Chemical
cience

rsc.li/chemical-science

P
«

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2041-6539

EDGE ARTICLE

Lisa M. Utschig et al.

Biohybrid photosynthetic charge accumulation detected by
flavin semiquinone formation in ferredoxin-NADP* reductase

Volume 13
Number 22

14 June 2022
Pages 6433-6754




Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 May 2022. Downloaded on 3/2/2026 10:18:14 AM.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Biohybrid photosynthetic charge accumulation
detected by flavin semiquinone formation in
ferredoxin-NADP™ reductaset

i '.) Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 6502

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Lisa M. Utschig,@* Udita Brahmachari, © Karen L. Mulfort, ® Jens Niklas ©

and Oleg G. Poluektov @

Flavin chemistry is ubiquitous in biological systems with flavoproteins engaged in important redox reactions.
In photosynthesis, flavin cofactors are used as electron donors/acceptors to facilitate charge transfer and
accumulation for ultimate use in carbon fixation. Following light-induced charge separation in the
photosynthetic transmembrane reaction center photosystem | (PSI), an electron is transferred to one of
two small soluble shuttle proteins, a ferredoxin (Fd) or a flavodoxin (Fld) (the latter in the condition of Fe-
deficiency), followed by electron transfer to the ferredoxin-NADP* reductase (FNR) enzyme. FNR
accepts two of these sequential one electron transfers, with its flavin adenine dinucleotide (FAD)
cofactor becoming doubly reduced, forming a hydride which is then passed onto the substrate NADP™*
to form NADPH. The (oxidized/semiquinone and semiquinone/
hydroquinone) are similar to each other with the FNR protein stabilizing the hydroquinone, making

two one-electron potentials

spectroscopic detection of the intermediate semiquinone state difficult. We employed a new biohybrid-
based strategy that involved truncating the native three-protein electron transfer cascade PSI — Fd —
FNR to a two-protein cascade by replacing PSI with a molecular Ru(i) photosensitizer (RuPS) which is
covalently bound to Fd and Fld to form biohybrid complexes that successfully mimic PSI in light-driven
NADPH formation. RuFd — FNR and RuFld — FNR electron transfer experiments revealed a notable
distinction in photosynthetic charge accumulation that we attribute to the different protein cofactors
[2Fe2S] and flavin. After freeze quenching the two-protein systems under illumination, an intermediate
semiquinone state of FNR was readily observed with cw X-band EPR spectroscopy. The increased

spectral resolution from selective deuteration allowed EPR detection of inter-flavoprotein electron
Received 16th March 2022

Accepted 2nd May 2022 transfer. This work establishes a biohybrid experimental approach for further studies of photosynthetic

light-driven electron transfer chain that culminates at FNR and highlights nature’s mechanisms that
DOI: 10.1035/d2sc01546¢ couple single electron transfer chemistry to charge accumulation, providing important insight for the

rsc.li/chemical-science development of photon-to-fuel schemes.

Introduction rapid sequential electron transfers between a chain of protein
embedded electron donor and acceptor molecules.” Following

RC charge separation, the resultant electrochemical potential is
converted to chemical energy by selective coupling to secondary

Fundamental mechanisms of photosynthetic solar energy
conversion provide a road map for renewable and clean energy

strategies. Nature's mechanisms incorporate both large trans-
membrane protein complexes and small soluble redox proteins
in a Z-scheme electron transport chain of oxygenic photosyn-
thesis for photon capture and conversion, utilizing the resultant
chemical energy for water splitting and carbon dioxide assimi-
lation. The primary solar energy conversion reactions occur in
the transmembrane reaction center proteins (RCs) and involve
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reaction sequences. Electron paramagnetic resonance (EPR)
spectroscopic studies have played a significant role in deter-
mining light-generated radical species and reactivities in RC
electron transfer since they can selectively track the para-
magnetic intermediates generated during the electron transfer
events. Herein we build on these classic studies by using EPR
methods to track and interrogate the photosynthetic electron
transfer between the soluble redox proteins in the latter part of
the Z-scheme (Fig. 1).

In oxygenic photosynthesis of higher plants, cyanobacteria,
and algae, the photosystem II (PSII) and photosystem I (PSI) RCs
operate in series to transfer electrons from water to NADP".?
PSII conducts light-driven water oxidation,® whereas PSI

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The Z-scheme of electron transport in oxygenic photosyn-
thesis. Photosystem Il (PSIl) absorbs photons that are used to oxidize
water. The extracted electrons are passed on to photosystem | (PSI) via
the cytochrome bgf complex (Cyt bef) and the electron transfer protein
plastocyanin (Pc). PSI carries out light-driven transmembrane electron
transfer from Pc to ferredoxin (Fd) (or flavodoxin (Fld) under conditions
of Fe-deficiency). Fd (or Fld) then shuttles the electrons from PSI to
ferredoxin NADP"-reductase (FNR) for the reduction of NADP* to
NADPH that is used in carbon fixation. The red box highlights the
electron transfer reactions of interest in this study.

catalyzes light-driven transmembrane electron transfer from
plastocyanin to oxidized ferredoxin (Fd) (eqn (1)).* The electrons
from reduced Fd are used by the enzyme ferredoxin-NADP"
reductase (FNR) for the reduction of NADP' to NADPH, the
terminal step of the Z-scheme (eqn (2)). Under conditions of Fe-
deficiency in cyanobacteria and some algae, flavodoxin (Fld)
substitutes for Fd in the reduction of FNR.?

