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Abstract

Worldwide there is a large research investment in developing solar fuel systems as clean and
sustainable sources of energy. The fundamental mechanisms of natural photosynthesis can provide
a source of inspiration for these studies. Photosynthetic reaction center (RC) proteins capture and
convert light energy into chemical energy that is ultimately used to drive oxygenic water-splitting
and carbon fixation. For the light energy to be used, the RC communicates with other
donor/acceptor components via a sophisticated electron transfer scheme that includes electron
transfer reactions between soluble and membrane bound proteins. Herein, we reengineer an
inherent interprotein electron transfer pathway in a natural photosynthetic system to make it
photocatalytic for aqueous Hz production. The native electron shuttle protein ferredoxin (Fd) is
used as a scaffold for binding of a ruthenium photosensitizer and H: catalytic function is imparted
to its partner protein, ferredoxin NADP*-reductase (FNR), by attachment of cobaloxime
molecules. We find that this 2-protein biohybrid system produces Hz in aqueous solutions via
light-induced interprotein electron transfer reactions (TON >2500 H2/FNR), providing insight

about using native protein-protein interactions as a method for fuel generation.
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Introduction

Sunlight is a clean and abundant source of energy. An efficient way to store solar energy is in
energy-rich chemical bonds of molecules, such as Hz (Lewis and Nocera 2006; Lewis 2007).
When created using the energy from sunlight, Hz is considered a solar fuel. Nature provides a
model for this in the photosynthetic reaction center (RC) proteins that capture and convert the
sun’s energy and power the rearrangement of the bonds of water to form oxygen and the biological
equivalent of hydrogen, NADPH, which is used in carbon fixation. Therefore, using what we know
of the high quantum efficiency and self-repair capabilities of natural photosynthesis, there is
growing interest in the development of biohybrid architectures for the photocatalytic production
of Hz using visible light and water (Utschig et al. 2015; Mulfort and Utschig 2016). There are
several strategies for solar Hz generation that couple light-driven RC chemistry to the direct
synthesis of Hz in hybrid systems where abiotic Hz2 production capabilities have been inserted into
the RC protein framework (Utschig et al. 2015). In particular, hybrids of the Photosystem | (PSI)
RC linked to hydrogenase (lhara et al. 2006; Lubner et al. 2010; Lubner et al. 2011), Pt
nanoclusters (Greenbaum 1988; Iwuchukwu et al. 2010), Pt nanoparticles (Grimme et al. 2008;
Utschig et al. 2011a), and molecular first row transition metal catalysts (Utschig et al. 2011a; Silver
et al. 2013) have been successful for light-driven Hz generation from water. This work has led to
the integration of abiotic Hz catalysts within intact thylakoid membranes to achieve complete solar
water splitting via the native photosynthetic Z-scheme electron transport chain (Utschig et al.

2018).

In addition to PSI hybrids, small proteins can be used as a foundation to generate biohybrid
architectures that replicate the essential design features of RCs by combining protein scaffolds

with tailored abiotic cofactors and synthetically-tuned photosensitizers to produce Hz from light in



aqueous solutions (Soltau et al. 2015; Soltau et al. 2016; Soltau et al. 2017). Biohybrids built from
proteins smaller and less complex than RCs provide a more straightforward system in which to
monitor photoinduced electron transfer kinetics and charge recombination pathways as related to
H2 catalysis. Without the optimized RC light capture and conversion capabilities, the small
hybrids exhibit low quantum efficiencies for the two-electron process of Hz production, yet
synthetic molecular chemistry imparts important creativity and tunability in the hybrid design
strategy that has yielded important information about sequential charge separation, electron
transfer pathways and intermediate states in photocatalysis (Soltau et al. 2015; Soltau et al. 2016;

Soltau et al. 2017).

In this report, we investigate light-driven interprotein electron transfer in small biohybrid designs
as an approach for the direct synthesis of energy rich compounds. Biological electron transfer
between proteins is involved in a variety of physiologically important processes. In photosynthesis,
interprotein electron transfer reactions between mobile charge carrier proteins and integral
membrane proteins is essential for utilizing the photon energy captured by RCs. For example, PSI
catalyzes light-driven electron transfer across the thylakoid membrane from plastocyanin located
in the lumen to ferredoxin in the stroma. Ferredoxin then shuttles electrons to ferredoxin-NADP™*
reductase (FNR). We look at adding synthetic complexes to the Fd-FNR subset of the native
photosynthetic electron transport chain to explore the feasibility and utility of incorporating

interprotein electron transfer in photocatalytic hydrogen production schemes.

