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ARTICLE INFO ABSTRACT

Keywords: A major challenge in developing effective photocatalysts lies in engineering the efficient coupling of one-electron
Photocatalysis photochemistry with the multi-electron requirements of chemical transformations. Here we demonstrate bio-
Cytochrome hybrid assemblies that achieve this key performance requirement by storing photoenergized electrons on mul-
giz;;};lﬁg tiple heme cofactors within the MtrC enzyme which catalyzes azo dye reduction. The biohybrid assemblies were
Ru(ID (bipyridine)s created by site-selective labeling of MtrC with a Ru(Il) (bipyridine)s; photosensitizer dye. Photocatalytic azo dye
Spectroscopy reduction and decoloration occurred when these assemblies were irradiated in the presence of a sacrificial
Azo dye electron donor. Our Ru(Il) (bipyridine)s-MtrC biohybrid assemblies operate in a manner analogous to Ru(Il)
(bipyridine)s-sensitized TiO5 in the sense that photoenergized electrons accumulate in the MtrC heme chain
rather than in the TiO3 conduction band prior to driving reductive chemical transformations. We anticipate that
decoration of the photosensitized MtrC protein with electrocatalysts (natural or synthetic) will enable the Ru(Il)
(bipyridine)s-MtrC assemblies to drive a wide range of light-driven reductive transformations. Thus, MtrC pro-
vides a natural alternative to TiO, materials for which the production and disposal present significant envi-
ronmental and energy impacts.
Introduction When developing photocatalytic biohybrid assemblies a major

challenge lies in engineering the efficient coupling of one-electron

Recent years have seen rapid advances in the opportunities to impart
proteins with new functionality through the introduction of non-
biological components. Examples include the introduction of metals
[1-3] to serve as novel catalytic centers and the genetic encoding of
non-canonical amino acids [4-7]. There is also much interest in
combining synthetic light-harvesting photosensitizers with enzymes to
enable light-driven redox catalysis. In principle such biohybrid assemblies
offer several advantages for photocatalysis when compared to purely
synthetic or biological approaches [8-12]. For example, the superior
photostability and broad band absorbance of a light-harvesting synthetic
material can be combined with the ability of redox enzymes to perform
valuable chemical transformations with selectivity and stereospecificity
greater than synthetic equivalents where they exist [13-16].
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photochemistry with the multi-electron requirements of chemical
transformations. Thus, enzymes containing two or more redox cofactors
are attractive as biohybrid components because they offer sites to store
multiple photoenergized electrons (or holes). In this context bacterial
multiheme cytochromes [17] are of considerable interest. These pro-
teins contain three or more covalently bound redox active c-type heme
cofactors. The hemes are arranged as a chain with neighboring sites in
close proximity and this enables electron storage within, and transfer
through, the proteins by complementary Fe(IIl) « Fe(II) transitions of
adjacent sites [17-21]. In addition, at least one heme is positioned close
to the protein surface to facilitate electron exchange with suitable redox
partners. This has enabled light-driven reduction of multiheme cyto-
chromes following their adsorption onto dye-sensitized TiO5
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nanoparticles [22,23] and by diffusional encounter with photosensi-
tizers including C-Dots [24] and dyes, both inorganic and organic [23].
Furthermore, multiheme cytochromes embedded in vesicular lipid bi-
layers enable electron transfer from external irradiated C-Dots to
internalized enzymes and thus light-driven catalysis [25,26].

Multiheme cytochromes can also be photosensitized by site-selective
labeling of surface cysteine residues with a well-characterized thiol-
reactive Ru(I)(bipyridine); dye [27-33]. Photoexcitation of that dye
attached to oxidized, i.e., Fe(IlI)-heme containing, proteins is followed
by oxidative quenching whereby the excited state dye injects the pho-
toenergized electron into a nearby heme. That process produces charge
separated states that are readily detected by transient absorbance
spectroscopy through changes in the Soret- and Q-bands that are diag-
nostic of the heme Fe(III) to Fe(II) conversion [29-31]. In the absence of
sacrificial redox partners, the ground state is returned by charge
recombination whereby the photoenergized electron moves from the
heme chain back to the dye. The result is a futile redox cycle. However,
when a sacrificial electron donor reduces the oxidized dye the photo-
energized electrons become trapped on the hemes [33,34]. Here we
extend that state of the art by demonstrating that multiheme cyto-
chromes photosensitized with a Ru(Il) (bipyridine)s dye can deploy their
photoenergized electrons for reductive photocatalysis, specifically, the
light-driven reduction of azo dyes.

Azo dyes are characterized by having one or more azo group
(-N =N-) attached to sp?>-hybridized carbons. Such dyes are widely used
in print and textile industries due to their vibrant colors and stability but
these properties also mean that the dyes are often associated with color
pollution [35]. As a consequence, bleaching of azo dyes through
reductive azo bond cleavage attracts much interest as a means to miti-
gate color pollution. Electrons for this four-electron reaction can be
sourced directly from electrodes, photosensitized nanoparticles and
microbial metabolism [36-39]. In an example of the latter process,
species of Shewanella bacteria transfer excess electrons from central
metabolism to the decaheme containing cytochrome MtrC that is located
on the bacterial cell surface. Reduced MtrC then catalyzes azo dye
reduction [40-44]. Thus, we chose to develop our photocatalytic bio-
hybrid assembly using MtrC as an established catalyst for azo bond
reduction.

