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SUMMARY

Natural systems drive the high-energy reactions of photosynthesis with efficient and broadband
energy capture. Transition metal photocatalysts similarly convert light into chemical reactivity,
yet suffer from light-limited operation and require blue-to-UV excitation. In photosynthesis, both
light capture and reactivity have been optimized by separation into distinct sites. Inspired by this
modular architecture, we synthesized a biohybrid photocatalyst by covalent attachment of the
photosynthetic light-harvesting protein R-phycoerythrin (RPE) to the transition metal
photocatalyst tris(2,2'-bipyridine)ruthenium(Il) ([Ru(bpy)s;]*"). Spectroscopic investigation found
that absorbed photoenergy was efficiently funneled from RPE to [Ru(bpy)s]**. The utility of the
biohybrid photocatalyst was demonstrated via an increase in yields for a thiol-ene coupling
reaction and a cysteinyl desulfurization reaction, including recovered reactivity at red

wavelengths where [Ru(bpy)s]>* alone does not absorb.
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INTRODUCTION

Photoredox catalysis harnesses light energy to afford potent reactivity to a broad range of
chemistries and substrates that are otherwise unreactive. Upon visible excitation, the
photocatalyst is transformed into a high-energy reactive intermediate that can be used to promote
challenging or previously elusive transformations.'™ The reactivity is most often ascribed to
electron- or energy-transfer from long-lived triplet metal-to-ligand charge transfer (*MLCT)
states that generate potent reductants or oxidants.>® For example, transition metal photoredox
catalysts have been used for many carbon-carbon bond formations that have been instrumental in

the development of pharmaceuticals, agrochemicals, and complex natural products.” '3

Despite
their catalytic utility, the charge transfer and other reactive states are limited by small absorption
bandwidths (~100 nm) and low molar absorptivities (10°-10* M-! cm™"), resulting in poor photon
conversion efficiency.»'*!7 Additionally, most transition metal photoredox catalysts require
excitation at high photon energies where the effective absorbance is often further reduced by
secondary catalysts, substrates or reagents that act as optical filters. The high energy excitation
can also cause cellular damage and so has limited the biological applications of this powerful
technology.'®2!

Nature overcomes the poor light-harvesting ability of the charge transfer and similar
reactive states with dedicated machinery to capture sunlight for photosynthesis.?>?7 Light-
harvesting proteins absorb over large spectral bandwidths (~250 nm) with high molar
absorptivities (~10° M! cm!), and then efficiently transfer this energy to sensitize neighboring
proteins that contain the reactive site.>>>? Inspired by the modularity found in biology, several

types of photocatalysts have been produced that employ a similar approach.’* Nanoparticles or

small molecules were covalently attached to enzymes, and electron transfer between them has
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Figure 1: Components and concept of light-enhanced catalysis. (A) The small molecule
photocatalyst, [Ru(bpy)s]>" (green, left), conjugated to the photosynthetic light-harvesting
protein, RPE (red, center), forms a biohybrid photocatalyst, RPE-(Ru). (orange, right). The
photocatalytic reactivity of [Ru(bpy);]*" and the light harvesting of RPE are combined in the
RPE-(Ru) biohybrid. (B) Schematic of RPE-(Ru). photocatalysis in which photoexcitation of
pigments (red, chemical structures in SI Figure S13) in RPE at any wavelength leads to energy
transfer to [Ru(bpy)3]** (green), which can catalyze reactions.

been demonstrated.>** However, the stringent distance dependence requirements and
nonspecific reactivity of electron transfer create additional synthetic and operational

challenges.*

Energy transfer, which occurs over longer distances, was introduced by
conjugating together transition metal photocatalysts with different excitation energies, which
expanded their absorption window.**3 Despite the expanded absorption, the low extinction
coefficients of the photocatalysts lead to light-limited activity under many conditions. The
absorption range was also expanded into the low energy (near-infrared) region by direct

excitation of the SMLCT state, and the utility of this scheme was demonstrated on a range of

photoredox reactions.’® However, the extremely low molar absorptivity (~10> M™! cm™) of this
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379 Upconversion of ftriplet states in a

state limits its light-harvesting ability.
sensitizer/photocatalyst mixture was introduced as an alternative strategy to use near-infrared
light, but with low photon conversion efficiency.®%? Finally, sensitization of a transition metal
photoredox catalyst through energy transfer from light-harvesting ligands was demonstrated, but
its impact on reactivity was not investigated.53-63

