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Ru-protein—Co biohybrids designed for solar
hydrogen production: understanding electron
transfer pathways related to photocatalytic
functiont

Sarah R. Soltau,® Peter D. Dahlberg,®® Jens Niklas,® Oleg G. Poluektov,?
Karen L. Mulfort® and Lisa M. Utschig*®

A series of Ru—protein—Co biohybrids have been prepared using the electron transfer proteins ferredoxin
(Fd) and flavodoxin (Fld) as scaffolds for photocatalytic hydrogen production. The light-generated charge
separation within these hybrids has been monitored by transient optical and electron paramagnetic
resonance spectroscopies. Two distinct electron transfer pathways are observed. The Ru-Fd-Co
biohybrid produces up to 650 turnovers of H, utilizing an oxidative quenching mechanism for Ru(i)* and
a sequential electron transfer pathway via the native [2Fe-2S] cluster to generate a Ru(in)—-Fd—-Cofl)
charge separated state that lasts for ~6 ms. In contrast, a direct electron transfer pathway occurs for the

Ru-ApoFld-Co biohybrid, which lacks an internal electron relay, generating Ru()-ApoFld—Co(i) charge
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Accepted 5th August 2016 separated state that persists for ~800 pus and produces 85 turnovers of H, by a reductive quenching

mechanism for Ru(i)*. This work demonstrates the utility of protein architectures for linking donor and
catalytic function via direct or sequential electron transfer pathways to enable stabilized charge
separation which facilitates photocatalysis for solar fuel production.
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Introduction

The direct conversion of sunlight into chemical fuels is
a promising means for the production of clean and renewable
carbon-free energy. Storage of solar-converted energy in the
form of high-energy chemical bonds of molecules as a reduced
fuel, such as hydrogen, is a particularly attractive approach to
sustainable energy production. Numerous photocatalytic
architectures for hydrogen generation are actively being
pursued, with each diverse approach providing important
insights about how to link photon-capture to multistep proton
coupled electron transfers for catalysis. Hydrogen-evolving
molecular catalysts composed of earth abundant metals such as
iron, nickel, and cobalt are of particular interest due to future
scalability capabilities.”* For successful photocatalysis, the
reduction of H' requires the efficient delivery of two successive
light-generated electrons to a single catalyst molecule. Typical
homogeneous multi-molecular systems operate with a catalyst,
freely diffusing photosensitizer (PS) and sacrificial electron
donor.”> More recent efforts to replace multi-molecular systems
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with supramolecular, nanoparticle, or protein-based systems
for proton reduction provide opportunities to directly link a PS
to a catalyst to increase electron transfer efficiency.’> Supramo-
lecular complexes for hydrogen production have proven to be
quite beneficial due to their amenability to spectroscopic reso-
lution of both ground and excited state species,® but are often
hampered by limited stability in solution**® or short excited state
lifetimes and rapid charge recombination.® Nanoparticle
systems offer an opportunity to improve catalyst photostability
and collect electrons or holes on particles until needed for
catalysis.> For example, extensive studies of the RuP-TiO,-
cobaloxime system by the Reisner group have shown the ability
of nanoparticle complexes to extend charge separation lifetimes
to outcompete charge recombination for high H, production
activity.””®

Biological platforms provide yet another approach to solar
fuels generation. Metal catalysts have been inserted into
synthetic or semi-synthetic proteins with the goal of creating
artificial hydrogenases.'® Initial efforts include covalent
modification of peptides with earth abundant catalysts.> More
recent efforts to integrate catalysts into full protein architec-
tures include incorporation of a synthetic diiron catalyst into
apo-cyt ¢** and nitrobindin;* insertion of cobalt porphyrins'>*®
and cobaloximes' into apo-myoglobin; and a minimal
hydrogenase model using a nickel substituted rubredoxin.'®
These protein-based systems operate similarly to multi-

This journal is © The Royal Society of Chemistry 2016
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molecular synthetic systems requiring diffusional interaction of
catalyst and PSs (typically [Ru(bpy)s;]*" (bpy = 2,2-bipyridine)
and related derivatives) and achieve up to 520 turnovers (TON)
of H, with sodium ascorbate as a sacrificial electron donor.*® To
enable direct supramolecular-like charge separation, an 18-
amino acid peptide of cyt cs56 has been modified by covalent
binding of both a diiron catalyst and a [Ru(bpy)(tpy)(H,0)]**
(tpy = 2,2":6'2"-terpyridine) PS. This system achieves 9 TON with
a TOF of 11 h™" and catalysis ceases with decomposition of the
diiron catalyst.*®

Many recent studies directly take advantage of photosyn-
thetic reaction center (RC) proteins optimized light capture
and charge separation capabilities to drive hydrogen produc-
tion from abiotic catalysts;** yet efforts to directly link both
molecular PS and catalyst to proteins are limited. Smaller
protein-based systems provide a means to target essential
features of the RCs within a simpler context for monitoring
electron transfer kinetics and charge recombination pathways
as related to catalysis. We recently designed a hybrid using
directed covalent binding of a [Ru(bpy);]** derived PS ([Ru(4-
CH,Br-4’-CH;-2,2'-bpy)(bpy).]-2PFs, Ru PS) and cobaloxime
(Co(dmgBF,),-2H,0, CoBF,) catalyst to Spinacia oleracea
ferredoxin (Fd).?* This Ru-Fd-CoBF, hybrid achieves 210 + 60
TON/Ru PS with H, production for 6-8 hours. Importantly, this
is the first biohybrid for which the light-induced intermediates
have been spectroscopically analysed. We demonstrated
evidence by electron paramagnetic resonance (EPR) and tran-
sient optical spectroscopy for the presence of a long-lived
(>1.5 ms) Ru(m)-Fd-Co(1) charge separated state and an
oxidative quenching mechanism of the chromophore excited
state. Significantly, the native [2Fe-2S] cluster was found to be
required for H, production, serving as an electron relay to
shuttle electrons from the PS to the catalyst. Herein, we further
interrogate the importance of the [2Fe-2S] cluster as an inter-
mediate redox cofactor in the Fd system and expand upon
these results to include another Ru PS-protein-catalyst system
that utilizes flavodoxin (Fld) isolated from the thermophilic
cyanobacteria, Synechococcus lividus. Through detailed tran-
sient optical spectroscopy and EPR studies we are able to
differentiate two different mechanisms for electron transfer
efficiency related to photocatalytic function in Ru-protein-
catalyst systems and suggest implications for the development
of biological approaches to solar hydrogen production.