Materials and methods

FNR overexpression and purification



A synthetic gene encoding FNR domain from Anabaena PCC 7119 (Uniprot P21890; amino acids
137-440) was designed using optimized codons for high expression in an E. coli host strain by a
proprietary algorithm at GenScript (Piscataway, NJ). The synthetic DNA was purchased from
GenScript and was cloned into the protein expression vector pMCSG68 developed at the Midwest
Center for Structural Genomics (MCSG) at the Argonne National Laboratory, IL. A N-terminal
Hise-tag was introduced to enable isolation by immobilized metal affinity chromatography

(IMAC). The Hiss-tag can be cleaved efficiently by TEV protease.

A surface exposed cysteine residue was introduced by replacing glycine at position 402 in FNR
(G265C in the numbering adopted in the PDB deposited structure, 1GJR) using site-directed
mutagenesis. The substitution was verified by DNA sequencing. The FNR G402C mutant was
expressed in E. coli (BL21 Gold) and purified using Ni-affinity column chromatography.
Following the first IMAC purification step, the Hiss-tag was cleaved using TEV protease, and the
reaction mixture was further purified using a second IMAC column to separate the cysteine mutant
from any tag-uncleaved mutant protein and the protease (both containing Hise-tag). Following
purification, the buffer was exchanged to 20 mM HEPES pH 8.0, 250 mM NaCl, 2mM DTT by
repeated dilution and concentration using Amicon ultra-15 centrifugal filter. The purity of the
G402C FNR mutant was assessed by a single band on an SDS-PAGE gel. The purified FNR
G402C mutant was used for all experiments in this study. It will be referred to as FNR henceforth

for simplicity.

UV-Vis spectroscopy of the purified FNR protein showed low incorporation of the native FAD
cofactor (Figure S1). The apo-FNR was reconstituted with FAD (Sigma-Aldrich) by incubation
of a 0.5-1 mM solution of FNR in 20 mM HEPES pH 8.0 and 250 mM NaCl with 4-6 mol equiv.

FAD overnight at 4 °C. Unbound FAD was removed by extensive washing with 10000 MWCO



filtration devices until the filtrate was colourless. FAD reconstitution was verified by UV-Vis
spectroscopy (Figure S1). FNR concentration was determined by extinction coefficient at 456 nm
of 10,740 M* cm™ and verified separately by Bradford assays using the Bio-Rad Protein Assay

Dye Reagent.
Preparation of Fd-RuPS and FNR-Co hybrids

Chemicals for the synthesis of Co(dmgBF2)2 -2H20 (CoBF2) and [Ru(4-CH2Br-4’-CHs-2,2’-
bpy)(bpy)z]-2PFs (RuPS) were purchased from Sigma-Aldrich and used as received. The CoBF2
catalyst and RuPS were synthesized and characterized according to published methods (Bakac and
Espenson 1984; Gould et al. 1991; Sun et al. 1997). The Fd-RuPS hybrid was prepared using
Spinacia oleracea ferredoxin from Sigma-Aldrich. 80 pM Fd in 20 mM HEPES pH 8.0 was
incubated with 4 mol equiv. of RuUPS (7 mM stock in DMSO) overnight at 4 °C. To remove
unbound RuPS, the samples were concentrated with Amicon 3000 MWCO filtration devices and
repeatedly diluted and washed 4 times with 20 mM HEPES pH 8.0. Fd concentration was
determined using the extinction coefficient at 422 nm of 9,600 M-*cm™. ApoFd was prepared by
treatment of spinach Fd with 3% trichloroacetic acid and dithiothreitol as previously reported
(Utschig et al. 2018). ApoFd (Figure S2) protein concentration was determined by the Bradford
method. The Ru-ApoFd hybrid was made by the same procedure as the Fd-RuPS hybrid. Bradford

assays were used to determine the concentrations of Fd-RuPS and ApoFd-RuPS.

Both ApoFNR-CoBF2 and FAD reconstituted FNR-CoBF2 hybrids were prepared by addition of
10 mol equiv. of CoBF2 (freshly prepared 1.5-3 mM stock in DMSO) to a 20-50 pM solution of
FNR in 20 mM HEPES pH 8.0. The mixture was incubated overnight at 4°C followed by repeated
concentration/wash steps with 20 mM HEPES pH 8.0 through Amicon 10000 MWCO filtration

devices to remove unbound catalyst.



Photosensitizer and catalyst protein binding ratios were determined using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) with a Thermo Scientific iCAP6000
spectrometer. Dilute protein hybrid solutions were analyzed for the appropriate metal ion, Co, Fe,
and/or Ru. The metal concentrations determined by ICP-AES were then compared to the protein

concentrations of each specific sample as determined by UV-Vis analysis.