Here, we mimicked the design found in photosynthesis by conjugating the prototypical
transition metal photocatalyst, tris(2,2’-bipyridine)ruthenium(Il) ([Ru(bpy)s]*"), to the
commercially-available, photosynthetic light-harvesting protein, R-phycoerythrin (RPE), from
red algae (Figure 1). The resultant biohybrid, henceforth referred to as RPE-(Ru),, absorbed at
wavelengths up to 630 nm and transferred energy from RPE to [Ru(bpy)s;]*". The energy capture
provided by the light harvester enhanced catalytic yields by a factor of ten as compared to

controls that lacked light harvesting for two representative reactions, a radical thiol-ene coupling

and a cysteinyl desulfurization.

RESULTS AND DISCUSSION

Biohybrid Synthesis and Steady-State Characterization

Synthesis of the biohybrid construct shown in Figure 1A, right, was accomplished by taking
advantage of the 72 surface-exposed lysine residues on RPE identified using Pymol (SI Section
3A). Conjugation of [Ru(bpy)s;]*" to the lysine side chains occurred readily upon treatment of
RPE with a derivative of [Ru(bpy)s;]*" substituted with an N-hydroxysuccinimide ester (SI Figure
S1). While conjugation to other amino acids is possible, the lysines are the most likely site due to
the nucleophilicity of the amine group and their propensity for exterior positioning.®¢*” They are

primarily evenly dispersed across the surface of the outer ring of the protein with two per subunit



on the ends of the cylinder-like structure (SI Figure S10), likely leading to stochastic decoration
of the exterior of RPE with [Ru(bpy)3]*>". The NHS-ester derivative of [Ru(bpy)s;]*" was chosen
as the catalyst because of its commercial availability and the historical prevalence of
[Ru(bpy)s]**. Purification by centrifugal filtration and FPLC afforded the hybrid in high purity
(SI Section 1).

Intact mass spectrometry (MS) data was obtained for both free RPE and purified RPE-
(Ru), to confirm conjugation (SI Figure S7). RPE is a hexameric protein in which alpha (o) and
beta (B) subunits form an (af})s quarternary structure. The MS of RPE showed the a and

subunits at masses of 18,889 Da and 20,308 Da, respectively, both in agreement with the
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Figure 2: Steady-state absorption and time resolved fluorescence. (A)
Absorption spectra of [Ru(bpy)3]**, RPE, a mixture of RPE: [Ru(bpy):]**
in a 1:8 molar ratio, and RPE-(Ru), with the relative fluorescence
emission spectra of RPE and RPE-(Ru)n. (B) Nanosecond fluorescence
decays of RPE and RPE-(Ru), with the IRF (gray).

literature.®® Compared to free RPE, RPE-(Ru), exhibited modifications of 610 Da in its mass
spectrum, corresponding to the molecular weight of the [Ru(bpy)s;]*" catalyst. The o subunit
showed equally abundant peaks (1:1:1) for no modification, one modification, and two
modifications. The B subunit showed unequally abundant peaks (1:1:0.2) for no modification,
one modification, and two modifications, respectively. A weighted average of this data was used
to estimate that ten [Ru(bpy)s]*" catalysts per one RPE were retained under the MS conditions.
The absorption and emission spectra of the conjugated hybrid are overlaid with its
individual components in Figure 2A. RPE-(Ru), had an absorption spectrum similar to the free
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protein due to the significantly larger molar absorptivity coefficient (10>-times) of RPE
compared to [Ru(bpy);]*". The similar profile of the absorption spectra before and after
conjugation also confirmed that integrity of the protein was maintained. As expected, RPE-(Ru),
showed additional absorbance in the region around the [Ru(bpy)s;]>" '"MLCT states centered at
459 nm. Additionally, the peak in the RPE-(Ru), spectrum corresponding to the energy of the
[Ru(bpy)s]** bipyridine ligand © — m* transition (285 nm) increased in intensity relative to the
free protein (SI Figure S8). Finally, the sum of the component spectra matched well with the
spectrum of the purified RPE-(Ru), with a 1:8 ratio, similar to the results from MS and
confirming conjugation (SI Figure S8).

