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A B S T R A C T

Hydrogen is regarded as a promising alternative to fossil fuels. A desirable method of its generation is via 
photocatalysis, combining photosensitizers and hydrogen-evolution catalysts in the presence of an electron 
donor. Inspired by natural photosynthesis, we designed photosensitizing artificial metalloproteins (ArMs) and 
integrated them with ArM-based catalysts for photocatalytic hydrogen production from water. Metal porphyrins 
based on protoporphyrin IX (PPIX) were employed as they are naturally abundant and are effective both as 
photosensitizers and hydrogen-evolution catalysts. Photosensitizing proteins were created by binding zinc (Zn) 
PPIX or ruthenium (Ru)PPIX to the haem acquisition system A from Pseudomonas aeruginosa (HasAp). The 
photosensitizer ArMs were combined with cobalt (Co)PPIX-myoglobin (Mb) or free CoPPIX as hydrogen evo
lution catalysts. We found that free CoPPIX could replace ZnPPIX or RuPPIX in HasAp, forming CoPPIX-HasAp or 
RuPPIX-CoPPIX-HasAp complexes with enhanced stability compared to CoPPIX-Mb. Photocatalytic hydrogen 
production was achieved upon irradiation at 435 nm (ZnPPIX) or 385 nm (RuPPIX), using methyl viologen as an 
electron carrier and triethanolamine as an electron donor. The ZnPPIX-HasAp/CoPPIX-HasAp system remained 
intact and active for approximately 42 h, while Ru-based systems that were excited by UV light, exhibited signs 
of protein cleavage upon prolonged irradiation. These results demonstrate the potential of integrating porphyrin- 
based ArMs for photosensitization and hydrogen evolution, with HasAp providing a robust scaffold for sustained 
photocatalytic activity.

1. Introduction

Finding green alternatives for the use of fossil fuels is becoming 
increasingly pressing [1]. Using hydrogen as an alternative to fossil fuels 
has been proposed in the 1970s already for the potential of this molecule 
as an energy carrier that produces no harmful waste products upon 
burning in presence of O2 [2–4]. A desirable means of generating 
hydrogen is via photocatalysis [5]. This method requires a hydrogen 
evolution catalyst (HEC), a photosensitizer (PS), a source of electrons, 
and, in some cases, an electron relay [6]. Homogeneous photocatalysis is 

an attractive means of testing the catalytic activity and stability of new 
HECs that can later on be included in devices [7]. Metal porphyrins, 
especially those hosting a redox-active metal centre, can serve as HEC in 
a photocatalytic mixture [8–15]. For their solubility in aqueous solu
tions, protein-based catalysts have been designed in which the molec
ular catalysts are interfaced with a protein scaffold, forming artificial 
metalloproteins (ArMs). Successful examples of protein-based HECs 
incorporating cobalt catalysts for proton reduction include cobalt pro
toporphyrin IX (CoPPIX) in myoglobin (Mb) and myoglobin mutants 
[12], cobaloximes in haem oxygenase [16], CoPPIX immobilized on a 
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recombinant silk protein film [14] and cobalt porphyrins attached to 
small synthetic peptides that reached very high turnover numbers for 
hydrogen evolution catalysis [17,18]. The role of the PS is often filled by 
either ruthenium trisbipyridine, Ru(bpy)3

2+ [19]. Typically, this photo
sensitizer has to be added in about 1000-fold excess to the catalyst so
lutions for optimal catalytic performances, and its photo decomposition 
is a limiting factor for sustained photocatalytic activity [23]. An alter
native photosensitizer is the soluble zinc porphyrin derivative tetrakis 
(1-methylpyridinium-4-yl) porphinato zinc(II) (ZnTMPyP4+) [20,21]. 
While ruthenium appears as a non-sustainable solution due to the low 
concentration of this metal in the earth crust, the latter is based on a 
more abundant first-row transition metal, which is more promising for 
real-world energy applications [21,22]. To drive a photocatalytic 
hydrogen evolution reaction in homogeneous conditions a PS should 
have a long excited-state lifetime, a strong absorbance in the UV-VIS 
range, good (photo)stability, and solubility in aqueous solutions [8]. 
Metal porphyrins form suitable PS based on their long triplet lifetimes, 
strong absorbance in the visible range, and good photostability, but they 
are often poorly soluble in aqueous solution, which typically leads to 
aggregation and loss of their sensitizing properties [8]. To resolve that 
problem, soluble porphyrin derivatives have been prepared [8,21,24], 
but often at high synthetic cost [8]. It is therefore advantageous to use 
protoporphyrin IX (PPIX), the most abundant porphyrin in nature, 
directly in photocatalysis without modification of its organic backbone 
[25].

