxygen-sensitive enzymes that exhibit high hydrogen evolution
activity with turnover rates reported to range between 6000 to 9000 molecules H2 •H2ase-1•S-1.31
Conversely, [NiFe]-H2ase enzymes are often more oxygen-tolerant, but have lower turnover rates,
~700 molecules H2•H2ase-1•S-1, for hydrogen generation.

One strategy for light-induced hydrogen generation positions PSI and a catalytic H2ase
enzyme in close contact through a genetic fusion of their genes. The best example of this is the
fusion of the membrane-bound [NiFe]-H2ase (MBH) from Ralstonia eutropha with the peripheral
PSI subunit, PsaE.32 MBH consists of a large subunit, HoxG, containing the [Ni-Fe] active site,
and a small subunit, HoxK, which contains the electron transfer iron-sulfur clusters.33 MBH is an
oxygen-tolerant enzyme that has a high sequence similarity to the [NiFe]-H2ase from
Desulfovibro vulgaris (which has a known crystal structure), and can be genetically engineered
and expressed in the native organism.34-36 Using the computational alignment of the PSI and
[NiFe]-H2ase from D. vulgaris crystal structures, a fusion complex was designed, by the addition
of a three amino acid linker between the N-terminus of the PsaE subunit and the C-terminus of
the HoxK subunit. This arrangement places the FB cluster in PSI within ~14 Å of the distal [4Fe4S] cluster of the MBH enzyme to ensure favorable electron transfer. The MBH–PsaE fusion was
bound to a PsaE-less PSI variant from Synechocystis sp. 6803, and when illuminated, generated
hydrogen at a rate of 0.58 µmol H2"mg Chl-1"h-1.32 The low rate of hydrogen generation may
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result from the flexibility of the connection between MBH–PsaE and the PSI core, which could
vary the distance between the cofactors, or it could be due to an inability to transfer two electrons
sequentially in the time required for catalysis. To ameliorate any rate-limiting steps in electron
donation to PSI, the fusion complex was immobilized onto a Ni-NTA functionalized gold
electrode through a His-tag on the donor side of PSI (Figure 1-3).37 When a potential of –90 mV
was applied to the electrode, light-induced hydrogen was generated at an initial rate of 2850 µmol
H2"mg Chl-1"h-1. However, half of the activity was lost after 30 minutes, indicating a lack of
robustness in this system, and this may ultimately limit its integration into a practical
photochemical hydrogen device. A main advantage of this system is the oxygen tolerance of the
R. eutropha [NiFe]-H2ase 38, which may allow the fusion complex to operate in in vitro devices
employing oxygen-evolving systems as well as in in vivo systems where PSII is present.

Figure 1-3: Schematic view of PSI–MBH fusion immobilized through a his-tag on the lumenal
surface of PSI interacting with bound Ni atoms on a gold electrode. Electrons are provided by the
gold electrode and reduce N-methylphenazonium methyl sulfate (PMS) which then reduces P700
in PSI. The electrons travel through the now fused electron transfer chain of PSI and hydrogenase
to perform light driven H2 production 37. Copyright 2009 American Chemical Society.
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Interestingly, the PSI-PsaE-MBH fusion system still supports electron transfer to the
native acceptors of PSI, Fd and ferredoxin-NADP+ reductase (FNR). In fact, when Fd and FNR
are added to the PSI-PsaE-MBH fusion system, hydrogen generation is suppressed and electrons
are preferentially transferred to the native acceptors. As this has implications for an in vivo
hydrogen generating systems, a more favorable electron transfer pathway from PSI to H2ase was
designed. Cytochrome (Cyt) c3, a native redox partner for periplasmic [NiFe]-H2ases, was
chemically crosslinked to the PsaE subunit at position 40, which is suggested to be involved with
native Fd binding.39, 40 When the Cyt c3 crosslinked PsaE was rebound to a PsaE-less variant of
PSI, NADP+ reduction was inhibited in the presence of Fd, FNR, and NADP+. Addition of wildtype [NiFe]-H2ase from D. vulgaris to PSI reconstituted with the Cyt c3 crosslinked PsaE,
resulted in light-induced hydrogen generation at a rate of 0.3 µmol H2"mg Chl-1"h-1. Although the
rate is small, it may be possible to develop this system further for in vivo applications due to its
self-assembly properties as well as its ability to specifically direct electrons from PSI to H2ase.

In vivo the rapid transfer of electrons from PSI to downstream metabolic processes
depends on diffusion-mediated interactions with Fd. Additionally, electron transfer is limited
under non-saturating Fd concentrations, because each Fd only carries one reducing equivalent.
Formation of a fusion protein between Fd (PetF) and the PsaE subunit of PSI has the potential to
minimize these limitations and was explored as in an in vitro hydrogen generation scheme.41 A
flexible peptide linker of varying lengths was used to localize the Fd on the reducing side of PSI,
while not inhibiting the formation of electron transfer complexes. PetF was fused to the Cterminus of PsaE using peptide linkers of 14, 19, or 25 amino acids and recombinantly expressed
in E. coli. A functional PSI was obtained by reconstituting P700-FX cores, which are PSI particles
devoid of the native PsaC, PsaD, and PsaE subunits, with the PsaE-PetF fusion protein and native
PsaC and PsaD. PSI complexes reconstituted with the PsaE-PetF fusion were analyzed for light-
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induced NADPH production using FNR as the redox mediator. The results show an increase in
the rate of NADPH formation compared to the native, diffusion-dependent interaction. Rates of
NADPH formation comparable to a 10-fold molar excess of Fd in solution were found for PSI
reconstituted with a PsaE-PetF fusion protein containing a 14 or 19 amino acid linker, and an
enhancement of greater than 5-fold was measured when the 25 amino acid linker fusion protein
was used. Because Fds are involved in many metabolic redox processes, targeting electron flow at
this point in the pathway could lead to advances in driving a variety of reductive chemical
processes for the production of solar fuels.

In another approach, the partitioning of electrons from PSI to both FNR and an [FeFe]H2ase was investigated in vitro to explore how modifications to these pathways could improve
hydrogen evolution.42 In isolated thylakoid membranes and purified PSI from Chlamydomonas
reinhardtii, Fd supports hydrogen generation (using a H2ase enzyme) in either the absence of
NADP+ or when FNR is inactivated, respectively. Hydrogen generation is inhibited by 75% in
the presence of NADP+ and active FNR. A fusion protein consisting of C. reinhardtii Fd and
[FeFe]-H2ase, HydA, was constructed with a 15 amino acid linker (Fd-HydA) to favor electron
transfer to the H2ase and increase hydrogen generation (Figure 1-4).42, 43 When Fd–HydA was
added to C. reinhardtii PSI in the absence of external Fd but with NADP+ present, 90% of
electrons went to hydrogen generation and only 10% were diverted to NADPH production. The
Fd–HydA fusion protein also overcame the aforementioned FNR inhibition, with 60% of
electrons going to H2 generation when Fd–HydA is present versus 10% in the non-fused system.
This method shows promise in controlling the distribution of photosynthetic reductant for
directed photocatalysis.
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Figure 1-4: Schematic showing that the Fd–Hyd fusion protein (1) as well as free ferredoxin (2)
can interact with PSI. In mode (2) PSI-driven H2 production competes with PSI-driven NADPH
production. Mode (1) depends less on diffusional electron transfer and thus favors H2 production.
Adapted from 42.

1.3.4 PSI—molecular wire—catalysts nanoconstructs
The direct connection of the PSI electron transport chain to a hydrogen production
catalyst is another method for solar hydrogen generation that specifically eliminates diffusionmediated electron transfer. The connection of PSI to a non-physiological catalyst is limited by
the accessibility of the redox cofactors, which are largely contained within the membrane. There
are two promising sites for electron extraction, namely the stromal PsaC subunit harboring the
terminal [4Fe-4S] clusters, FA and FB, and the phylloquinone binding pockets, A1A and A1B,
(Figure 1-1). Extraction of the electron from FB provides the necessary redox potential for
driving hydrogen generation to completion (E°’ = –580 mV)44, while extraction of the electron at
the A1A and A1B sites would provide a larger driving force for catalysis (E°’ = –800 mV for A1B
and E°’ = –620 mV for A1A)45.

The distance between the cofactor and catalyst, which affects the time available for
electron transfer, is a major consideration and must be accounted for when removing an electron
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from either FB or A1. The rate of electron transfer is described by Marcus theory, which relates
the rate to distance, Gibbs free energy change, reorganization energy, and temperature.46 An
electron should be transferred forward with a rate constant two orders of magnitude faster than
the competing charge recombination reaction to achieve a quantum yield of 0.99. This translates
into a forward electron transfer lifetime on the order of hundreds of microseconds for FB and
hundreds of nanoseconds for A1A/A1B. A method for abstracting an electron from the FB cluster is
known and will be considered in detail; the method for abstracting an electron from A1A/A1B is in
the early stages of development and will not be described in detail.

1.3.4.1 PsaC mutagenesis
Mutagenesis studies previously uncovered the cysteine ligands coordinating the FA and
FB [4Fe-4S] clusters. These studies provided the basis for the engineering of a PsaC variant that
allows for the attachment of an external molecular wire to the FB site for directed hydrogen
generation. In general, [4Fe-4S] clusters in small bacterial dicluster Fds are ligated to the protein
by two-conserved Cys-xx-Cys-xx-Cys-xxx-Cys-Pro cluster binding motifs. In naturally occurring
and variant dicluster Fds, the second Cys, which is typically located on the protein surface, can be
replaced with an oxygen-containing amino acid. A series of in vivo and in vitro PsaC variants
were prepared, such that the second Cys (position 13) in the motif harboring the FB cluster was
changed to Asp, Ser, Ala, or Gly residues.49-53 The in vitro variant PsaC proteins were
heterologously expressed in Escherichia coli

50-53

and the iron-sulfur clusters were reconstituted

using a ferrous salt, sodium sulfide, and a thiol-containing reducing agent, 2-mercaptoethanol.
The PsaC apoprotein was able to incorporate two [4Fe-4S] clusters through a ligand-exchange
reaction with the pre-formed iron-sulfur clusters. The cluster insertion is driven largely by the
entropic contribution to the free energy change due to the statistics of converting one PsaC
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apoprotein and two pre-formed iron-sulfur clusters into one PsaC holoprotein and eight 2mercaptoethanol molecules. Retention of a 2-mercaptoethanol ligand at the exposed Fe atom
ensures that the FB iron-sulfur cluster is formed in all of the PsaC variants and creates an
exchangeable coordination site, which can be replaced by external thiolate ligands.54 Reassembly
of PSI occurs with nearly 100% efficiency when the reconstituted PsaC variants are rebound
along with recombinantly expressed PsaD to P700-FX cores.55-57 The latter are prepared by removal
of the peripheral stromal proteins PsaC, PsaD and PsaE with chaotropic agents.58 The rebuilt PSI
complexes are photoactive and able to transfer electrons to soluble redox partners such as Fld and
Fd with rates comparable to the wild type.59

1.3.4.2 Wiring catalysts to FB
A functional version PSI (PSIC13) that contains an unobstructed coordination site was
obtained using the Cys 13 Gly PsaC variant (PsaCC13G), which retains a 2-mercaptoethanol ligand
at the FB cluster upon reconstitution.

Additionally, a second, Cys 33 Ser, site-direct point

mutation in the PsaCC13G variant prevents any undesired disulfide bonds from forming at the
surface of the protein (hereafter PsaCC13G/C33S). The 2-mercaptoethanol rescue ligand can be
readily interchanged with a variety of alkyl and aryl thiols through a facile thiol displacement
reaction.

54, 60

Attachment of a 1-(3-thiopropl)-1’-(methyl)-4,4’-bipyridinium chloride wire to the

PsaCC13G/C33S variant provided proof-of-concept that PSI can be directly tethered to an external
cofactor.60 The bipyridinium dye is redox active, with a midpoint potential similar to that of
methyl viologen (E°’ = –440 mV), and has a strong absorbance band at 600 nm when singly
reduced.61 When incubated with P700-FX cores and PsaD, the bipyridinium-ligated variant PsaC
becomes a wired and photochemically active PSI construct. Light-induced reduction of the
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bipyridium dye was observed through steady-state kinetic measurements and time-resolved
optical spectroscopy.

Alkyl and aryl dithiol containing molecular wires can also form iron-sulfur coordination
bonds to the FB cluster in the PsaCC13G/C33S variant by displacement of the retained 2mercaptoethanol at the exchangeable coordination site.62, 63 These wires have been shown to wire
cyanobacterial PSI with Au and Pt nanoparticles, which catalyze hydrogen generation when the
sacrificial electron donor and mediator pair, sodium ascorbate and 2,6-dichlorophenolindophenol
(DCPIP), are present. Light-induced hydrogen is generated at a rate of 3.4 µmol H2"mg Chl-1"h-1
for Au nanoparticle bioconjugates and 9.6 µmol H2"mg Chl-1"h-1 for Pt nanoparticle
bioconjugates prepared with the 1,6-hexanedithiol molecular wires.62 When soluble Cyt c6
replaces DCPIP as the mediator, the rate of hydrogen generation increases to 49.3 µmol H2"mg
Chl-1"h-1.62 This increase in hydrogen generation on the addition of a fast electron donor indicates
a donor side limitation in the re-reduction of PSI. The use of spinach PSI and its native electron
donor, plastocyanin, which generated hydrogen at a rate of 312 µmol H2"mg Chl-1"h-1, further
minimized this rate limitation.

63, 64

These experiments served as proof-of-principle that the

electron transfer chain of PSI could be directly coupled to an external catalyst for light-induced
hydrogen generation. The observed rates of hydrogen generation surpassed the rates seen in the
aforementioned studies when the Pt catalyst was photochemically deposited on the surface of PSI.
These results laid the foundation for tethering PSI to more efficient hydrogen generation catalyst,
i.e. H2ase enzymes or synthetic transition metal catalysts.

An [FeFe]-H2ase from Clostridium acetobutylicum was modified for direct connection to
PSI using the same site-directed mutagenesis approach.65 An exchangeable coordination site was
created by changing the second Cys (position 97) in the iron-sulfur cluster binding motif for the
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surface located distal [4Fe-4S] cluster of the HydA protein to a Gly, H2aseC97G. This allowed for
wiring of the distal iron-sulfur cluster to PSI using the external thiolate ligand, e.g. 1,6hexanedithiol. Cyclic voltammetry studies showed that electron transfer through the variant
enzyme was similar to the wild type,65 which generated hydrogen at a rate of 138.7 mol H2"mol
H2ase-1"s-1 using reduced methyl viologen as the electron donor. Illumination of the PSIC13G—1,6hexanedithiol—[FeFe]-H2aseC97G nanoconstruct in the presence of soluble sodium ascorbate and
Cyt c6 resulted in light-induced hydrogen generation at rate of 30.3 µmol H2"mg Chl-1"h-1.65 This
rate is nearly an order of magnitude higher than those achieved previously using solution-based
combinations of PSI and H2ase. When kept under anoxic conditions, this wired construct
remained active for over 100 days when stored under low light conditions. The rate was further
improved to 200 µmol H2"mg Chl-1"h-1 by crosslinking the Cyt c6 directly to PSIC13G, which
reduced PSI donor-side rate limitations.66 Optimum hydrogen evolution rates were obtained by
varying the length of the wire, buffer composition, and solution pH. The highest rates of
hydrogen generation were obtained with sodium phosphate buffer (pH 6.5) and 1,8-octanedithiol
as the molecular wire. Cyt c6 crosslinked PSIC13G—1,8-octanedithiol—[FeFe]-H2aseC97G
(PSIC13G—H2aseC97G) nanoconstructs generated hydrogen at a one-time maximal rate of 2830
µmol H2"mg Chl-1"h-1, and with an average rate of 2200 ± 460 µmol H2"mg Chl-1"h-1.66 When
this rate is converted into electron flux through a single construct 105 e–"PSI-1"s-1, it is over two
times higher than the 47 e–"PSI-1"s-1 electron transfer rate measured during whole chain, oxygenic
photosynthesis (Figure 1-5). The use of a molecular wire to directly connect redox chains of
natural (PSI—H2ase) and semi-artificial (PSI—nanoparticle) constructs, combined with their high
stability and the potential to minimize diffusion mediated electron transfer makes this a useful
tool for hydrogen generation.
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Figure 1-5: Schematic comparison of electron flow in (A) in vivo photosynthesis and (B) the
wired photosynthetic nanoconstructs. Rates given indicate the electron throughput through each
of the photosynthetic reaction centers in each scenario. Electron transfer is governed primarily by
diffusion in A and through bonds in B. Direct electron transfer reactions are indicated as black
solid arrows, diffusion-based steps as black dashed arrows. Protein complexes are shown as
crystal structures. Crosslinking in B is indicated as a red arrow. The molecular wire structure is
shown in red. (Cb6f: cytochrome b6f complex, Fd: ferredoxin, PQ: plastoquinone pool). 66
In principle, the PSI—catalyst technology can be adapted for use with other redox active
proteins, provided they contain an accessible iron-sulfur cluster, such as formate dehydrogenase,
sulfite reductase, or nitrite reductase, that can be modified for direct connection. It should also be
possible to extend this technology to incorporate either a bio-inspired synthetic hydrogen catalyst
or replace PSI with a biomimetic light-harvesting moiety. A further understanding of the
efficiency of the PSIC13G—H2aseC97G nanoconstruct system and sample parameters will provide
insight into improving this technology and contributing to improved methods for alternative
energy generation. Specifically, the efficiency or quantum yield of the light-induced hydrogen
generation from the optimized PSIC13G—H2aseC97G system was explored (See Chapter 2 of this
thesis) as well as determining the population of protein constructs (See Chapter 3 of this thesis) to
achieve maximum efficiency and rates of hydrogen generation. This technology would also
benefit from the incorporation of [NiFe]-H2ase catalyst (See Chapter 3 of this thesis) to make the
system more oxygen-tolerant and therefore more versatile for wide scale applications.
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1.4 Semi-artificial and artificial hydrogen generation strategies
Natural systems provide a framework for studying and engineering light-driven hydrogen
generation. On a commercial scale, biological approaches for hydrogen generation may or may
not be feasible depending on the costs associated with large-scale protein purification and the
limitations due to long-term protein stability or cofactor sensitivity. Movement towards
replacement of these natural systems in part or on a whole with synthetic mimics or analogs could
improve the stability and functionality of the devices using robust and inexpensive materials.
Synthetic analogs, developed for either light-harvesting or catalysis, have been incorporated into
semi-artificial or artificial hydrogen generation strategies.