Results and discussion

Preparation and photocatalytic hydrogen production of Ru-
Fd-Co biohybrids

We have reported the photocatalytic hydrogen production for
the Ru-Fd-CoBF, biohybrid complex from S. oleracea Fd
(Fig. 1). This complex used a cobaloxime catalyst (Fig. 1A) axially
ligated to the nitrogen of Fd His90 and a Ru PS covalently bound
through a substitution reaction of the brominated Ru PS
(Fig. 1C) with Cys18.>> We now have determined the quantum
efficiency for the two electron process of H, production to be
1.0 £ 0.3% (Table 1). This H, production quantum efficiency
value compares reasonably well to multimolecular systems with

This journal is © The Royal Society of Chemistry 2016
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Fig.1 (A-C) Catalysts and photosensitizers used in the current study.
Cobaloxime catalysts (A) Co(dmgBF,),-2H,O (CoBF,) and (B)
Co(dmgH),pyCl (CoPy) and (C) ruthenium photosensitizer (Ru PS),
[Ru(4-CH,Br-4'-CHsz-2,2'-bpy)(bpy)z]-2PFs. (D) Photocatalytic
hydrogen production scheme in Ru—-Fd—-CoBF, biohybrid utilizing
electron transfer through the native Fd [2Fe—2S] cluster (1A70).2°

Co polypyridyl”® and Co polypyrazine* catalysts with H,
production quantum efficiencies of 3.6% and 0.49% respectively.
In addition, we prepared another Ru-Fd-Co biohybrid
complex which uses the cobaloxime catalyst [Co(dmgH),pyridyl]
Cl (CoPy) (Fig. 1B). Previous work has suggested that the CoPy
catalyst is a superior H, evolution catalyst due to the increased
lability of the pyridyl ligand allowing access for substrate
binding?*?® or increased basicity of the catalyst which facilitates
greater catalyst stability.* ICP-ACS metal analysis of the Ru-Fd-
CoPy biohybrid yielded values of 1.2 4+ 0.4 Co/Fd and 0.5 + 0.2
Ru/Fd, similar to the binding ratios observed in our original Ru-
Fd-CoBF, complex. Photocatalysis by the Ru-Fd-CoPy complex
(ESI Fig. S17) resulted in greater than triple the TOF and TON
compared to that obtained with the CoBF, complex (Table 1).
This is the highest TON reported for a photocatalytic non-RC
molecular PS-protein based system to date. Cobaloximes are
known to be relatively unstable under common photocatalytic
conditions,??*® and incorporation of more robust hydrogen
evolution catalysts, such as Co polypyridyl***° or Ni diphosphine
catalysts,® into our protein-based hybrids could substantially
improve the photocatalytic properties of these systems.

Our goal is to not only to prepare functional biohybrids, but
to also understand how they work. A significant finding is that
removal of the [2Fe-2S] cluster in the Ru-ApoFd-CoBF,
complex prevented H, production.”” This discovery is further
investigated here. In order to confirm that lack of H, production
is due to removal of the redox active [2Fe-2S] cluster and not
a secondary effect of partial unfolding of the ApoFd protein, we
prepared a related Ru-Fd-Co complex from S. oleracea Fd by
substitution of the native Fd [2Fe-2S] for Ga (GaFd). Both
solution NMR and X-ray crystallographic studies demonstrate
good alignment of GaFd with native Fd and the same structural
fold and characterization as the native protein.**** Thus,
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Table 1 Photocatalysis parameters of Ru—protein—Co biohybrids in 10 mM MES buffer, pH 6.3 with 100 mM sodium ascorbate as a sacrificial

electron donor

System TOF [mol H, (mol PS) " h™"] TON® [mol H, (mol PS) "] H, prod. QE
Ru-Fd-CoBF,? 50 + 10 210 =+ 60 1.0 £ 0.3%
Ru-ApoFd-CoBF,” 0° 0° Nd?
Ru-GaFd-CoBF, 0° 0° Nd?
Ru-Fd-CoPy 170 + 10 650 + 150 Nd“¢
Ru-ApoFld-CoBF, 30 + 10 85 + 35 0.4 + 0.1%

@ TON determined after 6 h. ” Ref. 22. ¢ No measureable H, detected in GC traces. ¢ Not determined.

replacement of the native [2Fe-2S] with Ga makes Fd a redox
inactive protein and is therefore a useful structural model for
native Fd. After binding the CoBF, catalyst and Ru PS, we
determined metal-to-protein ratios of 1.4 Co/Fd and 0.3 Ru/Fd
by ICP-AES for the Ru-GaFd-Co complex, which are consistent
with the previous metal-to-protein ratios obtained for Ru-Fd-
CoBF, and Ru-ApoFd-CoBF, samples.*

Replacement of the [2Fe-2S] cofactor with Ga yields a Ru-
GaFd-Co hybrid with no measurable light-induced H, produc-
tion (Table 1), emphasizing the importance of the [2Fe-2S]
cluster for photocatalysis. In the Ru-Fd-CoBF, photocatalysis
scheme (Fig. 2A), based on the crystal structure of S. oleracea Fd
(1A70),> the distance between the Cys18 where the Ru PS
attaches and the His 90 where the Co catalyst binds is 16.3 A,
whereas the distance between the Cys18 and [2Fe-2S] is 14.9 A.
Our null photocatalysis results for both Ru-ApoFd-CoBF,** and
Ru-GaFd-CoBF, suggest that the physical distance between the
catalyst and PS is too far for efficient direct electron transfer
across the protein, and two electrons must travel this distance
sequentially to achieve hydrogen production. Given the equiv-
alent reduction potentials (—0.42 V vs. NHE) of the Fd [2Fe-2S]
cluster®*® and the CoBF, catalyst,” we expect similar driving
force for the electron transfer process for each pathway. Based
on a simplified picture, in which the rate of electron transfer
process is primarily dependent on the distance between the
donor and acceptor molecules, we estimate an ~5 fold faster
rate of electron transfer between Ru-[2Fe-2S] than Ru-Co,*
although this does not take into account the edge-to-edge
distances of the cofactors. We also note that electron transfer

Flavodoxin

Fig. 2 Crystal structures of (A) Fd (1A70)?* and (B) Fld (1CZL)*? proteins
with distances between possible binding sites for catalysts, PSs, and
native redox cofactors. The closest relative distances between catalyst
and PS binding sites and redox cofactors are indicated on the figure.