Inspired by nature, we here aimed to create an ArM-based system for 
photocatalytic hydrogen evolution from water through inter-protein 
electron transfer via an electron carrier. In natural photosynthesis, 
photocatalytic reactions are driven by photosensitizing and catalytic 
cofactors bound to different protein units that are connected via intra- or 
inter-protein electron transfer. In artificial photosynthesis, this concept 
has been less explored. In biohybrid approaches, Photosystem I or the 
electron shuttle protein flavodoxin were used to successfully create 
complexes that combined photosensitizing and hydrogen evolution 
catalysis via intra-protein [26,27] or inter-protein electron transfer [28]. 
Our strategy was to control the solubility and activity of porphyrin- 

based PS by incorporating them into a protein scaffold [29], and to 
combine those with an established hydrogen evolution catalyst, creating 
ArM-based systems for photocatalytic hydrogen production. We used 
the ability of PPIX metal complexes to bind to a large range of haem- 
binding apo-proteins, which allowed us to form photoactive, water- 
soluble adducts [22,26]. To keep the attractive properties of the PS, 
though, not every metal can be bound to PPIX. Essentially, diamagnetic 
metal ions such as Zn2+ or Ru2+ are ideal, as they do not modify the 
lifetime of the porphyrin excited state too much [30]. For example, 
porphyrin-based protein-PS containing ZnPPIX have been prepared for 
photosensitizing hydrogen evolution by platinum nanoparticles [31,32]. 
The protein scaffold had to be robust, capable of binding metal 
porphyrin complexes, and provide opportunities for further optimiza
tion e.g. by site-directed mutagenesis. Therefore, we selected the haem 
acquisition system Ap from pseudomonas aeruginosa (HasAp, Fig. 1A and 
B). This protein is a transient haem-binding protein with an opening and 
closing mechanism to capture haem in its binding pocket [33]. HasAp 
has evolved for stealing haem from host organisms, therefore it has a 
strong affinity for binding haem [34–36] as well as a high thermal sta
bility, as it does not denature below 90 ◦C in the haem bound state [37]. 
HasAp has also been demonstrated to be capable of binding metal 
compounds different from haem [38–40]. Two HasAp-based PS were 
hence designed: ZnPPIX-HasAp, coordinating ZnPPIX (Fig. 1D), a 
compound commonly used as a PS [31,32]; and RuPPIX-HasAp, coor
dinating RuPPIX (Fig. 1E). Ruthenium porphyrin has been investigated 
for use in photodynamic therapy [41]. Further, ruthenium meso
porphyrin bound to myoglobin (Mb), noted RuPPIX-Mb, has been used 
for sensing dioxygen in biological media [42]. These reports suggest a 
long lifetime advantageous for redox photocatalysis. In the next step, the 
PS ArMs were mixed with PPIX-based HEC ArMs in the presence of an 
electron mediator to create a fully protein-based system for photo
catalytic hydrogen evolution from water. Hereto the ZnPPIX-HasAp 
and RuPPIX-HasAp PS were combined with CoPPIX in solution or with 
CoPPIX bound to myoglobin (CoPPIX-Mb, Fig. 1C and F) [43]. Photo
catalytic hydrogen activity has been previously demonstrated using this 
HEC [12]. Hydrogen evolution was measured in the presence of 

Fig. 1. A apoHasAp (PDB-ID 3MOK [38]), B holoHasAp (PDB_ID 3ELL [46]) and C CoPPIX-Mb (PDB-ID 1YOG [47]) with the binding pocket tyrosine of HasAp and 
all histidines shown in sticks and labelled explicitly. D–F show the structures of zinc protoporphyrin IX (D), ruthenium protoporphyrin IX (E) and cobalt proto
porphyrin IX (F).
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triethanolamine (TEOA) as sacrificial donor and methyl viologen in the 
form of MV2+ to shuttle electrons between the HEC and PS ArMs. Methyl 
viologens is a classical bi-cationic molecular electron relay that can be 
photo reduced into its cation radical MV•+ [44,45]. We demonstrate that 
our combined PS/HEC ArM systems are capable of light-driven 
hydrogen generation in the presence of MV and TEOA. A stability 
analysis of the ArMs before, during, and after photocatalysis was per
formed to evaluate their suitability for sustained photocatalysis.

