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Abstract

A system for visible light-driven hydrogen production from water is reported. This system
makes use of a synthetic mini-enzyme known as a mimochrome (CoMC6%*a) consisting of a cobalt
deuteroporphyrin and two attached peptides as a catalyst, [Ru(bpy)s]*>* (bpy = 2,2’-bipyridine) as
a photosensitizer, and ascorbic acid as a sacrificial electron donor. The system achieves turnover
numbers (TONs) up to 10,000 with respect to catalyst and optimal activity at pH 7. Comparison
with related systems shows that CoMC6*a maintains the advantages of biomolecular catalysts,
while exceeding other cobalt porphyrins in terms of total TON and longevity of catalysis. Herein,
we lay groundwork for future study, where the synthetic nature of CoMC6%*a will provide a unique

opportunity to tailor proton reduction chemistry and expand to new reactivity.
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Abbreviations

bpy: bipyridine

Co-cyt bse2: Cobalt cytochrome bse2 (M7A mutant)

CoGGH: cobalt glycine-glycine-histidine

CoMCé6%*a: cobalt mimochrome VI*a

CoMyo: cobalt protoporphyrin IX substituted into apomyoglobin
CoMP11-Ac: acetylated cobalt microperoxidase-11

CoP: cobalt meso-tetrakis(1-methylpyridinium-4-yl) porphyrin
CoTPPS: cobalt meso-tetrakis(p-sulfonylphenyl)

dmg: dimethylglyoxime

py: pyridine

Ru?*: ruthenium(II) trisbipyridine

SHE: standard hydrogen electrode

TON: turnover number

TOF: turnover frequency



1. Introduction

Light-driven chemistry has been an active area of research for decades, but has experienced
renewed interest in recent years [1]. A compelling motive for studying light-driven chemistry
currently in the spotlight is the development of renewable energy resources [2-4]. While the sun
is a potent energy source, using its energy to catalyze reactions that produce a chemical fuel — an
artificial photosynthetic process — is not trivial [5]. Splitting water with energy from light is one
of the long sought-after goals of artificial photosynthesis [6, 7]. However, success demands finding
practical, economical, and environmentally friendly ways to couple water oxidation and proton
reduction [7-9]. Numerous challenges contained in the coupling process have resulted in the
oxidative and reductive processes being studied in separate model systems. Here, we study the
proton reduction half reaction, which can be used to produce the carbon-free fuel hydrogen [10].

Nature’s catalysts for proton reduction, hydrogenases, use earth abundant iron and/or nickel
[11]. While some studies have evolved hydrogenase enzymes to control reactivity and decrease
oxygen sensitivity, they are still impacted by a low density of active sites [12, 13]. Inspired by
hydrogenase, numerous molecular catalysts containing first-row transition metals such as iron,
nickel, and cobalt, have been developed [14-17]. Although cobalt is not utilized by hydrogenase
enzymes, cobalt-containing catalysts have become some of the most prominent molecular
candidates [18-20]. A variety of glyoxime- [21-27], dithiolene- [28, 29], macrocyclic- [30-33], and
polypyridyl- [34-41] based scaffolds for cobalt catalysts have been vetted. While molecular
systems are often more easily tailored through synthesis [9, 42], the ability of hydrogenase
enzymes to reversibly catalyze the proton reduction reaction is connected to their highly evolved
protein structures [43, 44]. Emergent biomolecular systems aim to benefit from the interface of

molecular catalysis and enzymatic catalysis.



Biomolecular catalysts possess a range of advantages [3, 45], but examples of biomolecular
cobalt catalysts for proton reduction remain limited. Some work has interfaced established
molecular catalysts with protein scaffolds. Cobalt bis-glyoxime derivatives have been attached to
sperm whale myoglobin, heme oxygenase, and ferredoxin [26, 46, 47]. While a protein scaffold
enhances the water solubility of these catalysts, the turnover numbers (TONs) observed in these
studies were limited. Another catalyst, CoMyo, incorporated cobalt protoporphyrin IX into a sperm
whale myoglobin scaffold [48]. This work demonstrated the versatility a protein scaffold brings,
allowing for mutations at desired residues near the active site. Unlike the case of the cobalt bis-
glyoxime catalysts, the scaffold provided an enhancement in TON compared to the free porphyrin.
Alongside these works, we incorporated a simple tripeptide cobalt catalyst, cobalt glycine-glycine-
hystidine (CoGGH) into a photochemical system [49]. In addition, the photochemical activity of
acetylated cobalt microperoxidase-11 (CoMP11-Ac), a cobalt porphyrin covalently bound to an
11-amino acid peptide, was recently evaluated [50]. The latter two works pointed to the propensity
of biomolecular catalysts to achieve high activity near neutral pH in photochemical systems. Here,
we follow up on these works with the use of cobalt mimochrome VI*a (CoMC6%*a), a mini-protein
with a larger peptide scaffold than CoMP11-Ac.