7070 | Chem. Sci., 2016, 7, 7068-7078

rates vary in a-helical and B-sheet proteins, and that the protein
matrix may have an important role in determining the electron
transfer rates between the different cofactors.’””** We next
examine a new biohybrid for which only a direct electron
transfer pathway exists for photocatalysis.

Preparation and photocatalytic hydrogen production of Ru-
ApoFld-Co biohybrids

We have used S. lividus ApoFld as a scaffold to make a compa-
rable complex to the Ru-Fd-Co biohybrids. After the native
flavin mononucleotide (FMN) cofactor was extracted from Fld,
the CoBF, catalyst was reconstituted with the protein during the
refolding process; a method that was developed for incorpora-
tion of a nickel diphosphine catalyst.** Subsequent covalent
modification of Cys54 of ApoFld-CoBF, with the Ru PS
produces the Ru-ApoFld-CoBF, biohybrid complex. ICP-AES
measurements indicate binding of 0.9 &+ 0.2 Co/Fld and 1.1 +
0.4 Ru/Fld. We believe that the Co catalyst molecule is non-
covalently bound within the FMN binding pocket as binding
during the refolding process is necessary; with minimal binding
observed to native Fld or already refolded ApoFld (<0.15 Co/Fld).
Competition experiments with the native FMN cofactor support
this reasoning, as overnight incubation of ApoFld-CoBF, with
excess FMN cofactor (100 equivalents) removes up to 70% of the
Co catalyst. Also note, Fld has no His residues to support axial
binding of the Co catalyst. Specificity of the Ru PS binding was
confirmed by 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB)
modification of Cys54 preventing subsequent Ru PS binding
(<0.2 Ru/DTNB-FId).

The published crystal structure of Fld from S. elongatus
(1CZL),” which has 69% sequence identity to S. lividus Fld,
suggests that the Ru PS binding site at Cys54 (a conserved
residue) in Fld is located 10.2 A from the Co catalyst binding site
in the FMN pocket (distance between the Cys thiol and the FMN
N3, Fig. 2B). The Ru-ApoFld-CoBF, biohybrid complex provides
a much shorter pathway for electron transfer (Fig. 3) as
compared to the direct electron transfer pathway in the Ru-Fd-
Co biohybrids where Ru and Co are separated by 16.3 A. Esti-
mation of the rates of electron transfer based on distance
suggest an ~3000 fold faster rate for Ru—Co ET in Fld vs. Ru-Co
ET in Fd assuming similar conditions in the protein environ-
ment.*® This is a high estimate of rate, as the edge-to-edge
distances of the cofactors are not known, and ongoing crystal-
lization experiments aim to address this issue. As with the

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Scheme for hydrogen production in Ru—ApoFld—Co biohybrid
complexes with electron transfer directly from the Ru PS to the Co
catalyst (1CZL).*2 The protein is proposed to refold around the catalyst
in the FMN binding pocket.

Ru-Fd-CoBF, electron transfer rates, this rate is subject to the
nature of the protein environment, and the distribution of coil,
sheet, and helical structures.*®*° Since there is no additional
electron acceptor in the ApoFld system, the electron transfer
pathway must be direct from Ru PS to Co for catalysis to occur.
Photocatalysis using Ru-ApoFld-CoBF, complexes in MES
buffer, pH 6.3 with 100 mM sodium ascorbate produced 85 =+ 35
TON (Table 1, ESI Fig. S1f). Turnover and H, production
quantum efficiency of Ru-ApoFld—CoBF, was about 40% of Ru-
Fd-CoBF,. We hypothesize that the differences in rate and
quantum efficiency for catalysis correlate to (1) the absence of
the [2Fe-2S] cluster as an electron relay and/or (2) shorter
distance between the cofactors; both of which might enable
faster, more efficient back charge recombination. Comparison
of the Fd and ApoFld biohybrids emphasize that tuning the
spatial arrangement and physical distances of the electron
transfer moieties can regulate photocatalysis, as has been long
reported for electron transfer in Ru modified proteins.*

Electron paramagnetic resonance

EPR spectroscopy has been previously used to characterize the
Co, Ru, and [2Fe-2S] cluster binding sites and probe electron
transfer pathways in the Ru-Fd-CoBF, biohybrid.*”> The CoBF,
catalyst binds axially with single nitrogen coordination to the
protein as determined by the hyperfine coupling.*»** We also
observed light-driven electron transfer from the Ru PS to the
CoBF, catalyst via a Ru(in) intermediate detected by EPR.”> We
have characterized the new Ru-Fd-CoPy biohybrid by EPR
spectroscopy (ESI Fig. S21) and find that this complex demon-
strates a Ru(m) species upon illumination. This is consistent
with our previous work with Ru-Fd-CoBF, in which we
proposed that oxidative quenching of Ru* is the dominant
mechanism for electron transfer between Ru PS and [2Fe-2S].>>

We have also used EPR to characterize the Co binding pocket
of the Ru-ApoFld-CoBF, biohybrid (Fig. 4 and ESI Fig. S31). In
the absence of reductant, minimal Co(u) signal was observed
(ESI Fig. S37), which is consistent with prior reports of a mix of
Co(u) and Co(m) for the resting CoBF, catalyst when embedded
in a protein environment.'”* In the presence of excess sodium
ascorbate a significant Co(u) signal was observed (Fig. 4, black).

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 CW X-band EPR spectra of Ru-Fd—Co and Ru—-ApoFld—-Co
biohybrids. All EPR spectra were collected at 10 K. Samples were
illuminated for 2 s at 293 K, followed by immersion in liquid N, while
illuminated and placed in a pre-cooled (10 K) EPR cavity for
measurement. An asterisk marks organic species omitted for clarity.
Ru—ApoFld—CoBF, + asc dark (black, 1); simulation of Ru—ApoFld—
CoBF; (red, 2); Ru—-ApoFld-CoBF, + asc, light (orange, 3); Ru-Fd-
CoBF, + asc, dark (green, 4); Ru-Fd-CoBF, + asc, light (blue, 5).
Ru—Fd-CoBF, spectra were scaled by a factor of 0.2 for comparison
to the Ru—ApoFld—CoBF; spectra.