1.4.1 Bio-inspired photosensitizers and catalysts
Artificial photosynthesis aims to mimic the function of natural photosynthesis in a
simplified system with synthetic materials or inorganic complexes, with the aim of converting
solar energy into a storable chemical energy such as hydrogen.67-69 Ideally, a complete artificial
photosynthetic device would be a multi-component system that combines a photosensitizing
module for light-harvesting (an antenna system) with a charge separation module (the reaction
center) and separate catalysts for water oxidization and hydrogen generation.

67, 69

A number of

small molecule redox active dyes, transition metal coordination complexes, and semi-conductors
have been explored as artificial light-harvesting systems
(similar in function to PSI)

76-81

70-75

, artificial charge separation motifs

, water oxidation catalysts75, 82-84 (mimicking the oxygen-evolving

complex associated with PSII), and hydrogen generation catalysts85-91 (inspired by the H2ase
active sites).
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Of particular interest are the bio-inspired light-harvesting systems and hydrogen
generation catalysts that have been incorporated into semi- and fully artificial devices. Artificial
light-harvesting systems have been approached in two ways, either through the use of well-known
commercially available semi-conductor materials or small molecule transition metal coordination
complexes. Semi-conductors, such as silicon, CdS, and CdTe have been manufactured into
planar cells, nanorods, orthogonalized nanorod arrays, or as nanocrystals to serve as lightharvesting systems because of the their broad absorption properties and long-term stability.70, 71, 92,
93

Synthetic redox active dyes and transition metal complexes, such as ruthenium bipyridine,

porphyrin, substituted phthalocyanin, and rhenium, complexes, can also be used for visible lightharvesting in the blue and red spectral regions (Figure 1-6).

72-75

The redox properties for these

synthetic dyes and coordination complexes are dependent on their substituent ligands or
macromolecular structure, which can be readily altered for a specific application. Integration of
these bio-inspired light-harvesting materials into a semi- artificial or artificial device is appealing,
given the flexibility of the developing materials to target specific light wavelengths.

Figure 1-6: Molecular structure representations for several redox active dye photosensitizers: (A)
[Ru(bpy)3]2-, (B) porphyrin complex, (C) phtalocyanin complex, M = transition metal center, (D)
rhenium complex, L = Br, H2O, pyridine (py), NCS, benzylisocyanide, or 4dimethylaminopyridine.
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Synthetic hydrogen generation catalysts have also been developed as simplified structural
and functional analogs of [FeFe]- and [NiFe]-H2ase enzyme active sites. These complexes have
been constructed so that Earth-abundant metal centers (Fe, Ni, and Ru) are chelated by different
strength ligands to adjust the electronic properties of the compound for both mechanistic and
catalytic studies. Among the most extensively investigated [FeFe]-H2ase mimic complexes are
the di-iron dithiolate carbonyl coordination complexes with the base structure, Fe2(µ-SR)2(CO)6,
where the µ-SR group is a bridging dithiol that was inspired by the [FeFe]-H2ase crystal structure
(Figure 1-7A).

85-91

Replacement of one or more CO ligands with organophosphine derivatives

and variations in the composition of the µ-SR bridge alter the reduction potential
protonation/hydride formation ability

86

, and water solubility

87

88-90

,

. These properties mimic

functional aspects of the H2ase active site and often achieve electrochemical catalysis, i.e. proton
reduction. Mononuclear Ni diphosphine and NiFe, NiRu, and NiMn coordination complexes
(Figure 1-7, B-E) have also been explored as proton reduction and hydrogen oxidation active site
mimics with variable catalytic properties based on the nature of their substituent ligands.

94-99

These catalysts have shown moderate turnover numbers of 100 to 1000 s-1, with one unusually
active Ni phosphine catalyst displaying an electrochemical turnover number of ~100,000 s-1 at
moderate over-potentials.99 Vitamin B12 inspired cobaloxime (bis(dialkylglyoximato)cobalt)
complexes (Figure 1-7F) have also been extensively studied as efficient and inexpensive
hydrogen generation catalysts. These cobaloxime complexes typically contain a Co (II) center
with two glyoxime (often dimethylglyoxime or difluoroboryl-dimethylglyoxime) ligands and two
exchangeable axial ligands (often –Cl, H2O, or pyridine derivatives).

100-102

The catalytic and

redox properties of these bio-inspired catalysts are strongly influenced by ligand structure, which
can be tailored for incorporation into a hydrogen generation system to achieve very specific
results. Several of these light-harvesting systems and hydrogen generation catalysts have already
been incorporated into working hydrogen generation devices.
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Figure 1-7: Artificial [FeFe]-H2ase and [NiFe]-H2ase biomimetic complexes: (A) general diiron
dithiolate carbonyl complex, deviations occur either by the replacement of one or more CO
groups with stabilizing ligands or substitution of the µ-SR bridge with dithiol alkane or
azodithiolate ligands, (B) nickel complex [Ni(P2PhNC6H4X2)2]2+ where P2PhNC6H4X = 1,5-di(para-Xphenyl)-3,7-diphenyl-1,5-diaza-3,7-diphosphacyclooctane, X = OMe, Me, CH2P(O)(OEt)2, Br,
and CF3, (C) nickel complex [Ni(PPh2NPh)2](BF4)2 where PPh2NPh = 1,3,6-triphenyl-1-aza-3,6diphosphacycloheptane, (D) NiFe thiolate complex, where SR represents 1,3-propanedithiolate or
1,2-ethanedithiolate and PR3 is either 1,2-bis(diphenylphosphino)ethane or 1,2bis(dicyclohenxylphosphino)ethane, (E) generalized Ni-Ru and Ni-Mn complexes, and (F)
dimethylglyoximate cobaloxime complex.

1.4.2 Semi-artificial hydrogen generation strategies
Most of the aforementioned solar hydrogen generation technologies employ three basic
components: 1) a light-harvesting moiety to absorb and convert light energy into a chargeseparated state, 2) an electron transfer relay, and 3) a catalyst where protons are reduced to
hydrogen. Semi-artificial hydrogen generation strategies have been devised in which one of the
biological components is replaced by a synthetic analog. This substitution either improves the
stability and longevity of the device or increases hydrogen output. In these devices, either an
artificial photosensitizer is connected to a biological catalyst, or PSI is paired with a synthetic
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H2ase analog for light-driven hydrogen generation.

Hybrid assembles have been constructed where either [FeFe]- or [NiFe]-H2ases were
deposited onto semi-conductor nanorods, nanocrystals, or TiO2 electrode surfaces for
photochemical hydrogen generation.92, 93, 103-107 These assemblies make use of the high catalytic
activity of the enzyme with a simplified light-harvesting system. King and co-works paired the
[FeFe]-H2ase (CaI) from C. acetobutylicum with semi-conductor photosensitizers, such as CdTe
nanocrystals, or CdS nanorods, for hydrogen generation, (Figure 1-8).92, 93, 103 This hybrid system
self-assembles in solution as a result of the electrostatic interactions between the negatively
charged 3-mercaptopropionic acid (MPA) functionalized photosensitizer surface and a positive
charge amino acid patch on the CaI surface near the distal [4Fe-4S] cluster. A turnover rate of 25
mol H2"mol CaI-1"s-1 was observed for a hybrid system prepared at 4:1 molar of ratio CdTe
nanocrystals and CaI enzyme, in the presence of excess ascorbic acid.92 Higher turnover rates
were observed for systems prepared with CdS nanorads and the CaI enzyme, 380 mol H2"mol
CaI-1"s-1 under monochromatic illumination (405 nm) or 983 mol H2"mol CaI-1"s-1 under white
light.93 These systems are stable for several hours before the CaI enzyme was inactivated by
photo-oxidation of the MPA functional group on the surface of the nanorods. This system is a
promising approach for bridging proteins with artificial light-harvesting complexes, which could
be further improved by stabilizing the surface interactions between the nanorods and the protein.
Additionally, the electron transfer kinetics between the photosensitizer and the CaI has been
extensively studied, as well as the assembly behavior and conditions necessary to optimize lightdriven hydrogen generation.92,

93, 103

The specific electrostatic interactions between the semi-

conductor surface and the enzyme might be adaptable for exploring electron transfer within the
H2ase enzyme or other iron-sulfur containing enzymes.
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Figure 1-8: Scheme showing the assembly of CdS:CaI complexes and photocatalytic hydrogen
generation. CdS and CaI are drawn to scale, while MPA molecules are enlarged ∼5X. Reprinted
(adapted) with permission from 93. Copyright 2012 American Chemical Society
Light-driven hydrogen generation has been observed in systems where a H2ase enzyme
was adsorbed onto the surface of anatase TiO2 powder.104,

105

In these systems, hydrogen

evolution occurs in the presence of mediators such as EDTA, methanol, and methyl viologen,
resulting in rates of upwards of ~970 µmol H2"g-1 TiO2"h-1 when the TiO2 surface was previously
functionalized with a methyl viologen derivative.104 Unfortunately, irreversible inactivation of the
methyl viologen mediator decreased the lifetime of the TiO2: H2ase enzyme hybrids. Rhodium
complexes were also explored as a more robust mediator between the TiO2 surface and the H2ase
enzyme, resulting in turnovers between ~200 and 1500 µmol H2"g-1 TiO2"h-1 depending on the
type of H2ase used.105 More recently, a [NiFeSe]-H2ase, which contains a coordinating
selenocysteine, was adsorbed on the surface of TiO2 nanoparticles functionalized with a Ru
bypyridine complex.

106

Light-induced turnover numbers were found to range between 12,500-

112,500 mol H2"mol H2ase-1"h-1 at neutral pH.

Moore and co-workers have developed a semi-artificial photochemical biofuel cell in
which the cathode was prepared by adsorbing the [FeFe]-H2ase (CaHydA) from C.
acetobutylicum onto a graphite-felt electrode.107 A porphyrin dye-sensitized TiO2 photoanode was
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used to create a light-induced charge-separated state, similar to a reaction center that provided the
necessary reducing equivalents for hydrogen generation. Interestingly, NADH was used as a
soluble electron mediator to re-reduce the porphyrin dye sensitized photoanode, which was
separated from the cathode using a proton exchange membrane.108 Oxidized NAD+ was rereduced by the enzymatic oxidation of a biofuel such as glucose in the anode chamber. Hydrogen
generation was observed over the course of one hour at a rate 23.4 nmol H2"min-1.107 This rate is
similar to photochemical cells prepared with a Pt wire catalyst, 19.8 nmol H2"min-1, which
validates this technology as a promising method to further explore for solar hydrogen generation.

Utschig and co-workers were the first to pair PSI with a synthetic hydrogen generation
catalyst.109, 110 Cobaloxime (specifically Co(dmgH)2pyCl where dmgH = dimethylglyoximate and
py = pyridine) was found to readily self-assemble with PSI in aqueous solution at ratios of two to
four cobaloxime molecules per PSI monomer. When illuminated, hydrogen was generated over
~5 hours at a maximum rate of 118.9 µmol H2 "mg Chl-1"h-1 using sodium ascorbate as sacrificial
donor and Cyt c6 as a mediator.

109

It appears that the cobaloxime dissociates from the PSI

reaction center after photocatalysis, thereby limiting the longevity of this device. In another
study, PSI self-assembled with a Ni diphosphine, [Ni(P2PhN2Ph)2]BF4 catalyst in aqueous solution
and evolved hydrogen at an initial rate of 30.8 µmol H2"mg Chl-1"h-1.110 This Ni disphosphine
catalyst was also inserted into Fld, a redox protein that serves as a natural acceptor to PSI. The
native flavin mononucleotide cofactor (FMN) is not covalently attached to Fld protein scaffold
and can be removed by treatment with organic solvent. When Fld is refolded in the presence of
the Ni catalyst, the catalyst becomes incorporated into the FMN binding pocket at a nearly 1:1
ratio. Interactions between PSI and the Fld bound Ni catalyst result in the rate of light-induced
hydrogen generation of 52.6 µmol H2"mg Chl-1"h-1.110
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These semi- artificial hydrogen generation strategies often exploit electrostatic
interactions of inorganic and biologic materials for directing light-driven hydrogen generation at
promising rates. These interactions might additionally provide a useful method for studying
electron transfer within the H2ase enzyme or the other synthetic catalysts. However, these
interactions could be disrupted or altered by diffusional transport within the system, thereby
limiting the wide scale integration of this technology in a device.

1.4.3 Artificial hydrogen generation strategies
Hydrogen generation catalysts and synthetic light-harvesting systems have also been
incorporated into artificial devices for hydrogen generation. Nocera and colleagues

82

have

developed a photovoltaic approach for the design of an ‘artificial leaf’ that incorporates a
commercially available triple junction amorphous silica photovoltaic electrode with separate
catalysts for water oxidation and hydrogen generation (Figure 1-9). The water oxidation catalyst,
a self-assembling and regenerating cobalt complex, and

a NiMoZn alloy for proton reduction,

are both made from stable Earth-abundant materials and function at neutral pH. 82 Illumination of
the artificial photosynthetic device with a 1 sun AM 1.5 simulated light resulted in oxygen
evolution at the anode and hydrogen evolution at the cathode. A solar-to-fuel conversion
efficiency of 2.5% was observed when the NiMoZn catalyst is deposited directly on the stainless
steel backing of the triple junction photovoltaic electrode, and increased to 4.7% after deposition
of the catalyst onto a Ni mesh substrate wired to the electrode. Lewis and colleagues 71, 111 seek to
construct a photovoltaic hydrogen generation device with individual photosensitizers for the
photoanode and photocathode separated by an oxygen-impervious proton conductive membrane.
This inorganic photovoltaic device would use sunlight to oxidize water into oxygen and
hydrogen, while maintaining product separation, and it would employ Earth-abundant catalysts to
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maximize the efficiency of light absorption and charge separation. Each component, i.e. the
photoanode, photocathode, hydrogen generation catalyst, and conductive membrane, are being
developed separately for future incorporation into a functional device. 71, 111-113

Figure 1-9: 'Artificial leaf' device combining a cobalt water oxidation catalyst (Co-OEC), a triple
junction amorphous silica electrode (3jn-a-Si), and a NiMoZn H2 generation catalyst. The
'artificial leaf' can be operated in either a wired (A) or wireless configuration (B). Adapted “From
82
. Reprinted with permissions from AAAS.”