The mimochrome minienzyme has been tailored for a variety of applications [51, 52]
Incorporation of a catalytic unit into a protein scaffold requires that the scaffold is suited to fit the
steric requirements of the catalyst, that the protein retains the desired fold when the catalyst is
bound, and that the catalyst can bind to the scaffold strongly without coordinatively saturating the
active site. The synthetic nature of the mimochrome allows it to be tailored to meet these requisites
[51]. CoMC6*a contains a cobalt deuteroporphyrin active site, an analog of protoporphyrin IX

lacking vinyl side chains. Its peptide scaffold consists of a proximal tetradecapeptide and a distal



decapeptide chain, each covalently bound to the deuteroporphyrin propionic acid moieties. The
proximal peptide provides axial histidine ligation for the metal center (Fig. 1). CoMC6%*a has been
characterized for its proton reduction activity electrochemically in previous work [53, 54]. In the
electrocatalytic work, CoMC6*a was compared to CoMP11-Ac directly [53], and here we expand
that comparison to a photochemical system. When paired with [Ru(bpy);]Cl> (bpy = 2,2°-
bipyridine) (Ru?*) and ascorbate (Fig. 1), we show that CoMC6%*a facilitates TONs over 10,000
with respect to catalyst, exceeding other cobalt porphyrin catalysts in photochemical systems. The
cobalt mimochrome shows its best activity near neutral pH, and is stable during photocatalysis.
CoMC6%*a maintains the benefits of other biomolecular scaffolds, but presents the advantage of a

completely tailorable mini enzyme for future photochemical systems.

CoMCé6*a
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Fig. 1. Schematic of system for photochemical H> production showing the structure of the

CoMC6*a catalyst.



2. Experimental
2.1. Materials

L-ascorbic acid (Fisher Scientific), [Ru(bpy)s]Cl2 (Sigma Aldrich), and piperazine (Sigma-
Aldrich) were purchased and used without further purification.

2.2 CoMC6*a preparation and purification

CoMC6*a was prepared and purified as previously described [53, 55]. Stock solutions of

CoMC6*a are stored at -80 °C.

2.3 Hydrogen-evolution experiments for total hydrogen evolution

Fresh stock solutions of ascorbic acid and [Ru(bpy)3]Cl, were prepared in 1 M piperazine
buffer (pH 6.5) in doubly deionized water. The solutions were diluted to the desired concentration
of each component with 1 M piperazine buffer (pH 6.5) to yield 1 mL total solutions. For studies
of pH dependence, 1 M piperazine solutions were prepared at pH values ranging from 2.5 — 10.5
and used to prepare 1-mL solutions. Solution pH was adjusted as required to the desired pH with
small volumes of NaOH or HCl. The pH was measured before and after each experiment and
remained within + 0.1 pH units. A Shimadzu 8452 UV-vis absorption spectrometer was used to
collect absorption spectra before and after the experiment at 50x dilution. For photochemical
experiments, the 1-mL solutions were housed in 2-mL vials with a headspace of 1 mL. The vials
were sealed with gas-tight septa and purged with 79.31%/20.69% N2/CH4 (Airgas) as an internal
standard for 10 minutes. All vials were placed in a custom-built temperature-controlled block
connected to Thermotek circulating water bath at 15 °C and illuminated from below by 0.20 W
blue (447.5 nm) light-emitting diodes (Philips LumiLED Luxeon Star Hex 700 mA LEDS
mounted on a 20 mm starshaped CoolBases). A L30A thermal sensor and a Nova Il power meter

(Ophir-Spiricon LLC) were used to measure each LED individually before and after the



experiment. The block was mounted on a Thermo-Scientific MaxQ orbital shaker which allowed
for continuous mixing at 100 RPM.
2.4 Hydrogen-evolution experiments for initial rates

Buffer stock solutions were prepared as described in section 2.3. For photochemical
experiments used to measure initial rates and hydrogen evolution over time, 5S-mL solutions were
prepared, each in a 41-mL vial with a headspace of 36 mL. The vials were sealed with gas-tight
septa and purged with 79.31%/20.69% N2/CH4 (Airgas) as an internal standard for 15 minutes. As
described above, all vials were placed in a custom-built temperature-controlled block connected
to Thermotek circulating water bath at 15 °C and illuminated from below by 0.20 W blue (447.5
nm) light-emitting diodes (Philips LumiLED Luxeon Star Hex 700 mA LEDS mounted on a 20
mm starshaped CoolBases). A L30A thermal sensor and a Nova II power meter (Ophir-Spiricon
LLC) were used to measure each LED individually before and after the experiment. The block was
mounted on a Thermo-Scientific MaxQ orbital shaker which allowed for continuous mixing at 100
RPM.
2.5 Quantification of hydrogen

A Shimadzu GC-2014 gas chromatograph (GC) with a thermal conductivity detector and
a 5-A molecular sieve column (30 m x 0.53 mm) was used to monitor H, production. A 25-uL
sample of the headspace gas was withdrawn with a gastight syringe (Hamilton) from each sample
and injected into the GC for analysis. Quantification was based on a calibration curve of the ratio
H>/CH4 vs. volume of H» constructed by injecting known volumes (see SI for additional

information).