NADP™* Reduction

Light-dependent NADPH reduction by ApoFNR, FNR, and FNR-CoBF2 hybrids was measured
using PSl isolated from S. leopoliensis and then purified.(Mosebach et al. 2017) PSI concentration
was determined by chlorophyll content in 100% methanol by measuring the optical density at 664
nm. Samples with 60 nM PSI monomer contained 20 mM Tricine-KOH (pH 7.3), 3 mM MgClz,
2 mM sodium ascorbate, 60 uM DCPIP, 10 uM cyt cs (S. lividus), 4 uM Fd, 0.5 mM NADP*
(Sigma-Aldrich), and 0.5 uM FNR. Absorption at 340 nm (and at 390 nm) was measured prior to
and during specific time points of illumination with a 300 W Xe lamp (Perkin-Elmer). The light
was extensively filtered using a 500 nm long-pass filter, a short-pass filter (KG-2, Schott) and a

29 cm water filter.

EPR Experiments

ApoFNR-CoBF2 and FNR-CoBF2 samples were prepared as described above, and concentrated to
100-200 uM protein in 20 mM HEPES pH 8.0 buffer with 100 mM sodium ascorbate. Samples
were prepared in quartz EPR tubes in a nitrogen box. A Bruker ELEXSYS Il E500 EPR
spectrometer (Bruker Biospin, Rheinstetten, Germany) equipped with a TEio2 rectangular
resonator (Bruker ER4102ST) and a helium gas-flow cryostat (ICE Oxford, U.K.) was used for

CW X-band EPR measurements. An ITC (Oxford Instruments, U.K.) was used for temperature



control. After data collection of the FNR-CoBF2 sample, 170 uM Fd was added to the sample, and
a CW spectrum obtained. Data processing was performed using Xepr (Bruker Biospin,
Rheinstetten, Germany) and Matlab™ 7.11.2 (MathWorks) environment. The magnetic

parameters were obtained by simulation with EasySpin (Stoll and Schweiger 2006).
Photocatalytic H, Production

Photocatalytic H2 generation experiments were performed with a blue LED (455 nm) focused on
a N2-purged, sealed 5.3 ml spectrophotometer cell with a path length of 1.0 cm. FNR-cobaloxime
samples were diluted to a final concentration of 0.1-2 uM protein in 3 ml 10 mM MES buffer (pH
6.1) and 100 mM sodium ascorbate as a sacrificial electron donor. 8 UM Fd-RuPS hybrid was
added to this mixture. The output from the LED was focused using a Thorlabs Aspheric condensor
lens to a radius of 3.5 cm on the sample cell. The LED was positioned 10 cm from the sample.
The Thorlabs powersource (DC2200) was set to 950 mA. Samples (200 pl) were taken from the
headspace every 30 - 60 min and analyzed for Hz with a Varian CP-4900A micro gas
chromoatograph with a 10 m 5 A molecular sieves column with a thermal conductivity detector
and UHP N2 carrier gas. Calibration curves for Hz concentrations were determined using injections

of a known standard of 3 % H2 in No.

Results and Discussion

As demonstrated in our previous work, (Soltau et al. 2015) the ruthenium photosensitizer, RUPS
(Figure 1A) forms a covalent bond via a thiolate linkage to Cys18 of Spinacia oleracea ferredoxin
(Fd). After removal of unbound RuPS by microfiltration, ICP-AES revealed 1.2 £ 0.1 Ru/Fd. The

cobaloxime catalyst, CoBF2 (Figure 1B) coordinates directly with Anabaena FNR via Co(ll) His



and/or Glu/Asp coordination after overnight incubation. Removal of unbound CoBF2 and
subsequent ICP-AES indicates 1.4 £ 0.3 Co/FNR. To enable intermolecular electron transfer, the
Fd-RuPS and FNR-CoBF2 hybrids were mixed together in a cuvette with the sacrificial electron
donor sodium ascorbate under blue LED illumination. Figure 1C shows the proposed schematic
for the intermolecular electron transfer reaction to generate hydrogen. A model of the active
complex is proposed by aligning the spinach Fd structure (1A70, (Binda et al. 1998)) with the

Anabaena FNR:Ferredoxin complex structure (LEWY, (Morales et al. 2000b)).