In this work the MtrC protein was photosensitized by site-selective
labeling of a surface cysteine residue with thiol reactive Ru(II) (bipyr-
idine)s dye, Fig. la. Photocatalytic azo dye reduction was observed
when the biohybrid assemblies were irradiated in the presence of a
sacrificial electron donor and our results are consistent with direct
transfer of photoenergized electrons from MtrC hemes to azo dyes as
illustrated in Fig. 1b. Thus, we propose that photocatalysis is facilitated
by the ability of Ru(Il) dye-labeled MtrC to store photoenergized elec-
trons within its heme wire in a manner analogous to the storing of
photoenergized electrons in the conduction band of dye-sensitized TiO,
[45,46].

Materials and methods
Protein preparation and Ru(Il)-dye labeling

Variant MtrC proteins were prepared as previously described [31].
The corresponding primers (Eurofins) are listed in Table S1 and the
plasmids and bacterial strains in Table S2. All MtrC variants carried a
C-terminal Strep II tag to assist purification and were secreted from
S. oneidensis MR—1 as soluble proteins. Previously described protocols
were used for purification of the MtrC variants [47] and labeling with
[Ru(4-bromomethyl—4’-methylbipyridine)(2,2’-bipyridine),](PFg)2
(HetCat, Switzerland) [30,31,33]. In brief, Cys-directed labeling was
enabled by exposing proteins to the disulfide reducing agent tris
(2-carboxyethyl)phosphine (5 mM) for 30 min at room temperature to
ensure the introduced Cys was present as thiol(ate). Protein was then
recovered by exchange (3 x) into 20 mM Tris-HCl, pH 7.5 using a
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Fig. 1. Overview of the systems studied in this work. a) Structure of MtrC
showing the hemes (orange/red) with Fe?t/3* (black). The highlighted surface
residues 293 (blue), 301 (teal), 648 (black) and 657 (red) were replaced by
cysteine for labeling with a thiol-reactive Ru(Il)(bipyridine); dye (inset). b)
Schematic of Ru-MtrC biohybrid assembly performing the photocatalytic
reduction of azo dyes. Only productive electron transfer events are shown.
(MtrC PDB ID: 4LMS8).

centrifugal filter (5 kDa cut-off). Samples of 50 — 100 pM protein were
incubated with a 5-fold molar excess of Ru(Il) dye for 3-4 h in the dark
at 4 °C. Purification of Ru(II)-dye labeled protein was by anion-exchange
chromatography. Concentrations of protein and Ru(II) dye were quan-
tified by electronic absorbance spectroscopy. For protein concentrations
the measurements used air-equilibrated samples (all hemes in the
oxidized Fe(II) state) and €410 nm = 1326 mM ! em ! except for Y657C
MtrC where €410 nm = 1389 mM ! em~! [31]. For Ru(Il) dye concen-
trations were calculated using €452 nm = 14.6 mM lem™! [48].

Biochemical analyses

Sample analysis by denaturing gel electrophoresis (SDS-PAGE) used
mPAGE 4-20% Bis-Tris Precast gels (Merck) with proteins visualized by
ReadyBlue Coomassie stain (Merck). Intact mass values were defined by
liquid chromatography-mass spectrometry using positive mode elec-
trospray ionization as described previously [33]. Masses for the purified
proteins assumed that covalent modification by insertion of c-type heme
introduced 615.17 g (mol heme)~! [49]. Protein film electrochemistry
was performed as previously described [31] using template stripped
gold working electrodes with a self-assembled monolayer formed by
overnight incubation in mixture of 0.8 mM 8-mercaptooctanoic acid (in
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water) and 0.2 mM 1-octanethiol (in ethanol).
Static and time-resolved photoluminescence spectroscopy

Data were recorded using an Edinburgh Instruments FS5-TCSPC
spectrofluorometer with a picosecond pulsed diode laser (EPL series).
Static excitation (Aemission = 625 nm) and emission (Aexcitation = 455 nm)
spectra were recorded with a slit width of 3 nm and dwell time of 0.2 s.
Time-resolved photoluminescence decay used excitation at 485 nm with
data collection for 20 min with a time window of 2 ms (500 kHz).
Anaerobic samples containing 0.7 uyM MtrC, Ru-MtrC, or Ru(II)(4-
bromomethyl—4’-methylbipyridine)(bipyridine),(PFg); were prepared
in 20 mM Tris-HCl, 100 mM NaCl, pH 8.5 in sealed 1 mL quartz fluo-
rescence cuvettes. Data were analyzed using Fluoracle software. To
remove the fast component observed in buffer-electrolyte and unlabeled
protein samples, the corresponding datasets were subtracted from those
for the Ru(Il) dye labeled proteins before analysis to define decay life-
times (1). Decay lifetimes are reported for the best fit with the smallest
number of parameters, Eq. 1, with B as amplitude.

Intensity (t) = iBiexp{ —TE} (€8]
i—1 {

Transient absorbance spectroscopy

Experiments were performed using the Time-Resolved Multiple-
Probe Spectroscopy (TRMPS) facility at the Central Laser Facility of the
Rutherford Appleton Laboratory [30]. Data collection and analysis was
essentially as described previously for Ru657-MtrC [31]. Samples were
prepared in anaerobic 20 mM Tris-HCl, 100 mM NacCl, pH 8.5. Spectral
changes in the region of 470 — 650 nm used protein concentrations of
~150 pM. For spectral changes in the region of 350 — 440 nm the protein
concentration was ~5 pM. These concentrations were selected to ensure
equally good signal-to-noise ratios for quantitative analysis at each
wavelength of interest noting that less intense features appear in the 470
- 650 nm region. An appropriate cut-off optical filter was used to block
the scattered 457 nm excitation light (short-pass filter when probing
350-440 nm region and long-pass filter when probing 470-650 nm re-
gion). Measurements were performed in pairs, first Ru-MtrC and then
the corresponding unlabeled protein (MtrC) at a similar concentration.
Spectra for the unlabeled proteins were subtracted from those of the Ru
(I1) dye labeled proteins to give the effects of Ru dye excitation only. The
resulting data were analyzed to provide the population of the charge
separated Ru'-MtrC™ state as previously described [31]. In brief, the
Q-band features were analyzed to calculate the concentration of Fe?*
which corresponds to the concentration of Ru*-MtrC™. The initial con-
centration of Ru(Il) dye triplet excited state was calculated from the
absorbance at 369 nm before charge separation occurs (1-5 ps). The
population of Ru™-MtrC~ was calculated by assuming decay of the
excited state dye occurs only by oxidative quenching. This assumption
was verified because the transient populations [31] of the photo-excited
state, charge separated state and ground state summed to 1 over the
respective time courses, Figure S1.