2.6 Luminescence quenching

Steady-state emission quenching of photoexcited [Ru(bpy)s]*** (*Ru?*) by ascorbate (0—
0.11 M) or CoMC6*a (0 — 4 uM) was measured using a fluorometer (Acton Research).
[Ru(bpy)s]** (Ru?*) at 50 uM concentration in 1 M piperazine, pH 6.5, was excited at 460 nm, and
the emission was monitored between 530 and 800 nm with a slit width of 5 mm and integration
time of 500ms. The observed quenching behavior was fit to the Stern-Volmer
equation: Io/l = Ksv[Q] + 1 where Ip and I describe the maximum fluorescence intensity in the
absence and presence of quencher, respectively. [Q] is the concentration of the quencher and Ksv is
the Stern-Volmer constant. Quenching rate constants (kq) were calculated by using the triplet state

lifetime of 620 ns reported for *Ru?* in water [56].

3. Results and Discussion

3.1 Photoinitiation of reaction

While there are many routes to light-driven catalysis, model molecular systems benefit
from simplicity. Typically, three components are utilized [57, 58]. A photosensitizer absorbs light
and initiates charge separation, a catalyst carries out the desired reaction, and an electron donor
sustains the reaction (Fig. 1). Pairing a catalyst with a well-studied photosensitizer and electron
donor is a valuable way to characterize a catalyst. Ruthenium (tris)bipyridine (Ru?*) has served as
a foundational photosensitizer across many works [24, 30, 32, 49, 50, 59-61]. Commonly, Ru?* is
paired with aqueous electron donor ascorbic acid. Monoprotonated ascorbate, with pKa values of
4.1 and 11.8, serves as the primary electron-donating species [60, 62]. Thus, a light-driven system

consisting of Ru?* as a photosensitizer, ascorbate as the electron donor, and CoMC6*a as the



catalyst was chosen for study herein. Prior to initiation of photochemical experiments, the catalyst
is stable as Co(III)MC6%*a, and is not reduced in the presence of ascorbate (Fig. S1). Blue (447.5
nm) LEDs were used as a light source, as this wavelength is close to the Ru?** absorbance
maximum and in a region of minimal absorbance for Co(II[)MC6*a (Fig. 2A). Irradiation of a
solution of Co(III)MC6*a and Ru?* leads to reduction of the catalyst to Co(IDMC6*a (Fig. S2).
With all three components (ascorbate, catalyst, Ru?*) present, hydrogen evolution begins upon
irradiation (Fig. 2B). As previously reported, Ru?** and ascorbate produce some hydrogen when
irradiated in the absence of catalyst, but all three components are necessary to maximize hydrogen

evolution (Fig. S3).
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Fig. 2. A: The absorbance spectra of Ru?** (8 uM) and Co(IIHMC6%*a (1 uM). B: A representative
trial demonstrating hydrogen evolved when all three components (sensitizer, catalyst, ascorbate)
are present: 400 uM Ru?*, 1.0 uM CoMC6%*a, and 100 mM ascorbic acid in 1 M piperazine buffer,

pH 6.5, 5 mL sample, with blue (447.5 nm) LED illumination.
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Steady-state luminescence quenching can be used to evaluate the interaction between
donor, sensitizer, and catalyst. In particular, it can be discerned whether an oxidative or reductive
quenching pathway may initiate the observed catalysis (Fig. S4) [63, 64]. Ascorbate is a well-
known quencher of *Ru?*. Quenching by ascorbic acid under experimental conditions yields a
quenching rate constant of 1.8 x 107 M's!, consistent with literature values under similar
conditions [30, 32, 36, 49, 50] (Fig. S5). In contrast, quenching by the catalyst, Co(IlII)MC6*a,
yields a higher rate constant of 1.1 x 10" M''s’! (Fig. S6). Under concentrations relevant to
photochemical conditions, the high concentration of ascorbate (100 mM) relative to CoMC6*a (1
uM) yields quenching rate constants of 1.8 x 10° s! and 1.1 x 10° s°!, respectively. Since the
effective rate constant of quenching by ascorbate is an order of magnitude higher, catalysis is
expected to proceed by reductive quenching (Fig. S7), generating a highly reducing Ru* species (-
1.26 V vs. NHE) [63, 64]. Furthermore, a reductive quenching pathway is expected for catalysis
by CoMC6*a because of its high electrochemical overpotential (approximately 580 mV) for
hydrogen evolution, which corresponds to an onset potential of approximately -1.0 V vs. NHE [53,
54]. The rate constant observed for *Ru?** quenching by Co(III)MC6*a is high, as observed for
other biomolecular and cobalt catalysts [28, 36, 37, 49, 50, 61]. The absorption spectra of both
Co(1II) and Co(I)MC6*a overlap with the emission spectrum of Ru?*, indicating that energy

transfer is possible, which may contribute to the high rate constant (Fig. S8).