PSI + Fd* ™ PSI* 4 Fd>* (1)
2Fd** + NADP' + H' T8 2Fd* + NADPH @)

FNR contains a single flavin adenine dinucleotide (FAD)
cofactor with an isoalloxazine ring which can stabilize three
different oxidation states: fully oxidized, partially reduced by
one electron (semiquinone), and fully reduced by two electrons
(hydroquinone). FNR pairs single electrons from reduced Fd (or
Fld) in a single hydride transfer step to protein bound substrate
NADP".® Crystal structures of FNR reveal that the protein folds
in two domains, one containing the noncovalently bound FAD
molecule and the other NADP' (Fig. 2).”® Fd and Fld can form
1 : 1 complexes with FNR. The active site for Fd/Fld docking is at
the interface of the two domains.’ Thus two reduced Fd or two
reduced Fld proteins are needed for the formation of one
NADPH molecule from a single FNR protein (eqn (2)). The two
one-electron potentials of FAD are close to each other with FNR
proteins stabilizing only 10-20% of the maximal amount of
semiquinone.'®™ Nevertheless, the FAD semiquinone state
certainly plays a role in the enzyme-catalyzed reduction of
NADP" as both Fd and Fld provide two successive one-electron
reductions to FNR. To better understand photosynthetic
coupling of one electron transfers to charge accumulation, we

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystal structure of FNR. The protein folds into two domains,
one domain (green) contains the FAD cofactor (purple) and the other
domain (blue) contains NADP* (dark green). (2BSA) Fd/Fld dock at the
interface of the two domains on the cofactor side (top of this view).

targeted generation of a stable semiquinone state of FNR for
EPR characterization using the native electron transfer proper-
ties and interactions between the protein partners Fd and Fld.

Unlike Fld for which the semiquinone is exceptionally stable
due to the relative midpoint potentials of the flavin mono-
nucleotide (FMN) cofactor (Eox/sq —195 mV; Esquq —390 mV),
generation of a stable semiquinone species in FNR is chal-
lenging due to the similar midpoint potentials Eox/sq —338 mV;
Esqmuq —312 mV of the FAD cofactor and more positive potential
of the hydroquinone.”™ Two methods have been used to
generate the semiquinone of FNR for EPR studies, chemical
reduction with NADPH or steady-state photoreduction using
diazariboflavin in the presence of EDTA.*® EPR/ENDOR
spectroscopy has centered on a detailed examination of the
localized molecular and electronic structural information of the
flavin cofactor site in FNR.">'”*® In this work we have extended
these studies with directed photoreduction of FNR via light-
driven interprotein electron transfer. This method will allow
us to generate the semiquinone signal in high yield, avoiding
the difficulties associated with chemical reduction like double
reduction or addition of other radical species in solution such
as diazariboflavin. In addition, we will observe the semiquinone
state for electron transfer competent Fd-FNR and Fld-FNR
complexes. To accomplish the spectroscopic detection of the
semiquinone state, we used a bioinorganic approach, replacing
the light-initiated chemistry of PSI with biohybrid complexes
comprised of a photosensitizer molecule, ruthenium(u) tris(bi-
pyridine) (RuPS), covalently bound to Fd and Fld (RuFd and
RuFld). The resultant biohybrids add light-driven electron
transfer capability to their electron shuttle function in photo-
synthetic electron transfer. Recently photosynthetic-based bio-
hybrids were built with non-native functionality for
photocatalytic H, production.>* Herein we have applied
biohybrid-driven chemistry to look at native photosynthetic
function to better understand nature's mechanisms.

To aid in probing the two-protein electron transfer cascades
RuFd — FNR and RuFld — FNR, we employed a method

Chem. Sci., 2022, 13, 6502-6511 | 6503
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pioneered over 60 years ago, the deuteration of photosynthetic
microorganisms by adaption and growth of bacteria, cyano-
bacteria and algae in heavy water (99.7% D,0).>>>” EPR spec-
troscopy of deuterated photosynthetic proteins is a classic
approach that helped determine the cofactors involved with the
electron transfer events in RCs.>*** Deuteration often substan-
tially increases EPR spectral resolution and provides the
opportunity to directly probe flavin (in Fld) to flavin (in FNR)
electron transfer via EPR for the first time. We targeted
systematic study of Fd, a single electron carrier, Fld, a two
electron carrier, and FNR, a two electron (hydride) transfer
protein for insight on charge accumulation aspects of photo-
synthetic electron transfer in the latter part of nature's Z-
scheme chemistry. The biohybrid methodologies developed
inspire future study of ubiquitous flavin electron transfer
chains in biology as well as inform artificial photosynthetic
strategies for coupling single electron photochemistry to mul-
tielectron chemistry necessary for efficient photocatalytic solar
fuel synthesis.