Cumulative photoreduction and azo dye reduction

Spectra were recorded in 1 cm path length cuvettes in a Biochrom
WPA Biowave II Diode-array spectrophotometer placed in a Ny-filled
chamber (Belle Technology, atmospheric Oy < 5 ppm). An Omega Op-
tical 475RB Notch filter prevented photoexcitation by the spectropho-
tometer. Photoreduction was driven by a Thorlabs mounted LED (Apax =
450 nm) equipped with a collimator adapter. Samples were irradiated
continuously from above and the excitation intensity at the sample was
110 W m™2 (0.42 mE m~2 s~ 1) as determined by potassium ferrioxalate
actinometry. Unless stated otherwise, experiments were performed in
anaerobic 500 mM EDTA, 20 mM Tris-HCl, 100 mM NaCl, pH 8.5
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prepared with Milli-Q water (resistivity > 18.2 MQ cm).

To measure cumulative photoreduction, the absorbance prior to
irradiation was confirmed as that indicative of fully oxidized protein
(0% reduced heme). Following irradiation, the absorbance of fully
reduced protein (100% reduced heme) was obtained by addition of an
excess of the chemical reductant sodium dithionite. The percentage of
photoreduced hemes was quantified using the difference in absorbance
at 552 nm and the 561 nm isosbestic wavelength.

To measure azo dye reduction, the following were used as provided;
Amaranth (Sigma), Methyl Orange (Sigma-Aldrich) and Reactive Black
5 (Sigma-Aldrich). Stock solutions (approximately 2.5 mM) were pre-
pared in water. Concentrations were quantified using the Beer-Lambert
law with the following extinction coefficients: Amaranth es00pnm
=226mM lem™? [50], Methyl Orange €464 nm = 20 mM~ ! em™! [51],
Reactive Black 5 €g00nm = 20 mM ™! em™! [52]. To quantify photore-
duction of Amaranth and Methyl Orange, since the notch filter pre-
vented analysis at 464 and 520 nm, extinction coefficients of es¢5 nm
=0.76 mM ! cm ! and €565 nm = 12.4 mM ! cm’l, respectively, were
used. Those values were calculated from inspection of the full spectrum
of each dye.

Cyclic voltammetry of azo dyes

Experiments employed a previously described [53] three-electrode
cell inside a Faraday cage within a Nj-filled chamber (atmospheric O,
< 5 ppm). The graphite ‘edge’ working electrode was rotated at 500 rpm
during measurements. The counter electrode was a platinum wire and
the reference electrode Ag/AgCl in saturated KCl. Measured values were
converted to values versus SHE by the addition of 197 mV. Measure-
ments were performed in 20 mM Tris-HCl, 100 mM NacCl, pH 8.5.

Results and discussion

Four Ru(Il) (bipyridine)s dye labeled MtrC assemblies, termed Ru-
MtrC hereafter, were studied in this work. The following sections
describe their biochemical characterization and photochemistry in the
absence of sacrificial electron donors. Then data from irradiating the Ru-
MtrC assemblies with a sacrificial electron donor are presented to
quantify cumulative photoreduction and photocatalytic azo dye reduc-
tion. Here some relevant properties of the biohybrid assemblies are
provided as context for those analyses.

The hemes of MtrC form a chain extending approximately 65 A and
spanning the protein structure, Fig. 1a. Those hemes are numbered ac-
cording to the order in which their CxxCH attachment sites appear in the
protein sequence with the consequence that the chain is terminated at
one end by Heme 5 and at the opposite end by Heme 10. Ru-MtrC as-
semblies having the photosensitizer positioned closest to Heme 5 were
prepared from protein having either Ala293 or Leu301 replaced by Cys,
Fig. 1a. The closest distance between the sulfur of the Ru(II) dye labeled
cysteine and the conjugated ring of Heme 5 is predicted as 14.6 A for
Ru293-MtrC and 11.7 A Ru301-MtrC using the FoldX plug-in within
YASARA [54-57]. Ru-MtrC assemblies having the photosensitizer posi-
tioned closest to Heme 10 were prepared from protein having either
Ser648 or Tyr657 replaced by Cys, Fig. 1a. In the following text the Ru
(II) dye labeled proteins are termed RuXXX-MtrC where XXX denotes the
Cys labeling site. There is no reaction of the Ru(II) dye with MtrC lacking
surface mutations [31].

Biochemical characterization of Ru-MtrC biohybrids

Electronic absorbance spectroscopy of the air equilibrated Ru-MtrC
samples was consistent with a 1:1 stoichiometry of Ru(Il) dye:MtrC
protein. As illustrated for Ru293-MtrC in Fig. 2a, the corresponding
spectra are dominated by a Soret peak (Amax ~ 410 nm) accompanied by
a smaller ap-band around 540 nm that arise from low-spin Fe(III)-con-
taining heme cofactors [58]. Absorbance by the Ru(II) dye is seen at UV
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wavelengths (Anax ~ 288 nm) with a weaker feature at visible wave-
lengths (Amax ~ 460 nm), Fig. 2b. Subtracting the absorbance of unla-
beled protein from that of Ru-MtrC reveals a difference spectrum with
features highly similar to the absorbance of Ru(II) dye, Fig. 2b. Using the
Beer-Lambert Law to calculate the concentration of Ru(Il) dye and of
MtrC indicates essentially 1:1 dye-labeling of MtrC. Similar behavior
was displayed by the other Ru-MtrC proteins, Figure S2.