Although the practical application of biomolecular catalysts has been purported as
challenging due to high overpotentials in electrocatalysis [65, 66], this limitation can be overcome
in a photocatalytic system with the correct choice of photosensitizer. We demonstrate here that
CoMC6%*a can fuel catalysis via a reductive quenching pathway with Ru?* as the photosensitizer.

Ruthenium dyes are common candidates for dye-sensitized solar cells for solar-to-fuel conversion
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[67]. In addition, some of the most promising photosensitizers, nanocrystals, achieve even more
reducing potentials than Ru?* [68, 69]. The size-tunable nature of nanocrystals allows for
absorption of longer wavelengths of visible light [70], as does the choice of molecular dye [71,
72]. The reduction potential of sensitizers, through choice of molecular scaffold or engineering of
nanocrystals, can be tuned [69, 73]. Uniquely, CoMC6*a was also demonstrated to have tunable
catalytic potentials as a function of solution-dependent protein folding [53] and based on selection
of proton donor [54]. The tunability of the CoMC6%*a scaffold may open the possibility to use other
less reducing sensitizers, such as molecular dyes, in future work. Biomolecular catalysts like
CoMC6*a provide opportunities to tune overpotential and reactivity on the catalyst end by
engineering the active-site microenvironment, which may provide optimum flexibility when

paired with a variety of photosensitizers.

3.2. Effects of photosensitizer on hydrogen production

While the choice of Ru?* enables catalysis at reducing potentials and allows for comparison
to literature, poor photostability of molecular sensitizers is a known limitation of many model
systems [34, 74-76]. To better characterize the influence of the sensitizer on overall activity, a
variety of sensitizer concentrations were explored. The concentration of Ru?* was varied from 0
to 900 uM at a constant catalyst concentration of 1.0 puM CoMC6%*a. Total hydrogen produced was
determined after 48 hours (Fig. 3). In addition, hydrogen production was monitored approximately

every 20 minutes during the first two hours of catalysis to measure initial rates (Fig. S9).

The total hydrogen produced increased with increasing [Ru?*], with 900 uM producing
10.4 pmol % 1.0 umol Ha, corresponding to a TON of (10.4 £ 1.0) x 103 with respect to CoMC6*a

concentration (Fig. 3). If the sensitizer concentration is increased beyond 900 uM Ru?*, the total

12



hydrogen produced plateaus (Fig. S10). Even in extremely high excess of photosensitizer, there is
a significant difference in activity when catalyst is present vs. absent (10.4 umol vs. 0.946 umol,
on average, respectively) (Fig. S3). The observed increases in total hydrogen evolved are not
merely from increasing sensitizer concentration; the increases rely on catalyst remaining active.
The initial rates of catalysis show a linear dependence on the concentration of Ru?* up to 500 uM
Ru?* (Fig. 3), with a minimum of 3.1 x 107 pmol/min at 50 uM Ru?* and a maximum rate of 1.6
x 102 umol/min at 500 uM sensitizer. The initial rates decrease slightly (to a minimum of 1.0 x

102 umol/min) if the concentration of sensitizer is increased further (Fig. S11).
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Fig. 3. A) Effect of [Ru(bpy)3]** concentration (50 - 900 uM) on total H, production after 48 hours
with 1.0 uM CoMC6*a and 100 mM ascorbic acid in 1 M piperazine buffer, pH 6.5, sample size
1 mL, with blue (447.5 nm) LED illumination. Error bars represent standard deviation of
replicates. B) Initial rates observed with 1.0 uM CoMC6*a and 100 mM ascorbic acid in 1 M
piperazine buffer, pH 6.5, sample size 5 mL, with blue (447.5 nm) LED illumination are linear

between 50 uM — 500 uM Ru?*.
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A high (900x molar) excess of photosensitizer yielded the highest TONSs in this system,
consistent with observations made in similar systems [30, 32, 48, 49]. An increase in H> production
with photosensitizer concentration is often followed by a decrease or plateau in activity at higher
concentrations [30, 49], as observed here. At high concentrations of photosensitizer (> 900 uM),
a high optical density likely increases the propensity of dye molecules in a solution to experience
both excitation light depletion and self-quenching [77-79]. This may relate to a plateau in H»
production and decreases in initial rate at high photosensitizer concentrations [34, 41, 49, 50, 73].
Since it seemed that a high excess of sensitizer yielded the greatest amounts of hydrogen, we
sought to explore how the sensitizer concentration was impacting the overall stability of the

system.