2. Results

2.1. Design and characterization of the ArMs

2.1.1. Protein binding, thermostability and stoichiometry of the porphyrin 
ligands

Incorporation of RuPPIX and ZnPPIX in HasAp was achieved by the 
following approach. The haem-free (apo) form of HasAp was prepared as 
described in Opdam et al 2022 [39]. To determine the optimal condi
tions for the reaction with ZnPPIX and RuPPIX, the metal porphyrins 
were mixed with apoHasAp in different protein:porphyrin ratios. Opti
mization of ligand binding reactions are described in the Materials and 
Methods section in the SI (see also Fig. S2 and S3). CoPPIX bound to 
apoMb was prepared according to methods from literature (Sommer 
et al. 2014) [12], using a 1:10 ratio and reacting Mb and CoPPIX at room 
temperature for 1 h. A binding ratio of Mb:CoPPIX of 1:3.2 for CoPPIX- 
Mb was determined using the reported extinction coefficient of CoPPIX 
of ε426 = 170,000 M− 1 cm− 1 [12] and using a Bicinochonic acid (BCA, 
Bio-Rad, California, USA) kit for determining the protein concentration 
(see Table S1). The binding stoichiometries of ZnPPIX-HasAp and 
RuPPIX-HasAp, produced under optimal binding conditions, were 
determined using a BCA kit in combination with inductively coupled 
plasma mass spectrometry (ICP-MS), since there are no reported 
extinction coefficients available for these ArMs. HasAp was found to 
bind to ZnPPIX in a 1:1.1 ratio and to RuPPIX in a 1:2.4 ratio (Table S1). 
We conclude that ZnPPIX-HasAp contained ~1 ZnPPIX, RuPPIX- 
HasAp contained ~2 RuPPIX and CoPPIX-Mb contained ~3 CoPPIX per 
protein.

The stability of the ArMs was tested using nano differential scanning 
fluorimetry (NanoDSF) (Fig. S4 and S5). In this technique, a change in 
the inflection temperature (Ti) for protein unfolding indicates a change 
in protein stability. ApoHasAp and apoMb had a Ti of 70 ◦C. Increased 
thermostability up to 85 ◦C was observed for apoHasAp reacted with 
RuPPIX (Fig. S4A, incubation at 37 ◦C and B, incubation at 50 ◦C), or 
reacted with ZnPPIX (Fig. S4C, incubation at 4 ◦C and D incubation at 
37 ◦C). The thermostability for apoMb reacted with CoPPIX reached 
82 ◦C (Fig. S4E). The thermostabilities of the ArMs are presented in 
Table 1.

Circular dichroism (CD) spectra of the produced ArMs confirmed that 
binding of the artificial porphyrin ligands did not lead to protein 
unfolding (Fig. S6) as characteristic negative signals at ~211 and ~ 222 
nm, representative of α-helical structure [46], were maintained. Apo and 
holoHasAp have different folds, related to the open and closed state of 
the protein [38,48], explaining the differences in their CD spectra 
(Fig. S6 A,B, red and black curves). Apo HasAp contains a negative band 
at ~219 nm, which could represent the contribution of β-sheet 

conformation, while holoHasAp has more pronounced α-helical char
acter. Binding of the RuPPIX or ZnPPIX to apo HasAp resulted in CD 
spectra with increased α-helical character, though to a different extend. 
The CD spectra of RuPPIX-HasAp and ZnPPIX-HasAp contained both 
features of apo and holo HasAp and reflect some structural perturbation 
caused by the incorporation non-native cofactors (blue curves in 
Fig. S6A, RuPPIX-HasAp and S6B, ZnPPIX-HasAp). The CD spectra of 
apo and holoMb (black and red curves in Fig. S6C) were typical of 
α-helical protein and a similar spectrum was produced for CoPPIX-Mb 
(Fig. S6C, blue curve).