Integrity of the Ru-MtrC proteins was corroborated by denaturing gel
electrophoresis, Figure S3, and liquid chromatography-mass spectrom-
etry, Figure S4. Both methods revealed homogeneous samples and the
mass spectrometry resolved masses in good agreement with those pre-
dicted for the corresponding MtrC peptides with 10 c-type hemes and a
single Ru(II)(4-methyl—4’-methylbipyridine)(2,2’-bipyridine),, Table S3.
Taken together, the results from electrophoresis, mass spectrometry and
electronic absorbance spectroscopy are indicative of samples containing
the desired Ru-MtrC proteins at greater than 95% purity.

Redox activity of the hemes in Ru-MtrC proteins was confirmed by
electronic absorbance spectroscopy following addition of the chemical
reductant sodium dithionite, Fig. 2a, Figure S3. The reductant induced a
shift of the Soret band to longer wavelength (Apax ~ 420 nm). Sharp
peaks also appeared in the a/p region centered at 523 and 552 nm.
These spectral changes indicate the formation of low-spin, Fe(II)-con-
taining hemes and reproduce behavior displayed by the native MtrC
protein [47,58]. A complementary description of redox activity in the
Ru-MtrC proteins was provided by protein film cyclic voltammetry
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Fig. 2. Electronic absorbance spectra of Ru293-MtrC and the unreacted
Ru(II) dye. a) Electronic absorbance of Ru293-MtrC (0.8 pM) in the oxidized,
all-Fe(III) heme, state (continuous line) and reduced, all Fe(II) heme, state
(dashed line). Oxidized protein is air equilibrated. Reduced protein produced
by addition of excess sodium dithionite which dominates the absorbance below
370 nm such that the corresponding region of the spectrum is not shown. b)
Absorbance difference spectrum Ru293-MtrC minus Cys293-MtrC (gray line) for
both proteins in the oxidized state. Spectrum of unreacted Ru(Il) dye (black
dotted line) with absorbance normalized to the difference spectrum at 288 nm.
Samples in 20 mM Tris-HCI, 100 mM NacCl, pH 8.5.

299

New BIOTECHNOLOGY 94 (2026) 296-306

following their adsorption on surface-modified gold electrodes. Peaks
for reduction and oxidation show reversible redox chemistry over a
similar potential window (approximately O to —400 mV versus SHE) for
all four proteins, Figure S5. The current-potential profiles are similar to
each other and those of MtrC without surface mutations when allowing
for small differences in the current-potential profiles that can be
attributed to small differences in the baseline response from each elec-
trode [58]. Thus, we consider that the four Ru-MtrC proteins have
structures highly similar to that resolved [59] for MtrC having the native
residues in surface locations 293, 301, 648 and 657. Specifically, the ten
hemes in each Ru-MtrC protein are considered to have His/His axial
ligation and the spatial arrangement illustrated in Fig. la for the
wild-type MtrC protein.

Photochemistry of Ru-MtrC biohybrids in the absence of sacrificial redox
partners

Photoluminescence and transient absorbance spectroscopies were
used to gain insight into the consequences of irradiating Ru-MtrC pro-
teins into the Ru(Il) dye metal-to-ligand charge transfer band, Fig. 3a
process @. For the unreacted Ru(Il) dye, such irradiation forms a long
lived triplet excited state that relaxes back to the ground state by
emitting orange-red light, Fig. 3 process @. The emission and excitation
spectra of the Ru-MtrC proteins had similar shapes to those of the
unreacted Ru(II) dye, Fig. 4a. However, spectral intensity for the labeled
proteins was lower than that of the unreacted dye and decreased in the
order Ru648-MtrC > Ru293-MtrC ~ Ru301-MtrC > Ru657-MtrC. Time
resolved photoluminescence spectroscopy showed faster decay for
photoexcited Ru-MtrC systems than for the unreacted Ru(Il) dye, Fig. 4b.

The luminescent properties of the Ru-MtrC proteins are unlikely to
arise from photoluminescence quenching of the photoexcited dye by
Forster resonance energy transfer because there is poor spectral overlap
of the Ru(ll) dye emission and heme absorbance. Thus, the most
reasonable interpretation is that photoluminescence quenching in the
irradiated Ru-MtrC proteins arises from charge separation, Fig. 3a pro-
cess @, whereby the photoexcited dye is quenched by injecting an
electron into oxidized MtrC. For each Ru-MtrC protein, quenching is
well-described by a multi-exponential fit with the contributions and
lifetimes presented in Table 1. Based on previous work [30,31], the
different contributions are most reasonably attributed to the presence of
multiple Ru(Il) dye conformers that are unable to exchange on the
experimental timescale and that have different charge separation rates.
Each of these conformers would place a bipyridyl ligand of the Ru(Il)
dye within 10 A of the conjugated ring of the neighboring heme, Heme 5
or 10, to allow for charge injection into that heme on the pico-second to
nano-second timescale. Since the photoluminescence decay properties
are dependent on the labeling site, Table 1, it can be concluded that the
structures and populations of these conformers are determined by the
location of the Ru(II) dye attachment site.