The steady state fluorescence emission spectra of free RPE and RPE-(Ru), are also
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Figure 3: Transient absorption of RPE-Ru biohybrid. (A) Ultrafast
transient absorption spectra of RPE (left) and RPE-(Ru). (right). The ground
state bleach shows a faster decrease for the hybrid as compared to the free
protein. (B) Kinetic traces of both samples at 570 nm. (C) Nanosecond
transient absorption spectra of [Ru(bpy)s]**, RPE-(Ru)n, and a mixture of RPE
and Ru.



shown. The spectral profiles were essentially the same due to the much lower level of
photoluminescence emission from [Ru(bpy)s]**. The integrated fluorescence intensity decreased
by ~60% for RPE-(Ru), compared to RPE, providing further evidence of successful conjugation
and indicating the presence of energy transfer.

Characterization of the Excited-State Dynamics

Time-resolved spectroscopy was used to characterize the photophysics of the biohybrid. The
fluorescence lifetime was measured for both the free protein and biohybrid structure. The RPE
fluorescence emission (Figure 2B) showed a monoexponential decay with a timescale of 2.63 ns,
in agreement with literature values of 2.3-3.1 ns.?®?? In contrast, the RPE-(Ru), emission showed
a multi-exponential decay profile, which was best fit with a tri-exponential function. The two fast
timescales were ~0.039 ns and ~0.368 ns, each with an amplitude of ~40%. The slower timescale
was 1.70 ns. The average lifetime was 0.384 ns, which gave an overall energy transfer efficiency
of 85%. The fitting parameters for all samples are summarized in SI Tables S2 and S3.As
discussed above, although each RPE-(Ru), contains on average ten [Ru(bpy)s;]**, the sample is a
heterogeneous mixture with [Ru(bpy)s]>* attached to RPE in a variety of stoichiometries and
conjugation sites. We assign the two fast timescales to uphill energy transfer from RPE to
[Ru(bpy)s]** in RPE-(Ru), with a large number of conjugated [Ru(bpy)s;]*>" and/or [Ru(bpy)s]**
well-positioned for energy transfer. Consistent with this assignment, the timescale of energy
transfer for RPE-(Ru), with ten [Ru(bpy)s;]*" was calculated to be 0.409 ns using Forster theory
(SI Section 3). These calculations also predict an 78% energy transfer efficiency, close to the
experimental value. Forster energy transfer is governed by the spectral overlap and distance
between the donor and acceptor. Due to the small spectral overlap, each energy transfer pathway

is inefficient. However, they give an overall high energy transfer efficiency from the combined



contributions of the ten energy transfer pathways from RPE to [Ru(bpy)s;]** (SI Section 3B).
Despite the uphill nature of the energy transfer step, rapid trapping of the excitation by
intersystem crossing on [Ru(bpy)s]** likely limited back transfer. We assign the slow timescale
to energy transfer in the small population of RPE-(Ru), only bearing conjugated [Ru(bpy)s]**
that are poorly positioned for energy transfer.

Transient absorption (TA) spectroscopy was used to monitor the excited-state dynamics,
including transitions into non-emissive states. To probe the photophysical pathways with high
temporal resolution, ultrafast TA measurements were performed on both RPE and RPE-(Ru),
with excitation at 540 nm, which overlaps with the RPE absorption peak. For free RPE (Figure
3A, left), initial excitation gave rise to a ground state bleach (GSB)/stimulated emission (SE)
signal across the absorption spectrum. As shown in Figure 3B, the GSB/SE signal at the low-
energy state of RPE decayed on 54 ps and 2.2 ns (1.56 ns average) timescales, similar to
previously observed values.?® For RPE-(Ru), (Figure 3A, right), the GSB/SE signal decayed
more quickly across the spectrum, likely as a result of energy transfer to [Ru(bpy)s]*". As shown
in Figure 3B, the signal at the low energy state decayed on 36 ps and 170 ps (137 ps average
lifetime) timescales, consistent with the fluorescence lifetime measurements and calculations of
the energy transfer timescale from RPE to [Ru(bpy)s]*".