As aforementioned, a limitation of molecular photosensitizers, including Ru?*, is
degradation across the time of catalysis [74-76, 80]. Pathways to Ru?* decomposition have been
explored under a variety of conditions [34, 74, 80, 81]. One of the predominant methods of
degradation during catalysis is dechelation of a bipyridine ligand [82]. Loss of a bipyridine ligand
is accompanied by a loss in the absorption features of the MLCT band (Amax of 452 nm, Fig. 2) of
Ru?* [61, 82]. Sacrificial electron donor or buffer may take the place of the bipyridine ligand,
resulting in a new band that is significantly red shifted [34, 49]. Anticipating that there may be a
concentration-dependent effect on Ru?* degradation, we observed the UV-vis spectra at a range of

concentrations of Ru?* post-catalysis.

UV-visible spectra of photocatalysis solutions were measured before and after 48 hours of
catalysis with constant concentrations of CoMC6*a (1 uM) and ascorbate (100 mM) and Ru?**
concentrations ranging from 50 uM — 900 uM. Prior to initiation of photocatalysis, the primary

visible bands in each spectrum (Amax = 452) are attributed to metal-to-ligand charge transfer
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(MLCT) transitions from Ru?* (Fig S12). The porphyrin Soret band (Amax = 412 nm, Fig. 2) is too
low in intensity to be observable under these conditions, and ascorbate absorbs strongly toward
the UV below 400 nm (Fig. S12). Post-photocatalysis, the appearance of the UV-vis spectra is
dependent on Ru?* concentration. In solutions containing the lowest Ru?* concentration (50 uM —
300 uM), there is a large decrease in intensity at 452 nm, accompanied by the appearance of a
broad red-shifted MLCT band (Amax of 500 nm, Fig S13). At intermediate concentrations of
photosensitizer (400 uM — 700 uM), there is a decrease in intensity and apparent red shift of the
MLCT (Amax of approximately 475 nm), and a shoulder is visible at 500 nm (Fig. S14). At the
highest concentrations of sensitizer (800 uM — 900 uM), the red-shift is the smallest (Amax of
approximately 465 nm) and there is not a clear shoulder visible at 500 nm (Fig. S15). Based on
these observations, we anticipated that the sensitizer concentration would also impact the longevity
of the photocatalytic system. Samples were monitored at time intervals over the course of 48 hours
to observe the impact of sensitizer concentration on the longevity of catalysis (Fig. S16). At low
sensitizer concentration (50 uM — 300 uM), a plateau in activity is observed within approximately
five hours. At intermediate concentrations (400 uM — 700 uM), activity slows within
approximately 25 hours. At the highest excess of sensitizer (greater than 800 uM) activity plateaus

after approximately 40 hours.

Appearance of the red-shifted band at 500 nm is correlated to degradation of the sensitizer,
as observed elsewhere [49, 50, 82]. Plotting the ratio Asoo:A4s2 nm for each post-photocatalysis
sample shows that the degradation observed is linearly dependent on sensitizer concentration (Fig.
S17). The diverse dependences on photosensitizer observed across the literature under different
experimental conditions [30, 32, 36, 50, 61] imply that while Ru?* is chosen to create a model

system, the sensitizer may still influence each system in a unique way [80]. The TON, longevity,
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and stability of the system described herein is in part limited by the decomposition of the Ru?*
photosensitizer, particularly in low excess of sensitizer. To overcome the negative impacts of low
sensitizer excess, the mimochrome scaffold provides opportunities to tether a sensitizer directly.
Residues on the peptide scaffold could be used in a variety of ways, for example a cross-linking
reaction between a functionalized sensitizer and a lysine residue in the distal peptide. As other
studies have shown, it is possible that directly tethering a sensitizer will improve overall TONs
observed in the system [83, 84], although enhancement of unproductive electron transfer is also
possible [85]. The development of practical systems incorporating biocatalysts will require an

understanding of how both sensitizer and catalyst influence the overall activity of a system.
3.3. Evaluation of cobalt catalysis

Just as the stability of the sensitizer impacts catalysis, the properties of the catalyst
influence rate of catalysis, longevity of catalysis, and total hydrogen evolved by the system. To
determine the impact of CoMC6*a on hydrogen evolution catalysis here, the concentration of
CoMC6*a was varied from 0.25 pM to 15 uM. A constant excess of 100 mM ascorbic acid and
900 uM Ru?*, shown above to have the highest total activity in terms of hydrogen evolution, were
used to determine total hydrogen produced (Fig. 4). Total hydrogen was gauged after 68 hours,
when catalysis has plateaued at high concentrations of sensitizer (Fig. S16). In addition, the
dependence of initial rate on catalyst at low concentrations (0 — 4 uM) of catalyst was observed.
Data was collected approximately every 20 minutes by GC during the first two hours of catalysis

(Fig. S18).
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Fig. 4 A) Effect of CoMC6*a concentration (0.25 - 15 uM) on total H» production with 900 uM
Ru?* and 100 mM ascorbic acid in 1 M piperazine buffer, pH 6.5, 1 mL sample size, with blue
(447.5 nm) LED illumination for 68 hrs. Error bars represent the standard deviation of replicates.
B) Initial rates observed with 0 — 4 uM CoMC6%*a, 400 uM Ru?*, and 100 mM ascorbic acid in 1

M piperazine buffer, pH 6.5, sample volume 5 mL, with blue (447.5 nm) LED illumination.