Direct evidence for quenching of the photoexcited dye through for-
mation of a charge separated state, specifically Ru"-MtrC™, was pro-
vided by transient absorbance spectroscopy. The resulting difference
spectra (post-excitation minus pre-excitation) are reported in Fig. 5
where chromophores with transiently depleted populations give nega-
tive features while those with transiently increased populations give
positive features. Immediately after excitation the peak at 369 nm and
broad positive feature above approximately 580 nm arise from absor-
bance by the dye triplet excited state, formally [Ru(II[)( bipyr-
idine)y(bipyridine 1%t [60-62]. Over time, the disappearance of
features from the photoexcited dye is accompanied by the appearance of
peaks at 419 and 552 nm due to the presence of Fe(II) heme in the
charge separated state. Depletion of the ground-state Ru(II)-dye popu-
lation is evident in the broad trough between ~400 and 500 nm, and
this feature recovers over time as the system returns to the ground state
by charge recombination, Fig. 3a process @, as determined by the en-
ergetics of the system, Fig. 3a. We note that in these experiments the Ru
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Fig. 3. Photochemistry and azo dyes studied in this work. a) Schematic
energy level diagram for azo dye reduction by irradiated Ru-MtrC biohybrid
assemblies with EDTA as sacrificial electron donor. An upper limit on the azo
dye reduction potentials relevant to this study is indicated, see text for details.
b) Azo dye structures.

(II) dye metal-to-ligand charge transfer band was excited by pulsed
irradiation at 457 nm which also results in direct excitation of the
hemes. A previously described protocol [31] subtracted transient
absorbance of Cys-MtrC from that of the corresponding Ru-MtrC to
provide the data presented in Fig. 5 that describes only the photo-
chemistry associated with excitation of the Ru(II) dye and shown sche-
matically in Fig. 3a.

The sharp Q-band feature centered at 552 nm in the transient
absorbance spectroscopy arising from Fe(II) heme was used to define the
evolution of the Ru™-MtrC™ charge separated state for each Ru-MtrC
assembly, Fig. 6. That evolution is clearly dependent on the location
of the Ru(II) dye labeling site. Such behavior is expected since for each
protein there are contributions from multiple Ru(II) dye conformers
with different rates of charge separation, Table 1, and most likely
different rates of charge recombination. There is also the possibility of
heme-to-heme electron transfer within the charge separated Ru"-MtrC~
states and where the dynamics following injection into Heme 5 will be
different from those following injection into Heme 10 due to the
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tion (Aem = 625 nm) and emission (Aey = 455 nm) spectra for the unreacted Ru
(II) dye and Ru-MtrC proteins as indicated. Intensity normalized to the
maximum displayed by the unreacted Ru(II) dye. b) Time-resolved photo-
luminescence decay (circles) for excitation at 485 nm (500 kHz) with emission
measured at 625 nm. Ru293-MtrC (blue), Ru301-MtrC (teal), Ru648-MtrC
(black), Ru657-MtrC (red) and Ru(Il) dye (gray). Fits (lines) have the param-
eters of Table 1. Residuals below. Data for Ru657-MtrC and Ru(II) dye redrawn
from van Wonderen et al. PNAS 2021 [31]. Samples were 0.7 uM Ru-MtrC or Ru
(I) dye in anaerobic 20 mM Tris-HCl, 100 mM NacCl, pH 8.5.

Table 1
Photoluminescence decay properties of Ru-MtrC proteins.”.

Fit parameters

71, /ns (% Chi? Mean Ref.
contribution) fluorescence
lifetime /ns

T, /08 (%
contribution)

Ru293- 99 + 3 (82%) 291 +£10 1.07 134 This
MtrC (18%) work
Ru301- 36 + 6 (36%) 101 +2(63%) 1.13 77 This
MtrC work
Ru648- 146 + 19 253 + 6 (73%) 0.98 224 This
MtrC (27%) work
Ru657- 18 £ 0.5 121 +2(11%) 1.10 29 [31]

MtrC (89%)

 Data of Fig. 4b, fit to two exponentials with each contribution attributed to a
different conformer, see text for details. Mean fluorescence lifetime is amplitude
weighted. Decay of the unreacted Ru(Il) dye under equivalent conditions is
described by a single exponential with lifetime 460 + 2 ns (Chi? = 1.02).
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Fig. 5. Transient absorbance spectra of Ru-MtrC proteins as indicated. Difference absorbance spectra (post- minus pre-excitation) for the indicated times after
irradiation. Yellow panels highlight spectral regions indicative of heme oxidation state. Pulsed irradiation was at 457 nm and contributions from electronically
excited hemes are removed as described previously [31]. Samples contained Ru-MtrC (5 uM for measurements <440 nm, ~150 pM for measurements >470 nm) in
anaerobic 20 mM Tris-HCl, 100 mM NacCl, pH 8.5. Data for Ru657-MtrC redrawn from van Wonderen et al. PNAS 2021 [31].

different microscopic reduction potentials, spatial separation and elec-
tronic coupling of the relevant heme pairs [31,63]. For Ru657-MtrC, a
previous study [31] provided a quantitative description of the corre-
sponding photocycle that was in excellent agreement with independent
predictions of the behavior using state-of-the-art methodologies in
density functional theory and molecular dynamics calculations. How-
ever, such analysis is beyond the needs of the present study since the
population and persistence of the Ru*-MtrC™ charge separated states
will determine the photocatalytic performance of the corresponding
system.