The two-hybrid mixture where the photosensitizer molecule is linked to Fd and the catalyst is
bound to FNR readily generates Hz from aqueous solutions under blue LED illumination (Figure
2). The assay conditions of 10 mM MES pH 6.1, 100 mM sodium ascorbate, and 0.1-2 UM protein
were those previously found to work best for similar systems (Soltau et al. 2015; Soltau et al. 2017)
. The ratio of Fd-RuPS to FNR-CoBF2 was varied to maximize Hz production. We observed that
increasing the ratio Fd-RuPS photosensitizer hybrid to the FNR-CoBF: catalyst hybrid
dramatically increased the Hz production. With 4:1 (Figure 2, red triangles), 21:1 (Figure 2, green
circles), and 72:1 (Figure 2, black squares) Fd-RuPS:FNR-CoBF: ratios, the observed total TONs
were 490, 1640, and 2780 TON Hz/FNR, respectively (Table 1). The maximum rates for H>
production (TOF) were measured to be 110, 330, and 550 mol Hz2 (mol FNR)™ h, respectively

(Table 1).

The duration of H2 evolution for this interprotein biohybrid system was tested for the 4:1 Fd-
RuPS:FNR-CoBF2mixture (Figure S3) over several hours. We observed that Hz production begins
to taper off after 5 hours of illumination (Figure S3, red open triangles). Addition of fresh ascorbate
after 25.5 hours of illumination failed to revive Hz production (Figure S3, black circle), suggesting

that accumulation of oxidized ascorbate does not limit the long-term efficiency of this system. In



the literature, recovery of Hz production has been observed with addition of fresh photosensitizer
(Ru(bpy)sCl2) after several hours of illumination (Kohler et al. 2019). Figure S4 shows the
absorption spectrum of Ru(bpy)sCl2 under blue LED illumination. The 450 nm MLCT band
diminishes in size significantly after extended illumination. A new band at 520 nm appears and
eventually dominates the spectrum after 21.5 hours. This indicates a change in the ligand
environment of the Ru(ll) ion. Based on the literature and the observed changes in the absorption
spectrum, we conclude that light-induced decomposition of the RuPS is a limiting factor for long-

term Hz production in our system.

Together, these results show that intermolecular electron transfer is an effective mechanism for
photocatalytic Hz production from biohybrid systems. A significant improvement in TON is
achieved compared to corresponding Ru-Fd-CoBF2 and Ru-apo-flavodoxin-CoBF2 hybrids that
use intramolecular electron transfer (Soltau et al. 2016). The TON also approaches that for the
only other reported interprotein biohybrid system, that of PSI and a nickel diphosphine substituted
apo-flavodoxin, (Silver et al. 2013) although the TOF of the PSI hybrids remain the fastest to date
for molecular catalyst-protein hybrids, (Utschig et al. 2011b) due to the optimized photochemistry
of photosynthetic RC proteins. The protein architectures are instrumental in facilitating H:
production. When the CoBF: catalyst (3 uM, no FNR) was mixed with Ru[(bpy)s]Cl2 (8 uM, no
Fd) and 100 mM ascorbate to match the concentrations used in the protein hybrid photocatalysis,
extremely low activity of 10 TON H2/CoBF2 was observed following illumination (Table S1)
which can be attributed to diffusion limitations. Upon mixing FNR-CoBF2with free Ru[(bpy)s]Cl2
photosensitizer, 16 TON H2/FNR was observed with illumination, even though the photosensitizer
was added in 4 fold excess of the FNR-CoBF. Therefore, very little to no Hzwas observed without

either Fd or FNR. Hence, both the Fd and FNR protein structures play a necessary role in enabling



efficient intermolecular electron transfer between the PS and catalyst in this biohybrid system for

light-induced H2 production.

This biohybrid system provides the opportunity to investigate the involvement of intermediate
cofactors as electron relays in photocatalysis. The intermolecular electron transfer between the
RuPS bound to Fd and the cobaloxime catalyst bound to FNR could take place via the [2Fe-2S]
cluster of Fd and/or the FAD cofactor of FNR. Sequential intramolecular electron transfer via the
[2Fe-2S] cluster of Fd has been previously observed for a Ru-Fd-Co hybrid (Soltau et al. 2015).
To test the mechanism, the [2Fe-2S] cluster of Fd and FAD cofactor of FNR were each removed
to form the apo-proteins prior to preparing the corresponding hybrids as detailed in the methods
section. The concentrations of the FNR-CoBF2 and Fd-RuPS hybrids were kept constant at 2 pM
and 8 UM, respectively. Therefore, a 4:1 ratio of Fd-RuPS:FNR-CoBF2 was maintained for these

experiments.