The amount of H> produced increases with increasing concentration of catalyst, beginning
to plateau at approximately 5 uM catalyst concentration (Fig. 4). The maximum H> produced at
15 uM CoMC6%*a is 19.9 pmol + 1.0 umol Hy, corresponding to a TON of (1.33 £ 0.06) x 103
pmol. The minimum H» produced at 0.25 uM CoMC6*a is 2.7 umol + 0.8 pmol, corresponding
to the highest TON of (10.7 £ 3.0) x 103 umol. Below the concentration of CoMC6*a where total
hydrogen begins to plateau (0 to 4 uM), initial rates of H» evolution increase approximately
linearly with catalyst concentration (Fig. 3). A maximum initial rate of 1.8 x 102 umol/min is

observed at a catalyst concentration of 4 uM (Fig. S18).
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Total hydrogen produced begins to plateau at relatively low catalyst concentration (5 uM).
This observation is consistent with porphyrin catalysts in literature, where plateaus in activity are
often observed at micromolar concentrations [30, 32, 48, 50]. Porphyrin catalysts are known to be
subject to some aggregation, which can occur at low concentrations [50], but the designed peptide
scaffold of CoMC6%*a makes this less likely [51]. As noted earlier, the quenching by the catalyst
is extremely efficient, effectively only one order of magnitude less than that by ascorbic acid. As
catalyst concentration increases, the effective efficiency of quenching by the catalyst becomes
competitive with ascorbic acid, reaching the same order of magnitude by 10 uM CoMC6%*a (1.1 x
106 s vs 1.8 x 10° s!). Energy transfer to the catalyst may be one pathway competitive with
productive electron transfer from ascorbic acid in the reductive quenching pathway at high catalyst
concentration. At low concentrations of catalyst, the linear dependence of rate on catalyst
concentration is indicative of a homogenous process. The maximum rates of hydrogen evolution
observed here are on the same order of magnitude as our previously introduced biomolecular cobalt

catalysts COGGH (3.6 x 102 umol/min) [49]and CoMP11-Ac (1.9 x 102 umol/min) [50].

Cobalt catalysts have been popular for their hydrogen evolution abilities for the past several
decades [17, 18, 20, 49]. Some of the best studied are cobalt diglyoxime complexes [27]. The
longevity of catalysis observed with CoMC6*a is higher than for cobalt diglyoxime complexes,
known to be unstable [86] in comparable systems [49]. A class of cobalt catalysts built with
chelating polypyridyl ligands were developed as one more stable alternative to cobaloximes [35,
87]. Still, CoMC6*a achieves TONs higher than or on par with the best performing cobalt
polypyridyl catalysts, and higher longevity [34, 49, 88]. Cobalt porphyrins have been characterized
as promising electrocatalysts for hydrogen evolution [45, 89-91], recently beginning their

incorporation in aqueous photochemical systems. Thus far, cobalt porphyrins paired with Ru?* and
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ascorbate include porphyrin [30, 32], porphyrin-peptide [50], and full protein [48, 92] scaffolds
(see Fig. S19 for catalyst drawings, Table 1 for catalyst data). As a mini-protein, CoMC6%*a is an
interesting intermediate between a functionalized porphyrin and a larger protein. Although several
conditions — such as buffer and light intensity — may also impact catalysis, here we make an initial

comparison between cobalt porphyrin catalysts paired with Ru?* and ascorbate (Table 1).

Table 1. A comparison of CoMC6%*a to similar cobalt porphyrin catalysts in photochemical
systems.?

Catalyst [Cat] [Ru**] TONco, TOF Longevity pH  Onset
(uM) (uM) (min!) (hrs) Potential
(V vs.
SHE)
CoTPPS 1.5 1200 6410 120.8 0.7¢ 6.8 -0.83
[30]
CoP [32] 2.5 1000 725 8.8 4¢ 7 -0.96
CoMyo 1 1000 518 1.47 6° 7 -0.95
(48]
Co-cyt NR 1000 305 NR 8¢ 7 -0.95¢
bse> [92]
CoMPI11- 1 350 905 3.2d 20 73 -1.0
Ac [50]
CoMCo6*a 1 900 10400 2.7¢ 40 65 -1.0
1 400 3700 3.0d 25 6.5
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a. Table abbreviations: [Cat] is catalyst concentration, [Ru?*] is sensitizer concentration,
TONC, is the total turnover number (mole H»>/mol catalyst), TOF is a turnover frequency
(min), CoTPPS is cobalt meso-tetrakis(p-sulfonylphenyl), CoP is cobalt meso-tetrakis(1-
methylpyridinium-4-yl) porphyrin, CoMyo is cobalt protoporphyrin(IX) substituted into
apomyoglobin, Co-cyt is cobalt protoporphyrin(IX) substituted into cytochrome bse>
(M7A mutant) and CoMP11-Ac is acetylated cobalt microperoxidase-11