The Co(u) EPR spectrum was simulated (Fig. 4, red) with g-value
parameters 2.275, 2.179, and 2.0076 and the *°Co 4, principal
component of 318 MHz. Comparison of the spectral parameters
of CoBF, catalyst in a variety of solvent conditions suggest that
the Co catalyst in Ru-ApoFld-CoBF, is positioned in a polar,
protic environment with two water or other oxygen atoms as
axial ligands to the Co catalyst (ESI, Fig. S4t).** The EPR results
are thus consistent with the Co catalyst binding in the FMN
binding pocket of ApoFld where axial ligands to the catalyst are
expected to be water ligands, as there are no free nitrogen
ligands (protein residues) in Fld. Additionally, these results
indicate that the Co(n) in the Ru-ApoFld-CoBF, and Ru-Fd-
CoBF, (Fig. 4, green; g, 2.250, &y, 2.158, gz, 2.006, A, 280 MHz)
have different coordination environments based on the g-value
parameters, primarily due to the lack of histidine axial coordi-
nation in the ApoFld hybrid.

In these Ru-Co hybrids, the Ru PS can transfer electrons to
the catalyst via an oxidative or reductive quenching mechanism.
Upon illumination of the Ru-Fd-Co hybrid with freeze trapping
techniques, we observed a decrease in the Co(u) signal intensity
and appearance of a Ru(m) signal consistent with oxidative
quenching of Ru(u)* by electron transfer to Co, forming an EPR
silent Co(1) species (Fig. 4, blue).”> We have continued the
examination of the light driven photochemistry for the Ru-
ApoFld-CoBF, biohybrid by EPR. When the sample is illumi-
nated in the presence of sodium ascorbate (Fig. 4, orange), we
observe an organic radical species likely due to the ascorbate
decay products in the light. Interestingly, we do not observe
formation of a Ru(m) species with the Ru-ApoFld-CoBF, bio-
hybrid, either without ascorbate (ESI Fig. S31) or in the presence
of ascorbate (Fig. 4, orange). This suggests that electron transfer

Chem. Sci., 2016, 7, 7068-7078 | 7071
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in the Ru-ApoFld-CoBF, biohybrid, likely proceeds through
a [Ru(bpy)s]" species (which is a ligand centered reduction of
the Ru PS that we were unable to detect by EPR), via a reductive
quenching pathway in the presence of high concentrations of
ascorbate. For clarity throughout the rest of manuscript, we
refer to the reductively quenched [Ru(bpy);]" species as Ru(1).
Transient optical spectroscopy has been used to help elucidate
this species and propose more detailed catalytic pathways.

Transient optical spectroscopy

Transient optical spectroscopy has previously been used to
investigate the species formed upon visible light excitation of
the Ru PS in the Ru-Fd-Co biohybrids.”” Using single wave-
length detection of a Co(1) species at 660 nm, we observed
a long-lived (>1.5 ms) Ru(u)-Fd-Co(i) charge separated state.>
We now present a comprehensive study of the transient states in
both the Ru-Fd-Co and Ru-ApoFld-Co biohybrids using full
spectral collection from ~1.4 ns to several hundred millisec-
onds. This has allowed us to resolve the formation and decay of
Ru and Co related species in the catalytic cycle of the Ru-Fd-Co
and Ru-ApoFld-Co biohybrids. In both cases, the Ru PS was
excited with a 460 nm laser pulse at 10 Hz and transient states
were probed with a continuum fiber laser across the visible
spectrum. Both biohybrids were probed in the presence of 200
mM sodium ascorbate with sample OD,5, ~ 0.4-0.5.

Upon excitation of the resting Ru(u) state in both the Ru-Fd-
CoBF, and Ru-ApoFld-CoBF, biohybrids there is an initial
feature (50-100 ns) with broad absorption from 650-750 nm
(Fig. 5). This feature is consistent with formation of a Ru(u)*
species that decays within a few hundred nanoseconds.***®
Subsequent electron transfer forms a species with absorption
centered around 510 nm and can be attributed to different
electron transfer components in the pathways in each of the
Ru-protein-Co systems. In the Ru-ApoFld-CoBF, biohybrid,
electron transfer occurs via a direct pathway between Ru PS and

A) B)
25 —-0.1ps 25 ——-0.05 pus
——0.05 ps ——0.05 us
204 0.1 pus 20 4 0.1 pus
0.5pus
—2us
15 — 5us

T T T T T 1 -5 T T T T T
500 550 600 650 700 750 5(')0 550 6(])0 65'30 7(')0 7éo

Wavelength (nm) Wavelength (nm)

Fig. 5 Transient optical absorption spectra at selected early times.
Samples contained 200 mM sodium ascorbate and were excited at
460 nm and detected with a fiber laser. (A) Ru—ApoFld—-CoBF; spectra,
(B) Ru—Fd—CoBF; spectra.
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CoBF,. We propose that the signal at 510 nm with ~22 mOD
intensity occurs due to Ru(1), generated by reductive quenching
of the excited state Ru(u)* with ascorbate (eqn (1))*

Ru()*~Co(11) + Asc < Ru(1)—Co(n1) + Asc” (1)

In the case of the Ru-Fd-CoBF, biohybrid, we have a more
complicated situation with multiple electron transfer processes
occurring on similar time scales. The native [2Fe-2S] cluster
acts as an electron relay between Ru PS and CoBF,, which
supports the formation of a Ru(ui) species that we observed by
EPR.” There is also formation of a Ru(1) species due to reductive
quenching with ascorbate, however, the overall intensity of the
510 nm feature is considerably weaker (~13 mOD). This feature
also includes a broadening with a shoulder extending to ~600
nm that can be observed in the 0.1-5 pus time traces for Ru-Fd-
CoBF, (Fig. 5B) which is not observed in the time traces of the
Ru-ApoFld-CoBF, sample. The lower intensity of the 510 nm
feature and shoulder broadening is consistent with some
additional electron transfer intermediates which cannot be
uniquely observed in Ru-Fd-CoBF, due to the overlapping
spectral features of the [2Fe-2S] cluster in Fd (ESI Fig. S5t). We
have also characterized the electron transfer process in the Ru-
Fd hybrid (no Co catalyst) in the ESI (Fig. S6-S87). We therefore
propose that either of the following reactions (eqn (2) and (3))
are possible in Ru-Fd-CoBF,, but assert that the primary
pathway for catalysis uses the second reaction (eqn (3)), an
oxidative quenching pathway as supported by the Ru(u) species
observed by EPR.