Results and discussion
Development of the two protein biohybrid system

Flavoproteins have the unique capacity of transferring either
just one electron in each redox step or two electrons at once.
Both FMN and FAD have an isoalloxazine ring, which is the
redox active part of the flavin molecule (Fig. 3A). For this reason,
nature incorporates flavoproteins in a wide variety of reaction
schemes in addition to photosynthesis including energy trans-
duction and biosynthesis.*® As such, spectroscopic methods for
probing involvement of flavin semiquinone intermediates in
flavoenzyme-catalyzed reactions is of wide interest, but experi-
mentally challenging. To investigate the flavin reactions in the
latter part of the photosynthetic Z-scheme we first targeted
modification of the native proteins in two ways: insertion of
deuterated flavin cofactor and specific binding of RuPS.
Extracting significant quantities of deuterated FNR from
cyanobacteria grown in 99.7% D,0 media would be difficult due
to low yielding protein purification protocols. Therefore, we
isolated deuterated Fld protein, from which we extracted and
purified the deuterated FMN cofactor.”” We confirmed
successful deuterated flavin incorporation into FNR by UV-Vis
spectroscopy (Fig. S1t). The *H-FMN cofactor inserted into

NH;
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A. 2 b)) p sl S B.
oo <, : 2+
OspO 00 N2y 1/) il I szf: .
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Fig. 3 Molecular cofactors used in this study. (A) Chemical structures
of flavin adenine dinucleotide, FAD, the native cofactor of ferredoxin-
NADP™* reductase (FNR) and flavin mononucleotide, FMN, the native
cofactor of flavodoxin (Fld).* (B) The ruthenium photosensitizer (RuPS),
[Ru(4-CH,Br-4'—CHz-2,2'-bpy)(bpy).] - 2PFs.
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unreconstituted FNR “FNR(*H-FMN)” gave an acceptable A,go/
Ayse = 7, where for overexpressed FNR with <5% FAD cofactor
after purification, A,g0/A456 = 54. Crystal structures show that
the FNR protein fold can productively use both FAD and FMN,
as the adenosine moiety has no specific interactions with the
protein.”*® To affirm this, we tested the functionality of FMN
substitution for FAD in FNR. PSI-driven NADP' reduction
activity is shown in Fig. S2.T Replacement of native FAD with *H-
FMN in FNR does not produce significant differences in activity
under the reaction conditions. A slight slowing of enzymatic
activity 77 000 vs. 100 400 mol NADPH (mol PSI)"* h™" and
overall lower final quantity of NADPH formed was observed.
This is most likely due to the FMN cofactor not positioning itself
into the protein structure in exactly the same configuration as
the native FAD cofactor, for which the protein was designed to
hold. However, the same order of magnitude of activity indi-
cates that selective deuteration of the flavin cofactor in FNR
provides a highly functional system for EPR study.

RuPS (Fig. 3B) was covalently bound to free cysteine residues
of Fd (Cys18) and Fld (Cys54) via a bromine substitution reac-
tion to generate RuFd and RuFld.** The ICP-AES analysis
showed near stoichiometric ratios of 1.0 & 0.1 Ru/Fd and 1.2 +
0.2 Ru/Fld. Covalent binding was confirmed with 5,5-
dithiobi(2-nitrobenzoic acid) modification of cysteine resi-
dues.* Upon illumination, RuFd and RuFld were able to drive
NADP" reduction from FNR as shown in Fig. 4 using a 10-fold
excess of RuFd or RuFld compared to FNR. Interestingly, RuFld-
driven NADP' plateaued faster and achieved overall more
turnovers per FNR than RuFd under the same experimental
conditions. Initial rates were 8500 and 1050 mol NADPH (mol
FNR) " h™' for RuFld and RuFd respectively (Fig. S3t). This
difference is interesting and may be related to the difference in
1 electron vs. 2 electron carrying abilities of Fd versus Fld, as
discussed below. Note, employing the simplified 2-protein
system averts a potential pitfall in EPR studies of using the
native electron transfer cascades PSI — Fd — FNR and PSI —
Fld — FNR to observe FNR semiquinone intermediates. In the
native 3-protein system the prominent light-generated P700"
signal at g = 2.00 would significantly overlap with the semi-
quinone signal of FNR, making resolution of the semiquinone

/ NADP* NADPH \ 164
.
2@ [I. :
- e'f §0.3< I
light .@ g ®

" photosensitizer

n
H

) 0.0.'
0 30 8 9% 120

time (m)

QED: Na ascorbate

150 180 210

Fig. 4 Biohybrid photosynthetic NADP* reduction. (left) Schematic of
the light-driven two protein cascade that replaces PSI with a ruthe-
nium photosensitizer molecule bound to Fd. Fld can be substituted for
Fd. (right) In vitro light-driven NADP™ reduction via RuFd (blue circles)
and RuFld (black squares).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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signal difficult. As the NADP' reduction assays show, RuFd and
RuFld are able to carry out light-driven NADPH formation and
are thus suitable biohybrids to replace PSI chemistry in EPR
studies of semiquinone formation in FNR.

EPR studies: electron transfer from ferredoxin to FNR

The light-driven chemistry of our two protein cascade biohybrid
systems was examined with cw X-band EPR spectroscopy. The
single flavin cofactor of FNR proceeds through three oxidation
states in the transfer of electrons from Fd to NADP', oxidized
(FNRox), semiquinone (FNRgg) and hydroquinone (FNRyg)
(Fig. S51).° Of these three, only the FNRgq, state has an unpaired
electron that can be observed with EPR spectroscopy. We
employed selective deuteration to aid in our detection of FNRgq.