1.5 Future directions and implications
These biological, semi-artificial, and artificial hydrogen generation devices represent
important contributions for the advancement of alternative energy sources. A further
understanding of how these systems operate and what can be done to improve light-harvesting
and hydrogen generation is critical for developing realistic alternative energy production systems.
Current limitations include, but are not limited to, the oxygen sensitivity of the H2ases enzymes
(even the oxygen-tolerant [NiFe]-H2ase eventually becomes inhibited by oxygen at high partial
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pressures) and the low turnover numbers and limited water solubility of synthetic catalysts.
Additionally, donor limitations to PSI and artificial photosensitizers often restrict the hydrogen
generation activity of the devices. These issues are at the forefront of research, and it is likely that
they will be overcome with further research or that alternative approaches will soon be
discovered.
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Chapter 2

Quantum Yield for H2 Generation from PSIC13G—H2aseC97G Nanoconstructs
[Published in part as a paper titled “Quantum Yield Measurements of Light-Induced H2
Generation in a Photosystem I-[FeFe]H2ase Nanoconstruct” by Amanda M. Applegate, Carolyn
E. Lubner, Phillipp Knörzer, Thomas, Happe, and John H. Golbeck (2014) accepted by
Photosynthesis Research]1
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2.1 Abstract
The quantum yield for light-induced H2 generation was measured for a previously
optimized bio-hybrid cytochrome (Cyt) c6 crosslinked PSIC13G—1,8-octanedithiol—[FeFe]H2aseC97G (PSIC13G—H2aseC97G) nanoconstruct. The theoretical quantum yield for the PSIC13G—
H2aseC97G nanoconstruct is 0.50 molecules of H2 per photon absorbed, which equates to a
requirement of two photons per H2 generated. Illumination of the Cyt c6 crosslinked PSIC13G—
H2aseC97G nanoconstruct with visible light between 400 nm and 700 nm resulted in an average
quantum yield of 0.10 to 0.15 molecules of H2 per photon absorbed, which equates to a
requirement of 6.7 to 10 photons per H2 generated. A possible reason for the discrepancy between
the theoretical and experimental quantum yield is the occurrence of non-productive PSIC13G—1,8octanedithiol—PSIC13G (PSIC13G—PSIC13G) dimers, which would absorb light without generating
H2. Assuming the thiol-Fe coupling is equally efficient at producing PSIC13G—PSIC13G dimers as
well as in producing PSI—H2ase nanoconstructs, the theoretical quantum yield would decrease to
0.167 molecules of H2 per photon absorbed, which equates to 6 photons per H2 generated. This
value is close to the range of measured values in the current study. A strategy which purifies the
PSIC13G—H2aseC97G nanoconstructs from the unproductive PSIC13G—PSIC13G dimers or which
incorporates different chemistries on the PSI and [FeFe]-H2ase enzyme sites could potentially
allow the PSIC13G—H2aseC97G nanoconstruct to approach the expected theoretical quantum yield
for light-induced H2 generation.
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2.2 Introduction
Conversion of solar energy into a fuel such as dihydrogen (H2) is a promising and
renewable approach to supplement the world’s ever-increasing demand for energy. However, for
economic viability, the conversion must be carried out using inexpensive and robust materials in
both the light-harvesting and catalytic steps. In nature, Photosystem I (PSI) efficiently captures
visible light energy between 400 nm and 700 nm using an extended antenna network consisting
of ~90 chlorophyll (Chl) a molecules. It converts light energy into chemical energy using a
specialized reaction center consisting of P700 (a Chl a/Chl a’ special pair) and two branches of
electron cofactors, each of which incorporate two additional Chl a molecules (A-1 and A0) and a
phylloquinone (A1) (Figure 2-1). The two branches converge at the FX [4Fe-4S] cluster and
proceed serially through two additional [4Fe-4S] clusters named FA and FB.2,

3

When coupled

directly to a suitable catalyst, PSI serves as an efficient and robust photosensitizer for H2
generation.4-9 Precious metals such as platinum or gold are typically used as catalysts because
they generate H2 with moderate over-potentials; however they are rare, and therefore, expensive.
A biological alternative, the hydrogenase (H-2ase) enzymes, incorporates Earth-abundant metals,
such as Fe and Ni, to reversibly catalyze both H2 generation and oxidation with equally low overpotentials.10,

11

In particular, the [FeFe]-H2ase enzymes found in anaerobic bacteria, such as

Clostridia, exhibit high H2 production activity with turnover rates reported to range between 6000
to 9000 molecules H2 • (H2ase • S)-1.10 These enzymes contain a di-iron active site that is directly
coordinated with a [4Fe-4S] cluster for catalysis and electron transfer. In some species, this
enzyme can contain additional iron-sulfur clusters for bidirectional electron transport through the
protein matrix.11 For these reasons, H2ase enzymes have been extensively employed as H2
production catalysts as bio-engineered light-driven H2 generation devices.
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Figure 2-1:
Cartoon representation of PSIC13G—1,8-octanedithiol—[FeFe]-H2aseC97G
nanoconstruct showing only the electron transport cofactors for both the PSIC13G photosensitizer
and the [FeFe]-H2aseC97G catalyst (PDB ID: 1JB0, 1FEH). The solid red lines indicate the electron
transport pathway leading to light-induced H2 generation. After absorption of a photon of light by
the Chl a network (not depicted), the excited state energy is transferred to the primary electron
donor P700, which ultimately leads to the formation of a charge-separated state P700+ FB-. Electron
transfer from FB to the H-cluster, followed by re-reduction of P700+, and a subsequent absorption
of a second photon leads to the generation of H2.

Previous work has focused on optimizing light-induced H2 generation from a bio-hybrid
nanoconstruct comprised of a photosensitizer, PSI isolated from Synechococcus sp. PCC 7002,
and a H2 generation catalyst, [FeFe]-H2ase from Clostridum acetobutylicum.7, 8 A commercially
available alkane dithiol molecular wire, e.g. 1,6-hexanedithiol or 1,8-octanedithiol, is used to
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tether the PSI photosensitizer to the [FeFe]-H2ase enzyme through two modified [4Fe-4S] clusters
located on the two proteins (Figure 2-1). An exchangeable coordination site to the terminal FB
[4Fe-4S] cluster of PSI (PSIC13G) is obtained by changing a surface located Cys residue to a Gly
residue in the PsaC subunit.12 The exposed Fe atom retains the ligated external thiolate (2mercaptoethanol) during chemical reconstitution of the [4Fe-4S] cluster, and is later displaced by
the external thiol group of the molecular wire.12 An exchangeable coordination site to the distal
[4Fe-4S] cluster of the [FeFe]-H2ase enzyme is similarly obtained through a modification of a
surface located Cys residue to a Gly residue ([FeFe]-H2aseC97G).7 The dithiol molecular wire
forms an iron-sulfur coordination bond between the two proteins due to the Cys to Gly mutations
that renders the Fe atoms in each of the cubane clusters accessible to solvent. This tethers the two
proteins at a sufficiently short distance, i.e. less then 25 Å, such that the electron quantum
mechanically tunnels13 from the terminal FB [4Fe-4S] cluster of PSIC13G to the distal [4Fe-4S]
cluster of the [FeFe]-H2aseC97G enzyme at a rate faster than the 65 msec charge recombination
between FB– and P700+.4-9 Initial rates of light-induced H2 generation for the PSIC13G—1,6hexanedithiol—[FeFe]-H2aseC97G nanoconstruct were 30.3 µmol H2 •mg Chl-1•h-1.7 This rate was
further optimized to 2800 µmol H2•mg Chl-1•h-1 for samples prepared in 50 mM sodium
phosphate buffer (pH 6.5) using a Cyt c6 crosslinked PSIC13G—1,8-octanedithiol—[FeFe]H2aseC97G (PSIC13G—H2aseC97G) nanoconstruct.8 This rate for artificial H2 generation exceeds the
rate of O2 evolution in natural photosynthesis by a factor between two and three.
Quantum yield measurements provide an excellent metric for the efficiency of a
photochemical process regardless of experimental conditions.14 Many studies have been
conducted to evaluate the quantum yield of processes, such as overall photosynthesis and the
efficiency of a photovoltaic device, with regard to the amount of a photochemical product formed
(i.e. CO2 fixation, O2 evolution, charge separation, or electrons, for example) for each photon
absorbed by the photosensitizer.15-20 These studies have been indispensable in understanding the
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efficiency of the process and in specifying the number of photons, or photochemical steps,
required to drive these reactions, i.e. the inverse of the quantum yield.15
In the present work, the quantum yield of light-induced H2 generation was measured for
the optimized PSIC13G—H2aseC97G nanoconstruct. Here, the quantum yield relates the number of
molecules of H2 produced per photon absorbed, and probes how efficiently the PSIC13G
photosensitizer captures light and transfers electrons via the dithiol molecular wire to the [FeFe]H2aseC97G catalyst. Measurement of the quantum yield of the PSIC13G—H2aseC97G nanoconstructs
provides insight into whether additional considerations are required to improve the coupling
efficiency between the photosensitizer and the catalyst.

2.3 Methods and materials

2.3.1 Photosystem I, cytochrome c6, and [FeFe]-H2aseC97G purification
Wild type (WT) PSI from Synechococcus sp. PPC 7002 was isolated according to 21 using
50 mM Tris-HCl buffer (pH 8.0) containing 0.05% (v/v) Triton X-100, 15% glycerol (v/v), 10
mM MgCl2, and 10 mM NaCl unless otherwise specified. P700-FX cores were prepared by
exposing PSI complexes to 6.8 M urea according to

22, 23

. The PsaCC13G/C33S variant from

Synechococcus sp. PCC 7002 was over-expressed in Escherichia coli BL21(DE3) cells, purified,
and chemically reconstituted as according to
24, 25

12, 24

. WT PsaD from Synechococcus sp. PCC 7002

and Cyt c6 from Synechocystis sp. PCC 6803

26

were over-expressed in E. coli BL21(DE3)

cells, and purified as published.

Rebuilt PSIC13G complexes were assembled in an anoxic environment by incubating P700FX cores with a 20-fold molar excess of PsaCC13G/C33S and a 50-fold molar excess of PsaD
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according to

8, 21, 24

. Unbound PsaCC13G/C33S and PsaD were removed by washing with excess 50

mM Tris-HCl buffer (pH 8.0) containing 0.05% (v/v) Triton X-100, 15% glycerol (v/v), 10 mM
MgCl2, and 10 mM NaCl and passage over a 100 kDa ultrafiltration membrane. Cyt c6 was
crosslinked to PSIC13G according to 8. Time-resolved optical spectroscopy was used to monitor the
loss of PsaC during preparation of P700-FX cores and to confirm the binding of the PsaCC13G/C33S
and PsaD proteins to P700-FX cores as described in 27.

The [FeFe]-H2aseC97G variant from Clostridium acetobutylicum was expressed in the
native organism, and purified according to Lubner et al7.

2.3.2 PSIC13G—H2aseC97G nanoconstruct assembly
The PSIC13G—H2aseC97G nanoconstructs were prepared anoxically according to

7, 8

.

Briefly, 5.7 µg Chl a mL-1 in Cyt c6 crosslinked PSIC13G, 0.133 µM 1,8-octanedithiol wire (Sigma
Aldrich), and 0.133 µM [FeFe]-H2aseC97G were mixed in 50 mM sodium phosphate buffer (pH
6.5) containing 10 mM NaCl, 10 mM MgCl2, 0.05% (w/v) Triton X-100, and 15 (v/v)% glycerol.
A minimum of three sample replicates was prepared for analysis at each respective wavelength.

2.3.3 H2 generation and light intensity measurements
Light-induced H2 generation from the assembled PSIC13G—H2aseC97G nanoconstructs was
measured according to

7, 8

with several modifications. Prior to analysis, self-assembled PSIC13G—

H2aseH97G nanoconstructs were purged with argon and then mixed with an anoxic solution of
electron donors, sodium ascorbate and phenazine methosulfate (PMS). Samples were illuminated
continuously with a restricted two-dimensional illumination area (4.15 cm2) for up to one hour.
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Interference filters were used to filter white light from a 100 W xenon arc lamp (996 µmol • m-2 •
s-1 unfiltered) in approximately 20 nm bandwidth segments across the visible spectrum (400 nm
to 700 nm). A clear polycarbonate bottle filled with distilled water was placed directly in front of
the lamp to absorb infrared radiation. The incident light intensity was measured after passing
through the water and interference filters using a light meter (Bio-spherical Instruments QSL100). H2 generation was quantified using gas chromatography (GC) at defined intervals using a
Shimadzu GC-8A gas chromatograph equipped with a ShinCarbon 80/100 column (2 m x 2 mm)
and a thermal conductivity detector (100 mA detector current) using ultra-pure N2 as the carrier
gas at a flow rate 0.75 mL min-1.

2.3.4 Absorption of light by the nanoconstructs
The amount of light absorbed by samples containing only PSIC13G, only the Cyt c6
crosslinked PSIC13G photosensitizer, and the Cyt c6 crosslinked PSIC13G—H2aseC97G nanoconstruct
was measured in quartz cuvettes with a 1 cm path length using a Cary 50 (Varian Associates)
spectrophotometer. Sample volumes and concentrations were consistent with those used to
prepare PSIC13G—H2aseC97G nanoconstruct samples for quantum yield measurements (see above).
All samples were prepared in anoxic buffer containing 50 mM sodium phosphate buffer (pH 6.5),
10 mM NaCl, 10 mM MgCl2, 0.05% (w/v) Triton X-100, and 15% (v/v) glycerol.

The

absorbance at a given wavelength for the Cyt c6 crosslinked PSIC13G photosensitizer was then
used to calculate the light-harvesting efficiency (LHE) as in
of photons absorbed by the sample.

27

(LHE = 1-10-abs) and the number
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2.4 Results
The absorption spectra of PSIC13G, (Figure 2, dashed line), Cyt c6 (Figure 2, dotted line),
and the assembled Cyt c6 crosslinked PSIC13G—H2aseC97G nanoconstruct (Figure 2, solid line)
were measured in quartz cuvettes with a 1 cm path length. The increased absorbance at 410 nm
and the peaks at 520 nm and 555 nm (Figure 2, inset) in the Cyt c6 crosslinked PSIC13G—
H2aseC97G nanoconstructs are clearly due to the presence of Cyt.

Absorbance

5x

Wavelength (nm)

Figure 2-2: Absorption spectra for PSIC13G at 6.4 µM Chl a (dashes); Cyt c6 crosslinked PSIC13G
—1,8-octanedithiol—[FeFe]-H2aseC97G nanoconstruct at 6.4 µM Chl a (solid); and 15 µM soluble
Cyt c6 (dots). Insert shows Cyt c6 region to the absorption spectrum of the Cyt c6 crosslinked
PSIC13G—1,8-octanedithiol—[FeFe]-H2aseC97G nanoconstruct sample. Samples were prepared in
50 mM sodium phosphate buffer (pH 6.5) containing 10 mM MgCl2, 10 mM NaCl, 0.05% (v/v)
Triton X-100, and 15% (v/v) glycerol, and measured in a 1.0 cm path length quartz cuvette.

Light-induced H2 generation from the optimized PSIC13G—H2aseC97G nanoconstructs was
assayed at specified time points in ~20 nm bandpass segments between 400 nm and 700 nm.
Table 2-1 shows the rates of H2 generated in units of µmol•mg Chl-1•h-1 as a function of
wavelength. Here, no attempt was made to correct for differences in the number of photon•m-2
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incident on each sample at the different wavelengths. Control experiments were performed using
samples excluding one or more sample components or with WT proteins to ensure that H2 is
generated only from samples containing the optimized PSIC13G—H2aseC97G nanoconstructs. A
minimum of three replicate H2 generation assays was performed at each wavelength.

Table 2-1: Wavelength dependent rates of light-induced H2 generated for the Cyt c6 crosslinkedPSIC13G—1,8-octaneditiol —[FeFe]-H2aseC97 nanoconstruct.
Wavelength
(nm)

µmol H2(mg Chl a)-1h-1

405
270
±
180
420
270
±
160
440
280
±
85
460
200
±
130
490
130
±
70
500
160
±
15
510
330
±
70
520
280
±
130
540
300
±
60
550
140
±
80
570
121
±
80
590
490
±
220
620
500
±
300
640
320
±
140
660
530
±
120
680
540
±
100
700
325
±
180
* Samples were prepared in 50 mM sodium phosphate buffer, pH 6.5. At least three individual
sample replicates were assayed at each wavelength. Controls excluding one or more precursors
(Cyt c6 crosslinked PSIC13G, 1,8-octaneditiol, or [FeFe]-H2aseC97G) did not generate H2.

The wavelength specific light-harvesting efficiency (LHE), Table 2-2, was determined
from the absorbance spectrum of the Cyt c6 crosslinked PSIC13G. Using this information, as well
as measurement of the number of photon • m-2 incident on the sample, the quantum yield could be
calculated for the light-induced H2 generation by the optimized PSIC13G—H2aseC97G

46
nanoconstructs at a given wavelength. The number of molecules of H2 generated per photon
absorbed by the PSIC13G photosensitizer was determined according to equation 1:

𝜙!! =

!
!  !  ! ∗(!"#)

(1)

where M is the number molecules of H2 produced, n is the number of photon • m-2
incident on sample, A is the two dimensional illumination area (m2), and LHE, equal to (1-10-abs),
is the wavelength specific light-harvesting efficiency of the photosensitizer.28 The LHE of the
photosensitizer accounts for the number of incident photons absorbed and provides an accurate
determination of the quantum yield, as the photosensitizer does not absorb all incident photons.