Ru(m*-[2Fe-2SP****_Co() + Asc S
Ru(1)-[2Fe-2SP****-Co() + Asc*  (2)

Ru(1)*-[2Fe-2S]****~Co(u1) & Ru(m)-[2Fe-2S]*"**~Co(n) (3)

In eqn (3) one of the iron centers in the [2Fe-2S] cluster is
reduced from Fe(m) to Fe(u), while the other remains Fe(ur).
Some spectral features of the [2Fe-2S] are observed in the visible
region (500-650 nm) upon chemical reduction with sodium
dithionite (ESI Fig. S57), which supports the broadening of the
510 nm feature by reduction of the Fd [2Fe-2S] cluster. This
feature cannot be clearly resolved due to the overlapping spec-
tral features.

Using a four-exponential equation, a global kinetic fit of the
data at three selected wavelengths (504, 602, and 736 nm) could
be used to fit the data for both the formation and decay of these
early time and later time features in both biohybrids (Table 2
and Fig. 6). The observed time constant for the initial electron
transfer in Ru-ApoFld-CoBF, (t; = 170 £+ 30 ns) is similar to
what we observed previously in Ru-ApoFd (t = 200 + 10 ns),*
which also lacks an internal electron acceptor and we presume
proceeds through a Ru(1) intermediate as in eqn (1). By contrast,
the observed time constant for initial electron transfer in Ru-Fd-
CoBF, is more rapid (t; = 90 + 20 ns), which is consistent with
Ru(m)* — Ru(m) electron transfer to the [2Fe-2S] cluster out
competing the diffusionally governed Ru(u)* — Ru(1) reductive

This journal is © The Royal Society of Chemistry 2016
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Table 2 Kinetic parameters derived from transient optical spectra of
Ru—-Fd-CoBF; and Ru—-ApoFld—-CoBF, biohybrids in 20 mM Hepes pH
7.9 with 200 mM sodium ascorbate. Samples were excited at 460 nm,
and detected across the visible spectrum (Fig. 5 and 7). Kinetic
parameters were calculated from global fits of data at 504, 602 and
736 nm (Fig. 6)

Ru-Fd-CoBF, Ru-ApoFld-CoBF,
Ty 90 £ 20 ns 170 + 30 ns
Ty 1.5 + 0.3 ps 2.5 4+ 0.1 ps
T3 6.3 £ 0.2 ms 810 £ 50 us
T4 40 + 4.0 ms 23 + 2.9 ms
A) B)
25 15
iy 504 nm 504 nm
602 nm 1 * 602 nm
204 4 736 nm 124 4 736 nm
Fit 504 nm Fit 504 nm
——Fit 602 nm ——Fit 602 nm
—Fit 736 nm ——Fit 736 nm

T Ty il
1E-4 0.01

Time (s)

-
1E-4 0.01
Time (s)

Fig. 6 Kinetic fits of transient optical kinetic data for the (A) Ru-
ApoFld-CoBF; and (B) Ru—-Fd—-CoBF; biohybrids with 200 mM sodium
ascorbate using a global kinetic fitting routine at three wavelengths
(504 nm (black), 602 nm (red), and 736 nm (blue)) in Origin Pro 9.1. The
data sets were fit with four-exponential decay functions from 10-50
ns to 100 ms.

electron transfer. The Ru-Fd biohybrid (no Co) with ascorbate
also performs initial electron transfer on a similar time scale
(1 = 140 £ 10 ns, ESI Fig. S6-S81) and is representative of the
reductive quenching rate.

The species at 510 nm decays more slowly for Ru-ApoFld-
CoBF, than for Ru-Fd-CoBF, (Table 2). In the Ru-ApoFld-
CoBF, biohybrid, there is only one possible pathway for Ru(u)*
— Co(u) electron transfer; wherein the reductively quenched
Ru(r) state transfers electrons to the Co(u) catalyst, forming
a Ru(u)-ApoFld-Co(1) charge separated state (eqn (4)) in 7, =
2.5 + 0.1 ps.

Ru(1)-Co(11) & Ru(11)-Co(1) (4)

In Ru-Fd-CoBF,, we propose that the primary pathway for
electron transfer is from the reduced [2Fe-2S]*"*" cluster to the
Co catalyst (eqn (5))

Ru(un)-[2Fe-2SP*"**-Co(11) & Ru(m)-[2Fe-2S]****-Co(1) (5)

This journal is © The Royal Society of Chemistry 2016
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We also may observe the decay of the reductively quenched
Ru(1) species with electron transfer through the [2Fe-2S] (1, =
1.5 £ 0.3 ps) (eqn (6))

Ru(1)-[2Fe-2S]****-Co(nn) 5 Ru(m)-[2Fe-2S****~Co(u) (6)

Direct reduction of the [2Fe-2S] cluster in the absence of Co
was observed by EPR in Ru-Fd-CoPy (ESI Fig. S21) and Ru-Fd**
and transient optical experiments in Ru-Fd (ESI Fig. S6t), which
further emphasizes the key role of the [2Fe-2S] in shuttling
electrons and preventing back recombination in these
biohybrids.

Longer time scale transient optical spectra show formation
of an intermediate with an absorbance maximum at about 610
nm for both the Ru-Fd-CoBF, and Ru-ApoFld-CoBF, bio-
hybrids (Fig. 7), which we attribute to the formation of a Co()
species, an expected intermediate for H, production by coba-
loximes (ESI Fig. 91)." In the Ru-ApoFld-CoBF, biohybrid, the
Ru(n)-Co(i) charge separated state (eqn (4)) forms in 2.5 pus (1)
and reaches maximum intensity in <10 ps. In Ru-Fd-CoBF,,
further electron transfer from intermediates proposed in eqn
(3), results in formation of the charge separated species Ru(u)-
Fd-Co(1) according to eqn (5). This species begins to form in
1.5 ps (1), and reaches maximal intensity in about 10-20 ps
(Fig. 7B). A Ru(u)-Fd-Co(1) intermediate could also be achieved
by a reductive quenching pathway (eqn (7)).