2.1.2. Mixing of CoPPIX with ZnPPIX-HasAp and RuPPIX-HasAp results in 
CoPPIX binding to HasAp

During photocatalytic experiments, the HasAp photosensitizing 
ArMs were mixed with either CoPPIX-Mb or CoPPIX. We found evi
dence that in these cases, CoPPIX could bind to HasAp, via partial ex
change with ZnPPIX or RuPPIX as outlined below. Fig. 2 shows the result 
of stepwise titration of CoPPIX to ZnPPIX-HasAp (Fig. 2A) and to 
RuPPIX-HasAp (Fig. 2C). The absorbance maxima of ZnPPIX-HasAp, 
RuPPIX-HasAp, and CoPPIX are 427 nm, 400 nm, and 418 nm respec
tively. Fig. 2B and D present difference spectra subtracting the indi
vidual spectra of equivalent amounts of ZnPPIX-HasAp and CoPPIX in 
solution (Fig. 2B) and of RuPPIX-HasAp and CoPPIX in solution in 
(Fig. 2D), from the spectra of the titration mixtures. In the difference 
spectra in Fig. 2B, a decrease was observed at 427 nm and a small in
crease at 442 nm. The former suggested release of ZnPPIX and its pre
cipitation from solution, while the latter could indicate that CoPPIX 
bound to HasAp. A distinct change in the Q-bands was also observed: the 
difference spectra in Fig. 2D show a decrease of signal at 400 nm, 
consistent with loss of RuPPIX and its precipitation from solution, as 
well as an increase at 431 nm that could represent CoPPIX bound to 
HasAp. To test how firmly CoPPIX would bind to HasAp, solutions of the 
ZnPPIX-HasAp and RuPPIX-HasAp ArMs mixed with CoPPIX were 
purified over a desalting column to remove unbound cofactors and 
protein to porphyrin stoichiometries were determined using a BCA kit 
(Bio Rad) and ICP-MS (Table S1). The resulting protein and ligand ratios 
of the mixtures of RuPPIX-HasAp/CoPPIX and ZnPPIX-HasAp/CoPPIX, 
determined by ICP-MS, were HasAp:RuPPIX:CoPPIX 1:2.0:0.5 and 
HasAp:ZnPPIX:CoPPIX 1:0.6:0.2. Comparing the stoichiometries of the 
mixtures after purification with those of the original ArMs suggests that 
CoPPIX binds to HasAp by (partly) replacing RuPPIX or ZnPPIX. Because 
more than one RuPPIX are bound to HasAp, replacing one of the RuPPIX 
by CoPPIX would produce a new ArM consisting of RuPPIX-CoPPIX- 
HasAp. Replacement of the single ZnPPIX in ZnPPIX-HasAp by CoPPIX 
would produce a new ArM consisting of CoPPIX-HasAp.

The apparent dissociation contant (KD) values for ZnPPIX, RuPPIX 
and CoPPIX were estimated to be ~0.02 μM for ZnPPIX, ~34 μM for 
RuPPIX and ~ 0.3 μM for CoPPIX (see Fig. S7 and Table S2). The KD 
value of 0.3 μM for CoPPIX confirms that CoPPIX in solution can bind to 
HasAp. Further evidence for CoPPIX binding to HasAp was found by the 
increased thermostability of ZnPPIX-HasAp and RuPPIX-HasAp 
following titration with CoPPIX. The large error in the estimated KD 
value of RuPPIX binding to HasAp may be related to the observed 
binding ratio of ~2:1 in the RuPPIX-HasAp sample resulting in more 
complex behaviour that is not well-represented by our fit (Fig. S7B). The 
relatively high KD for RuPPIX binding aligns with known properties of 
Ru-based compounds, which typically require elevated temperatures for 
efficient binding. To facilitate a comparison of KD values for the different 
ligands, titration curves were measured at room temperature, while the 
RuPPIX-containing ArMs were prepared by overnight incubation at 
50 ◦C, under which conditions the RuPPIX cofactors bind stably to the 
protein. During the titration reactions 15 % DMF was present, lowering 
the initial Ti of ZnPPIX-HasAp and RuPPIX-HasAp to 65 ◦C and 68 ◦C. 
Titrating CoPPIX to ZnPPIX-HasAp, an increase in Ti was observed 
beyond the maximal detection temperature of 95 ◦C (Fig. S5F) and Ti 
could only be determined for mixtures of 1:0.1 of ZnPPIX-HasAp to 

Table 1 
Thermostability of the ArMs. Inflection temperatures were determined 
by nanoDSF using a Hill Equation fit of the raw data in Fig. S5.