We first examine the electron transfer RuFd — FNR. Fig. 5A
shows the EPR spectra observed for FNR substituted with *H-
FAD, 'H-FMN, and *H-FMN. The paramagnetic semiquinone
state was generated by illumination with freeze trapping tech-
niques of a sample containing both RuFd and FNR proteins in
solution at a ratio of 2 : 1 with the sacrificial electron donor
(SED) sodium ascorbate. In each case, a typical flavin semi-
quinone signal centered at g = 2.004 is observed. The spectrum
of FNR(*’H-FMN)gq, is different than the signals of the two FNR
samples with protonated cofactors, FNR('"H-FMN)s, and
FNR('H-FAD)s(,. Deuteration of FMN effectively decreases the
inhomogeneous line width of the EPR signal that is largely due
to unresolved proton (also called 'H in the following) hyperfine
interactions. The substitution of "H by *H at nonexchangeable
hydrogen positions on the flavin molecule results in a decrease
in the hydrogen hyperfine coupling constants (relative gyro-
magnetic ratio of '"H/’H = 6.5) so that the large hyperfine
coupling constants of nitrogens and exchangeable hydrogen
can be observed (protonated buffer).”” Thus, substitution of the
native "H-FAD cofactor with a non-native >’H-FMN cofactor gives
a distinctive EPR signal that can be readily studied. Comparison
of the EPR signal observed in H,O to that in D,O (Fig. S6t)

RuFd
RuFd + FNR

cw EPR signal (a.u.)
cw EPR signal (a.u.)

2ug 2200 330 3400 300 %00 2700
Magnetic Field (G)

= lvfzneticiielu(:lv') =
Fig. 5 cw X-band EPR spectra of the two protein systems RuFd and
FNR (both H). (A) Semiquinone signal for FNR reconstituted with *H-
FAD (blue), 'H-FMN (red), and 2H-FMN (black), all three samples
containing RuFd : FNR in a 2 : 1 ratio. (B) Light-induced reduction of
the [2Fe2S] cluster of RuFd in the presence (red) and absence of FNR
(black). Samples were illuminated at room temperature for 5 s followed
by immersion in liquid N, while continuously illuminating. The *H-FMN
sample contained 486 pM RuFd, 270 uM FNR. The H-FAD sample
contained 620 pM RuFd and 330 pM FNR. The 2H-FMN sample con-
tained 620 uM RuFd and 287 uM FNR.
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shows a line narrowing, consistent with a neutral semiquinone
species vs. anionic species as the exchangeable proton has
stronger hyperfine coupling compared to deuteron (Table S1
and Fig. S51). Freeze trapping of samples illuminated at room
temperature was necessary to generate a large semiquinone
signal as only very small signals are observed for samples that
were dark adapted prior to freezing in liquid nitrogen and
illuminated at 20 K in the EPR cavity. Based on the intensity of
the FNRgq signal formed after freeze trapping upon room
temperature illumination, less than 5% low temperature elec-
tron transfer occurs between RuFd and FNR for samples frozen
in the dark and illuminated at 20 K.

EPR can also shed light on the biohybrid-driven interprotein
electron transfer event that proceeds FNRgq formation. In the
RuFd hybrid, RuPS can transfer electrons to the [2Fe2S] cluster
of Fd via either an oxidative or reductive quenching mechanism
in the presence of sodium ascorbate. Upon illumination of the
RuFd hybrid in the presence or absence of FNR with freeze
trapping techniques, we do not observe formation of a Ru(ur)
species which would be indicative of an oxidative quenching
mechanism for RuPS*.** A reductive quenching pathway is
probable due to the presence of a high concentration of the SED
ascorbate.*® However we were unable to detect a ligand centered
reduction of RuPS for a [Ru(bpy)s;]" species by EPR so the
mechanism remains uncertain.

In the native three-protein electron transfer cascade PSI —
Fd — FNR, the [2Fe2S] cofactor of Fd (E,, —420 mV vs. NHE)
shuttles a single electron from PSI to FNR. Does the RuFd —
FNR electron transfer proceed through the [2Fe2S] cluster as
well? Illumination of RuFd in the presence of sodium ascorbate
with freeze trapping techniques leads to the formation of an
EPR signal consistent with reduced [2Fe2S] cluster, g, = 2.05, g,
= 1.96, g, = 1.89 (Fig. 5B).?**' Thus, RuFd is capable of photo-
induced electron transfer from the covalently bound RuPS to
the [2Fe2S] cluster. In the presence of FNR, however, the signal
corresponding to reduced [2Fe2S] is absent upon freeze trap-
ping under illumination. This suggests that none of the light-
generated electrons reside on the [2Fe2S] cluster; all electrons
are transferred to FNR. However, whether or not electron
transfer from RuPS to FNR in the RuFd-FNR complex proceeds
through the [2Fe2S] cluster cannot be determined from EPR
alone. For this reason, we prepared the Ru-apoFd analogue in
which the [2Fe2S] cluster has been removed.*? NADP" reduction
experiments using photoexcitation of Ru-apoFd show a slightly
faster rate of NADPH formation (1400 mol NADPH (mol FNR) "
h™") vs. the biohybrid prepared with native Fd (1050 mol
NADPH (mol FNR) " h™") (Fig. 6A). Based on these results, the
[2Fe2S] cluster is not essential for NADPH formation. RuPS is
a one electron donor. Therefore, in the case of apo-Fd, one
electron is transferred directly from RuPS to FAD of FNR.* This
direct electron transfer must occur two times, to produce
a hydride that yields NADPH. For native Fd, the electron
transfer occurs step-wise: first from RuPS to [2Fe2S], then from
[2Fe2S] to FAD of FNR. This step-wise electron transfer occurs
two times to produce the hydride that yields NADPH (Fig. 7). A
hypothesis that is consistent with redox potentials and EPR and
explains the difference in NADPH production between RuFd

Chem. Sci., 2022, 13, 6502-6511 | 6505
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Fig. 6 Importance of the intermediate electron acceptor cofactors in

biohybrid photosynthetic NADP* reduction. (A) In vitro light-driven
NADP* reduction for RuFd (blue circle) and Ru-apoFd (red square). (B)
In vitro light-driven NADP™* reduction for RuFld (black square) and Ru-
apoFld (magenta circle).