Ru(i)—[2Fe-2SP****—Co(1) & Ru(m)-[2Fe-2S]*"**-Co(1) (7)

This reductive pathway certainly is a viable pathway, but
since we observe Ru(m) by EPR, we think that this is a minor
contribution in Ru-Fd-CoBF, system. The s time constants for
formation of the Co() species in both biohybrids are similar to
what has been observed in the literature for Co(i) species in
multimolecular systems with Ru and Re PS.>*%*

A) B)
10 —— 10 s 104
——100 ps
8 ——500 us 8
——2.0ms
— 10 ms
6 —50 ms

AA (mOD)

T T T T T 1
500 550 600 650 700 750
Wavelength (nm)

T T T T T 1
500 550 600 650 700 750
Wavelength (nm)

Fig. 7 Transient optical absorption spectra at selected later times.
Samples contained 200 mM sodium ascorbate and were excited at
460 nm and detected with a fiber laser. (A) Ru—ApoFld—CoBF, spectra,
(B) Ru—Fd—CoBF; spectra.
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The lifetimes of the charge separated states vary based on the
protein environment. In Ru-ApoFld-CoBF,, for which we
propose a direct ET pathway from electron donor to acceptor,
the lifetime is 13 = 810 + 50 us (Table 2). In Ru-Fd-CoBF,, for
which we propose a sequential electron transfer pathway via
[2Fe-2S], the lifetime is 73 = 6.3 + 0.2 ms. This lifetime is
consistent with our prior work in which we reported a longer
than 1.5 ms lifetime for this charge separated state; however the
previous transient absorption set up prevented data acquisition
necessary to determine longer lifetimes.*

In Ru-Fd-CoBF,, the spectral feature at 610 nm for the Co(r)
species decays in about 40 ms (Table 2), while in Ru-ApoFld-
CoBF, the Co(1) species decays in about 23 ms. These lifetimes
allow full recovery of the resting Co(u) and Ru(u) states, but are
not indicative of the time scale of H, production. In the Ru-Fd-
CoBF, biohybrid, Ru(m) is oxidatively quenched by sodium
ascorbate to regenerate the Ru(u) resting state.

These are the first kinetic measurements for biohybrid
systems, so for comparison we look to the few reported systems
for Co-based synthetic systems. Axially-linked or equatorially-
linked Ru-Co supramolecular complexes form Co(1) species that
exhibit short lifetimes of 20-70 ps due to rapid charge-recom-
bination in small synthetic architectures that cannot provide
opportunities to capture or accumulate electrons needed for
catalysis.>*** In multimolecular systems, the Co(1) state of Co-
polypyridyl catalysts with Ru PSs have reported lifetimes of 30—
60 ps,*** while the Co(i) state of another Co-polypyridyl
complex with a Re PS has been proposed to last from 2-200
ms.*®* Time-resolved X-ray absorption techniques using the
COBF, catalyst, [Ru(bpy);]*" as a PS, and methyl viologen as an
electron relay show transient formation of a Co(i) species over
the time regime of 0.5-100 ps,* which is consistent with the
time regime for the Co(1) species in our protein hybrids.

For hydrogen generation in both Ru-Fd-CoBF, and Ru-
ApoFld-CoBF, the Co(i) species is protonated and we propose
that the mechanism of H, catalysis proceeds through the
commonly accepted hetero-coupling mechanism of cobalox-
imes (Scheme 1).>** It is particularly unlikely that a CoBF,
catalyst bound to a protein will diffusionally interact with
another Co(m)-H to proceed through the homo-coupling
mechanism.***® Protein aggregates can be excluded as intact
complexes can be observed by ICP-AES after photocatalysis or
transient optical experiments with similar metal binding before
and after catalysis. Thus, our experimental results favour the
Co(u1)-H scheme for catalysis, which is supported by our results
with PSI-Co biohybrids> as well as recent electrochemical
studies on cobaloxime complexes.**** We believe the addition of
the second electron and proton to our system to be the rate
limiting step in catalysis and further investigation of Co-
hydride intermediates should help to determine if this is
limited by the time needed to regenerate the Ru PS.

Our protein-based hybrids serve as architectures to (1)
position the PS and Co catalyst in close proximity, circum-
venting common diffusion-related challenges encountered by
multimolecular systems and (2) stabilize long-lived (ms) charge-
separated states by way of the intermediary protein matrix
which inhibits back charge recombination. We have shown that
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hv
RuZ*-Co?* — Ru**-Co? Ru'*-Co?*
e ~170 ns
Ru-ApoFld-C
u-Apo! o] Asc*
~25us
H, e +H* H*
Ru?*-Co®*-H Ru?*-Co'*
~810 us
B) H*
Ru®*-[2Fe-2S]**/3*-Co®"-H ‘—‘Z Ru®*-[2Fe-2S]**/**-Co'*
~6ms
Asc + T ~15us
e + H+ +
Asc Ru%*-[2Fe-2S]2*/%*-Co?*
+H,
T ~90ns

Ru?*-[2Fe-2S]3*3*-Co?* hv
[ ] —> Ru?"*-[2Fe-2S]**3*-Co?*

Ru-Fd-Co € Aeg
H ~140 ns
2
e +H* J/ Asc*
Ru2*-[2Fe-2S]**3*-Co%*-H Ru'*-{2Fe-2S]**3*-Co?*
H*/? ~6ms l~4~8u5

Ru?*-[2Fe-2S]****-Co'*  <—— Ru?*-[2Fe-2S]****-Co?*

Scheme 1 Proposed catalytic cycles of both Ru-Fd-Co and Ru-—
ApoFld—Co biohybrids as observed by EPR and transient optical kinetic
studies. A Colin)—H species is shown as a catalytic intermediate as
discussed in the text. (A) Ru—ApoFld—Co pathway is unidirectional
using a reductive quenching pathway that produces H,. (B) Ru-Fd—-Co
pathway is bidirectional with an oxidative quenching pathway (top) as
the primary pathway to H, production as observed by EPR. There is
evidence for a small component of the reductive quenching pathway
(bottom), which can continue on to perform H, through the above
scheme.

in the Ru-Fd-CoBF, biohybrid, forward electron transfer is fast
(us) compared to slow charge recombination (ms). This is a key
feature of photosynthetic RCs which enables their stabilized
charge separation: ps or ns forward electron transfers with 10>
ms lifetimes of the charge separated state.”® Additionally, the
Ru-Fd-CoBF, biohybrid has an [2Fe-2S] cluster that acts as an
electron relay between PS and catalyst and can serve as an
electron “holding place” for the second electron necessary for
H, production. Sequential electron relays are an essential
design factor of the highly efficient charge separation in RC
proteins.* Thus, in combination, these RC-like features facili-
tate photocatalysis in our biohybrids when compared to
synthetic systems.