Table 2-2: Cyt c6 crosslinked PSIC13G absorption and LHE values.
Wavelength
(nm)

Cyt c6 crosslinked-PSIC13G
Absorption

LHE

405
0.437
0.634
420
0.529
0.704
440
0.387
0.589
460
0.144
0.281
490
0.101
0.208
500
0.085
0.177
510
0.067
0.143
520
0.058
0.126
540
0.044
0.097
550
0.055
0.118
570
0.041
0.091
590
0.046
0.101
620
0.072
0.153
640
0.062
0.133
660
0.209
0.382
680
0.163
0.313
700
0.032
0.072
*Samples were prepared in 50mM sodium phosphate buffer (pH 6.5) containing 10 mM MgCl2
10 mM NaCl, 0.05% (v/v) Triton X-100, and 15% glycerol (v/v). Absorbance measurements
performed at 5.7 µg/mL Chl a with 1 cm path length quartz cuvette.
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The quantum yields of the optimized PSIC13G—H2aseC97G nanoconstructs are depicted in
Figure 2-3A at wavelengths from 400 nm to 700 nm. The reciprocal of the quantum yield, the
number of photons required per H2, is depicted in Figure 2-3B. The quantum yield ranged from a
low of 0.06 ± 0.01 at 660 nm to a high of 0.20 ± 0.09 at 440 nm with the largest standard
deviations typically in samples that have the lowest extinction coefficients for light absorption.
Taking the error bars into consideration, the quantum yield between wavelengths of 400 and 700
nm averaged between 0.10 and 0.15 molecules of H2 per absorbed photon, which is equivalent to
6.7 to 10 photons required per H2 generated.
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Figure 2-3: Quantum yield of light-induced H2 generation (A), and the photon requirement of H2
generation (B) for Cyt c6 crosslinked PSIC13G—1,8-octanedithiol—H2aseC97G nanoconstructs in 50
mM sodium phosphate buffer (pH 6.5) as a function of wavelength (left axis). Error bars
represent the standard deviation of at least three replicate samples per wavelength. Overlay:
absorbance spectrum of Cyt c6 crosslinked PSIC13G—1,8-octanedithiol—H2aseC97G at 5.7µg mL-1
Chl a (solid black line; right axis)

The theoretical maximum quantum yield can be calculated for the PSIC13G—H2aseC97G
nanoconstruct by considering the entire process for photocatalytic H2 generation. As described by
the H2/H+ half-cell reaction (2), H2 is generated by the combination of two electrons and two
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protons when the potential exceeds -420 mV, (equation 2). Thus, two electrons are required to
reach the active site of the [FeFe]-H2aseC97G enzyme.

2H + +2e-‐ ↔H2    (2)

Absorption of visible light between 400 nm and 700 nm by the Chl antenna network of
the PSIC13G photosensitizer results in the charge separation between P700 (the primary donor) and
FB, the terminal electron acceptor. FB has a pH independent midpoint potential of -580 mV,
making the reduction of protons thermodynamically favorable.29 One electron by PSIC13G is
transferred to the distal [4Fe-4S] of the [FeFe]-H2aseC97G enzyme for every photon absorbed
(Figure 2-1). Following the reduction of P700+ to P700 by the electron donor pool, which is
provided by the crosslinked Cyt c6 and the sacrificial chemical electron donor sodium ascorbate,
the absorption of a second photon promotes a second electron through the PSIC13G reaction center
to the [FeFe]-H2aseC97G enzyme. Consequently, the PSIC13G photosensitizer must absorb two
photons in order to transfer two electrons in series to the [FeFe]-H2aseC97G enzyme to generate
one molecule of H2. Thus, the theoretical quantum yield for light-induced H2 generation from the
PSIC13G—H2aseC97G nanoconstruct is 0.50 molecules of H2 per photon absorbed.

2.5 Discussion
These results show that the quantum yield for H2 generation averages between 0.10 and
0.15 molecules of H2 per photon absorbed for a previously optimized PSIC13G—H2aseC97G
nanoconstruct. A quantum yield less than 0.50 indicates that not all of the absorbed photons lead
to product formation. One explanation is that the thiol-Fe coupling of the precursors leading to
the PSIC13G—H2aseC97G nanoconstruct may be inefficient. Another explanation may lie in the
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inherent manner in which the PSIC13G—H2aseC97G nanoconstructs are assembled. It should be
noted that the Cyt c6 crosslinked PSIC13G photosensitizer is incubated with the [FeFe]-H2aseC97G
catalyst in the presence of a symmetrical dithiol molecular wire. Although this allows for selfassembly of the PSIC13G—H2aseC97G nanoconstruct, it also allows iron-sulfur coordination bonds
to form between two PSIC13G photosensitizers and between two [FeFe]-H2aseC97G catalysts. The
[FeFe]-H2aseC97G—1,8-octanedithiol—[FeFe]-H2aseC97G (H2aseC97G—H2aseC97G) dimer does not
strongly absorb light in the visible region. However, the PSIC13G—1,8-octanedithiol—PSIC13G
(PSIC13G—PSIC13G) dimers absorb twice as many photons as the PSIC13G—H2aseC97G
nanoconstructs, and because the former does not lead to H2 generation, it has a significant effect
on the quantum yield. If the thiol-Fe coupling were equally efficient at generating PSIC13G—
PSIC13G dimers as well as generating PSIC13G—H2aseC97G nanoconstructs, the quantum yield would
decrease to 0.167 molecules of H2 per photon absorbed. This is close to the range of measured
values in the current study.
An understanding of how the current PSIC13G—H2aseC97G nanoconstruct assembles is
therefore critical for improving the design and ensuring the most efficient H2 generation with this
system. A variety of strategies can be considered that would either allow removal of, or prevent
the occurrence of PSIC13G—PSIC13G dimers. The former might be accomplished by using the
affinity tag on the [FeFe]-H2aseC97G enzyme to separate the productive PSIC13G—H2aseC97G
nanoconstructs from the non-productive PSIC13G—PSIC13G dimers. The latter might be
accomplished by incorporating different coupling chemistries on the PSI and [FeFe]-H2ase
enzyme sites that would preclude the assembly of non-productive PSIC13G—PSIC13G dimers. Now
that the quantum yield measurements have provided a clue, future work will focus on either
isolating or producing a PSIC13G—H2aseC97G nanoconstruct that should achieve the expected
theoretical quantum yield for light-induced H2 generation.
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2.6 Summary
Previous work with the optimized PSIC13G—H2aseC97G nanoconstruct has shown that the
direct connection of a light sensitizer to a H2 production catalyst leads to high rates of lightinduced H2 generation.

These rates exceed the electron throughput of PSI in natural

photosynthesis. Understanding how this system works and if it is operating at maximum
efficiency is vital for producing a system for the direct conversion of light into a storable fuel, i.e.
H2. In this study, the quantum yield for light-induced H2 generation was calculated based on the
amount of H2 generated for every photon of light absorbed by the photosensitizer. On average
illumination of the optimized PSIC13G — H2aseC97G nanoconstruct with light between 400 and 700
nm results in 0.10 and 0.15 molecules H2 per absorbed photon, which is equivalent to 6.7 to 10
photons required per H2 generated. Taking into consideration the way the sample is prepared, the
formation of PSIC13G—PSIC13G and H2aseC97G—H2aseC97G dimers could explain the expected the
theoretical quantum yield of 0.167 molecules of H2 per photon absorbed. Future improvements to
the PSIC13G—H2aseC97G nanoconstruct will focus on obtaining samples capable of achieving the
theoretical maximum efficiency, either through sample purification or modification of the
coupling chemistry used to directly tether the redox cofactors.

52
2.7 References
[1] Applegate, A. M., Lubner, C. E., Knorzer, P., Happe, T., and Golbeck, J. H. (2014) Quantum
yield Measurements of light-induced H2 Generation in a Photosystem I-molecular wire[FeFe]H2ase Nanoconstruct, Photosynthesis Res. (Accepted)
[2] Golbeck, J. H. (1993) Shared thematic elements in photochemical reaction centers, Proc Natl
Acad Sci U S A 90, 1642-1646.
[3] Jordan, P., Fromme, P., Witt, H. T., Klukas, O., Saenger, W., and Kraub, N. (2001) Threedimensional structure of cyanobacterial photosystem I a 2.5 A resolution, Nature 411,
909-917.
[4] Grimme, R. A., Lubner, C. E., Bryant, D. A., and Golbeck, J. H. (2008) Photosystem
I/molecular wire/metal nanoparticle bioconjugates for the photocatalytic production of
H2, J. Am. Chem. Soc. 130, 6308-6309.
[5] Grimme, R. A., Lubner, C. E., and Golbeck, J. H. (2009) Maximizing H-2 production in
Photosystem I/dithiol molecular wire/platinum nanoparticle bioconjugates, Dalton
Trans., 10106-10113.
[6] Lubner, C. E., Grimme, R., Bryant, D. A., and Golbeck, J. H. (2009) Wiring Photosystem I
for Direct Solar Hydrogen Production, Biochemistry 49, 404-414.
[7] Lubner, C. E., Knorzer, P., Silva, P. J. N., Vincent, K. A., Happe, T., Bryant, D. A., and
Golbeck, J. H. (2010) Wiring an [FeFe]-Hydrogenase with Photosystem I for LightInduced Hydrogen Production, Biochemistry 49, 10264-10266.
[8] Lubner, C. E., Applegate, A. M., Knorzer, P., Ganago, A., Bryant, D. A., Happe, T., and
Golbeck, J. H. (2011) Solar hydrogen-producing bionanodevice outperforms natural
photosynthesis, Proc. Natl. Acad. Sci. USA 108, 20988-20991.
[9] Lubner, C. E., Heinnickel, M., Bryant, D. A., and Golbeck, J. H. (2011) Wiring photosystem I
for electron transfer to a tethered redox dye, Energ. Environ. Sci. 4, 2428-2434.
[10] Frey, M. (2002) Hydrogenases: Hydrogen-Activating Enzymes, ChemBioChem 3, 153-160.
[11] Fontecilla-Camps, J. C., Volbeda, A., Cavazza, C., and Nicolet, Y. (2007) Structure/Function
Relationships of [NiFe]- and [FeFe]-Hydrogenases, Chem. Rev. 107, 4273-4303.
[12] Antonkine, M. L., Maes, E. M., Czernuszewicz, R. S., Breitenstein, C., Bill, E., Falzone, C.
J., Balasubramanian, R., Lubner, C., Bryant, D. A., and Golbeck, J. H. (2007) Chemical
rescue of a site-modified ligand to a [4Fe-4S] cluster in PsaC, a bacterial-like dicluster
ferredoxin bound to Photosystem I, Biochim. Biophys. Acta 1767, 712-724.
[13] Marcus, R. A., and Sutin, N. (1985) Electron transfers in chemistry and biology, Biochim.
Biophys. Acta 811, 265-322.
[14] Kudo, A., and Miseki, Y. (2009) Heterogeneous photocatalyst materials for water splitting,
Chem. Soc. Rev. 38, 253-278.
[15] Emerson, R. (1958) The Quantum Yield of Photosynthesis, Ann Rev Plant Physiol 9, 1-24.
[16] Evans, J. (1987) The Dependence of Quantum Yield on Wavelength and Growth Irradiance,
Funct. Plant Biol. 14, 69-79.
[17] Harbinson, J., Genty, B., and Baker, N. R. (1989) Relationship between the Quantum
Efficiencies of Photosystems I and II in Pea Leaves, Plant Physiol. 90, 1029-1034.
[18] Klughammer, C., and Schreiber, U. (1994) An improved method, using saturating light
pulses, for the determination of photosystem I quantum yield via P700+-absorbance
changes at 830 nm, Planta 192, 261-268.
[19] Hogewoning, S. W., Wientjes, E., Douwstra, P., Trouwborst, G., van Ieperen, W., Croce, R.,
and Harbinson, J. (2012) Photosynthetic Quantum Yield Dynamics: From Photosystems
to Leaves, The Plant Cell Online 24, 1921-1935.

53
[20] Maeda, K., Teramura, K., Lu, D., Takata, T., Saito, N., Inoue, Y., and Domen, K. (2006)
Photocatalyst releasing hydrogen from water, Nature 440, 295-295.
[21] Li, N., Warren, P. V., Golbeck, J. H., Frank, G., Zuber, H., and Bryant, D. A. (1991)
Polypeptide composition of the Photosystem I complex and the Photosystem I core
protein from Synechococcus sp. PCC 6301, Biochim. Biophys. Acta 1059, 215-225.
[22] Parrett, K. G., Mehari, T., Warren, P. G., and Golbeck, J. H. (1989) Purification and
properties of the intact P-700 and Fx-containing Photosystem I core protein, Biochim.
Biophys. Acta 973, 324-332.
[23] Golbeck, J. H., Parrett, K. G., Mehari, T., Jones, K. L., and Brand, J. J. (1988) Isolation of
the Intact Photosystem-I Reaction Center Core Containing P700 and Iron-Sulfur Center
Fx, FEBS Lett. 228, 268-272.
[24] Li, N., Zhao, J. D., Warren, P. V., Warden, J. T., Bryant, D. A., and Golbeck, J. H. (1991)
PsaD is required for the stable binding of PsaC to the photosystem I core protein of
Synechococcus sp. PCC 6301, Biochemistry 30, 7863-7872.
[25] Zhao, J. D., Warren, P. V., Li, N., Bryant, D. A., and Golbeck, J. H. (1990) Reconstitution of
electron transport in photosystem I with PsaC and PsaD proteins expressed in Escherichia
coli, FEBS Lett. 276, 175-180.
[26] Díaz, A., Navarro, F., Hervás, M., Navarro, J. A., Chávez, S., Florencio, F. J., and De la
Rosa, M. A. (1994) Cloning and correct expression in E. coli of the petJ gene encoding
cytochrome c6 from Synechocystis 6803, FEBS Lett. 347, 173-177.
[27] Vassiliev, I. R., Jung, Y. S., Mamedov, M. D., Semenov, A., and Golbeck, J. H. (1997)
Near-IR absorbance changes and electrogenic reactions in the microsecond-to-second
time domain in Photosystem I, Biophys. J. 72, 301-315.
[28] Nazeeruddin, M. K., Kay, A., Rodicio, I., Humphry-Baker, R., Mueller, E., Liska, P.,
Vlachopoulos, N., and Graetzel, M. (1993) Conversion of light to electricity by cisX2bis(2,2'-bipyridyl-4,4'-dicarboxylate)ruthenium(II) charge-transfer sensitizers (X = Cl-,
Br-, I-, CN-, and SCN-) on nanocrystalline titanium dioxide electrodes, J. Am. Chem.
Soc. 115, 6382-6390.
[29] Heathcote, P., Williams-Smith, D. L., Sihra, C. K., and Evans, M. C. W. (1978) The role of
the membrane-bound iron-sulphur centres A and B in the Photosystem I reaction centre
of spinach chloroplasts, Biochim. Biophys. Acta 503, 333-342.

54
Chapter 3

Characterization and Extension of PSIC13G—H2aseC97G Nanoconstructs
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3.1 Abstract
Recently, our laboratory developed and optimized a device that couples Photosystem I
(PSI) with an [FeFe]-hydrogenase (H2ase) enzyme for direct generation of dihydrogen (H2) from
sunlight. This bio-hybrid biological/organic nanoconstruct was assembled using a dithiol
molecular wire to connect the terminal [4Fe-4S] cluster, FB, of PSI isolated from Synechococcus
sp. PCC 7002 directly to the distal [4Fe-4S] cluster of an [FeFe]-H2ase isolated from Clostridium
acetobutylicum. It should be noted that the PSI—molecular wire—[FeFe]-H2ase (PSIC13G—
H2aseC97G) nanoconstructs are allowed to self-assemble in solution prior to the light-induced H2
generation assays. As shown in Chapter 2, there exists an equal probability that in addition to
PSIC13G—H2aseC97G

nanoconstructs,

PSIC13G—molecular

wire—PSIC13G

(PSIC13G—PSIC13G)

dimers, or [FeFe]-H2aseC97G—molecular wire—[FeFe]-H2aseC97G (H2aseC97G—H2aseC97G) dimers
might also form and decrease the overall efficiency of H2 generation. The nanoconstructs samples
were therefore analyzed using methods, such as analytical ultracentrifugation (AUC) and native
PAGE to provide insight into the biochemical composition of each sample. Affinity
chromatography was also explored as a method to exclude PSIC13G—PSIC13G dimers from the
sample population to increase efficiency during light-induced H2 generation assays.
Unfortunately, attempts to resolve the sample composition or to purify PSIC13G—H2aseC97G
nanoconstructs proved to be unsuccessful. The PSIC13G—H2aseC97G nanoconstruct was extended to
incorporate a more oxygen-tolerant [NiFe]-H2ase enzyme for directed light-induced H2
generation. Finally, PSI expressed in vivo with the PsaCC13G/C33S variant was biophysically
characterized in vitro for use as a photosensitizer in light-induced H2 generation assays.
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3.2 Introduction
Technologies and strategies have been developed with the aim of achieving light-driven
H2 generation using natural photosynthetic proteins and catalysts. Characterizing these constructs
in terms of efficiency or sample composition should provide insight for the development of an
economic and robust H2 generation scheme. In our laboratory, high rates of light-driven H2
generation have been achieved using a bio-hybrid nanoconstruct device, which directly connects
cyanobacterial PSI to a H2 generation catalyst, the [FeFe]-H2ase from C. acetobutylicum, (Figure
3-1A).