Figure 3 presents the Hz generated by the different combinations of the apo- and native protein
hybrids over time. The black squares (Figure 3) represent a mixture of intact Fd-RuPS and FNR-
CoBF2 where 490 TON H2/FNR was observed. Trichloroacetic acid precipitation to remove the
[2Fe-2S] cluster from Fd yielded 0.09 + 0.02 Fe/ApoFd, similar to an earlier report (Soltau et al.
2015). The Ru content of the ApoFd-RuPS hybrid is similar to the intact Fd-RuPS hybrid (1.1 +
0.1 Ru/ApoFd). Upon mixing ApoFd-RuPS with FNR-CoBF:2 followed by illumination the
maximum activity observed was 490 TON H2/FNR (Table 1), comparable to that with the native
hybrid (Figure 3, green circles), suggesting that the [2Fe-2S] cluster of Fd is not essential for
photocatalysis. The purified G402C mutant FNR exhibited very low levels of FAD incorporation
and was used as ApoFNR (Figure S1). Upon reaction with the cobaloxime catalyst, it bound 1.8 =

0.3 Co/ApoFNR which is slightly higher than that observed for FAD reconstituted FNR. When



ApoFNR-CoBF2was mixed with Fd-RuPS and assayed for photocatalytic Hz production, 510 TON
H2/ApoFNR was observed (Figure 3, red open triangles, Table 1). Since the ApoFNR-CoBF2 and
FNR-CoBF2 exhibit similar Hz evolution, we infer that FAD cofactor has no effect on the H2
production. As an additional test, ApoFNR-CoBF2 and ApoFd-RuFd were mixed together and
illuminated. Under these conditions, we observed 740 TON Hz/ApoFNR (Figure 3, blue inverted
triangles, Table 1) which is higher than the other three conditions tested. It is possible that the Fd
[2Fe-2S] cluster (-0.42 V vs. NHE) (Cammack et al. 1977) and the FNR FAD cofactor (-0.33 V
vs. NHE for the semiquinone/hydroquinone couple and -0.35 V vs NHE for the oxidized
enzyme/semiquinone couple at pH 7) (Corrado et al. 1996; Faro et al. 2002) are reduced following
light excitation of [Ru(bpy)3]?* to [Ru(bpy)3]>** (Ru(11*/111) -0.8 V vs. NHE) (Alstrum-Acevedo
et al. 2005)). However, if electron transfer to these sites does occur, it does not appear to impact
photoinduced electron transfer between the photosensitizer and catalyst sites. The increase in TON
for the dual apo-protein experiments (740 vs 490) would be consistent with non-productive
electron transfers to the [2Fe-2S] and/or FAD sites. Overall, however, we conclude that neither
the [2Fe-2S] cluster nor the FAD are essential as electron transfer relays between the RuPS and
cobaloxime catalyst. These results indicate that both the photoinduced electron transfers proceed

directly from Ru of Fd-RuPS to the Co-catalyst on FNR-CoBF2 (Figure 1C).

In a previous study, intermolecular electron transfer between Synechocystis sp. PC 6803 Fd and
FNR was achieved using Ru based photosensitizers, one of which was the same as that used in
this study (Figure 1A) (Quaranta et al. 2016). The RuPS(s) were covalently bound to Fd via
cysteine residues, site specifically mutated into the structure. The electron transfer proceeded via
reductive quenching of Ru* to reduce the [2Fe-2S] cluster followed by reduction of the FAD

cofactor. For one of the mutants, the measured interprotein intracomplex electron transfer rate was



6500 st. This study, as well as our previous small protein hybrid work, (Soltau et al. 2016; Soltau
et al. 2017) suggests that most likely a similar reductive quenching mechanism occurs for Ru(I1)*
in the presence of 100 mM ascorbate in our interprotein electron transfer system. In the native
proteins from Anabaena, electron transfer rates (ket), of 4600 + 400 s™ have been reported (Hurley
et al. 2002). Therefore, the rates were comparable between the native Fd to FNR and biohybrid
Fd-RuPS to FNR. Planned kinetic studies of the Fd-RuPS/FNR-CoBF2 system using time-resolved
optical spectroscopy will be important for understanding the underlying mechanisms of the

interprotein electron transfer processes that facilitate photocatalysis.

Effective electron transfer from Fd to FNR involves formation of an active collision complex. FNR
contains a mainly positive patch and electrostatic forces with the negatively charged surface of
reduced Fd, an acidic protein, contribute to complex formation preceding electron transfer.
(Medina 2009) To test the effect of the protein-protein complex formation on Hz production via
intermolecular electron transfer, the ionic strength of the solution was varied. With no salt addition,
220 TON Hz/FNR was observed (Figure 4, green circles, Table 1). In the presence of 200 mM
NaCl, the maximum TON increased to 490 TON Hz/FNR (Figure 4, black squares, Table 1). But
with 1 M NaCl, 140 TON Hz/FNR was observed (Figure 4, red triangles, Table 1). So a biphasic
salt dependence is observed for the electron transfer reaction. This result matches the literature
where analogous salt dependence has been observed for the complex formation between Fd and

FNR for effective electron transfer (Martinez-Julvez et al. 1998).