To more directly probe [Ru(bpy)s;]*" sensitization upon RPE excitation, we employed
nanosecond TA spectroscopy on RPE-(Ru),, [Ru(bpy)s;]**, and an unconjugated mixture of RPE
and [Ru(bpy)s]**. The prompt transient spectra are shown for all three samples in Figure 3C. For
[Ru(bpy)s]** excited at 450 nm, the characteristic GSB at 450 nm and ESA at 380 nm were
observed, consistent with previous reports.%® For the unconjugated mixture, after excitation of

RPE at 540 nm, a component of the RPE GSB/SE persisted while spectral features of excited



[Ru(bpy)s]** were absent. For the RPE-(Ru), conjugate, a similar GSB/SE component was
present in the RPE spectral region, but the spectral features of [Ru(bpy)s;]*" also appeared,
signaling successful energy transfer to the photocatalyst. Excitation further toward the red, at 580
nm, also demonstrated energy transfer to the photocatalyst (SI Figure S22). Energy transfer is
expected to populate the charge transfer bands of [Ru(bpy)s]*" almost exclusively for excitation
wavelengths above 500 nm, as the catalytically deleterious triplet metal centered state is higher
in energy.>>’" Although these experiments provide spectral evidence that energy transfer occurs,
the signals of energy transfer appear within the 8 ns instrument response function, so the
timescale of energy transfer cannot be discerned from this experiment (SI Section 4C). These
results do, however, provide direct experimental evidence of the assignment to energy transfer,
as electron transfer would have resulted in the spectra of the oxidized or reduced form of
[Ru(bpy)s]** in the RPE-(Ru), sample.**

Demonstration of Enhanced Catalysis Using the Biohybrid

Photocatalytic thiol-ene reaction
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Figure 4. Photocatalytic radical thiol-ene reaction. RPE-(Ru). enables or enhances yields at red and green
wavelengths. Reaction times are 2 h except where denoted. 12 h reaction time. Note: “eq. of Ru” refers to
the fact that all reactions were performed with catalyst loadings normalized to [Ru(bpy)s]*".
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To establish the catalytic ability of RPE-(Ru),, we assessed product yields for two radical
initiation reactions previously reported in literature, a thiol-ene coupling and a cysteinyl
desulfurization.”’’? The goal of this proof-of-concept study is to identify an enhancement in
catalytic performance and, for radical chain reactions, differences in the photodriven initiator
formation can be easily observed in the final product yields. While the sequential nature of the
propagation means that the improvement in the photodriven process cannot be straightforwardly
quantified, these reactions allow for clear qualitative comparison of yields. Performance in the
presence of RPE-(Ru), was compared to [Ru(bpy)s]**, RPE, and an unconjugated mixture of
RPE and [Ru(bpy)s;]*" as controls at three LED wavelengths (blue, 459 nm; green, 513 nm; red,
630 nm). Full experimental details, including all yields, substrates, and product NMR
characterization are included in the SI Sections 5 and 6.

We first investigated the effectiveness of RPE-(Ru), in the thiol-ene reaction, a widely

adopted bioconjugation strategy extended to photoredox catalysis by Yoon and co-workers.”!-73-74
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Relative to small molecule [Ru(bpy)s]**, coupling of glutathione (1) and allyl alcohol (3) under
RPE-(Ru), catalysis presented improved yields under red, green, and blue light irradiation
(Figure 4, SI Section 5). Most notably, RPE-(Ru), afforded product 2 in 89% yield under red
light irradiation, whereas no product formation was observed with [Ru(bpy)3]>". Under green
irradiation, which corresponds to the maximum of the RPE absorbance, 2 was generated in ~10%
yield with [Ru(bpy)s;]** alone and with the unconjugated [Ru(bpy)s;]** and RPE mixture. By
contrast, RPE-(Ru), catalyzed the reaction in 70% yield. The yields with RPE-(Ru), under both
green and red irradiation were higher than the yield with [Ru(bpy)s;]** alone under blue
irradiation at the maximum of its absorbance (10%, in agreement with previous literature
reports’). To demonstrate the generality of the observed enhancement, four additional substrates
(4-7) were evaluated. In all cases, product yields under green or red irradiation surpassed yields
achieved by [Ru(bpy)s]** alone or by the unconjugated [Ru(bpy)s;]*>*/RPE mixture, even reaching
quantitative yields for glycosylation (7). The ability to catalyze the reaction at red wavelengths is
afforded by uphill energy transfer utilizing thermal energy to account for differences in
activation energy (SI Section 3C).”>7® Furthermore, both product yields and photostability of
RPE-(Ru), increased under low irradiance, indicating that optimal operation may require the
photon absorption rate to be empirically matched to the catalytic cycle. These results
demonstrate the ability of RPE-(Ru), to improve catalytic performance and enable operation
under irradiation at any visible wavelength.