Sample Ti [oC]

Apo HasAp 70
Holo HasAp No inflection point detected
ZnPPIX-HasAp 85
RuPPIX-HasAp 85
CoPPIX-Mb 82
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CoPPIX (Fig. S4F). Titrating CoPPIX to RuPPIX-HasAp the Ti steadily 
increased to 80 ◦C (Fig. S4G, S5G). Finally, the CD spectra of ZnPPIX- 
HasAp and RuPPIX-HasAp changed after mixing with CoPPIX, resem
bling more closely the spectrum of holoHasAp (Fig. S6, D and E, yellow 
curve), which is another indication that the titrated CoPPIX would bind 
to HasAp.

2.1.3. Metal coordination and porphyrin binding sites
The UV–Vis spectra of the ArMs are characteristic of their coordi

nated metal and are shown in Fig. 3 [49]. The spectral characteristics of 
ZnPPIX bound to HasAp (Fig. 3B) can be used as an indication of how 
ZnPPIX is coordinated [31,49]. The bands of ZnPPIX-HasAp at 552 nm 
and 586 nm in Fig. 3B are characteristic of the porphyrin Q bands and 
their maxima match closely with reported spectra of Zn(II)- 
protoporphyrin IX dimethyl ester in an aqueous solution of 5 mM 1- 
methylimidazole [31], indicative of ligation of Zn(II)PPIX to a histi
dine imidazole ring. Haem in the binding pocket of HasAp is coordinated 
by H32 and Y75 (Fig. 1B). Zn-compounds tend to be penta-coordinated 
[50] although hexacoordination cannot be excluded.

The Q-bands of RuPPIX-HasAp (Fig. 3A) were compared to RuPPIX 
dissolved in NaPi buffer containing 5 mM imidazole as well as to RuPPIX 
in NaPi buffer containing 5 % ethanol (Fig. S8, yellow spectrum). The 
UV–vis spectrum of RuPPIX-HasAp was found to be mostly comparable 
to that of free RuPPIX in imidazole buffer (Fig. S8, green spectrum). The 
minimal spectral changes in RuPPIX upon binding to HasAp indicate 
binding in the Ru(II) state. As RuPPIX-HasAp binds ~2 RuPPIX per 
HasAp, RuPPIX is bound at different protein locations. The five histi
dines in HasAp are H32 and H83 in the binding pocket, H74 and H134 
near the pocket, and H179 on the other side of the protein. Considering 
the refolding of HasAp and increased thermostability upon binding of 
RuPPIX, it is assumed that RuPPIX is bound to H32 in the binding 
pocket. With RuPPIX bound to H32, steric hindering should prevent the 
binding of a second RuPPIX to H83, which is very close. In addition, 
steric hindrance should prevent binding to H134 which is buried in the 

protein interior. H74 or H179, therefore, are the most likely candidates 
for binding additional RuPPIX.

Myoglobin coordinates haem only with histidine and a crystal 
structure of CoPPIX-Mb is available (PDB ID 1YOG [47], Fig. 1C) 
showing coordination to the binding pocket histidine. Compared to free 
CoPPIX in NaPi buffer containing 4 % DMF (Fig. 3C, red spectrum), the 
Soret maximum of CoPPIX in CoPPIX-Mb (Fig. 3C, black spectrum) 
shifted from 418 nm to 426 nm and the Q-bands moved from 530 nm 
and 564 nm to 535 nm and 568 nm. The Soret maximum and two Q- 
bands are characteristic of Co(III)PPIX [51]. The width at half maximum 
of the CoPPIX Soret band was reduced from 34 nm to 31 nm upon 
binding to Mb. CoPPIX-Mb was found to bind ~3 CoPPIX per protein 
and the exterior site of Mb contains several histidines to which addi
tional CoPPIX may have bound.

In the spectrum of the RuPPIX-HasAp mixed with CoPPIX (Fig. 3D, 
blue spectrum), two Soret bands appeared at 400 nm and 422 nm 
characteristic for RuPPIX and CoPPIX, respectively, indicating a 4 nm 
redshift compared to unbound CoPPIX (Fig. 3D, red spectrum). For 
ZnPPIX-HasAp mixed with CoPPIX (Fig. 3E, blue spectrum), one peak 
was observed with a maximum of 427 nm, however a shoulder on the 
left side of the spectrum indicated the presence of CoPPIX (see arrow in 
Fig. 3D). The Soret maxima of mixtures of RuPPIX-HasAp/CoPPIX 
(Fig. 3D, blue spectrum) and ZnPPIX-HasAp/CoPPIX (Fig. 3E, blue 
spectrum) indicate binding of CoPPIX to HasAp, forming Co(III)PPIX.