1, 2

A commercially available dithiol molecule, i.e. 1,6-hexanedithiol, links the two

proteins together by forming an iron-sulfur coordination bond between two surface-located, lowpotential redox cofactors. 1-6 Maximum rates of light-driven H2 generation of 2200 µmol H2"(mg
Chl)-1"h-1, were measured using cytochrome (Cyt) c6

crosslinked PSIC13G—H2aseC97G

nanoconstructs prepared with a 1,8-octanedithiol wire, in 50 mM sodium phosphate buffer (pH
6.5).1, 2 The wavelength dependent quantum yield of light-induced H2 generation ranges between
0.10 to 0.15 molecules of H2 per photon absorbed for the optimized system, which equates to a
requirement of 6.7 to 10 photons per H2 generated.7 Theoretically, the quantum yield for the
PSIC13G—H2aseC97G nanoconstruct is expected to be 0.50 molecules of H2 per photon absorbed,
which equates to a requirement of two photons per H2 generated. However, the PSIC13G—
H2aseC97G nanoconstruct samples are allowed to self-assemble in solution, which could allow for
non-productive, PSIC13G—PSIC13G dimers (Figure 3-1B) or H2aseC97G—H2aseC97G dimers (Figure
3-1C) to form. The discrepancy between the theoretical and experimental quantum yield might
result from PSIC13G—PSIC13G dimers in the sample population that absorb light without generating
H2. H2aseC97G—H2aseC97G dimers should not absorb light strongly in the visible region; however,
they would also not contribute to light-driven H2 generation. Consequently, it is necessary to
determine if PSIC13G—PSIC13G dimers and/or H2aseC97G—H2aseC97G dimers form in solution and if
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they can be removed or separated from PSIC13G—H2aseC97G nanoconstructs so that the efficiency
of light-driven H2 generation can be increased.

A

B
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S

S
S

S

S

C

Figure 3-1: Cartoon of the PSIC13G—1,8-octanedithiol—[FeFe]-H2aseC97G nanoconstruct (A),
hypothesized PSIC13G—1,8-octanedithiol—PSIC13G dimer (B), and [FeFe]-H2aseC97G—1,8octanedithiol—[FeFe]-H2aseC97G dimer. Not shown to scale (PDB IDS: 1JB0, 1FEH) PSI is
shown in green, orange, and pink; H2ase is shown in cyan.
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We have empolyed strategies to analyze the PSIC13G—H2aseC97G nanoconstruct sample,
and we have explored methods to confirm or separate the anticipated PSIC13G—PSIC13G dimers
from the PSIC13G—H2aseC97G nanoconstructs. In principle, these species should readily be
distinguished based on their molecular weights and hydrodynamic properties, assuming that the
iron-sulfur coordination bonds connecting the protein remain intact. AUC, and blue native PAGE
(BN-PAGE) have been investigated as options for visualizing the composition of the selfassembled nanoconstruct samples.8-10 Both AUC and BN-PAGE have been used successfully to
estimate the molecular weights of large membrane bond proteins, specifically PSI and PSII,
providing precedence that these techniques could be applied to analyze the PSIC13G—H2aseC97G
nanoconstruct samples.10-15 Once the presence of PSIC13G—PSIC13G dimers are confirmed, it
should then be possible to remove them using affinity chromatography and re-measure the H2
production efficiency from the purified nanoconstruct samples.

The [FeFe]-H2aseC97G enzyme contains a Strep-tag® II (Strep-tag) affinity tag, which
allowed us to investigate sample preparation methods that preferentially isolate the PSIC13G—
H2aseC97G nanoconstructs.16 The Strep-tag is an eight amino acid (WSHPQFEK) tag that binds to
Strep-Tactin® affinity resin for rapid purification. In principle, it should be possible to attach the
PSIC13G—H2aseC97G nanoconstructs to the affinity resin using the Strep-tag on the [FeFe]H2aseC97G enzyme, wash away any unbound protein, and elute the PSIC13G—H2aseC97G
nanoconstructs intact and functional. This sample preparation step would eliminate the need to
determine if PSIC13G—PSIC13G dimers are formed in solution and potentially allow for more
efficient H2 generation.

Additionally, the feasibility of extending the nanoconstruct technology to incorporate a
more oxygen-tolerant enzyme catalyst was explored as well as the characterizing a variant of PSI
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protein expressed with the PsaCC13G/C33S mutations in vivo to be used as a light harvesting
photosensitizer. [FeFe]-H2ase enzymes are irreversibly inhibited by oxygen, and as such, a more
oxygen-tolerant nanoconstruct system would be required to develop this technology into a
construct that includes light-induced water oxidation. Several [NiFe]-H2ase enzymes found in
aerobic organisms are known to reversibly convert the H2 into electrons and protons to drive
cellular respiration. Specially, the membrane-bound [NiFe]-H2ase (MBH) from Ralstonia
eutropha H16 is an oxygen-tolerant enzyme, which is known to generate H2 in the presence of
ambient oxygen.17,

18

MBH is a diameric enzyme that contains three iron-sulfur clusters for

electron transport between the protein surface and catalytic active site.19,

20

One of these three

clusters is low potential [4Fe-4S] cluster, i.e. the distal cluster to the active site, that is ligated by
three thiol cysteine ligands and one unusual, solvent-exposed histidine residue. A variant of the
MBH enzyme has been engineered to have a His to Gly mutation (at position 187) to the distal
[4Fe-4S] cluster, MBHH187G, (J. Fristch, O. Lenz, and B. Friedrich, Humboldt Universität zu
Berlin). This point mutation should provide an unobstructed coordination site to the distal cluster
for direct attachment of the PSIC13G photosensitizer (Figure 3-2) and allow for directed lightinduced hydrogen generation under less stringent anoxic conditions.

S

S
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Figure 3-2: Cartoon of the PSIC13G—1,8-octanedithiol—MBHH187G construct, not shown to
scale. (PDB ID: 1JB0 and 414U) Membrane spanning subunits of PSI are shown in green, PsaC
in magenta, PsaD in orange, while the MBH small subunit, HoxK, containing the iron-sulfur
clusters is shown in purple, and the MBH large subunit, HoxG, containing the active site is shown
in cyan.

Finally, a more efficient in vitro H2 generation strategy might be possible if a variant PSI
with the PsaCC13G/C33S (PSI ΔPsaC: PsaCC13G/C33S) point mutations were expressed in vivo in
Synechococcus sp. PCC 7002. This could eliminate the manipulations to wild type (WT) PSI
trimers that are necessary to obtain the required exchangeable coordination site at the FB ironsulfur cluster for attachment to a catalyst. This variant PSI was produced and isolated (A. Perez,
and D. Bryant, Penn State University). It was analyzed using time-resolved optical spectroscopy
and electron paramagnetic resonance spectroscopy (EPR) to confirm the presence of the electron
transport co-factors, FA and FB. Additionally, forward electron donation from PSI to external
acceptors in vitro was probed using flavodoxin (Fld) as well as and platinum nanoparticles to
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provide proof-of-principle that the PSI ΔPsaC: PsaCC13G/C33S can be wired to a catalyst for H2
generation.

3.3 Methods and materials

3.3.1 Photosystem I and recombinant protein purification
WT PSI trimers were isolated from Synechococcus sp. PCC 7002 according to a
previously published procedure

21

. PSI trimers were separated from detergent-solubilized

thylakoid membranes using 1% (w/v) Triton X-100 and purified on 5-20% (w/v) sucrose density
gradients. The PSI trimers were isolated in 50 mM Tris-HCl buffer (pH 8.0) containing 0.05 %
(v/v) Triton X-100, 15% (v/v) glycerol, 10 mM MgCl2, and 10 mM NaCl, (PSI buffer).21
Treatment of the purified PSI trimers with 6.8 M urea removed the native stromal subunits, PsaC,
PsaD, and PsaE, and formed P700-FX cores.22, 23 After a four fold dilution with 50 mM Tris-HCl
buffer (pH 8.0), the P700-FX cores were dialyzed overnight. The unbound proteins and remaining
urea were subsequently removed by passage over a 100 kDa ultrafiltration membrane. Triton X100 was added to P700-FX cores to 0.1% (v/v) before ultrafiltration.

The PsaCC13G/C133S variant protein from Synechococcus sp. PCC 7002 was over-expressed
in Escherichia coli strain BL-21 (DE3), purified, chemically reconstituted, and stored under
strictly anoxic conditions following

21, 24

. WT PsaD from Synechococcus sp. PCC 7002 was also

over-expressed in E. coli strain BL-21 (DE3), and purified as in 21, 25.

Rebuilt PSI (PSIC13G) was prepared by incubating freshly prepare P700-FX cores with a 10fold molar excess of chemically reconstituted PsaCC13G/C133S and a 20-fold molar excess of PsaD
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under strictly anoxic conditions.2, 21, 26 Unbound PsaCC13G/C133S and PsaD proteins were removed
by washing with anoxic PSI buffer over a 100 kDa ultrafiltration membrane. Time-resolved
optical spectroscopy at 820 nm was used to confirm the binding of variant PsaC protein to the
P700-FX cores.

Cyt c6 from Synechocystis sp. PCC 6803 was over-expressed in E. coli strain BL-21
(DE3) and purified according to

27

. The Cyt c6 was crosslinked to the PSIC13G using the zero-

length cross-linking agent 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC) and Nhydroxysulfosuccinimide (sulfo-NHS) following the manufacturer’s protocol (Thermo Scientific)
when specified. 28, 29

Fld from Synechococcus sp. PCC 7002 was recombinantly expressed in E. coli strain
BL21 using LB media supplemented with 5 µg L-1 flavin mononucleotide and purified as in ref 30.

2.3.2 [FeFe]- and [NiFe]-hydrogenase purification
The C97G variant [FeFe]-H2ase (H2aseC97G) from Clostridium acetobutylicum was
expressed in the native organism, and purified according to ref 1.

The H187G variant of the membrane-bound [NiFe]-H2ase enzyme (MBHH187G) was
produced in the strain R. eutropha HF902 [pHG1-, tatAG29S, pGE745 (pMBH, hoxkH187G Strep-tag II)].
(J. Fritsch, O. Lenz, and B. Friedrich, Humboldt Universität zu Berlin.) MBHH187G was purified
using Strep-Tactin® Superflow (IBA, Germany) affinity resin under both atmospheric oxygen
and anoxic conditions. The MBHH187G was eluted from the affinity resin using either 50 mM
potassium phosphate buffer (pH 7.02) or 100 mM Tris-HCl buffer (pH 8.0) supplemented with
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150 mM NaCl, 15% (v/v) glycerol, and 2.5 mM desthiobiotin. The rescue ligand 2mercaptoethanol (BME) was also added during a purification of MBHH187G under atmospheric
oxygen to act as a rescue ligand. WT MBH enzyme was obtained from the R. eutropha strain
HF649 [R. eutropha HF210 nor(RAB)DF(hoxK’-lacZ), pGE636 (pMBH, hoxKStrep-tag C-terminal)] for
control experiments. WT MBH was solubilized from the membrane fraction using 2% (v/v)
Triton X-114 and purified using Strep-Tactin® Superflow (IBA, Germany) affinity resin in 50
mM potassium phosphate buffer (pH 7.01) containing 150 mM NaCl, 15% (v/v) glycerol. Unless
otherwise specified, the MBHH187G and WT MBH were concentrated using a over a 30 kDa
ultrafiltration membrane into a final buffer of 50 mM potassium phosphate (pH 6.5) containing
150 mM NaCl, and 15% (v/v) glycerol. Protein concentration, and purity was assayed using a
Comassie (Bradford) Protein Assay Kit (Thermo Scientific) and 12% (w/v) acrylamide SDSPAGE gel. Mass Spectrometry was performed on protein fragments from the MBHH187G enzyme
after trypsin digest at the Proteomics and Mass spectrometry Core Facility (Penn State University,
University Park).

H2 generation activity was determined in 1.0 mL reactions, in which 10 to 20 µL aliquots
of the MBHH187G and WT MBH were added to reaction mixtures containing 10 mM methyl
viologen, 20 mM Na-dithionite, 6 mM NaOH, and 50 mM K-phosphate buffer (pH 7.0).31 The
reactions were prepared in 6 mL glass vials sealed with red septum stoppers (ChemGlass), and
purged with argon. H2 generation was quantified using gas chromatography (GC) at defined
intervals using a Shimadzu GC-8A gas chromatograph equipped with a ShinCarbon 80/100
column (2 m x 2 mm) and a thermal conductivity detector (100 mA detector current) using ultrapure N2 as the carrier gas at a flow rate 0.75 mL min-1.
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3.3.3 Characterization the PSIC13G—H2aseC97G nanoconstruct.

3.3.3.1. PSIC13G—H2aseC97G nanoconstruct assembly
PSIC13G—H2aseC97G nanoconstructs were prepared at a 1:1:1 molar ratio of P700: 1,6hexanedithiol molecular wire: [FeFe]-H2aseG97C and allowed to self-assemble in darkness under
anoxic conditions. Sample concentrations and volumes were altered for each specific analysis
technique and are specified as necessary. Samples were prepared using the 1,6-hexanedithiol
molecular wire in 50 mM Tris-HCl buffer (pH 8.0) containing 10 mM NaCl, 10 mM MgCl2, 15%
(v/v) glycerol, and 0.05% (v/v) Triton X-100, unless otherwise specified.

3.3.3.2. Analytical ultracentrifugation (AUC)
Sedimentation

velocity

experiments

were

conducted

using

a

Beckman

XLI

ultracentrifuge and an AN-50 Ti rotor in absorption mode. PSIC13G—H2aseC97G nanoconstruct
samples containing 18 µg chlorophyll (Chl) a mL-1, 0.20 µM 1,8-octanedithiol, and 0.20 µM
[FeFe]-H2aseC97G were allowed to self-assemble overnight under an anoxic atmosphere. Samples
(~410µL) were placed into assembled sample cells containing aluminum centerpieces and quartz
windows (Beckman Coulter) under anoxic conditions. PSIC13G—H2aseC97G nanoconstruct samples
were centrifuged at 20,000 rpm and the sedimentation was monitored at 420 nm. The resulting
sedimentation scans were analyzed using UltraScanIII.32

33

PSIC13G and WT PSI samples (18 µg

Chl a mL-1) were also analyzed for comparison with the PSIC13G—H2aseC97G nanoconstruct
samples.

The previously published partial specific volume of PSI trimers isolated from

Synechococcus sp. PCC 7002 (0.788 ml g-1)

11

was used during data analysis for the partial

specific volume of the PSIC13G—H2aseC97G nanoconstruct samples.
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3.3.3.3. Blue native (BN) PAGE
BN-PAGE was performed under both anoxic and oxic conditions at 4° C according to
ref10. Non-denaturing 3.5-13% (w/v) linear acrylamide gels were prepared with a gradient maker
and Mini-Protean 3 Multi-casting chamber (Bio-Rad). Samples were prepared at a PSIC13G
concentration of 70 µg Chl a mL-1 (0.80 µM 1,6-hexanedithiol, and 0.80 µM [FeFe]-H2aseC97G)
containing 5% (w/v) glycerol and 5% (w/v) Ponceau red dye. Molecular weights were estimated
using Native Mark (Novex, Life Technologies) unstained protein standard. BN-PAGE gels were
initially run using cathode buffer B (50 mM Tricine, 7.5 mM imidazole, 0.02% (w/v) Comassie
Blue G-250 ~pH 7.0) and 25 mM imidazole (pH 7.0) anode buffer. The cathode buffer was
switched to B/10 (50 mM Tricine, 7.5 mM imidazole, 0.002% (w/v) Comassie Blue G-250 ~pH
7.0) after the dye front migrated 1/3 of the way through the gel. Protein bands were either
visualized by staining with Commasie Blue R-250 dye or silver. 34

3.3.3.4. PSIC13G—H2aseC97G nanoconstruct affinity tag purification
PSIC13G—H2aseC97G nanoconstructs were allowed to self-assemble by incubating 0.070 µg
Chl a mL-1 PSIC13G, 0.80 µM 1,6-hexanedithiol, and 0.80 µM [FeFe]-H2aseC97G for two hours to
overnight in the dark. The samples were prepared in 100 mM Tris-HCl buffer (pH 8.0) containing
150 mM NaCl, 10 mM MgCl2, and 0.1% Triton X-100 (Buffer W), and loaded onto a 0.300 mL
Strep-Tactin® superflow column (IBA, Germany), washed with four column volumes a Buffer
W, and eluted with six times 0.5 column volumes of Buffer W containing 2.5 mM desthiobiotun
(Sigma). Column flow through, wash, and elution fractions were collected and concentrated with
a 30 kDa cut off Amicon Ultracentricon (EMD Millipore). Column fractions were analyzed with
BN-PAGE (3.5-14% (w/v) native acrylamide gels), SDS-PAGE (12%

(w/v) denaturing
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acrylamide gels), or Tricine-SDS-PAGE (12% (w/v) denaturing acrylamide gels),34 and immunoblotting.

3.3.3.5. Tricine-SDS-PAGE
Tricine-SDS-PAGE was performed according to ref

34

. Uniform 12% (w/v) acrylamide

separating gels were prepared containing 300 mM Tris-HCl, 100 mM HCl, and 0.03% SDS (pH
8.45). Samples, i.e. PSIC13G, PSIC13G—H2aseC97G nanoconstructs, column fractions, and H2aseC97G,
were incubated with reducing sample buffer (12% (w/v) SDS, 6% (v/v) 2-mercaptoethanol, 30%
(w/v) glycerol, 0.05% (w/v) Coomassie Blue G-250, and 150 mM Tris-HCl pH 7.0) at 37°C for
15 minutes.