Ferredoxin Direct vs. Sequential Electron Transfer =

Fig.7 Scheme of photosynthetic electron transfer between RuFd and
FNR showing two potential interprotein electron transfer pathways:
a direct route between RuPS and FNR (red arrow) or a sequential
transfer through the [2Fe2S] cluster of Fd to FNR. (Orange arrows). The
[2Fe2S] cluster can accept one electron at a time, and donate one at
a time. After receiving 2 single electron transfers from photoexcited
RuFd, FNRyq then donates 2 electrons in one step via a hydride to the
bound substrate NADP* to form NADPH. Reduced Fd and FNRsq are
observable via EPR. (PDB ID: 1A70, 2BSA).

and Ru-apoFd (Fig. 6A) is that one ET step is faster than two
steps depending on the relative orientations of the two proteins
as they dock together.

EPR studies: electron transfer from flavodoxin to FNR

We next examined the RuFld — FNR reaction, which provides
a unique, yet challenging, opportunity to examine flavoprotein
to flavoprotein electron transfer with EPR spectroscopy. Fld
contains a FMN cofactor for shuttling a single electron from PSI
to FNR. Like Fd, FId forms a 1 : 1 complex with FNR. The FMN
semiquinone in Fld is highly stable, so that close to 100% of the
flavin is in this form after addition of one electron.** This is
a consequence of the relative midpoint potential for the Fldox/
Fldsqg couple (—195 mV) and the Fldso/Flduq couple (—390
mV)." Note, the Fldgq/Fldyq pair is believed to shuttle electrons
between PSI and FNR for the formation of NADPH.® The study of
the electron transfer between Fld and FNR by means of optical
transient absorption spectroscopy is difficult because it is hard

6506 | Chem. Sci, 2022, 13, 6502-65T1
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to detect the one electron transfer: one semiquinone flavin
species gets oxidized (FMN in Fld) and a new semiquinone
flavin species gets generated (FAD in FNR); both flavins exhibit
optical spectral similarities if they are in the same redox state.™
Likewise, previous EPR studies of the FId-FNR complex for fully
protonated systems achieved formation of a semiquinone
signal, but the EPR signals could not be distinguished between
Fldsq and FNRgq."

We investigated this process using a selective deuteration
approach. RuFld biohybrids were made using both fully
deuterated Fld and protonated Fld (both in protonated buffer).
Freeze quenching of these illuminated biohybrids in the pres-
ence of SED ascorbate resulted in a signal of the Fld semi-
quinone with g-value of 2.004 (Fig. 8A). The hyperfine splitting
pattern of *H-Fld is similar to >H-FMN in FNR (black spectrum
in Fig. 5A), indicating that the same paramagnetic flavin species
is trapped. A good spectral simulation (Fig. 8A, green) was ob-
tained assuming one strongly coupled proton in addition to the
two prominent nitrogen atoms in the isoalloxazine moiety (see
Table S1t for simulation parameters). Since the flavin is fully
deuterated, this must be due to an exchangeable proton.
Indeed, very good agreement is found with published values*
for neutral flavin semiquinones protonated at position 5
(Fig. 3A, Table S271). Importantly, the *H-FId and "H-FId have
identifying spectral features which can be used to examine inter
flavoprotein electron transfer.

Matched samples were prepared, *H-Fld + FNR(*H-FMN) and
'H-Fld + FNR(*H-FMN), with the goal of using the differences in
isotopes between the flavin cofactors to track the RuFld — FNR
electron transfer event. Interflavin electron transfer is spectro-
scopically complicated due to the multiple redox and proton-
ation states of flavins,” and only the semiquinone state is
observed by EPR (Fig. S51). Note, Fldyq delivers one electron at
a time to FNRoy, forming first the intermediate FNRgq, then
FNRyq. After electron transfer, Fldgq is formed.

Fig. 8B shows the cw X-band EPR spectra of the selectively
deuterated samples, Ru(*H-Fld) + FNR('H-FMN) and Ru(*H-Fld)
+ FNR(®’H-FMN), measured after freeze trapping under illumi-
nation to generate semiquinone signals. The samples contained

cwEPR Signal (a.u.)
cw EPR signal (au.)

PP VY 33'3‘ 0 w2 3 EL P P R Y I PA
Magnetic Field (mT) Magnetic Field (mT)