The Ru'-MtrC™ charge separated state is visible just beyond 1 s,
Fig. 6a, for Ru648-MtrC and Ru657-MtrC that place the Ru(Il) dye
closest to Heme 10. However, the Ru'-MtrC~ charge separated state
persists slightly beyond 10 ps, Fig. 6b, for Ru293-MtrC and Ru301-MtrC
that place the Ru(II) dye closest to Heme 5. Despite the caveats above it
could be that these behaviors have their origin in the different micro-
scopic reduction potentials predicted for Heme 10 (—137 mV) and Heme
5 (+46 mV) [63]. Thus, there is less driving force, Fig. 3a, for charge
separation at Heme 10 than Heme 5 and greater driving force for charge
recombination at Heme 10 than Heme 5. However, such simple
reasoning fails to account for the trend in maximum Ru™-MtrC~ popu-
lation. The maximum population decreases in the order Ru657-MtrC
> Ru301-MtrC > Ru648-MtrC ~ Ru293-MtrC, Fig. 6.

Cumulative photoreduction of Ru-MtrC biohybrids

Experiments to assess the ability of the Ru-MtrC proteins to accu-
mulate photoenergized electrons employed continuous irradiation into
the Ru(Il) dye metal-to-ligand charge transfer band of anaerobic solu-
tions containing ethylenediaminetetraacetic acid (EDTA) as sacrificial
electron donor [33,34]. Electronic absorbance spectra recorded over one
hour of irradiation showed that features arising from oxidized Fe
(IlD)-hemes were gradually replaced by features indicative of reduced
Fe(II)-hemes as illustrated for Ru657-MtrC in Fig. 7a. Specifically, there
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was a red shift and increase of intensity in the Soret band and the
appearance of lower intensity peaks at 520 and 552 nm. Comparison of
these spectral changes to those produced by complete reduction of the
ten MtrC hemes on addition of the chemical reductant sodium dithionite
allowed the percentage of photoreduced heme to be calculated using the
difference in absorbance at 552 nm and the 561 nm isosbestic wave-
length. That analysis showed that 1 h irradiation resulted in the reduc-
tion of approximately 9 hemes per MtrC protein, Fig. 7b. The reduced
hemes will be those having the more positive reduction potentials.
However, the oxidation state of individual hemes cannot be distin-
guished since the optical properties of the ten hemes, all of which have
His/His axial iron ligands, cannot be distinguished [31].

When the irradiation was removed there were no further changes to
the spectra over a period of 5 min. Separate experiments provided no
evidence for heme reduction in the absence of light, EDTA, or the Ru(II)
dye, Fig. 7b gray symbols. The most reasonable interpretation of the
data is that following formation of a Ru-MtrC™~ charge separated state,
a photoenergized electron is trapped in the MtrC heme chain when the
oxidized ‘Ru™ dye is returned to its ground state through reduction by
EDTA as sacrificial electron donor, Fig. 3a process ®. Subsequent ab-
sorption of additional photons enables trapping of additional electrons
in MtrC such that almost complete reduction of the photosensitized MtrC
protein is observed after 1 h irradiation.

Parallel experiments provided similar evidence for cumulative
photoreduction of the Ru293-, Ru301- and Ru648-MtrC biohybrid as-
semblies and those time courses are compared in Fig. 7b. It is notable
that for all assemblies, several minutes irradiation is needed to produce
> 50% photoreduction and that experiments with lower concentrations
of EDTA showed slower initial rates of cumulative reduction, e.g.,
Fig. 7a insert. These findings are consistent with oxidation of EDTA by
the charge separated Ru'-MtrC™ states, Fig. 3a process ®), presenting a
rate defining event in cumulative photoreduction. Also apparent is that
that the initial rate of Ru648-MtrC cumulative photoreduction is
significantly less than that of the other proteins. We attribute this



J.H. van Wonderen et al.

Q
o

o

w

T T T T T T T T I

oo RUBST-MtrC

Ru*-MtrC- Population

100
3 —T——T——T T

10,000 1e+06

Ru*-MtrC- Population ~—

100

10,000 1e+06
Time /ns

Fig. 6. Population of the Ru™-MtrC~ charge separated states determined
by transient absorbance spectroscopy. a) MtrC proteins labeled with Ru(I)
dye closest to Heme 10 at residue 648 and 657 as indicated. b) MtrC proteins
labeled with Ru(II) dye closest to Heme 5 at residue 293 and 301 as indicated.
Measurement conditions as for Fig. 5. Data for Ru657-MtrC redrawn from van
Wonderen et al. PNAS 2021 [31].

behavior to the properties of the corresponding charge separated state
which for Ru648-MtrC is maximally populated to a lesser extent and at
shorter times than those of the other biohybrid assemblies, Fig. 6.

Photocatalytic azo dye reduction by Ru-MtrC biohybrids

Having demonstrated accumulation of photoenergized electrons in
the MtrC heme chain, a final series of experiments assessed the ability of
those electrons to catalyze the reductive decoloration of azo dyes
through the four-electron reductive cleavage of the azo group to its
corresponding amines. Experiments were performed with Ru-MtrC at
concentrations of approximately 0.3 pM and an excess (at least 40-fold)
of azo dye to enable catalytic photoreduction to be distinguished from a
process where Ru-MtrC is a stoichiometric reductant. The azo dyes
selected for study were Reactive Black 5, Methyl Orange and Amaranth
for which the structures are illustrated in Fig. 3b. We selected two bio-
hybrid assemblies for study, namely, Ru301-MtrC and Ru657-MtrC.
These assemblies positioned the photosensitizer at either end of the
MtrC heme chain, Fig. 1a, and produced the maximum population of the
charge separated state for that labeling site, Fig. 6. Ru301-MtrC and
Ru657-MtrC behaved similarly in preliminary experiments. Thus, we
chose one or other protein for subsequent and more detailed quantita-
tive studies as described below.