2.1.4. Photoreduction of MV2+ by ZnPPIX-HasAp and RuPPIX-HasAp
The ability of the HasAp-metalloporphyrin photosensitizer ArMs to 

reduce MV2+ to MV●+ was tested by irradiation into the Soret band of 
ZnPPIX-HasAp (irradiated at 435 nm) and RuPPIX-HasAp (irradiated 
at 385 nm) in presence of TEOA as sacrificial donor (SD). The build-up of 
photoreduced MV●+ is presented in Fig. S9 and S10. While the curves 
suggest that the PS ArMs are capable of photoreducing MV2+, control 
experiments on irradiated buffer solutions of MV2+ and TEOA also show 
formation of MV●+ upon irradiation at 385 nm and a small 

Fig. 2. Titration of CoPPIX to ZnPPIX-HasAp (A) or RuPPIX-HasAp (C). Samples contained 0.8 nmol of ZnPPIX-HasAp or RuPPIX-HasAp in 200 μL 50 mM NaPi 
pH 8.0 buffer and were titrated with 0.1 mM CoPPIX in DMF, added in 1 μL (0.1 nmol) additions up to 1 nmol total. B and D: Difference spectra subtracting the 
individual spectra of CoPPIX and ZnPPIX-HasAp (B) or CoPPIX and RuPPIX-HasAp (D) from the absorption spectra of the titration mixtures.
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accumulation of MV●+ upon irradiation at 435 nm. As laid out in the SI 
section, an adduct formed by MV2+/TEOA may explain the observed 
photoreduction of MV2+ to MV●+ for the MV/TEOA mixtures [52,53]. 
Fig. 4 shows emission quenching of ZnPPIX-HasAp or RuPPIX-HasAp 
in the presence of TEOA upon titration of MV2+ (Fig. 4A for a ZnPPIX- 
HasAp and B for RuPPIX-HasAp) and the corresponding Stern-Volmer 
plots (Fig. 4C). The Stern-Volmer constant (KSV) for ZnPPIX-HasAp 
estimated from the fit is 1.5*103 M− 1 and KSV of RuPPIX-HasAp is 
16*103 M− 1.

The Stern-Volmer constant KSV can be defined as follows: 

KSV = τ*kq (1) 

Here τ is the lifetime of the emitting species and kq the bimolecular 
rate constant of the quenching reaction. The observed difference in KSV 
for ZnPPIX-HasAp and RuPPIX-HasAp could be the result of a differ
ence in the emission lifetimes of the ArMs or in the bimolecular rate 

constants. The bimolecular rate constant depends on the diffusion speed 
of the interacting molecules, which is primarily determined by the 
protein sizes of the ArMs and is expected to be the same for ZnPPIX- 
HasAp and RuPPIX-HasAp. To gain insight in the lifetime of the 
emitting species, Time-Resolved Single Photon Counting (TRSPC) 
spectroscopy was performed on the ArMs using 442 nm excitation in the 
Soret band (Fig. S13). The detected lifetimes with the TRSPC instru
mentation were in the nanosecond range, which is the expected time
scale for excited-state emission, in addition to a non-decaying 
background signal that represents a phosphorescence signal that decays 
on timescales exceeding the time window of our instrumentation. 
Table 2 shows the excited-state lifetimes, and the lifetime traces are 
presented in Fig. S13. The large amplitude of the phosphorescence 
background signal for RuPPIX-HasAp (Fig. S13B) compared to ZnPPIX- 
HasAp (Fig. S13A) suggests that the emitting species in Eq. (1) had 
much slower decay for RuPPIX-HasAp, providing an explanation for its 

Fig. 3. UV–vis spectra of RuPPIX-HasAp (A) ZnPPIX-HasAp (B), CoPPIX-Mb (C), RuPPIX-HasAp mixed with CoPPIX (D), and ZnPPIX-HasAp mixed with CoPPIX 
(E) (blue spectra). The spectra are compared to the spectra of the free ligands (red spectra). In A-C the spectra of the apoprotein are also shown, and in D and E the 
spectra of RuPPIX-HasAp and ZnPPIX-HasAp are shown for comparison (black spectra). All spectra are normalized to their Soret peak. All samples were prepared in 
20 mM NaPi, pH 7.0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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larger KSV. The sample of RuPPIX-HasAp/CoPPIX displayed ultrafast 
quenching within the instrument response time, in addition to two 
minor fractions that decay in the ns range. We suspect that for those 
samples, co-bound CoPPIX may quench the RuPPIX excited states via 
intra-protein electron transfer from RuPPIX to CoPPIX.