The electrostatic nature of the interaction between Fd and FNR can explain the observed ionic
strength dependence of H2 production. At low ionic strengths, due to the high surface charge
density, the two partners can come together in orientations that are not conducive to electron

transfer and fail to reorient themselves. On the other hand, if the ionic strength is too high, the



surface charges are screened too well and complex formation fails to occur. In the literature, a bell-
shaped curve is observed for rate of FNR reduction versus ionic strength (Martinez-Julvez et al.
1998). In our experiments, no salt addition leads to low Hz production. Addition of some salt (200
mM NaCl) increases the Hz production but further increase in ionic strength (1 M NacCl) hinders

H2 production.

The mechanism of complex formation followed by electron transfer between Fd and FNR has been
studied using several experimental techniques, including site-directed mutagenesis, Kinetic
measurements among others (Mulo and Medina 2017). A two-step mechanism has been used to
explain the observed results. The initial complex formation between reduced ferredoxin and
oxidized FNR was characterized by the reversible binding constant, Kq followed by electron
transfer in the forward direction characterized by the rate constant, ket. The dissociation constant,
Kq for the Fd:FNR complex range from 4-10 uM. lonic strength of the solution modulates the
affinity between Fd and FNR. The initial encounter is driven by the dipole moment generated due
to the charged residues on the surface of Fd and FNR. However, a reorientation is required to
position the FAD and [2Fe-2S] clusters for optimal electron transfer. Salt bridges play a role in
reorienting the two proteins, where generally negatively charged Fd residues interact with
positively charged residues on FNR. Simulations have shown that the rate of complex formation
between Fd and FNR is constant over the pH range 6 to 7.5 (Diakonova et al. 2016). Crystal
structures of the Fd:FNR complex have also been reported for Zea mays (Kurisu et al. 2001) and
Anabaena (Morales et al. 2000b), where the flavin isoalloxazine and [2Fe-2S] were separated by
<8 A. Models proposed on the basis of NMR chemical shifts (Palma et al. 2005) varied from the
crystal structure thereby further supporting the idea that within the Fd:FNR complex, multiple Fd

orientations are capable of supporting fast interprotein electron transfer.



Based on the crystal structure of Anabaena FNR complexed with Fd, the complexation of the two
proteins is mediated by a hydrophobic core, net 11 interprotein hydrogen bonds and one salt bridge
(Morales et al. 2000a; Morales et al. 2000b). The hydrophobic core is comprised of Phe65 on Fd
and FNR residues Leu76, Leu78 and Val136. The Fd/FNR residues involved in either direct or
water mediated hydrogen bonds are Tyr25/Arg264, Arg42/Arg264, Ser61/Lys293, Ser61/Val300,
Asp62/Glu267, Asp62/Thr302, Ser64/Glu301, Ser64/Vall36, Asp67/Asnl3, Glu94/Lys75. Salt
bridge formation occurs between Arg264 of FNR and Asp62 of Fd. The residues that exerted the
most dramatic effect on the rate of electron transfer are Phe65, Glu94, and Ser47 on Fd and Leu76,
Lys75, and Glu301 on FNR (Hurley et al. 2002). Smaller effects were observed for Asp67 in Fd
and Glul39, Leu78, Lys72, and R16 in FNR. Figure S5 shows the sequence alignment between
Fd from Anabaena and spinach (E92K mutant). Although most of the key residues are conserved,
Ser61 (Anabaena) is replaced by Asp59 (spinach). Therefore, in our current system (Anabaena
FNR and spinach Fd) a majority of these interprotein interactions are present which leads to the
formation of productive complexes for electron transfer. However, since the [2Fe-2S] cluster on
Fd and FAD on FNR are not involved in mediating electron transfer in our biohybrid system, direct
structural information on Fd-RuPS and FNR-CoBF: is required to clarify the molecular details of

the photocatalytic complex.