Fig. 8 cw X-band EPR spectra of the two protein systems RuFld and
FNR. (A) Semiquinone signal for the RuFld hybrid for *H-Fld (blue) and
2H-Fld (black). Samples contained 260 uM Ru(*H-Fld) and 360 uM
Ru(®H-Fld). Simulated spectrum of 2H-Fld (green), parameters Table
S1.¥ (B) Mixed isotope strategy for defining flavin to flavin electron
transfer, Ru(*H-Fld) + FNR(®H-FMN) (black) and Ru(®H-Fld) + FNR(*H-
FMN) (red). Protein concentrations were: 400 uM Ru(*H-Fld), 280 uM
FNR(H-FMN), 230 pM Ru(®H-Fld), 200 puM FNR(*H-FMN).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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both RuFld and FNR proteins in solution at a ratio of 1.4 : 1 as
well as SED ascorbate. Comparison with 'H-Fld and *H-Fld
spectra in Fig. 8A unambiguously shows that both spectra in
Fig. 8B are dominated by the signal of Fldsq. However, spectral
differences due to the presence of a smaller contribution of
FNRg(, are observed. To determine the relative contribution
from these two radicals both spectra were simulated as a sum of
Fldso and FNRgq spectra with different weight factors,
normalized for the second integral. Using this conventional
deconvolution procedure, we determine that 13% of the total
EPR signal is due to FNRg generated via interprotein electron
transfer. As observed in the NADP' reduction assay, RuFld is
capable of driving photocatalytic NADPH formation from FNR
(Fig. 6B). The EPR spectral results are consistent with efficient
light-driven electron transfer between RuFld and FNR. A
hypothesis supported by the EPR results is that the flavin
cofactor of Fld is reduced first by a reductive quenching
mechanism of RuPS* by ascorbate, followed by rapid one elec-
tron transfers to the flavin cofactor of FNR, producing its
semiquinone form (FNRgq) which is in equilibrium with the
EPR silent hydroquinone state, FNRyqg. The 13% FNRgq
observed by our selective deuteration scheme is in accord with
the reported 10-20% FNR protein stabilization of the maximal
amount of semiquinone and consistent with flavoproteins that
transfer 2 electrons at a time.>"®

To further examine flavin cofactor involvement in RuFld —
FNR interprotein electron transfer, we removed the FMN
cofactor from Fld and prepared the Ru-apoFld biohybrid. The
capability of Ru-apoFld to transfer light-generated electrons to
FNR was measured in the NADP' reduction assay (Fig. S4T) As
Fig. 6B shows, removal of the flavin cofactor from Fld severely
reduced the capability of the Ru-apoFld hybrid to efficiently
drive NADP" reduction upon illumination. The 630 mol NADPH
(mol FNR™) h™" rate is 13-fold slower than that observed for the
biohybrid made with native Fld, which confirms that the FMN
cofactor in FId is involved in the light-driven biohybrid RuFld
— FNR electron transfer process. We assert that the multi-
electron capability of the flavin cofactor facilitates the two
electron NADP' reaction; providing an excellent example of
photosynthetic charge accumulation. Fig. 9 depicts the scheme
for light driven RuFld — FNR electron transfer NADPH
formation. RuPS is a one electron donor, so to initiate the
process RuPS must donate one electron two times to the FMN
cofactor of Fld to generate Fldyq. Fldyg donates an electron to
FAD cofactor of FNR. The FId protein then cycles between the
Fldsq and Fldyq states as it accepts one electron from RuPS and
donates one electron to FAD cofactor of FNR. After FAD cofactor
of FNR receives two electrons, it produces the hydride that
yields NADPH.

Nature's mechanisms for coupling single electron transfers to
charge accumulation

Nature has optimized the photosynthetic molecular machinery
that couples single electron transfers, generated at the PSI RC
protein, to charge accumulation at the FNR protein. Fd and Fld
proteins shuttle light-generated electrons between PSI and FNR.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Scheme of photosynthetic electron transfer between RuFld and
FNR highlighting the multielectron capabilities of the flavin cofactors.
To initiate the interprotein electron transfer, Fld,, must obtain two
electrons from single electron transfers from RuPS covalently bound
to Cys54 (RuPS is rereduced via the sacrificial electron donor sodium
ascorbate). The Fld cofactor then cycles between the Fldsq and Fldyq
transferring electrons one at a time to FNR. FNRyq then donates 2
electrons in one step via a hydride to bound NADP* to form NADPH.
Fldsq and FNRsq are observable via EPR. (PDB ID: 1CZN, 2BSA).

Both are similarly capable of doing so, as demonstrated in PSI-
driven in vitro NADP" reduction experiments, with observed
rates of 92 500 mol NADPH (mol FNR ') h™" and 100 400 mol
NADPH (mol FNR ') h™* for Fld and Fd respectively (Fig. S71). A
surprising difference was revealed when we examined our bio-
hybrid systems in which PSI was replaced with a molecular
RuPS covalently bound to Fd and Fld. The RuFld biohybrid
system exhibited an 8-fold higher rate of NADP" reduction and
nearly double the number of turnovers than our RuFd system
(Fig. 4). The E,, values for Fd (—420 mV vs. NHE) and Fld
(—390 mV vs. NHE) are similar, ruling out driving force as the
cause of the reactivity differences.

What is the molecular basis for this difference? With inter-
protein electron transfer, multiple factors are at play which
make it experimentally difficult to address this question, but we
can propose several likely rationale. One possibility is that the
RuPS molecule bound to the protein surface interferes with
protein-protein interactions. This could alter distances
between the protein cofactors involved in electron transfer
(most likely increasing them), thus impacting electron transfer
rates. Fd (10.5 kDa) is smaller than Fld (17 kDa) so RuPS is
a larger relative surface area of Fd than Fld, and more likely to
disrupt structure and be a steric hindrance for RuFd- FNR
complexation compared to RuFld-FNR complexation. A prior
study, however, showed that covalent linkage of RuPS to the Fd
protein did not limit formation of a competent RuFd-FNR
complex for interprotein electron transfer and reported a rate of
6500 s for the RuFd to FNR light-driven electron transfer
reaction.** Multiple orientations are available for Fd docking if
in fact RuPS interferes with a particular interaction as a range of
binding interactions for Fd have been observed in Fd-FNR
crystal and NMR structures, with inter flavin isoalloxazine and
[2Fe2S] distances < 8 A."* Crystal structures of FId-FNR
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remain elusive, and it has been postulated that the interaction
of Fld with FNR is less specific that of Fd.* Perhaps this added
flexibility in binding orientations aids in productive RuFld-FNR
formation, facilitating the interprotein electron transfer.
Quantum yields of electron transfer and intra and interprotein
electron transfer rates may affect the overall reaction rates for
NADP' reduction.