b. Longevity is estimated from the beginning of the plateau in activity

Estimated from published figure

d. TOF is a maximum TOF (TON/min) assessed from initial rates of catalysis for
comparison to literature examples

o

One significant metric to compare is the longevity of catalysis. Assessed as time when
activity begins to plateau (Table 1), the longevity of catalysis observed is CoMC6*a > CoMP11-
Ac > Co-cyt bse2 = CoMyo > CoP > CoTPPS. CoMP11-Ac was speculated to be more stable than
the protein CoMyo due to the presence of its axial His ligand in a covalently attached peptide [50].
CoMC6*a also has its axial His in a covalently attached peptide, and additionally has a distal
peptide chain scaffolding the porphyrin. The MC6*a generation of the mimochrome was
specifically tailored to boost interaction between the distal chain and the porphyrin [51]. The
longevity observed here is consistent with previous trends in an electrochemical study, where
CoMC6*a maintained activity longer than CoMP11-Ac, likely due to additional protection from
degradation due to the larger peptide scaffold [53]. In addition, CoMC6%*a is stable under
irradiation, with few changes in the Soret band observed over 48 hours of irradiation (Fig. S20).
At low concentration of sensitizer, which facilitates observation of the Soret band, the MLCT band
of Ru** degrades while the Soret band remains consistent (Fig. S21). As catalyst concentration
was varied, the degradation of Ru?* was observed by UV-vis (Fig. S22). Unlike when varying
concentrations of Ru?*, the degradation does not appear to depend on catalyst concentration in
high excess of Ru?* (Fig. S23). Consequently, the stability of the system seems to be limited by

the concentration of Ru?* more than the concentration of catalyst.
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Turnover numbers (TONs) and frequencies (TOFs) both reflect system activity; TON
reflects longevity as well. TONs observed under conditions herein for CoMC6*a are higher than
the other cobalt porphyrins, notably outperforming CoMP11-Ac and CoMyo by 10x under
optimized conditions (Table 1). The maximum rates (initial rates, shown as TOFs) observed for
CoMC6*a are on the same order of magnitude as those for both CoMP11-Ac and CoMyo. At
similar concentrations of photosensitizer, CoMC6*a evolves hydrogen slightly faster than CoMyo
(2.7 min! vs. 1.45 min™"), but slightly slower than CoMP11-Ac and CoP (3.2 min™! vs. 8.8 min')
and significantly slower than CoTPPS (120.8 min!). Uniquely from the other cobalt porphyrins
described here, CoMyo and CoMC6%*a both have distal peptide chains sandwiching the porphyrin,
which may impact catalysis. The pockets of both CoMC6*a and CoMyo are somewhat
hydrophobic in nature — in the case of CoMC6%*a, this can be altered by design [51]. The presence
of the distal peptide may impact proton transfer reactions [93], and it may also present
opportunities for new reactivity. For example, in electrocatalysis, hydrophobicity has helped to
favor CO; reduction over proton reduction [94]. Recently, incorporation of cobalt protoporphyrin
IX into cytochrome bse2, which has a hydrophobic pocket, demonstrated that the protein scaffold
promoted CO: reduction [95]. Conversely, incorporating residues to aid proton transfer into the
pocket increased hydrogen evolution activity [92]. The proton transfer reactions of CoMC6*a will
likely be more amenable to tuning than for a catalyst like CoMP11-Ac, and may present

opportunities for new reactivity like CO2 reduction.
3.4 Effects of pH

An attractive feature of the photocatalytic systems featuring cobalt porphyrin catalysts is
their ability to function near neutral pH (Table 1). Furthermore, their optimal activity tends to

occur near pH 7. This contrasts with many other water-soluble cobalt catalysts, including cobalt
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glyoximes and cobalt polypyridyls, which tend to produce the most hydrogen at an acidic pH
(approximately pH 4 — 6) [14, 17, 20, 34-37, 41, 60, 61]. We sought to determine if CoMC6*a
would behave similarly to other cobalt porphyrins by varying pH and monitoring total hydrogen
evolution. The pH was varied from 2.5 to 10.5, and hydrogen evolution was measured after 48
hours. CoMC6%*a is stable across this range, as evidenced by its absorbance spectrum (Fig. S24).
The highest hydrogen evolution was observed at a pH of 7, peaking at 5.79 umol + 0.20 umol Ho.
The lowest amount of hydrogen evolved was at pH 2.5, where activity was almost completely
suppressed and only 0.38 umol + 0.01 umol H> were produced. Some activity was sustained even
at highly basic pH, with the system producing 2.09 umol + 0.45 pmol H> at pH 10.5. Initial rates
during the first three hours of catalysis (Fig. S25) mirror this trend, peaking at pH 7.2 (3.0 x 10~

umol/min), and decreasing at acidic and basic pH (Fig. 5).
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Fig. 5. Effect of pH on H» production with 400 uM Ru?*, 1 uM CoMC6%*a, and 100 mM ascorbic
acid in 1 M piperazine buffer, pH ranging from 2.5 — 10.5 (shown), 1 mL sample size, with blue

(447.5 nm) LED illumination for 48 hrs. Error bars represent standard deviations of replicates.