The FNR binding site of the Co catalyst was characterized using electron paramagnetic resonance
(EPR) experiments. The CoBF2 catalyst has a 3d’ EPR active configuration with Co(ll) oxidation
state (Bakac et al. 1986). EPR spectroscopy can distinguish between nitrogen and oxygen axial
coordination of Co(ll) (Niklas et al. 2012). Figure 5A (black) presents the EPR spectrum of
ApoFNR-CoBF2 and Figure 5B (red) shows the FNR-CoBF2 spectrum. Upon comparing the

ApoFNR-CoBF2 and FNR-CoBF: spectra, there are differences in the coordination environment



of the CoBF2 catalyst when bound to the intact FNR versus the ApoFNR. Deconvolution of the
spectra followed by simulation (Figure S6) revealed 50% N-coordination and 50% O-coordination
for FNR-CoBF2. This is in contrast to the ApoFNR-CoBF2 spectrum which corresponds to 85-
90% O-coordination and 10-15% N-coordination. There are 8 histidine residues in our FNR
structure. One of them is buried and the remaining 7 are solvent exposed and one of them could
provide axial coordination to the Co(ll) center in FNR-CoBF.. The stoichiometric nature of
catalyst binding to FNR (1.4 £ 0.3 Co/FNR) suggests that 1 histidine provides preferential ligation.
In addition to histidine, there are multiple glutamate and aspartate surface residues that can readily
bind axially to the cobaloxime. To test whether the CoBF2 binds near the Fd docking site, Fd was
added to the FNR-CoBF2sample. The EPR spectrum remains unaffected upon Fd addition (Figure
5C, green) leading us to conclude that the catalyst binding site is not near the Fd docking site on

FNR.

To test whether the Co catalyst was binding at the NADP* substrate binding site, NADP™ reduction
assays were performed (Figure S7). Without bound catalyst, 230,000 TON h was observed while
180,000 TON hwas observed with CoBF: catalyst bound. Since there is minimal difference in
the NADP* reduction rate upon catalyst binding, we conclude that the catalyst is not binding at the
NADP*binding site or blocking the entry of the substrate into the active site. In Figure 1C, His299,
which does not block the NADP* binding pocket and is located closest to the RuPS site on Fd (Cys
18) has been chosen as a representative binding site. Figure 6 shows the NADP* bound structure
of FNR (1GJR (Hermoso et al. 2002)). The positions of the histidines relative to the cofactor and

substrate binding sites are highlighted.

We will use chemistry to refine the catalyst-protein binding. The beauty of this biohybrid system

is that the molecular catalyst can be synthetically tuned. One target is cysteine modification with



thiol-reactive compounds. To this end, we investigated binding of a maleimide-functionalized
cobaloxime to the engineered Cys residue (at position 402) of FNR. However, the preferential
ligation of the available oxygen and nitrogen ligands to the axial Co ligation sites precluded
covalent binding to the cysteine residue. Further synthetic development of catalysts that target

cysteine residues is underway.

The current system provides an excellent platform for fine tuning and interrogating interprotein
electron transfer reaction. Non-native cofactors can be incorporated into the binding pockets of the
two protein system in order to alter the electron transfer pathway. The CoBF2 catalyst binding site
on FNR can be characterized by incorporating a cysteine-specific spin label (Poluektov et al. 2003)
using the engineered Cys residue (at position 402) coupled with EPR spectroscopy for distance
measurements. The distance between the RuPS and CoBF catalyst is quite high (25.6 A) in our
model generated from the Anabaena crystal structure (Morales et al. 2000b). It is likely that the
actual distance in the effective complex is much lower since the Fd:FNR encounter complex is
already primed to undergo reorientation after initial binding. Site-directed mutagenesis can also be
carried out on both protein partners to study the effects on electron transfer. Recently, site-directed
mutagenesis on Synechocystis PCC 6803 Fd and FNR has been shown to affect electron transfer

from reduced Fd to either FNR or hydrogenase (Wiegand et al. 2018).

Conclusions

This work provides an important example of incorporating synthetic molecules to creatively use
and probe Nature’s mechanisms. Here, we have developed a highly active two protein biohybrid

system for photocatalytic H2 production that uses interprotein electron transfer to achieve catalysis.



Ferredoxin (Fd) is used as a scaffold for binding of a ruthenium photosensitizer and attachment of
cobaloxime molecules to FNR provides H, catalytic function. In this manner, we have
reengineered the inherent interprotein electron transfer reaction in the photosynthetic pathway to
make it photocatalytic for Hz production. This work provides important insight into how to
incorporate catalytic function into larger photosynthetic relays, such as thylakoid systems (Utschig
et al. 2018). Likewise, interprotein schemes may provide a good strategy for accomplishing
photocatalytic reduction of N2 (Brown et al. 2016) and CO2 (Miller et al. 2019; Woolerton et al.
2010), replacing light-sensitive nanoparticle materials. Continued work on photosynthetic-inspired
biohybrids will provide an opportunity for breakthroughs in the resolution of fundamental
mechanisms for coupling photons to proton-coupled electron transfer reactions, a necessary step
forward in the development of optimized systems for capturing and converting the sun’s energy

into a storable fuel.
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Table 1: Photocatalytic turnover data for Fd-RuPS and FNR-CoBF; hybrid mixtures
under different conditions

FNR-Co
hybrid

FNR-CoBF,
(1.9 uM)

FNR-CoBF,
(0.4 M)

FNR-COBF2
(0.1 uM)

ApoFNR-
CoBF,

FNR-CoBF,

ApoFNR-
CoBF,

FNR-CoBF,

FNR-CoBF,

Photosensitizer

Fd-RuPS (4
equiv.)