To determine the versatility of our RPE-(Ru),, we also investigated its performance in a
cysteinyl desulfurization method developed by Guo and co-workers in 2016.”> The original
reaction, which employs 5 mol% of [Ru(bpy)s]**, converted glutathione (1) to product 8 with 85%

yield under blue light irradiation. With our RPE-(Ru), biohybrid, the desulfurization proceeds
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with similarly high efficiencies under red or green light irradiation (78% and 100%, respectively)
using 0.3 mol% of the catalyst. Notably, control reactions with [Ru(bpy)s;]**, RPE, or the
unconjugated mixture of the two species showed no reactivity across both irradiation
wavelengths (Figure 5). The reduced catalyst loading of 0.3 mol% under conditions relevant to
this manuscript compared to the previously reported value of 5 mol% also demonstrates the
synthetic competency of the biohybrid.”? Furthermore, the large RPE appendage with a mass of
240 kDa allowed for facile catalyst recovery through centrifugal filtration with a 50 kDa MWCO
filter. Biohybrid reusability was screened by resubjecting RPE-(Ru), to fresh reagents, affording
83% vyield under green light irradiation and 65% yield under red light irradiation. Thus, along
with improvements to product yields, the biohybrid serves as a homogeneous catalyst with the

key reusability advantage of heterogeneous catalysis.””’8

CONCLUSION

A biohybrid catalyst consisting of the photosynthetic light-harvesting protein RPE and multiple
conjugated [Ru(bpy)s]** photocatalysts has been synthesized, characterized, and shown to
improve catalytic efficiency. Energy transfer from RPE to [Ru(bpy);]>" improved yields and
enabled reactivity even at red wavelengths. The biohybrid photocatalyst is also environmentally
sustainable as it operates in aqueous conditions, exhibits activity under low-energy irradiation,
and is easily reused. These initial demonstrations lay the groundwork for the development of
photocatalysts with distinct light harvesting and reactive components as seen in photosynthesis,

which, as illustrated here, allows robust and reliable reactivity.

EXPERIMENTAL PROCEDURES

13



Resource Availability

Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the
lead contact, Gabriela S. Schlau-Cohen (gssc@mit.edu).

Materials Availability

All materials generated in this study are available from the lead contact upon request.

Data and Code Availability

Data and code generated during this study are available from the lead contact upon request.
Sample Preparation

R-phycoerythrin (RPE; Agilent, Cat. No. PB-32) was dialyzed against phosphate buffer (0.1 M
sodium phosphate, pH = 7.5, filter sterilized and degassed) and refrigerated until needed.
Bis(2,2'-bipyridine)-4’-methyl-4-carboxybipyridine-ruthenium  (II)  N-succinimidyl  ester
bis(hexafluorophosphate) ([Ru(bpy)s]>-NHS ester, Sigma-Aldrich Cat. No. 96631) and dimethyl
sulfoxide (DMSO) were used as received. Bioconjugation of the [Ru(bpy)s;]**-NHS ester to RPE
was performed by reacting R-phycoerythrin (250 uL of 1 mg/mL in phosphate buffer) with
[Ru(bpy)s]**-NHS ester (50 pL of 20 mg/mL in DMSO, ~950x molar excess of catalyst).””
Multiple small-scale (300 uL) reactions were performed in parallel to allow [Ru(bpy)s;]>*-NHS
ester to easily mix with phycobiliproteins without hydrolysis of the NHS ester. The reaction
mixtures were placed on an incubator shaker (1100 RPM) at room temperature for 1 h. After
incubation, the small-scale reaction mixtures were combined, placed into a 50 kDa molecular
weight cut-off centrifugal filter (Millipore, Cat. No. UFC9050) and centrifuged at 4° and 4000
rpm (3220 rcf) for 15-20 min. Further purification was performed using fast protein liquid

chromatography (FPLC) with a NGC chromatography system (Bio-Rad) on a Superose® 6
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10/300 GL column (Cytiva Life Sciences) at a flow rate of 0.5-0.75 mL/min at 4° in phosphate
buffer. Fractions of the peak eluting at 16.2 mL for RPE were collected and centrifuge
concentrated using the same parameters as described above. All reactions and spectroscopic
studies were performed in phosphate buffer (0.1 M sodium phosphate, pH = 7.5, filter sterilized
and degassed). Further details on conjugation and purification are provided in the SI section 1.
Steady-state Absorption and Fluorescence Measurements

Linear absorbance spectra were acquired using a Shimadzu UV-2401PC spectrophotometer.
Fluorescence emission spectra were obtained using a Varian Cary Eclipse with 565 nm
excitation at the maximum absorbance of RPE.