Another possibility is that the RuPS molecule itself is not the
sole cause of altered interprotein electron transfer, but rather
brings to light, by way of the biohybrid system, a feature of
nature's photosynthetic mechanism not observed before. Since
a notable difference between Fd and Fld is the distinct type of
cofactors, a [2Fe2S] cluster and a flavin molecule, we hypothe-
size that the higher rate of NADP" reduction observed for RuFld
— FNRversus RuFd — FNR light-driven electron transfer is due
to the nature of the flavin cofactor; that is its ability to cycle
between redox states of the semiquinone and hydroquinone
(Fig. 9) compared to the less versatile single electron shuttling
character of an Fe-S cluster (Fig. 7). We believe the difference
between Fd and Fld is not observed in the PSI-driven system due
to evolutionary optimization. Even in vitro, the observed rates of
NADP' reduction are 2 orders of magnitude faster than the rates
we observe for our Ru biohybrid driven systems. Any differences
due to the nature of the cofactors of Fd and Fld are obscured by
the overall efficiency of the PSI-driven system. Thus, by using
the biohybrid system we have uncovered an interesting obser-
vation about photosynthetic coupling of one electron transfers
to charge accumulation.

Further investigation of flavin-based biohybrids can inform
purely artificial systems about mechanisms and design strate-
gies for light-induced charge accumulation. Artificial photo-
synthetic systems have been constructed that mimic structural
and functional components of nature's light driven chemistry,
yet it remains difficult to accomplish charge accumulation in
purely synthetic systems.*®** Photosynthetic biohybrid and
artificial systems that accomplish charge accumulation are of
interest in solar fuel schemes where efficient delivery of
multiple electrons is needed. Understanding general mecha-
nisms of charge accumulation is thus important for develop-
ment of strategies for solar fuel development. Biohybrids
experimentally bridge the gap between artificial and natural
systems, combining beneficial features of both systems, which
can provide new chemical insight.**

Conclusions

PSI-driven electron transfer events result in the charge accu-
mulation of two successive electrons at the FAD cofactor site of
FNR protein. A combined biohybrid and selective deuteration
approach was used to generate and spectroscopically detect
with EPR the semiquinone state of FNR formed following light-
driven single interprotein electron transfer from the electron
shuttle proteins Fd and Fld. In NADP" reduction assays,
a notable difference in RuFd versus RuFld reactivity was
observed. The biohybrid technique revealed differentiated
chemistry between the electron shuttle proteins, providing an
example of the utility of incorporating synthetic molecules to
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creatively probe nature's mechanisms. We hypothesize that the
observed differences are related to the versatility of flavin
cofactors having three oxidation states readily available, and
theorize that this intrinsic characteristic aids in photosynthetic
charge accumulation at the FAD cofactor site of FNR. As such,
this system provides a reminder of the evolutionary advantage
of the functional inclusion of flavins in biological reaction
schemes. Even though nature has mastered charge accumula-
tion via photosynthetic schemes, it is still complicated to
experimentally identify the individual mechanistic steps
because of the multiple redox states of flavoproteins. Selective
deuteration will enable application of advanced EPR tech-
niques, such as high-field Mims-type pulsed electron-nuclear
double resonance spectroscopy (ENDOR) or “matrix”
ENDOR,>"*¢ to interrogate the local flavin site protein environ-
mental responses to electron transfer events in future experi-
ments. We expect using biohybrids to explore integral
functional components of solar energy conversion will provide
important insight about fundamental mechanisms of photo-
chemical energy conversion.

Experimental
Preparation of Fd and Fld biohybrids

The ruthenium photosensitizer (RuPS), [Ru(4-CH,Br-4'-CHj;-
2,2"-bpy)(bpy).]-2PFs, was synthesized and characterized
according to published methods.>”*® The RuFd hybrid was
prepared using Spinacia oleracea ferredoxin (Fd) from Sigma-
Aldrich.? Spinach Fd (1.2 mM stock in 20 mM Hepes pH 7.9)
was diluted to 32 uM in 10 mM MES buffer pH 6.0 and incu-
bated with 8 mol equiv. RuPS (9.0 mM stock solution in DMSO)
overnight at 4 °C. Samples were concentrated with Amicon 3000
MWCO filtration devices and repeatedly diluted (4 times) with
10 mM MES pH 6.0 to remove the unbound RuPS.

Ru-"H-Fld hybrid was prepared using deuterated Fld isolated
from Thermosynechococcus lividus (PCC6717) grown in deuter-
ated medium and purified with protonated buffers.*® Ru-'H-FId
hybrid was prepared using Fld overexpressed in E. coli by
standard procedures. UV-Vis spectroscopy of the purified "H-FId
showed low incorporation of the native FMN cofactor. Fld was
reconstituted by addition of 4 mol equiv. FMN followed by
removal of excess unbound FMN by extensive washing with
3000 MWCO filtration devices until the filtrate was colorless.
RuPS binding to *H-Fld and "H-FId was performed by adding
4 mol equiv. RuPS/Fld (150 uM Fld) in 20 mM Hepes pH 8.0. The
sample was tumbled (LabQuake) overnight at 4 °C in the dark.
Unbound RuPS was removed by microfiltration (Amicon 3000
MWCO) using 20 mM Hepes pH 8.0.