Experimental

Preparation of the Ru-protein-catalyst biohybrids

The chemicals for the synthesis of the CoBF,, CoPy, and Ru PS
were purchased from Sigma-Aldrich and used as received. The
CoBF, catalyst,* CoPy catalyst,** and Ru PS*** were synthesized
according to published methods.

This journal is © The Royal Society of Chemistry 2016
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The Ru-Fd-CoBF, biohybrids (100-500 uM) were prepared
as previously reported from S. oleracea Fd (Sigma-Aldrich) in 20
mM Hepes pH 7.9.>> The Ru-Fd-CoPy biohybrids (100-500 M)
were prepared in the same manner as the Ru-Fd-CoBF, bio-
hybrids except that a 3-5 mM stock of Co(dmgH),pyCl was used
as the cobaloxime catalyst. Gallium substituted Fd (GaFd) was
prepared as previously described including Q-sepharose chro-
matography and metal content was verified by ICP-AES.** Ru-
GaFd-CoBF, biohybrid samples (125 uM) were prepared in the
same manner as the Ru-Fd-CoBF, samples using GaFd instead
of holo-Fd. Ru-Fd biohybrids were also prepared as previously
described.*

Ru-ApoFld-CoBF, biohybrids were prepared from S. lividus
Fld purified according to published methods.** The FNM
cofactor was removed from FId as reported previously by a tri-
chloroacetic acid precipitation in the presence of dithio-
threitol** and reconstitution with the CoBF, catalyst at a final
concentration of 80 M in 10 mM Hepes pH 8.0. ApoFld and
CoBF, catalyst were tumbled in the dark at room temperature
for 2 h. Unbound catalyst was removed by microfiltration
through 3000 MWCO centrifuge devices (Amicon Ultra) using 10
mM Hepes pH 8.0 and multiple wash sequences. Ru PS binding
to the ApoFld—-CoBF, complexes was performed by adding 4 mol
equiv. of Ru/Fld (6.5 mM stock in DMSO) in 10 mM Hepes pH
8.0. The sample was tumbled at 4 °C overnight in the dark.
Unbound Ru PS was removed by microfiltration using 10 mM
Hepes pH 8.0. ICP-AES analysis was used to determine the
metal-to-protein ratios.

For competition experiments, 8-30 uM Ru-ApoFld-CoBF,
biohybrid was incubated with 100 mol eq. of FMN (Riboflavin
5'-monophosphate, sodium salt, Sigma Aldrich) diluted from
a 5 mM stock in 20 mM Hepes buffer pH 7.3. After overnight
incubation at 4 °C, unbound metal ions and FMN were removed
by microfiltration until all excess FMN was removed as moni-
tored by UV-Vis. ICP-AES was used to quantitate metal binding
after the competition experiment, and Co content dropped to
~30%. The CoBF, catalyst (12 mol equiv. per Fld) was incubated
overnight with holo-Fld (FMN bound), then washed 6 times by
microfiltration to remove unbound metals or FMN cofactor. Co
binding was determined by ICP-AES (~0.15 Co/Fld). 5,5'-Dithio-
bis(2-nitrobenzoic acid) (DTNB) was used to quantify free
cysteine residues in Fld hybrids using the concentration of 2-
nitro-5-thiobenzoate anion (g4, = 14 150 M~ cm™').% Metal
content of all samples was analysed by ICP-AES on a Thermo-
Scientific iCAP6000 spectrometer and compared to known
standards. Fd and Fld protein content was determined using
the Bradford protein assay method.*® In addition, holo Fd
content was verified with an extinction coefficient of 9600 M "
cm™! at 422 nm,” and Fld with an extinction coefficient of
8300 M ' cm ! at 465 nm.*

Photocatalytic hydrogen generation

Photocatalytic hydrogen generation experiments for total TON
or TOF were performed with a 300 W Xe lamp (Perkin-Elmer)
using a long-pass 375 nm filter, a 29 cm water filter, and a short-
pass filter (KG-1, Schott) in 3.0-3.8 mL sample volumes with 1-5
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UM Ru-protein—catalyst biohybrid as previously described for
the Ru-Fd-CoBF, biohybrids,* in 10 mM MES buffer, pH 6.3
with 100 mM sodium ascorbate as a sacrificial electron donor.
Hydrogen was detected from headspace measurements with
a Varian CP-4900A micro gas chromatograph with a 10 m 5 A
molecular sieves column with a thermal conductivity detector
and UHP N, carrier gas. Calibration curves for H, concentra-
tions were determined using injections of a known standard of
3% H, in N,.

For the determination of H, evolution quantum efficiency,
a CW LED centered at 455 nm (ThorLabs 455L2) with a DC2100
power controller (ThorLabs) was used to estimate light illumi-
nating the sample at ~455 nm. Higher protein concentrations
(5-10 uM) were required to determine quantum efficiency due
to small spot size of the LED on the sample (area = 6.4 x 10>
m?). Quantum efficiency was calculated according to eqn (8).

2(mol H, per s)

0 E = - 7
#Q mol photons per s

[100] (8)

Hydrogen production rates (mol H, per s) were calculated
from headspace measurements of gas evolution with gas chro-
matograph per unit time as described above. Initial photon flux
at 455 nm was measured with a Quantum Meter (Apogee
Instruments Inc.), and corrected for the spot area, with LED
power decreased to <3000 pmol photons per m” per s according
to the meter and multiplied by the spot area (unit = mol
photons per s). Photon flux on the sample during illumination
was determined by UV-visible spectroscopy of the Ru bound
fraction of the sample, as determined by ICP-AES, and this value
was multiplied by the spot area. The change in photon flux was
used to determine mol photons per s.