Reductive decoloration of Reactive Black 5 is evidenced by a
decrease of its prominent absorbance at 600 nm when irradiated, for
example, in the presence of Ru657-MtrC and EDTA Fig. 8a. The amount
of Reactive Black 5 reduced during 1 h irradiation was slightly more for
Ru657-MtrC than for Ru301-MtrC, Fig. 8b and S6, and in both cases 5-
fold more than the reduction in parallel experiments without the
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Fig. 7. Cumulative photoreduction of Ru-MtrC proteins. a) Representative
electronic absorbance of Ru657-MtrC before (continuous black), during (gray),
and after (dashed black) 60 min irradiation in 500 mM EDTA. Absorbance
values between 430 and 520 nm are absent due to the use of a notch filter
(Omega Optical 475RB) to prevent photoexcitation by the spectrophotometer.
Inset: time courses for photoreduction of Ru657-MtrC at 5, 50 and 500 mM
EDTA as indicated. Measurements in anaerobic 20 mM Tris-HCI, 100 mM Nacl,
pH 8.5 at ambient temperature. b) Photoreduction time courses (circles) for Ru-
MtrC proteins as indicated. Samples (0.35 pM protein) in anaerobic 500 mM
EDTA, 20 mM Tris-HCI, 100 mM NacCl, pH 8.5 at ambient temperature with
irradiation at 450 nm, intensity 110 W m~2 at the sample. Gray symbols are for
control experiments performed as above except using Ru657-MtrC in the
absence of light (squares), without EDTA (diamonds) and with Ru657-MtrC
replaced by the corresponding unlabeled protein, Y657C-MtrC (triangles).

biohybrids, Fig. 8b and S6. Bleaching of Reactive Black 5 in experiments
that omitted either EDTA or light occurred at rates that were typically
10-fold lower than in the presence of Ru-MtrC, Figure S7. Similarly low
rates of bleaching were also measured during irradiation with EDTA and
including unreacted Ru(II) dye, or unlabeled MtrC, in place of Ru-MtrC.
Thus, there is no evidence for direct transfer of photoenergized electrons
from the Ru(Il) dye or unlabeled MtrC to the azo dye. Taken together,
the data are consistent with the Ru-MtrC biohybrid assemblies acceler-
ating the light-driven reduction of Reactive Black 5. With just 0.3 pM Ru-
MtrC driving the reduction of > 5 pM Reactive Black 5, Fig. 8b, we
conclude that the biohybrid is acting as a photocatalyst.

Our proposed mechanism for photocatalysis is illustrated schemati-
cally in Figs. 1b and 3a. Photoexcited Ru(II) dye injects electrons into the
MtrC heme wire to enable reduction of Reactive Black 5. The ground
state dye is recovered by oxidation of EDTA as sacrificial electron donor.
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Fig. 8. (see previous column). Photocatalytic azo dye reduction by Ru-
MtrC biohybrid assemblies. a) Representative electronic absorbance spectra
measured over 1 h irradiation of Reactive Black 5 (24 uM) with Ru657-MtrC
(0.3 uM). b) Reduction of Reactive Black 5, Methyl Orange and Amaranth, as
indicated, for 1 h irradiation with Ru657-MtrC (red), Ru301-MtrC (teal) and no
biohybrid (white). Error bars are standard deviation for 3 measurements and
too small to discern for Ru657-MtrC with Methyl Orange. Concentration of azo
dye 24 uM and Ru-MtrC 0.3 uM when included. c) Electronic absorbance
spectra of (red) photoreduced Ru301-MtrC (0.1 pM) and (blue) immediately
after the addition of Reactive Black 5 to give an azo dye concentration of 19 pM
and Ru301-MtrC concentration of 0.08 uM. A spectrum of Reactive Black 5
(blue dots) is shown for reference. Inset: electronic absorbance of photoreduced
Ru301-MtrC (red) and immediately after mixing with Reactive Black 5 (black).
The electronic absorbance of protein in the mixture is presented as the differ-
ence in absorbance of the mixture minus the absorbance of Reactive Black 5. To
facilitate spectral comparison the spectrum after addition of Reactive Black 5
has been adjusted to account for sample dilution. d) Time course of Reactive
Black 5 reduction during 8-hour irradiation with Ru657-MtrC (0.35 pM). Arrow
indicates the addition of Reactive Black 5 to the cuvette. All experiments used
anaerobic 500 mM EDTA, 20 mM Tris-HCI, 100 mM NaCl, pH 8.5 with irradi-
ation at 450 nm (~110 W m~2). Data in panels a), b) and ¢) was collected with
a notch filter (Omega Optical 475RB) in place to prevent photoexcitation by the
sApectrophotometer.

To support this proposal we sought direct evidence for electron transfer
from photoreduced MtrC to Reactive Black 5 and this was provided
when an excess of the azo dye was added to a solution of photoreduced
Ru301-MtrC, Fig. 8c. Prior to addition of the azo dye, that solution
displayed a Soret band maximum at 419 nm due to the reduced Fe(II)
heme cofactors. Immediately after addition of the azo dye, the Soret
band maximum had shifted to 410 nm indicating rapid oxidation of the
MtrC hemes through direct electron exchange with Reactive Black 5.

The longevity of photocatalytic performance by Ru657- and Ru301-
MtrC was assessed over 8 h of irradiation with Reactive Black 5 added at
the halfway point to return the original azo dye concentration, e.g.,
Fig. 8d and S8. For these conditions the turnover number is 85 Reactive
Black 5 molecules reduced per Ru657-MtrC and 73 Reactive Black 5
molecules reduced per Ru301-MtrC. Noting that each Reactive Black 5
contains two azo bonds and therefore 8 electrons for decoloration, this
corresponds to 680 and 584 photoenergized electrons directed to azo
dye reduction by Ru657-MtrC and Ru301-MtrC respectively. These
turnover numbers further confirm photocatalytic, rather than stoichio-
metric, reduction of Reactive Black 5 by the biohybrid assemblies.