Apo-Fd and Apo-Fld were prepared by cofactor removal as
reported previously by a trichloroacetic acid precipitation in the
presence of dithiothreitol.>**** RuPS was bound to the apo-
proteins using the same methods as for the native holoproteins.

Inductively coupled plasma atomic emission spectroscopic
(ICP-AES) measurements with a Thermo Scientific iCAP6000
spectrometer were used to calculate metal-to-protein ratios
using comparison to known metal standards. Fd protein
concentration was determined using UV-visible absorption and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a molar extinction coefficient of 9600 M~ cm ™" at 422 nm or
direct Fe content by ICP-AES.* Fld protein content was deter-
mined by the Bradford protein assay method.** Holo-Fld
content was also verified with an extinction coefficient of
8300 M~ ' em™' at 465 nm.* RuPS driven NADP' reduction
activity was measured to verify successful interprotein electron
transfer between the biohybrids and FNR protein. 4.8 uM bio-
hybrid (RuFd, Ru-apoFd, RuFld, Ru-apoFld) was mixed with
500 nM FNR in a 20 mM Hepes pH 8.0 buffer containing
100 mM sodium ascorbate and 2 mM NADP" (Sigma Aldrich) as
substrate. Photoreduction was assayed by sample illumination
with 455 nm LED (Thorlabs) in 2 mm cuvette and UV-Vis spectra
obtained at time points after illumination (Fig. S3 and S4f).
NADPH formed was determined using the extinction coefficient
6.22 mM ' em ' at 340 nm.%

Preparation of protonated FNR

FNR was overexpressed from a synthetic gene encoding
a domain from Anabaena PCC7119 (Uniprot P21890, amino
acids 137-440) and purified as previously detailed.*> UV-Vis
spectroscopy of the purified FNR protein showed low incorpo-
ration of the native FAD cofactor. To prepare protonated FNR
EPR samples, the native FAD was reconstituted into purified
FNR protein as verified by UV-Vis spectroscopy. FNR concen-
tration was determined by extinction coefficient at 456 nm of
10 740 M~ cm™ " and verified separately by Bradford protein
assays.*?

Preparation of FNR (*H-FMN)

H-FMN cofactor was extracted from deuterated FId by tri-
chloroacetic acid precipitation in the presence of dithiothreitol.
The solution was neutralized with addition of NaOH to pH 8.0
and rotovapped to 1 ml. The sample was passed through
a Sephadex G25 column equilibrated with MilliQ water, heart
cut fractions combined, rotovapped to dryness, and stored at
—20 °C. Stock solution of *H-FMN was prepared by dilution with
20 mM Hepes pH 8.0 (in H,0) and concentration determined
with extinction coefficient at 450 nm 12 500 M~ cm™'. ApoFNR
(overexpressed FNR with <10% FAD cofactor) was reconstituted
with *H-FMN by addition of 5.8 mol equiv. FMN/FNR and
overnight incubation. Unbound FMN cofactor was removed by
microfiltration and washing with 20 mM Hepes pH 8.0
(protonated buffer). *H-FMN incorporation into FNR was veri-
fied by UV-Vis spectroscopy. To verify function of FMN
substituted FNR, NADP' reduction was measured via PSI light-
driven chemistry. Protein concentrations in the assay were
60 nM PSI purified from Synechococcus leopoliensis (UTEX625),
500 nM FNR, 4 uM Fd, and 10 pM cyt ce purified from Ther-
mosynechococcus lividus. The reaction mixture contained 20 mM
Hepes pH 8.0, 10 mM sodium ascorbate, 3 mM MgCl,, 60 uM
DCPIP, 0.03% n-dodecyl-B-maltopyranoside with 2 mM NADP"
substrate (Sigma Aldrich). UV Vis spectra were taken prior to
and at specific time points of sample illumination with a white
light LED (Solis-3C, Thorlabs).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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EPR experiments

Ru biohybrids and FNR samples were prepared as described
above and concentrated to 300-600 uM in 20 mM Hepes pH 7.97
(all EPR samples in protonated buffer, except for sample
specifically exchanged into deuterated buffer, spectrum shown
in Fig. S67). For interprotein electron transfer experiments, the
RuFd or RuFld was combined in appropriate ratio with FNR(*H-
FAD), FNR('H-FMN) or FNR(’H-FMN) in 100 mM sodium
ascorbate and 120 mM NaCl. Samples were placed in quartz
EPR tubes in a nitrogen box. A Bruker ELEXSYS II E500 EPR
spectrometer (Bruker Biospin, Rheinstetten, Germany) equip-
ped with a TE,,, rectangular resonator (Bruker ER4102ST) and
a helium gas-flow cryostat (ICE Oxford, UK) was used for cw X-
band EPR measurements. An ITC (Oxford Instruments, UK) was
used for temperature control. Dark spectra were obtained for all
samples prior to illumination experiments. Samples were dark
adapted in a nitrogen box prior to freezing in liquid nitrogen.
Ilumination during EPR measurements were performed using
a white light LED (Solis-3C, Thorlabs). Samples were illumi-
nated at room temperature for 5 s, followed by immersion in
liquid N, while continuously illuminating, and then placed in
a precooled EPR resonator. All EPR spectra were obtained at 20
K. Data processing was performed using Xepr (Bruker Biospin,
Rheinstetten, Germany) and spectral simulation using the
EasySpin program® in Matlab™ R2018b (MathWorks, Natick)
environment.
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