Fd-RuPS (21
equiv.)

Fd-RuPS (72
equiv.)

Fd-RuPS (4

equiv.)

ApoFd-RuPS (4
equiv.)

ApoFd-RuPS (4
equiv.)

Fd-RuPS (4
equiv.)

Fd-RuPS (4
equiv.)

[NaCl]

02M

02M

0.2M

02M

02M

02M

None

1.0M

TOF (mol H; (mol
FNR)! h)

110

330

550

110

130

160

50

30

TON (mol H; (mol
FNR)1)

490

1640

2780

510

490

740

220

140



Ferredoxin NADP*
reductase (FNR)

Figure 1: Light driven H;, production via intermolecular electron transfer. Chemical structures of (A)
ruthenium photosensitizer (RuPS), [Ru(4-CH:Br-4’-CHs-2,2’-bpy)(bpy)2] 2PFs; and (B) cobaloxime
catalyst (CoBF,), Co(dmgBF;),2H,0 used in the study. (C) Proposed photocatalytic H, generation scheme
by direct intermolecular electron transfer from the PS on the Fd-RuPS hybrid to the CoBF; catalyst on the
FNR-CoBF, hybrid. Spinach Ferredoxin structure (1A70) has been aligned with the Anabaena

FNR:Ferredoxin complex structure (1IEWY) to generate the docked structure.
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Figure 2: Time course profile of Hz production from different mixtures of Fd-RuPS and FNR-CoBF;
hybrids under blue LED illumination. The concentration of Fd-RuPS hybrid was maintained at 8 uM while
the concentration of the FNR-CoBF; hybrid was (black squares) 0.1 pM; (green circles) 0.4 uM; and (red
triangles) 1.9 uM. The reaction was performed in 10 mM MES, pH 6.1 with 200 mM NaCl and 100 mM

sodium ascorbate.
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Figure 3: Time course profiles of photocatalytic H, production with different cofactor content of the Fd-
RUPS and FNR-CoBF; hybrids. The [2Fe-2S] cluster of Fd and FAD cofactor of FNR were each removed,
and different combinations of the resultant hybrids were investigated to determine the cofactor involvement
in photocatalysis. The PS:catalyst ratio was maintained at 4:1 for all the experiments. The conditions tested
were (black, squares) Fd-RuPS (with [2Fe-2S] cluster) and FNR-CoBF; (with FAD) hybrids; (empty red
triangles) Fd-RuPS (with [2Fe-2S] cluster) and ApoFNR-CoBF; (no FAD) hybrids; (green circles) ApoFd-
RUPS (no [2Fe-2S] cluster) and FNR-CoBF; (with FAD) hybrids; and (blue inverted triangles) ApoFd-
RUPS (no [2Fe-2S] cluster) and ApoFNR-CoBF; (ho FAD) hybrids. Data shown in (black, squares)
reproduced from Figure 2 (red triangles). The assay conditions were the same as that for the experiments

in Figure 2.
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Figure 4: Effect of ionic strength on photocatalytic H, production with 4:1 Fd-RuPS:FNR-CoBF; hybrid
mixtures under blue LED illumination. The Fd-RuPS concentration was 8 uM and FNR-COBF; was 2 uM.
Assay conditions were 10 mM MES, pH 6.1 with 100 mM sodium ascorbate and (black squares) 200 mM
NaCl; (green circles) no NaCl; and (red triangles) 1 M NaCl. Data shown in (black squares) reproduced
from Figure 2 (red triangles) and Figure 3 (black squares). Besides the variation in salt concentration, all

other assay conditions were the same as that for Figure 2.
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Figure 5: CW X-band EPR spectra of (A) ApoFNR-CoBF; hybrid; (B) FNR-CoBF; hybrid; and (C) 1:1

mixture of FNR-CoBF; hybrid and spinach Ferredoxin. Assay buffer contained 20 mM HEPES, pH 7.9 and

100 mM sodium ascorbate. All EPR spectra were obtained at 20 K.
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Figure 6: Structure of Anabaena FNR with NADP* bound at the active site (1GJR). The FAD (blue sticks)
and NADP™ (green sticks) binding domains are shown in blue and green, respectively. The 7 His found in

the structure are shown as magenta spheres (His7 is missing in the crystal structure).