For both Ru-MtrC proteins the time course for reduction of Reactive
Black 5 in each 4 h period is indistinguishable from that in subsequent
cycles of irradiation. Thus, there is no evidence for photodamage of the
biohybrid assemblies in these experiments. A similar conclusion was
reached when the experiment with Ru301-MtrC was extended by stor-
age overnight in the dark at room temperature, addition of Reactive
Black 5 to restore the original azo dye concentration and further cycles
of irradiation and azo dye addition, Figure S8. Photocatalytic perfor-
mance on the second day of irradiation was comparable to that on the
first day. Over the total 14 h irradiation, the turnover number was 138
Reactive Black 5 molecules reduced per Ru301-MtrC (1104 photo-
energized electrons directed to azo dye reduction). The Ru-MtrC as-
semblies show no detectable loss of activity after 1 year storage in the
dark at —80 °C.

Rates of photocatalytic Methyl Orange reduction during irradiation
in the presence of Ru301-MtrC and Ru657-MtrC were comparable to
each other, and approximately 3-fold less than for Reactive Black 5
reduction, Fig. 8b. There was little evidence for photocatalytic reduction
of Amaranth by the Ru-MtrC assemblies, Fig. 8b. Thus, photocatalytic
azo dye reduction by the Ru-MtrC biohybrid appears to be independent
of the site of Ru(Il) dye attachment, i.e., locating the photosensitizer at
either end of the heme chain does not interfere with binding and
reduction of the azo dyes. It seems more likely that photocatalytic rate is
defined by properties of the azo dye. Cyclic voltammetry of the azo dyes
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under the conditions used for our photochemical investigations,
Figure S9, showed the expected irreversible reduction of all three azo
dyes. However, the electrochemical potential required for that reduction
was dependent on the identity of the azo dye. We quantify this through
the potential needed to drive azo dye reduction at a rate that was 2% of
the rate at —1 V which for Reactive Black 5 was —200 mV, for Methyl
Orange was —258 mV and for Amaranth was —350 mV. Given that MtrC
hemes are redox active between approximately 0 and —400 mV it is
apparent that the driving force for azo dye reduction decreases in the
order Reactive Black 5 > Methyl Orange > Amaranth and that there is
very little driving force for the reduction of Amaranth under the
experimental conditions. This was corroborated by experiments that
introduced the other azo dyes to photoreduced Ru301-MtrC, Figure S10.
Following the addition of Methyl Orange, the Soret band maximum
moved from 419 nm to lower wavelengths indicating partial oxidation
of MtrC over approximately 22 min and direct transfer of electrons from
the MtrC hemes to Methyl Orange, Figure S10a,b, and after which time
there were no further spectral changes. Following the addition of
Amaranth, the Soret band maximum remained at 419 nm for at least
60 min, Figure S10c,d. In both experiments there was no irradiation of
the sample following addition of the azo dye.

Given that the decrease in driving force for azo dye reduction by
MtrC parallels the decrease in rate of Ru-MtrC photocatalysis we
consider this property to be the primary determinant of the photo-
catalytic rate. However, the possibility of contributions to this rate from
different substrate binding sites, steric accessibility, or electrostatic in-
teractions cannot be excluded on the basis of the present data.

Conclusions

Oxidized cytochrome MtrC has been photosensitized by site-selective
labeling with a Ru(II) (bipyridine)s dye at either end of the ten-heme
chain that spans the protein. Irradiation of the dye in the Ru-MtrC bio-
hybrid assemblies is followed by charge injection into the heme wire
generating a charge separated Ru'-MtrC~ state in which the photo-
energized electrons reside within MtrC as Fe(II) heme sites. The pho-
toenergized electrons are trapped on MtrC when the oxidized dye is
returned to the ground state through reduction by EDTA as sacrificial
electron donor and those photoenergized electrons can subsequently
transfer to Reactive Black 5 and Methyl Orange such that the Ru-MtrC
biohybrids perform photocatalytic reduction of these azo dyes. In the
absence of a suitable electron acceptor the photoenergized electrons
remain trapped on MtrC for at least 60 min.

Azo dye decoloration by our Ru-MtrC biohybrids employs the natural
ability of MtrC to catalyze azo dye reduction [40-44]. By contrast,
light-driven azo dye decoloration by TiO5 based systems occurs through
oxidation [64]. Photocatalytic oxidation of azo dyes can be driven by
reactive oxygen species generated at the surface of aqueous TiO; sus-
pensions during irradiation into the band gap with UV-light. Alterna-
tively, photosensitized oxidation (photo-assisted degradation) by
irradiation with visible light converts the azo dye to singlet/triplet states
that degrade following electron injection into the TiO3 conduction band.

The Ru-MtrC biohybrid assemblies described here can be considered
to operate in a manner analogous to Ru(Il)dye-sensitized TiO, where
photoenergized electrons accumulate in the conduction band to deliver
reductive chemical transformations on the TiO, surface or via adsorbed
redox catalysts that may be synthetic or biological [11,45,46]. We
anticipate that subsequent decoration of the MtrC protein with an
electrocatalyst (natural or synthetic) will allow the Ru-MtrC assembly to
drive a wide range of light-driven transformations. Greater rates of
photocatalysis should be achieved by identifying Ru(II) dye attachment
sites that increase the longevity and/or population of the Ru'-MtrC’
charge separated state and/or identifying a more effective system for
delivering electrons to the biohybrid assembly.
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