Tricine-SDS-PAGE gels were run under constant voltage, 30 V until samples

entered the separation gel and then 190 V until dye front eluted. Protein bands were resolved
with Coomassie Blue R-250 and Western blotting.

3.3.3.6. Immunoblotting
SDS-PAGE and Tricine-SDS-PAGE gels were transferred to a Amersham HybondTM-P
PVDF transfer membrane (GE Healthcare) using transfer buffer containing 24 mM Tris-HCl, 19
mM glycine, and 20% (v/v) methanol at 100 V for one hour using a Mini Protean ® Tetra Cell
(Biorad) gel box system. The PVDF membrane was blocked with 50 mM Tris-HCl, 150 mM
NaCl buffer (pH 7.6) (TBS) containing 0.50% (v/v) Tween-20 for one hour, and then was
incubated with 0.5 µg/mL of THETM NWSHPQFEK Tag Antibody, mAb, Mouse antibody
(Genescript) in TBS containing 0.25% Tween-20. It was incubated with a 1:3000 dilution of
F(ab’)2 Anti-MOUSE IgG (H&L) (Goat) antibody peroxidase conjugated (Rockland) in TBS
containing 0.25% Tween-20 for one hour. Proteins were visualized on HyBlot CL
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autoradiography film (Denville Scientific Inc.) using the AmershamTM ECLTM immunoblotting
Analysis System (GE Healthcare).

3.3.4 Light-induced H2 generation PSIC13G—MBHH187G nanoconstructs
Oxygen-tolerant PSIC13G—MBHH187G nanoconstructs were prepared at either 250 µL or
500 µL volumes by incubating 5.6 to 10 µg Chl a ml-1 PSIC13G, 0.200 µM wire, and 0.12 µM
MBHH187G in darkness. PSIC13G—MBHH187G nanoconstructs samples were prepared using PSIC13G
and soluble 15 µM Cyt c6 and Cyt c6 crosslinked PSIC13G under both atmospheric oxygen and
anoxic conditions using 1,8-octanedithiol, 1,10-decanedithiol, and 1,11-undecanedithiol (Sigma)
as the molecular wires. Samples were prepared in 50 mM potassium phosphate buffer (pH 6.5)
containing 10 mM NaCl, 10 mM MgCl2, 15 % (v/v) glycerol, 0.05 % (v/v) Triton X-100 or in 50
mM MOPS buffer (pH 7.3) containing 10 mM NaCl, 10 mM MgCl2, 15 % (v/v) glycerol, 0.05 %
(v/v) Triton X-100, unless otherwise specified.

PSIC13G—molecular wire—MBHH187G

nanoconstructs were allowed to self-assemble in darkness for 2 to 12 hours. Samples were purged
with argon to remove residual O2 or N2/H2 from the reaction vials. Anoxic solutions of electron
donors, 100 mM sodium ascorbate and 30 µM phenazine methylsulfate (PMS) or 100 mM
sodium ascorbate and 10 µM dichlorophenolindophenol (DCPIP), were added to the sample prior
to illumination with a 100 W Xe arc lamp (996 µmol•m-2•s-1).

Samples were illuminated

continuously throughout the assay as a 5 mm thick film. A clear polycarbonate bottle filled with
distilled water was placed directly in front of the lamp to absorb infrared radiation. H2 generation
was quantified using GC at defined intervals.
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3.3.5 Biophysical characterization of in vivo expressed PSI ΔPsaC: PsaCC13G/C33S
PSI trimers were isolated by sucrose density gradient centrifugation from a strain of
Synechococcus sp. PCC 7002 in which the native psaC gene was deleted and replaced with a
gene for the PsaCC13G/C33S variant protein, hereafter PSI ΔPsaC: PsaCC13G/C33S. (A. Perez, D.
Bryant, Penn State University.) PSI ΔPsaC: PsaCC13G/C33S complexes were prepared in 50 mM
Tris-HCl buffer (pH 8.0) containing 15% (v/v) glycerol and 0.05% (w/v) n-dodecyl-β-Dmaltoside (DDM). WT PSI trimers from Synechococcus sp. PCC 7002 and PSI trimers from a
strain of Synechococcus sp PCC 7002 in which the native psaC gene was deleted and replaced
with the native psaC gene (PSI ΔPsaC: WT PsaC) were isolated as controls (A. Perez, D. Bryant,
Penn State University).

3.3.5.1. Flavodoxin reduction assays
Steady-state rates of Fld reduction by the WT PSI, PSI ΔPsaC: PsaCC13G/C33S, PSI ΔPsaC:
WT PsaC, and PSIC13G samples were measured in 1 cm path length quartz cuvettes. Samples
containing 0 µM Cyt c6 and 15 µM Fld and 20 µM Cyt c6 and 45 µM Fld were prepared at 50 µg
Chl a mL-1 or 40 µg Chl a mL-1 (PSIC13G) in 50 mM Tris-HCl buffer (pH 8.0) containing 50 mM
MgCl2, 10 mM NaCl, 0.05% (w/v) DDM, 10 mM sodium ascorbate and 50 µM DCPIP. The
increase in absorption at 580 nm was measured using a Cary 50 (Varian Associates)
spectrophotometer fitted with a 580 nm narrow band interference filter. The sample was
illuminated from two sides using 665 nm light-emitting diodes, LEDs. Fld reduction rates were
calculated by fitting the initial increase in absorption with a linear best fit.
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3.3.5.2. Time-resolved optical spectroscopy
Time-resolved optical spectroscopy was used to examine electron transport kinetics
through the electron transport cofactors of PSI ΔPsaC: PsaCC13G/C33S trimers, WT PSI trimers, PSI
ΔPsaC: WT PsaC trimers, and PSIC13G trimers. Transient absorbance changes of P700+ at 820 nm
were measured in WT PSI, PSIC13G, PSI ΔPsaC: PsaCC13G/C33S, and PSI ΔPsaC: WT PsaC samples
using a using a laboratory built, dual beam spectrometer, which provides charge recombination
kinetics between P700+ and FA/FB- and P700+ and FX- pairs.35 Optical samples were prepared at a Chl
concentration of 50 µg Chl a mL-1 in 50 mM Tris-HCl buffer (pH 8.0) containing 10 mM sodium
ascorbate, 10 µM DCPIP, and 0.05 % (v/v) DDM.

3.3.5.3. Chemical P700 quantification, and acid-labile sulfide.
The ratio of Chl a to P700 in PSI ΔPsaC: PsaCC13G/C33S, WT PSI, and PSI ΔPsaC:PsaC
trimers was determined from the chemical-reduced-minus oxidized spectra between 650 and
750nm measured on a Cary 14 (Olis) dual beam spectrophotometer following ref 4. Samples
were prepared at 25 µg Chl a mL-1 and the chemical reduced minus oxidized spectra was obtained
from the average of four scans.

Non-reduced minus non-oxidized spectra were used as a

baseline.
The acid labile sulfide content of PSI ΔPsaC: PsaCC13G/C33S, WT PSI, and PSI ΔPsaC: WT
PsaC trimers was quantified following modification of the procedures in refs
prepared at 0.300 mg Chl a mL-1 in 50 mM Tris-HCl buffer (pH 8.0).

36, 37

. Samples were
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3.3.5.4. Electron Paramagnetic Resonance (EPR) Spectroscopy
Low temperature continuous wave (CW) EPR spectroscopy was performed at 9.5 GHz
on a Bruker EleXsys E-500 spectrometer (Bruker BioSpin Corporation, Billerica, MA) equipped
with an EleXsys super-high sensitivity probehead resonator and an ESR 900 helium-flow cryostat
(Oxford Instruments, Oxford, UK). PSI ΔPsaC: PsaCC13G/C33S trimers, WT PSI trimers, and PSI
ΔPsaC: WT PsaC trimers samples were prepared at 0.65 mg Chl a mL-1 in 50 mM Tris-HCl
buffer (pH 8.0) containing 0.05 % (w/v) DDM and 15 % (v/v) glycerol, placed into quartz XBand EPR tubes (Wilmad), and frozen in liquid nitrogen. The FA and FB iron-sulfur clusters were
reduced chemically by adding 34.5 mM Na-dithionite in glycine buffer pH 10 to the samples. The
FA and FB iron-sulfur clusters were reduced by light at 15 K in the EPR cavity using a 100 mW of
532 nm light from a Verdi-V5 (Coherent, Santa Clara, CA) continuous wave laser. The FA and FB
iron-sulfur clusters were reduced by photo-accumulation of the samples at 295 K using a 100 W
Xe arc lamp and freezing in liquid nitrogen. A total of 10 mM sodium ascorbate and 4 µM DCPIP
were added prior to photo-accumulation.

3.3.5.5. Light-induced H2 generation via Pt nanoparticles
Light-induced H2 generation was assayed using constructs prepared using 10 µg Chl a
mL-1 PSI ΔPsaC: PsaCC13G/C33S, 200 µM 1,6-hexanedithiol molecular wire, 36 µM Pt
nanoparticles, and 15 µM soluble Cyt c6.

PSI ΔPsaC: PsaCC13G/C33S—1,6-hexanedithiol—Pt

nanoparticle samples were allowed to self-assemble for two to three hours in the dark, before
adding 100 mM sodium ascorbate and 10 µM DCPIP. Samples were prepared using 50 mM Naphosphate buffer (pH 6.5) containing 10 mM MgCl2, 10 mM NaCl, 0.05% (v/v) Triton X-100 and
purged with argon for five minutes in darkness. Samples were illuminated overnight for 12 hours
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prior to assaying for H2 generation by GC. Control samples were prepared in which one or more
components were excluded from the sample and assayed for H2 generation. Additional samples
were prepared using PSIC13G as the photosensitizer for comparison with the PSI ΔPsaC:
PsaCC13G/C33S—1,6-hexanedithiol—Pt nanoparticle construct samples.

3.4 Results

3.4.1 Characterization the PSIC13G—H2aseC97G nanoconstruct samples.
AUC and BN-PAGE were used to determine the composition of the self-assembled
PSIC13G—H2aseC97G nanoconstructs.

Sedimentation velocity AUC analysis of the PSIC13G—

H2aseC97G nanoconstructs was performed at 20° C and 20,000 rpm. PSIC13G—H2aseC97G
nanoconstruct samples were prepared at Chl concentrations ~18 µg Chl a mL-1 to achieve an
optical density between 1.0 and 1.5 at 420 nm with a path length of 1.2 cm. Three separate
PSIC13G—H2aseC97G nanoconstructs were analyzed in 50 mM Tris-HCl buffer (pH 8.0) containing
10 mM NaCl, 10 mM MgCl2 and 0.05% (v/v) Triton X-100 and analyzed. The molecular weight,
sedimentation coefficient, and relative concentrations were obtained for the samples by fitting the
experimental data using the UltraScan III software program (Table 3-1).32,

33

Each sample

showed a mixed population of several macromolecules, which are ordered based on their relative
concentrations. Control samples, WT PSI trimers and PSIC13G trimers, were subjected to the same
treatment for comparative purposes. H2aseC97G control samples showed no detectable signal at
420 nm and were not distinguished from the reference signal at 280 nm due to the absorption of
Triton X-100 at this wavelength (data not shown).
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Table 3-1: Analytical ultracentrifugation analysis of PSIC13G—H2ase97G nanoconstructs.

PSIC13G—H2aseC97G nanoconstruct A
PSIC13G—H2aseC97G nanoconstruct B

PSIC13G—H2aseC97G nanoconstruct C

WT PSI

PSIC13G

Theor.
Molecular
Weight
(Da)
1,096,132

1,096,132

1,096,132

1,056,000

1,032,132

Molecular
Weight

S-value*
20°C

Relative
conc.

(Da)
188,000

(S)
9.4

(%)
52

2,470,100

14.9

36

824,000

15.9

47

358000

7.3

21

46,600

2.0

26

831,000

16.9

56

330,000

16.3

15

95,800

6.3

18.

998,000

19.2

78.

180,000

9.2

11

791,000

19.0

54

247,000

11.3

3

-1

Samples were prepared at 18.0 µg Chl a mL in 50 mM Tris-HCl (pH 8.0), 10 mM NaCl, 10 mM MgCl2,
0.05% (v/v) Triton X-100. Nanoconstructs were prepared at a 1:1:1 ratio relative to P700 concentration
using 1,6-hexanedithiol. * S value = sedimentation coefficient at 20 °C in water.

BN-PAGE linear gradient gels were prepared at 4-8% (w/v) acrylamide and 3.5-13%
(w/v) acrylamide to resolve population differences in the PSIC13G—H2aseC97G nanoconstruct
samples (Figure 3-3). Samples were prepared at a 1:1:1 molar ratio relative to P700 concentration,
50 mM Tris-HCl buffer (pH 8.0) containing 0.1% (v/v) Triton X-100. Migration of the protein
bands present in PSIC13G—H2aseC97G nanoconstruct samples were compared with control samples,
i.e. PSIC13G, PSIC13G and 1,6-hexanedithiol, H2aseC97G, H2aseC97G and 1,6-hexanedithiol, and
PSIC13G and H2aseC97G (excluding the 1,6-hexanedithiol wire). Visible protein bands
corresponding to PSI trimers and PSI monomers were resolved under the conditions for BNPAGE. However, no protein bands were detected corresponding to only the H2aseC97G (~64,000
kDa) enzyme or the suspected PSIC13G—H2aseC97G nanoconstructs or PSIC13G—PSIC13G dimers.
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Figure 3-3: BN-PAGE gradient gel 4 to 8% (w/v) acrylamide gel (A) 3.5 to 13% (w/v)
acrylamide gel (B). Lane 1: PSIC13G, Lane 2: PSIC13G and 1,6-hexanedithiol, Lane 3: H2aseC97G,
Lane 4: H2aseC97G and 1,6-hexanedithiol, Lane 5, 6, and 7: PSIC13G—H2aseC97G nanoconstruct,
Lane 8: PSIC13G and H2aseC97G (excluding the 1,6-hexanedithiol wire).

Affinity chromatography was used as a technique to separate PSIC13G—H2aseC97G
nanoconstructs from PSIC13G—PSIC13G dimers. Samples were prepared at a 1:1:1 molar ratio
relative to P700 concentration. Tricine-SDS-PAGE followed by Immoblotting against monoclonal
anti-Strep-tag anti-bodies, was used to analyze the PSIC13G—H2aseC97G nanoconstruct samples
after chromatography (Figure 3-4).

Protein bands are visible in Lanes 1, 2, 3, and 4 that

correspond to several of the subunits of PSIC13G in particular PsaA/PsaB, which typically run
around 50 kDa, and PsaD and PsaC, which typically run at 15 kDa and 8.7 kDa respectively.
Faint protein bands corresponding to the H2aseC97G enzyme are observed in Lanes 2, 3, 4, 5, 6, 7,
and 8 of the gel (Figure 3-3A), which is ~64 kDa in mass. The presence of the H2aseC97G in the
aforementioned lanes is confirmed in the Immunoblot in Figure 3-4B. PSIC13G did not interact
with the anti-Strep-tag antibodies. Silver staining of the Tricine-SDS-PAGE did not resolve any
of the PSIC13G subunits in lanes 5-8 (data not shown).
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Figure 3-4: Tricine-SDS-PAGE analysis of Strep-Tactin® affinity chromatography purification
(A) Immonblot against anti-Strep-tag anti bodies, (B); Lane 1: PSIC13G, Lane 2: PSIC13G—
H2aseC97G nanoconstruct, Lane 3: column flow through, Lane 4: combined wash 1 and 2, Lane 5:
combined wash 3 and 4, Lane 6: combined elution 1 and 2. Lane 7: combined elution 3-6, Lane 8:
H2aseC97G.

3.4.2 Extension of PSI—H2ase nanoconstructs

3.4.2.1. Oxygen-tolerant PSIC13G—molecular wire—MBHH187G constructs
The MBHH187G enzyme was purified under both atmospheric oxygen and anoxic
conditions using a Strep-Tactin® affinity resin. WT MBH was solubilized from membranes and
purified using Strep-Tactin® affinity resin under atmospheric oxygen. Expression of the
MBHH187G enzyme was confirmed by the presence of protein bands on a SDS-PAGE gel at 67.1
kDa, which corresponds to the large HoxG subunit and a protein band at 34.5 kDa, which
corresponds to the small HoxK subunit (Figure 3-5). The multiple protein bands observed at ~5075 kDa from the MBHH187G protein sample were further analyzed by mass spectrometry (MS),
Appendix A. The results indicate that there are several protein peptide fragments associated with
the bands, but at least one hit from each band corresponds to the HoxG subunit. The H2
generation activity of the MBHH187G enzyme was tested using methyl viologen as an electron
donor and quantified using GC (Table 3-2). Activity assay were conducted in the absence and
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presence of imidazole in an attempt to supply the missing ligand and recover the activity of the
MBHH187G enzyme. Addition of the recue ligand BME during purification was explored as a way
to recover WT enzyme activity, but was unsuccessful. Light-driven H2 generation was assayed
using both Cyt c6 crosslinked PSIC13G and PSIC13G with 15 µM soluble Cyt c6 as the
photosensitizer, 1,8-octanedithiol, 1,10-decanedithiol, and 1,11-undecanedithiol as the molecular
wire, in 50 mM Na-phosphate buffer pH 6.5 and 50 mM MOPS buffer (pH 7.3). However, no H2
production was observed under either of these conditions.