Fluorescence Lifetime Measurements

Fluorescence lifetime measurements were performed using a supercontinuum generated in a
nonlinear photonic crystal fiber (FemtoWhite 800, NKT photonics) pumped by a Ti:sapphire
oscillation (Mai Tai, Spectra Physics). Full details on the laser setup are in the SI Section 4. The
excitation wavelength was selected using a 550 nm, 15 nm FWHM bandpass filter (Chroma
Technology Corp ET550/15x) and the emission wavelength was selected using a 580 nm, 10 nm
FWHM bandpass filter (Thor Labs FB580-10). The excitation laser pulse was focused on a 1 cm
x 2 mm pathlength quartz cuvette (Hellma Analytics 108.002F-QS) to a spot size of 0.66 pm?
and with a pulse energy of 0.027 nJ per pulse. The instrument response function (IRF) was
measured using a scatter solution containing a 1:100 v:v mixture of HS-40 colloidal silica
(Sigma-Aldrich) and phosphate buffer with a width of 75-95 ps (FWHM). Fluorescence lifetime
decay curves were individually fitted to a mono- or tri-exponential function using iterative
reconvolution with the IRF.

Intact Mass Spectrometry (Intact MS)
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RPE and RPE-(Ru), were loaded onto a Thermo MAbPac RP column using an Agilent1 100
HPLC system. Further details on chromatography elution parameters can be found in SI Section
2A. MS data was acquired in profile mode with a Thermo QE mass spectrometer at 17,000
resolution, and analyzed using ThermoBioPharma Finder™ 3.2 ReSpect with default settings.
Transient Absorption (TA) Studies
Femtosecond transient absorption studies were conducted using a broadband white light source,
the complete details of which are described in SI Section 4B. Briefly, pulses were obtained using
the output of a Ti:sapphire regenerative amplifier (Coherent Libra, 5 kHz, 1.1 mJ, 40 fs pulse,
Ac=800 nm). White light was generated using an argon gas chamber (20 psi) and filtered for a
center wavelength of 540 nm. Spectra were collected by measuring the probe laser for each pulse
using a line CCD (e2v) and chopping the pump laser at 2.5 kHz.3° Samples were prepared at an
OD of 0.3 in a 1 mm path cuvette, flowed with a peristaltic pump to prevent photodegradation
and re-excitation, and chilled to 8° C throughout the measurement. Linear absorption spectra
were collected before and after TA to confirm sample integrity was retained.

Nanosecond transient absorption spectra were acquired on an Edinburgh Instruments LP
920 spectrometer outfitted with a liquid nitrogen equipped temperature controller (Unisoku
CoolSpeK). Samples were excited using the output of a tunable OPO (Opotek Vibrant 355)
operating at 1 Hz. The excitation source was kept to less than 2.5 mJ/pulse (~5 mJ/cm?). The
probe source of the LP 920 (a xenon arc lamp) was also filtered through two long-pass filters
(290 nm and 320 nm) to prevent the UV component of the probe light from degrading the
sample. Samples were prepared in quartz 1 cm cuvettes with aqueous phosphate buffer solutions,
stirred, and kept at 8 °C for the duration of the experiment. To capture the transient absorption

signals for the bound ruthenium chromophores, which have small excited-state-induced changes
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in molar absorptivity relative to the protein, sample absorbances of 0.6-0.9 at 565 nm were used.
The pulse duration was 8 ns (see note in final paragraph of SI Section 4C).

Synthetic Reactions

Thiol-ene coupling’' and cysteinyl desulfurization’? reactions were performed as described in
the literature, with modifications due to the requirements of RPE-(Ru).. The reactions were
performed in phosphate buffer, at the reduced scale dictated by the protein, without agitation to
prevent aggregation, and with reduced light intensity due to the greater absorbance of the protein.
Reactions were replicated and screened at three LED illuminations (blue, green, red) for the
[Ru(bpy)s]**, RPE, RPE-(Ru),, and an unconjugated mixture of the two components, and
examined for enhanced yields using 'H NMR against an external standard. Quantum yield
measurements were performed on both test reactions using ferrioxalate actinometry. We also
screened RPE-(Ru), reusability after recovery via size-exclusion centrifugal filtration. Full

experimental details are described in the SI Sections 5 and 6.

SUPPLEMENTAL INFORMATION
Details on bioconjugation, purification, spectroscopic measurements, calculations of RPE-(Ru),

energy transfer rate, and synthetic reactions.
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