2.2. Hydrogen evolution activity

2.2.1. Photocatalytic activity of ZnPPIX-HasAp mixed with CoPPIX-Mb or 
CoPPIX

The ability of the full systems to photosensitize hydrogen evolution 
was tested using TEOA as the sacrificial donor and MV2+ as the electron 
relay. Hydrogen evolution experiments were carried out by continuous 
irradiation of degassed solutions in the presence of 95 mM TEOA and 
0.25 or 0.5 mM MVCl2 (in the form of C12H14N2Cl2•xH2O) in 50 mM 
NaPi buffer, pH 8.0 as described in the SI section. Concentrations in 

terms of the porphyrin ligands were 5.0 μM ZnPPIX or 4.7 μM RuPPIX 
and 1.6 μM CoPPIX. For irradiation of ZnPPIX-containing samples a 435 
nm LED was used with an output of 11.5 ± 0.5 mW.

Figs. 5 and 6 present the hydrogen evolution activities. Each pho
tocatalytic experiment discussed below was realised at least twice with 
the average curves shown and the standard error is indicated. Moderate 
hydrogen was produced by mixtures of ZnPPIX-HasAp/CoPPIX 
(Fig. 5A, blue trace) or mixtures of ZnPPIX-HasAp/CoPPIX-Mb 
(Fig. 5A, black trace) under 435 nm irradiation. Hydrogen was produced 
with similar rates for the first 800 min (~0.7 mmol H2, turnover num
ber, TON, of ~120), after which mixtures with CoPPIX outperformed 
those with CoPPIX-Mb. In the protein-free system consisting of ZnPPIX 
and CoPPIX in the presence of MV2+ and TEOA (Fig. S17C, blue trace), 
no significant hydrogen production was observed, this was expected to 
be related to the poor solubility or aggregation of the porphyrins in 
aqueous solution. No hydrogen was produced in dark (Fig. 5A, red 
trace), or in solutions with only ZnPPIX-HasAp, MV2+ and TEOA 
(Fig. 5A, yellow trace). In absence of MV2+ very limited hydrogen 
evolved, likely because of kinetic limitations (Fig. S17A). Because 
analysis of ZnPPIX-HasAp/CoPPIX mixtures indicated that CoPPIX 
would bind to HasAp, we performed additional experiments on samples 
that were subjected to a column purification step prior to the photo
catalysis experiment, removing unbound or loosely bound porphyrins. 
Hereto ZnPPIX-HasAp/CoPPIX mixtures were incubated at room tem
perature for 30 min after which free porphyrin was removed by recon
centrating 5 times in a 3 kDa cut-off concentrator with 50 mM NaPi pH 
8.0 buffer. The purified samples produced similar amounts of hydrogen 
as the samples without purification (Fig. 5B), indicating that the photo 
catalytic reaction was driven by ZnPPIX-HasAp interacting with 
protein-bound CoPPIX (in the form of CoPPIX-HasAp) rather than with 
free CoPPIX. Experiments were halted after 2500 min or irradiation, in 
which a TON of ~349 was reached and activity was still ongoing.

2.2.2. Photocatalytic activity of RuPPIX-HasAp mixed with CoPPIX-Mb or 
CoPPIX

For irradiation of samples containing RuPPIX, a 385 nm LED was 

Fig. 4. Emission quenching of ZnPPIX-HasAp (red) and RuPPIX-HasAp (blue) by MV2+. A Emission spectrum of 5.0 μM ZnPPIX-HasAp (red, excitation 435 nm) 
and B 3.0 μM RuPPIX-HasAp (blue, excitation 385 nm) with titration of respectively 0–0.5 mM and 0–0.08 mM MVCl2 (dark to light spectra). C Stern-Volmer plot of 
the data shown in A and B with data of RuPPIX-HasAp in blue circles and of ZnPPIX-HasAp in red squares. Buffer solutions contained 100 mM NaPi, pH 8.4 and 0.1 
M TEOA. The respective Stern-Volmer constants (KSV) are shown in C. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Table 2 
Fluorescence lifetimes and fractional amplitudes of the ArMs and porphyrins 
(excitation at 442 nm). Buffer solution contained 50 mM NaPi, pH 8.0.*Purified 
to remove free porphyrins.