Electron paramagnetic resonance

Biohybrid protein (Ru-Fd-CoPy, Ru-ApoFld-CoBF,, and Ru-
Fd-CoBF,) samples were prepared as discussed above in 20 mM
Hepes buffer pH 7.9 at protein concentrations of 400-500 pM.
200 mM sodium ascorbate was added to samples. The sample of
Fd reduced with sodium dithionite was prepared with 400 uM
Fd in 100 mM CAPS buffer, pH 10.0 with 10 mM sodium
dithionite. Samples were prepared in quartz EPR tubes in
a nitrogen box as previously described.”” CW X-band (9 GHz)
EPR experiments were performed with a Bruker ELEXSYS E580
EPR spectrometer (Bruker Biospin, Rheinstetten, Germany)
equipped with a super high Q resonator (Bruker ER 4122SHQE)
and a helium gas-flow cryostat (ICE Oxford, UK). Temperature
control was provided by an ITC (Oxford Instruments, UK) and
illumination was performed with a 300 W Xe lamp (Perkin-
Elmer) using a 15 cm water filter, a KG-2 filter (Schott) and a 400
nm long pass filter to block UV and IR light. 200 K illumination
was performed in a dry ice/ethanol bath directly in the light,
while 293 K illumination was performed directly in the light
without additional temperature control. Samples were illumi-
nated for 2 s before immersion in liquid N, under illumination
and subsequent placement in a pre-cooled EPR cavity. Data
processing was performing using Xepr (Bruker BioSpin,
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Rheinstetten, Germany) and MatlabTM 7.11.2 (MathWorks)
environment. The magnetic parameters were simulated using
EasySpin.®®

Transient optical spectroscopy

Ru-Fd, Ru-Fd-CoBF,, and Ru-ApoFld-CoBF, biohybrid
samples were prepared as described above to ~250-500 pM in
20 mM Hepes buffer, pH 7.9 and placed in 2 mm cuvettes to
provide sufficient optical density (A450 nm ~ 0.4-0.5). Nitrogen
gas was bubbled over the top of samples for at least 10 minutes
before collecting spectra. Aliquots of sodium ascorbate were
injected to a concentration of 200 mM in appropriate samples
before excitation.

Transient absorption measurements were performed using
a homebuilt instrument. The optical pump was generated using
a diode pumped Nd:YAG and OPA system tuned to 460 nm
(Ekspla PL220 and PG403). The repetition rate for the pump
beam was 10 Hz with a pulse power of 350 pJ cm 2 at the
sample. The broadband probe was generated via a super-
continuum fiber laser (Leukos STM). The probe repetition rate
was 1.0 kHz and pulse power was ~10 pJ cm ™. The time delay
between the optical pump and probe beams was obtained using
a delay generator (SRS DG535) giving an overall instrument
response function of ~1.4 ns (ESI Fig. S10t). Dithering of a stir
bar during data collection allowed continuous mixing of
samples throughout the measurement. UV-visible spectra of the
samples after the transient optical measurements were
collected to check for sample degradation. Data was binned by
a factor of 4 or 16 and four-exponential kinetic fits were deter-
mined by a Global Fitting routine for the three selected wave-
lengths (504 nm, 602 nm, 736 nm) using Origin Pro 9.1 from 10-
50 ns to 100 ms. The specific fitting wavelengths (504 nm,
602 nm, and 736 nm) were selected as near the center of the
Ru(i) species, Co(1) species, and Ru(u)* species, respectively,
while the 504 and 602 nm wavelengths also represent the
broadening of the Ru(i) signal from reduction of the [2Fe-2S]
cluster in Ru-Fd-Co. Data collection time averaged about 2
hours for each short time scale data set and an additional 2
hours for each long time scale data set.

Conclusions

We have developed two systems for photocatalytic hydrogen
production that both directly link a proton reduction catalyst
and a PS with a protein scaffold (Scheme 1), yet utilize different
electron transfer pathways to achieve catalysis. The first system,
Ru-Fd-Co, uses an internal electron transfer relay through the
[2Fe-2S] cluster of Fd to transport electrons to the Co catalyst
using an oxidative quenching mechanism via Ru(m). Our
extensive EPR and transient optical spectroscopy studies indi-
cate that a long lived (6.3 + 0.2 ms) light-induced Ru(u)-Fd-
Co(1) charge separated state forms which gives this hybrid
system increased stability and longevity as a photocatalytic
system. We have also studied the ability to perturb and modify
this system, through removal of the [2Fe-2S] cluster* and
replacement of the [2Fe-2S] with a redox inactive metal, Ga.
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Photocatalysis is not observed in the absence of the redox active
cofactor, supporting our assertion that sequential electron
transfer pathway thru the [2Fe-2S] cluster is the functional
pathway. Changing the catalyst from the CoBF, catalyst previ-
ously studied®® to the CoPy catalyst increases the catalytic
turnover of the system by a factor of greater than three.

The second system, Ru-ApoFld—-Co, does not contain an
internal electron transfer relay and we propose that light-
induced electron transfer from the Ru PS directly to the Co
catalyst initiates photocatalysis. This system relies on a close
spatial arrangement of electron donor and acceptor for direct
transfer of electrons necessary for hydrogen production.
Through our EPR and transient optical spectroscopy results, we
demonstrate that the Ru-ApoFd-Co biohybrid utilizes a Ru(u)-
Co(1) charge separated state formed after reductive quenching
of the Ru PS. This species has a shorter lifetime, 810 + 50 us
which might be the result of more favorable back charge
recombination due to the shorter distance between cofactors or
the lack of an intermediary electron acceptor. Through these
two different systems, we have developed a new regime for
protein engineering to place catalysts, PSs, and redox active
electron transfer moieties at designed locations in the protein
scaffolds to enable rapid electron transfer and prohibit charge
recombination. Continued studies of biohybrid designs will
provide a knowledge base about system catalysis function
related to underlying electron transfer kinetic mechanisms and
pathways that will guide future development of photochemical
systems for conversion and storage of sunlight.
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