1

2

75k
HoxG 67.1kDa
HoxK 34.5 kDa
25k
Figure 3-5: SDS-PAGE analysis of the MBH proteins, Lane 1: WT MBH, Lane 2: MBHH187G
~0.5 µg protein per well.

Table 3-2:

Methyl viologen activity assay rates of H2 generation for MBHH187G
Samplea

Anoxic

MBHH187G + BME

Rate
mol H2 mol-1 H2ase min-1
4.2

MBHH187G - BME
WT MBH
MBHH187G - BME

4.6
162.6
4.10

+ Imidazole

Anoxic

MBHH187G + BME
MBHH187G - BME
WT MBH
MBHH187G - BME

4.0
5.2
52.2
3.2

Reactions were prepared in sealed vials under anoxic conditions and purged with argon prior addition of
enzyme. a. Proteins were purified under atmospheric oxygen levels unless otherwise specified.
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3.4.2.2. Characterization of PSI ΔPsaC: PsaCC13G/C33S trimers
The biophysical properties of the isolated PSI ΔPsaC: PsaCC13G/C33S trimers were
characterized using time-resolved optical spectroscopy, steady-state Fld reduction assays, EPR
spectroscopy, and light-induced H2 generation assays with Pt nanoparticles. After isolation of the
PSI ΔPsaC: PsaCC13G/C33S trimers, it was necessary to determine if there was light-induced charge
separation from P700 to FA/FB. Time-resolved optical spectroscopy at 820 nm was performed on
the isolated PSI ΔPsaC: PsaCC13G/C33S trimers (Figure 3-6A) to examine the charge recombination
kinetics. Samples were prepared at 50 µg Chl a mL-1 and contained 100 mM sodium ascorbate,
and 10 µM DCPIP. Control samples were prepared with PSIC13G, WT PSI, and PSI ΔPsaC:
PsaCC13G/C33S trimer complexes (Figure 3-6 B-D). A laser flash at 532 nm was used to excite
electron transfer, while absorption change at 820 nm was monitored with time to provide the
kinetics. A major kinetic phase, which corresponds to charge recombination between [FA/FB]- and
P700+ was observed with a lifetime of ~100 msec in the isolated PSI ΔPsaC: PsaCC13G/C33S trimers
(Figure3-6A). This lifetime is similar to WT PSI.
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Figure 3-6: Time-resolved optical spectroscopy monitoring absorption changes at 820 nm in
PSI PSI ΔPsaC: PsaCC13G/C33S (A), PSIC13G (B), WT PSI (C), and PSI ΔPsaC: WT PsaC (D).
Samples were prepared at 50 µg Chl a mL-1. The experimental data (black dots) is the average of
at least 16 scans (32 scans for PSIC13G sample), and was fit with a Marquardt algorithm (red lines);
residuals are shown in black in the upper panel. The ~1 ms kinetic phase corresponds to the
charge recombination between FX- to P700+, the ~100 ms kinetic phase represents the charge
recombination between [FA/FB]— and P700+, and the long kinetic lived phase (~1 s) results from
forward electron donation to P700+ with DCPIP in those reaction centers where the electron has
been lost from the acceptor side (probably to oxygen).
The ability of the PSI ΔPsaC: PsaCC13G/C33S trimers to donate electrons to native electron
acceptors, such as Fld, were determined using in vitro steady-state assays. The steady-state
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reduction of Fld was measured by illumination of the samples in the presence of Cyt c6 with high
intensity 680 nm light from LEDs, Table 3-3. The absorption changes at 580 nm were monitored
and the initial increase in absorption was used to calculate the rates of reduction. The data are the
average of at least three sample replicates. Controls were prepared using with PSIC13G, WT PSI,
and PSI ΔPsaC: WT PsaC trimer complexes.

Table 3-3:

Steady-state Fld reduction rates

Cyt c6

Fld

PSI ΔPsaC:PsaCC13G/C33S

PSIC13G

WT PSI

PSI ΔPsaC: WT PsaC

(µM)

(µM)

0

15

5.0 ± 2.0

0.6 ± 0.1

1.5 ± 0.3

7.6± 2.0

20

45

66 ±7.0

5.2 ± 0.9

96.0 ± 3.0

150 ± 8.0

µmol Fld mg Chl a-1 h-1

Samples were prepared at 50 µg Chl a mL-1 in 50 mM Tris-HCl pH 8.0 containing 10 mM NaCl,
50 mM MgCl2, 0.05% (w/v) DDM, 10 mM Sodium ascorbate and 50 µM DCPIP. PSIC13G
samples were prepared at 40 µg Chl a mL-1 in 50 mM Tris-HCl (pH 8.0) containing 10 mM NaCl,
50 mM MgCl2, 0.05% (v/v) Triton X-100, 10 mM Sodium ascorbate and 50 µM DCPIP

The Chl a to P700 ratio was calculated for the PSI ΔPsaC: PsaCC13G/C33S trimers (Table 34) by measuring the chemically reduced-minus-oxidized difference spectra and found to be
consistent with cyanobacterial WT PSI, i.e. ~100 Chl a per P700. Attempts to quantify the acidlabile sulfide content of the trimers, which would have provided indirect information on the
existence of the FB iron-sulfur cluster, were unsuccessful due to the absorption of Chl a
degradation productions at 670 nm.
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Table 3-4:

Calculated Chl a to P700 ratio

Chl a : P700
PSI ΔPsaC: PsaCC13G/C33S

106.3 ± 8.0

WT PSI

100.5 ± 3.4

PSI ΔPsaC: WT PsaC

98.0 ± 14.0

Samples were prepared at 25 µg mL-1 in 50 mM Tris-HCl buffer (pH 7.5) containing 10 mM
MgCl2, 10 mM NaCl, and 0.01% (w/v) DDM.

EPR spectroscopy was carried out on the PSI ΔPsaC: PsaCC13G/C33S trimers under three
different conditions: illumination at 15 K (Figure 3-7A), photo-accumulation from 295 to 15 K
(Figure 3-7B), and after chemical reduction with Na-dithionite (pH 10), Figure 3-8. The
resonances in all three spectra are consistent with those expected for the reduced FA iron-sulfur
cluster (g = 2.05, 1.95, and 1.85)38, and oxidized P700 primary donor, under single electron
reduction conditions. Resonances corresponding to the reduced FB iron-sulfur cluster would be
expected to occur at g = 2.07, 1.93 and 1.8838, under these conditions but were not observed. In
WT PSI, under conditions were one electron is transfer from P700 to the terminal iron-sulfur
clusters a superposition of both the FA and FB resonances are observed (Figure 3-7A), as this
electron could reside on either FA or FB, depending on their relative redox potentials. When WT
PSI samples are subjected to a two-electron reduction protocol, both FA and FB are reduced and an
interaction spectrum between the two iron-sulfur clusters is observed due to their close proximity
(Figure 3-7B and 3-8). This interaction spectrum results in resonances at g = 2.05, 1.92, and 1.88
in WT PSI.38 The absence of the characteristic FB resonances in the g = 2 region is likely a
consequence of the C13G point mutation, and attempts to resolve and features in the g = 5 region
corresponding to a high-spin [4Fe-4S]1+ cluster were inconclusive. Spectra obtained for the PSI
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ΔPsaC: WT PsaC trimers under the same conditions showed resonances consistent with WT PSI
for reduced [FA/FB]- iron-sulfur clusters as expected.

A

B

Figure 3-7: Electron Paramagnetic Resonance spectra around g = 2 for PSI ΔPsaC:
PsaCC13G/C33S, PSI ΔPsaC: WT PsaC, and WT PSI (A) illumination 15 K, and (B)
photoaccumulation 295 K to 15 K. Samples were prepared at 0.65 mg Chl a mL-1 in 50 mM TrisHCl buffer (pH 8.0) containing 15% (v/v) glycerol, 0.05% (w/v) DDM, 1 mM Sodium ascorbate,
and 30 µM DCPIP. Single electron reduction was achieved using a 100 mW CW-laser at 532nm,
two electron reduction was achieved by photoaccumulation at 295 K with a 100 W Xe arc lamp,
while freezing in liquid N2. EPR spectra were obtained at 9.5 GHz microwave frequency, 20 mW
microwave power, 20 G modulation amplitude, and at 15 K.
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Figure 3-8: Electron Paramagnetic Resonance spectra around g = 2 for chemically reduced PSI
PSI ΔPsaC: PsaCC13G/C33S, PSI ΔPsaC: WT PsaC, and WT PSI using Na-dithionite at pH 10.
Samples were prepared at 0.63 mg Chl a mL-1 in 50 mM Tris-HCl buffer (pH 8.0) containing
15% glycerol (v/v), 0.05% (w/v) DDM, 35 mM Na-dithionite, and 100 mM glycine (pH 10).
EPR spectra were obtained at 9.5 GHz microwave frequency, 20 mW microwave power, 20 G
modulation amplitude, and at 15 K.

PSI ΔPsaC: PsaCC13G/C33S trimers were incubated with 1,6-hexanedithiol and Pt
nanoparticles for 2-3 hours to form self-assembled PSI ΔPsaC: PsaCC13G/C33S—1,6hexanedthiol—Pt nanoparticles constructs for light-driven H2 generation assays. Constructs were
prepared in 50 mM Na-phosphate buffer (pH 6.5) containing 10 mM NaCl, 10 mM MgCl2, and
0.05% (w/v) DDM using 15 µM soluble Cyt c6, sodium ascorbate, and DCPIP as sacrificial
electron donors. Light-induced H2 generation was observed after 12 hours of illumination, 47
nmol H2•mg-1 Chl•h-1, which is ~9 fold less then the light-driven H2 production rates for PSIC13G-
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—1,6-hexanedithiol—Pt nanoparticles constructs prepared under similar conditions, 445 nmol
H2•mg-1 Chl•h-1. H2 was only generated in samples that were illuminated and contained Pt
nanoparticles, PSI (PSI ΔPsaC: PsaCC13G/C33S or PSIC13G), Cyt c6, sodium ascorbate, and DCPIP.

3.5 Discussion

3.5.1 Characterization the PSIC13G—H2aseC97G nanoconstruct samples.
Several attempts were made to characterize the sample composition of the PSIC13G—
H2aseC97G nanoconstruct system to determine if there is a mixed sample population, which would
also contain PSIC13G—PSIC13G dimers and H2aseC97G—H2aseC97G dimers. Analytical techniques,
such as AUC and BN-PAGE, were used to analyze the sample composition with the assumption
that these methods would not disrupt the iron-sulfur coordination bonds holding the proteins
together. Subsequently, affinity chromatography was explored as a method of sample purification
to eliminate the PSIC13G—PSIC13G dimers from the PSIC13G—H2aseC97G nanoconstruct population.
AUC is a method used to obtain hydrodynamic and thermodynamic data for macromolecules
ranging in size from 102-108 Da in solution.

8, 9

By subjecting the macromolecules to a high

centrifugal field and monitoring both the sedimentation boundary and corresponding back
diffusion over time, it is possible to extract information relating to sedimentation coefficients,
diffusion coefficients, and molecular weight distributions, among other hydrodynamic properties.
Three separate PSIC13G—H2aseC97G nanoconstruct samples were allowed to self-assemble in
darkness and subjected to sedimentation velocity experiments at 20,000 rpm and 20° C. The
presence of multiple species in these nanoconstructs should be apparent, if they are of different
sizes and shapes, as these parameters influence sedimentation. PSIC13G has a mass of ~1,096,000
Da provided all of the P700-FX core proteins are fully reconstituted with the variant PsaCC13G/C33S
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and PsaD proteins. Thus, PSIC13G dimers would have a mass over 2 MDa and sediment before any
other species. Mass is one parameter that influences the rate of sedimentation; another is the
shape of a molecule, which would be a function of the frictional ratio, (i.e. the ratio between the
actual frictional coefficient and the theoretical frictional coefficient of an ideal sphere). It was
initially believed that because the molecular wire should hold the PSIC13G and H2aseC97G proteins
at a fixed distance, the sedimentation profile would reflect an elongated rod-like macromolecular
structure that would be readily distinguished from either protein alone.

Any H2aseC97G—

H2aseC97G dimers (mass ~ 128 kDa) would sediment at a much slower rate and may not be
observed under these conditions. On analysis of the PSIC13G—H2aseC97G nanoconstruct and
control PSIC13G AUC data, it appears that the most reproducible and largest sample populations
observed in all three samples corresponds to trimeric PSIC13G (15.9S) or disassociated PSIC13G
monomers (7.3S). These sedimentation coefficients are smaller than those previously published
for WT PSI trimers (21S) and monomers (12S) from Thermosynechococcus elongatus.

13

Bound

detergent molecules to the PSIC13G could influence the size and shape of the protein during
centrifugation, which might account for the smaller apparent sedimentation coefficients. Attempts
to detect the H2aseC13G enzyme in these or any control samples were inhibited by the sample
buffer.

BN-PAGE is a technique developed to isolate proteins in their native confirmations based
on molecular weight.10 During electrophoresis the anionic, and hydrophobic dye associates with
the protein, which results in migration through a non-denaturing acrylamide gel. This is
particularly useful for separation of membrane proteins and has been used to successfully study
the composition of thylakoid membranes isolated from cyanobacteria as well as for studying large
mitochondrial complexes.

10, 14, 15

In practice, it should be possible to resolve the difference

between a PSIC13G—H2aseC97G nanoconstruct and either PSIC13G dimers or H2aseC97G dimers based

84
on molecular weights, provided that the iron-sulfur coordination bonds between the proteins
remained intact throughout the electrophoretic run. However under the electrophoresis conditions
carried out here, there were no observed differences between the migration of the PSIC13G—
H2aseC97G nanoconstruct sample and the control sample. Only a mixed population of PSIC13G
trimers and monomers were observed, similar to the AUC results, without any indication of the
H2aseC97G enzyme in any sample. It is possible that the iron-sulfur coordination bond between
either FB and the dithiol molecular wire or the dithiol molecular wire and the H2aseC97G distal
[4Fe-4S] cluster had disassociated, which would have resulted in the H2aseC97G enzyme migrating
off the gel. Higher resolution of the PSIC13G—H2aseC97G nanoconstruct sample composition might
be obtained by using longer linear gradient gels that are prepared with a higher acrylamide
percentage (i.e. 3-15%) than those used in this study.

After several unsuccessful attempts to determine the sample composition of the selfassembled PSIC13G—H2aseC97G nanoconstructs, affinity chromatography was explored as a
method for removing PSIC13G—PSIC13G dimers. It should be possible to prepare a PSIC13G—
H2aseC97G nanoconstruct sample and subsequently remove any PSIC13G—PSIC13G dimers using the
C-terminal Strep-tag on the H2aseC97G enzyme. The Strep-tag is situated opposite the distal [4Fe4S] cluster and attachment to Strep-Tactin® affinity resin should not interfere with the iron-sulfur
coordination bond to the 1,6-hexanedithiol molecular wire. Additionally, the binding affinity (KD)
for the Strep-tag to Strep-Tactin® resin is ~1 µM, which should allow for specific purification of
the PSIC13G—H2aseC97G nanoconstructs.39 However, the self-assembled PSIC13G—H2aseC97G
nanoconstructs were not successfully purified using this method. It appears that only a small
amount of the [FeFe]-H2aseC97G enzyme was bound to the Strep-Tactin® resin. No detectable
amounts of PSIC13G were found in the eluent, which would imply that a wired construct was
entirely retained on the column. Presence of the [FeFe]-H2aseC97G in the wash fractions implies
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that the 0.28 nmols of H2aseC97G loaded on the Strep-Tactin® column saturated the resin bed,
which should have a binding capacity of 50 to 100 nmol mL-1 (or 22.5 nmol for a 0.300mL
column). This saturation may not have allowed for adequate construct binding. It also seems
plausible that the conditions used for chromatography were not suitable for retention of the
PSIC13G—H2aseC97G nanoconstructs. The iron-sulfur coordination bond ligating the FB cluster
could have potentially been disrupted during this treatment. It is also possible that the iron-sulfur
coordination bond to the distal [4Fe-4S] cluster of the [FeFe]-H2aseC97G enzyme might be
disrupted under these conditions. Purification of the nanoconstruct samples might be better
realized with the use of a different affinity tag system, or perhaps having a tag situated on one of
the PSI subunits not associated with the cofactor chain would provide a more stable platform for
separation.