The cobalt catalysts referenced herein — cobalt porphyrins, cobalt glyoximes, and cobalt
polypyridyls — have been paired with Ru?* and ascorbate. Yet, as aforementioned, a particular pH
preference is shown depending on the catalyst. The speciation of ascorbate has been implicated in
the decreases in activity at low pH. Since ascorbate is the primary electron donor, protonation to
ascorbic acid (pKa 4.1) decreases the efficiency of the quencher, as observed previously [50, 60].

Consistent with this observation, the hydrogen evolution activity decreases substantially below a
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pH of 4.5 here. While this effect on electron donor accounts for decreases in activity at acidic pH,
it does not account for the discrepancies in pH preference of cobalt catalysts (acidic vs. neutral),

or decreases in total hydrogen at basic pH values.

The synthetic catalyst Co(dmgH)>(py)Cl (dmgH =dimethylglyoxime, py =pyridine) was
recently used to probe pH-dependent effects at work in a similar photochemical system [60]. There
are multiple protonation steps necessary at a catalytic cobalt catalyst for hydrogen evolution to
occur (Fig. S26). The key reason for decreases at high pH in the work on Co(dmgH)2(py)CI was
hypothesized to be inhibition of protonation of Co(I) to Co(Ill)-H, with a calculated pKa of 7.7.
As pH increased beyond 7, protonation was not favored, stalling proton reduction activity. In our
recent work characterizing photochemical hydrogen evolution using CoMP11-Ac, we highlighted
that the decreases in activity at basic pH may reflect disfavoring a protonation step, decelerating
catalysis. Here, at basic pH (pH 10), no detectable hydrogen is produced from CoMC6*a within
the first three hours of catalysis, although longer experiments do yield detectable hydrogen (Fig.
S25, Fig. 5). This decrease in activity at high pH is consistent with a protonation step impacting
catalysis being slowed at basic pH. In comparison to CoMP11-Ac, CoMC6*a is similar in that
maximum activity is achieved within £ 0.5 pH units of pH 7. Unlike CoMP11-Ac, though,
CoMC6*a remains active at basic pH (8.5 — 10.5). At a pH of 9.1, CoMC6%*a achieves a TON of
2,860. Conversely, at pH 9.5, CoMP11 yielded a TON of 150 [50]. Likely aiding the total activity
of CoMC6*a at basic pH is the longevity of catalysis, which is higher for CoMC6*a than CoMP11-
Ac. In mechanistic work on the proton reduction of CoMC6%*a in water, the pK, for protonation of
a Co(I) species to a Co(Ill)-H was speculated to be high (potentially ~8.7) [54]. If indeed
CoMC6*a has a higher pKa. for a key protonation event than estimated for a typical cobalt

porphyrin [89], that would be consistent with an increase in sustained activity at basic pH values.
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CoMC6*a presents a unique opportunity to probe the impact of biocatalyst structure on
catalytic activity in a photochemical system in water. Unlike CoMP11-Ac, the mimochrome
scaffold is easily tailorable [51]. For example, is possible to change the axial ligation to a ligand
other than histidine, which can influence electron density at the metal and proton transfers to the
metal site. Moving forward, the scaffold of CoMC6*a will be altered to gain more detailed

mechanistic information about proton reduction in the photochemical system.

4. Conclusion

CoMC6%*a, a cobalt derivative of mimochromes, is a synthetic mini-protein shown to act
as a hydrogenase functional mimic in a photochemical system. While CoMC6*a maintains the
benefits of previously introduced biomolecular catalysts — namely water solubility and robust
activity — it also introduces new advantages. Relative to other water-soluble cobalt porphyrin
systems, particularly the related cobalt porphyrin-peptide CoMP11-Ac, CoMC6*a demonstrates
higher longevity and activity. Active for up to 40 hours and yielding TONs over 10,000, CoMC6*a
is not only highly active, but it also creates a space for unique opportunities moving forward. The
high stability of CoMC6*a may be heightened even further by immobilization in a solar fuel
production system [96]. The recent achievement of a nonnative de novo synthesis of cobalt
porphyrins in E. coli shows great promise for the development of cobalt porphyrin containing
proteins [97]. The highly tunable nature of the mimochrome scaffold provides a path for deepening
our understanding of how designed protein structure impacts proton reduction activity. The ability
to tune overpotential of catalysis via protein folding may permit the use of less-reducing, non-
metal containing photosensitizers. The ability to tailor the active site of CoMC6*a may promote
new reactivity altogether, broadening the growing arsenal of biomolecular catalysts for solar-to-

fuel chemistry.
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