3.5.2 Extension of the PSIC13G—H2aseC97G nanoconstruct technology

3.5.2.1. Oxygen-tolerant PSIC13G—molecular wire—MBHH187G construct
A major challenge for any light-driven H2 generation technology containing an [FeFe]H2ase is its sensitivity to molecular O2, which will be present in a photochemical cell that uses
electrons derived from the oxidation of water. One way to minimize oxygen sensitivity would be
to separate the photocathode and photoanode physically. Another would be to replace the [FeFe]H2ase enzyme with a more oxygen-tolerant catalyst, such as the oxygen-tolerant [NiFe]-H2ase
enzyme. 17, 19, 20 We have attempted to utilize a variant of the MBH enzyme from R. eutropha that
was engineered with an exchangeable coordination site at the distal [4Fe4S] cluster as the
catalytic center, Figure 3-2. The distal [4Fe-4S] cluster is coordinated into the small HoxK
subunit through three cysteine ligands and one atypical histidine ligand, which is also the most
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solvent exposed amino acid, and hence, was used for engineering the glycine mutation.19 The
exposed H187G coordination site should allow for the distal [4Fe-4S] cluster to be directly
connected to PSIC13G photosensitizer using an alkane dithiol wire for light-driven H2 generation.
This PSIC13G—molecular wire—MBHH187G construct would be able to operate under less stringent
anoxic conditions and be more applicable for device fabrication.

The MBHH187G enzyme was produced in a R. eutropha strain (J. Fritsch, O. Lenz and B.
Friedrich, Humboldt Universität zu Berlin) was purified under both anoxic and atmospheric
levels of O2 in an attempt to determine the optimum conditions for isolating active enzyme. WT
MBH enzyme was also purified under atmospheric levels of oxygen using a C-terminal affinity
tag for control experiments. Three protein bands from an SDS-PAGE gel corresponding to the
approximate molecular weight of the HoxG subunit were analyzed by LC-MS. The separated
peptide fragments in these bands primarily were found to correspond with biotinylated proteins or
chaperone proteins. Several peptide fragments corresponding to the HoxG subunit were also
detected. These results could suggest that expression of the MBHH187G protein is low, that it is
easily degraded under purification conditions, and/or that the Strep-Tag® II affinity tag might not
be suitable for purification of this protein. The H2 generation activity of the MBHH187G variant
was determined using methyl viologen as an electron donor and compared to the activity of WT
MBH. It was found that the MBHH187G has a very limited H2 generation activity regardless of
purification strategy, i.e. ~4.0 mole H2"mol H2ase-1"min-1. One limitation of the [NiFe]-H2ase
enzymes is that they are typically uptake H2ases, which in vivo carry out the oxidation of H2 to
drive metabolic processes, and therefore they often have low H2 generation activities.40 It is also
possible that the H187G mutation could interfere with the normal electron transfer kinetics
throughout the cofactor chain of the enzyme, thereby contributing to its low H2 generation
activity. Additionally, it was found that point mutations (His to Cys or Gly) to the amino acid
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ligating the distal [4Fe-4S] cluster of the [NiFe]-H2ase enzyme from Desulfovibrio
fructosovorans resulted in a decease of oxidative activity to 1 to 3% of the WT enzyme.41 The
combination of an already low H2 production activity with the H187G mutation might render the
protein inactive, which correlates with the low observed H2 generation rates. Activity was also
not recovered by the in vitro addition of either BME or imidazole to the ezyme.

Light-induced H2 generation assays were carried out with the expectation that directly
wiring PSIC13G to the MBHH187G enzyme would provide the necessary driving force to cause the
enzyme to turnover and generate H2. The FB cluster has a pH independent redox midpoint
potential of -580 mV42, which is more reducing that the midpoint potential of the distal [4Fe-4S]
cluster of MBH at -180 mV43, and as such should be sufficient to drive electron transfer between
the proteins. Assays performed using both soluble Cyt c6 and PSIC13G or Cyt c6 crosslinked
PSIC13G did not yield detectable amount of H2 in the reaction vials. Experiments were performed
at pH 6.5 in Na-phosphate buffer or at a more neutral (pH 7.3) in MOPS buffer. Dithiol
molecular wires containing 8, 10, 11 methylene groups were used to determine if the dithiol wire
was long enough to tether the two proteins together without steric hindrance. It is possible that the
amount of H2 generated by this system is below detectable limits of our instrumentation. It is also
possible that due to the unusual nature of the His- to Gly mutation that a molecular wire with an
imidazole ligand would provide better connection to the distal cluster of the MBHH187G. When
imidazole was added to samples containing the H184G variant of the [NiFe]-H2ase enzyme from
D. fructosovorans, a 10-fold increase in H2 oxidation activity was observed.41 It is possible that
such a ligand would allow for light-driven H2 generation seen in PSIC13G—molecular wire—
MBHH187G construct.
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3.5.2.2. Characterization of PSI ΔPsaC: PsaCC13G/C33S trimers
One strategy for in vivo light-induced H2 generation might involve the connection of PSI
to the [FeFe]-H2ase under physiological conditions. One step towards such a coupling strategy
involves the expression of PSI ΔPsaC: PsaCC13G/C33S trimers in Synechococcus sp. PCC 7002 to
provide the exchangeable coordination site at the FB cluster. In addition to in vivo applications,
expression of PSI ΔPsaC: PsaCC13G/C33S trimers with an intact electron transport chain would
eliminate the requirement to prepare P700-FX cores and reconstitute them with PSIC13G in vitro.
This expression and purification of the PSI ΔPsaC: PsaCC13G/C33S trimers was performed by A.
Perez (Penn State University) and the isolated PSI ΔPsaC: PsaCC13G/C33S trimers were
biophysically characterized for in vitro light-driven H2 generation assays.

Time-resolved optical spectroscopy at 820 nm showed that the PSI ΔPsaC: PsaCC13G/C33S
trimers exhibited charge recombination kinetics similar to WT PSI trimers. Specifically, the
charge recombination at ~100 ms attributed to recombination between [FA/FB]- and P700+ was
observed, indicating that there was no reason to suspect that FB iron-sulfur cluster was not fully
incorporated into the PSI trimers. Reconstitution of the P700-FX cores with recombinately
expressed PsaCC13G/C33S results in the re-appearances of the ~100 kinetics phase, but often with
some retention of the ~1 ms phase characteristic of P700-FX cores. Steady-state Fld reduction
assays demonstrated that electrons could be transferred from the terminal electron cofactor FB to
soluble native electron acceptors in the presence of Cyt c6 to Fld at rates similar to WT PSI.
These results indicate that at room temperature the PSI ΔPsaC: PsaCC13G/C33S trimers behave
similarly to WT PSI trimers. Access to a complete PSI ΔPsaC: PsaCC13G/C33S trimer might make it
is possible to coordinate a molecular wire at every FB cluster. This would be the first step in the
direct connection to a H2 generation catalyst in vivo.
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We next attempted to determine if the FB cluster was present in the PSI ΔPsaC:
PsaCC13G/C33S samples. The PSI ΔPsaC: PsaCC13G/C33S samples showed EPR resonances from only
the FA iron-sulfur cluster, while none of the resonances attributed to the reduced FB cluster were
observed. It was not possible to detect any additional features in the g = 5 region from a high spin
FB cluster.

It is probable that, because a sulfur-containing ligand, such as a cysteine, glutathione, or
2-mercaptoethanol, is not present during the growth and purification of the PSI ΔPsaC:
PsaCC13G/C33S trimers, an oxygen-containing ligand could form a coordination bond with the
exposed Fe in the [4Fe-4S] sulfur cluster. Previously, PsaC mutagenesis studies conducted in vivo
have explored the affect of aspartate and serine point mutations to the C14 (equivalent to C13 in
PSI ΔPsaC: PsaCC13G) residue in Synechocystis sp. PCC 6803.44, 45 In these studies, the presence
of the FB cluster ligated by an oxygen ligand was indirectly inferred by extensive EPR and optical
experiments and it was determined that both the FA and FB [4Fe-4S] clusters must be a fully
assembled to form fully assembled PSI in vivo. Presumably, with more detailed EPR experiments,
the same may hold true for PSI ΔPsaC: PsaCC13G/C33S. Acid labile sulfide quantification was
inconclusive due to the absorption of Chl degradation products at the same wavelength as the
methylene blue dye formed during the reaction.

Light-induced H2 generation assays using the PSI ΔPsaC: PsaCC13G/C33S trimers as the
photosensitizer in connection with PT nanoparticles provided to be a promising start to further
utilize this system. The experiments show that light-driven H2 is generated when the PSI ΔPsaC:
PsaCC13G trimers are used as a photosensitizer and is dependent on the incorporation of all sample
components. Unfortunately, under the current conditions the 47 nmole H2"mg Chl a-1"h-1 is lower
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than the rates observed for constructs prepared with E. coli-expressed PsaCC13G/C33S (445 nmole
H2"mg Chl a-1"h-1). It is possible that these conditions are not suitable for high rates of H2 or that
the 1,6-hexanedithiol molecular wire did not fully displace the ligand that might occupy the
exchangeable coordination site on the FB iron-sulfur cluster. More experiments are necessary to
fully understand whether these PSI ΔPsaC: PsaCC13G/C33S trimers are a suitable photosensitizer to
replace the PSIC13G in vitro assays or might be adapted for in vivo H2 generation.

3.6 Summary
PSIC13G—H2aseC97G nanoconstruct samples were characterized via analytical techniques to
better understand and improve the efficiency of light-driven H2 generation. It is believed that if
the presence of PSIC13G dimers were minimized from the nanoconstruct samples a higher
efficiency for light-driven H2 generation could be achieved. Attempts to confirm the presence of
the identity PSIC13G—H2aseC97G nanoconstructs or PSIC13G—PSIC13G dimers proved to be
unsuccessful. It may still be possible to isolate this species provided the correct conditions are
discovered. Additionally, the PSIC13G—H2aseC97G nanoconstruct samples were extended to explore
a more oxygen-tolerant H2 generation catalyst, MBHH187G. It is possible that through the use of an
imidazole functionalized wire detectable rates of H2 generation could be resolved from PSIC13G—
molecular wire—MBHH187G constructs. The electron transport characteristics of the PSI ΔPsaC:
PsaCC13G/C33S trimers were analyzed for its potential replacement of PSIC13G in vitro H2 generation
assays. The results of these experiments imply that the PSI ΔPsaC: PsaCC13G/C33S trimers have
promising characteristics similar to WT PSI and could be used for directed light-driven H2
generation pending more in-depth experiments.
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Appendix

Mass spectrometry MBHH187G [NiFe]-H2ase
The membrane-bound [NiFe]-H2aseH187G (MBHH187G) from Ralstonia eutropha was
purified and analyzed on a 12% SDS PAGE gel, Figure A-1. Three bands at approximately 5075kDa, Figure A-1A, were isolated form the gel and sent for LC-Mass spectrometry analysis at
the Proetomics and Mass Spectrometry Core facility, University Park. Protein bands were
digested with trypsin prior to LC-MS/MS analysis.
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Figure A-1: SDS-PAGE gel loaded20with 0.21 mg/mL MBH H187G [NiFe]-H2ase20bands 1, 2, and 3
were extracted for LC-MS analysis (A), SDS-PAGE gel (A) after silver staining to resolve Hox K
15
15
(B).
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Table A-1: Mass Spectrometry peptide fragment results for protein band 1
Frag
# Unique
MW
# Peptides
weights
Peptides
[kDa]
[kDa]

Accession

Descrip+on

Score

Q0KF85

Biotin carboxylase OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=accC1 PE=4 SV=1 - [Q0KF85_CUPNH]

1069.71

60.59

1

15

25

72.7 56.605

Q0KA96

Acetyl/propionyl-CoA carboxylase, alpha subunit OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=H16_A1974 PE=4 SV=1 [Q0KA96_CUPNH]

239.69

29.36

1

4

14

72.2 27.940

Q0KC80

Pyruvate carboxylase OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=pyc PE=3 SV=1 - [Q0KC80_CUPNH]

70.71

18.08

1

11

11

127.6 22.972

H2QCZ6

Uncharacterized protein OS=Pan troglodytes GN=ENSG00000171403 PE=3 SV=1 [H2QCZ6_PANTR]

70.56

20.06

2

5

5

62.1 10.539

P31891

***Uptake hydrogenase large subunit OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=hoxG PE=1 SV=4 - [MBHL_CUPNH]

50.58

17.80

1

6

6

68.8 14.238

G0EY89

30S ribosomal protein S1 OS=Cupriavidus necator
(strain ATCC 43291 / DSM 13513 / N-1) GN=rpsA PE=3 SV=1 - [G0EY89_CUPNN]

36.90

15.60

1

6

6

61.6 9.184

H2QCX3

Uncharacterized protein OS=Pan troglodytes
GN=ENSG00000186395 PE=3 SV=1 - [H2QCX3_PANTR]

30.95

14.90

2

5

5

58.2 9.356

F8GQA0

Acetyl-/propionyl-coenzyme A carboxylase alpha subunit OS=Cupriavidus necato
r (strain ATCC 43291 / DSM 13513 / N-1) GN=bccA PE=4 SV=1 - [F8GQA0_CUPNN]

22.98

15.80

2

5

5

61.0 9.468

Coverage Proteins

Table A-2: Mass Spectrometry peptide fragment results for protein band 2
Accession
Q0KF92

Descrip+on

Carboxyltransferase4OS=Cupriavidus4necator44
863.36 76.26
(strain4ATCC4176994/4H164/4DSM44284/4Stanier4337)4GN=H16_A01774PE=44SV=14R4[Q0KF92_CUPNH]

58.2

71.347

660.72 59.87

1

23

23

68.8

66.838

224.28 35.48

1

26

26

127.6

45.548

194.29 29.33

1

12

12

72.7

22.768

Uncharacterized4protein4OS=Pan4troglodytes4GN=ENSG000001863954PE=34SV=14R4[H2QCX3_PANTR] 186.60 26.17

2

10

10

58.2

23.412

Q0KC80
Q0KF85

Bio^n4carboxylase4OS=Cupriavidus4necator4
4(strain4ATCC4176994/4H164/4DSM44284/4Stanier4337)4GN=accC14PE=44SV=14R4[Q0KF85_CUPNH]

G0EY89

Frag2
weights2
[kDa]

25

Pyruvate4carboxylase4OS=Cupriavidus4necator4
4(strain4ATCC4176994/4H164/4DSM44284/4Stanier4337)4GN=pyc4PE=34SV=14R4[Q0KC80_CUPNH]

H2QCZ6

MW2
2[kDa]

25

P31891

Q0KDR7

#2
#2Unique2
#2
Proteins Pep+des 2Pep+des
1

***Uptake4hydrogenase4large4subunit4OS=Cupriavidus4necator44
(strain4ATCC4176994/4H164/4DSM44284/4Stanier4337)4GN=hoxG4PE=14SV=44R4[MBHL_CUPNH]

H2QCX3

Score Coverage

604kDa4chaperonin4OS=Cupriavidus4necator4
4(strain4ATCC4176994/4H164/4DSM44284/4Stanier4337)4GN=groL4PE=34SV=14R4[CH60_CUPNH]

80.89

25.78

1

9

9

57.3

16.650

Uncharacterized4protein4OS=Pan4troglodytes4GN=ENSG000001714034PE=34SV=14R4[H2QCZ6_PANTR] 68.45

29.86

2

8

8

62.1

19.170

19.86

1

8

8

61.6

11.672

30S4ribosomal4protein4S14OS=Cupriavidus4necator44
(strain4ATCC4432914/4DSM4135134/4NR1)4GN=rpsA4PE=34SV=14R4[G0EY89_CUPNN]

40.08
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Table A-3: Mass Spectrometry peptide fragment results for protein band 3
Accession

Description

Score

Coverage

Q0KDR7

60 kDa chaperonin OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=groL PE=3 SV=1 - [CH60_CUPNH]

#
Frag
#
#
MW
Unique
weights
Proteins
Peptides [kDa]
Peptides
[kDa]

1002.10

62.16

1

24

25

57.3 70.926

Carboxyltransferase OS=Cupriavidus necator
Q0KF92
703.35
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=H16_A0177 PE=4 SV=1 - [Q0KF92_CUPNH]

72.90

1

22

22

58.2 65.953

P31891

***Uptake hydrogenase large subunit OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=hoxG PE=1 SV=4 - [MBHL_CUPNH]

363.52

45.47

1

17

17

68.8 50.363

Q0KF85

Biotin carboxylase OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=accC1 PE=4 SV=1 - [Q0KF85_CUPNH]

172.28

31.26

1

13

13

72.7 25.601

Q0KC80

Pyruvate carboxylase OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=pyc PE=3 SV=1 - [Q0KC80_CUPNH]

144.02

23.48

1

17

17

127.6 29.768

H2QCZ6 Uncharacterized protein OS=Pan troglodytes GN=ENSG00000171403 PE=3 SV=1 - [H2QCZ6_PANTR]

63.37

27.29

2

8

8

62.1 16.530

H2QCX3 Uncharacterized protein OS=Pan troglodytes GN=ENSG00000186395 PE=3 SV=1 - [H2QCX3_PANTR]

55.44

29.29

2

10

10

58.2 18.346

G0EXV1

Inosine-5'-monophosphate dehydrogenase OS=Cupriavidus necator
(strain ATCC 43291 / DSM 13513 / N-1) GN=guaB2 PE=3 SV=1 - [G0EXV1_CUPNN]

48.88

30.60

2

10

10

51.9 16.008

Q0KA74

60 kDa chaperonin OS=Cupriavidus necator
(strain ATCC 17699 / H16 / DSM 428 / Stanier 337) GN=groELb PE=3 SV=1 - [Q0KA74_CUPNH]

44.97

21.83

1

7

8

56.5 12.299