Sample τ1 (ns) A1 

(%)
τ2 (ns) A2 

(%)
τ3 (ns) A3 

(%)
<τ >
(ns)

ZnPPIX- 
HasAp

2.1 ±
0.01

56.3 1.3 ±
0.03

29.0
0.09 ±
0.03 
0.03

14.7 1.6

RuPPIX- 
HasAp

2.9 ±
0.3

37.5
0.57 ±
0.05

62.5 1.4

RuPPIX- 
HasAp 
/ 
CoPPIX*

6.2 ±
0.9

n.d. 2.7 ±
0.1

n.d. << 0.03 n.d. n.d.

ZnPPIX- 
HasAp 
/ 
CoPPIX*

0.8 ±
0.02

12.2
2.0 ±
0 0.05

87.9 1.7

L.V. Opdam et al.                                                                                                                                                                                                                               Journal of Inorganic Biochemistry 267 (2025) 112855 

6 



used with an output of 21 ± 2 mW. The photon flux was determined 
using ferrioxalate actinometry (Fig. S15) and was 2.93 μmol/s. Mixtures 
of RuPPIX-HasAp/CoPPIX-Mb or RuPPIX-HasAp/CoPPIX were irra
diated with 385 nm in the presence of MV2+ and TEOA (Fig. 6A). 
Because 385 nm-irradiation caused photoreduction of MV2+ in the 
presence of TEOA, which possibly formed a charge-transfer complex as 
discussed below, background activity was observed in mixtures of MV2+

and TEOA alone (Fig. S17B, red trace) and in mixture of RuPPIX-HasAp 
in the presence of MV2+ and TEOA (Fig. 6A, yellow trace), lacking 
CoPPIX or CoPPIX-Mb. The background activity was lower when 
RuPPIX-HasAp was added to MV2+/TEOA, likely due to the absorbance 
of the light by RuPPIX-HasAp rather than the putative MV2+/TEOA 
complex (Fig. 6A, yellow trace). During the first 800 min of activity of 
the RuPPIX-HasAp/CoPPIX-Mb system in the presence of MV2+ and 
TEOA did not exceed the background activity of MV2+ and TEOA alone 
(Fig. S17B, red trace) or of controls with protein-free mixtures of RuPPIX 
and CoPPIX in the presence of MV2+ and TEOA (Fig. S17D, blue trace). 
In contrast, the mixtures of RuPPIX-HasAp/CoPPIX produced hydrogen 
with a significantly higher rate (Fig. 6A, blue trace). We also performed 
photocatalysis experiments on RuPPIX-HasAp/CoPPIX mixtures that 
had been subjected to purification. Prior to photocatalysis experiments, 
RuPPIX-HasAp/CoPPIX mixtures were incubated at room temperature 
for 30 min after which free or loosely bound porphyrin was removed by 
reconcentrating 5 times in a 3 kDa cut-off concentrator with 50 mM NaPi 
pH 8.0 buffer. The purified RuPPIX-HasAp/CoPPIX mixtures had 
improved hydrogen evolution activity, and the maximal turnover 

frequency (TOFmax) was increased (Fig. 6B and Table 3).
After ~800 min, a breakpoint was observed for the mixture con

taining RuPPIX-HasAp/CoPPIX-Mb and hydrogen was produced at a 
much faster rate (Fig. 6A, black trace). As will be explained below, at 
that stage we observed disappearance from solution of Mb, suggesting 

Fig. 5. Hydrogen evolution activity of the ArM systems in the presence of MV2+ and TEOA with 435 nm (11.5 ± 0.5 mW LED) irradiation. A. Hydrogen evolution by 
ZnPPIX-HasAp/CoPPIX-Mb (black) compared to ZnPPIX-HasAp/CoPPIX (blue), ZnPPIX-HasAp/CoPPIX-Mb kept dark (red) and solution of ZnPPIX-HasAp, 
lacking CoPPIX or CoPPIX-Mb (yellow). B. Hydrogen evolution by ZnPPIX-HasAp/CoPPIX mixtures purified from free porphyrins prior to photo catalysis. Each 
curve is the average of at least 2 experiments (standard error in light colour). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

Fig. 6. Hydrogen evolution activity of the ArM systems in the presence of MV2+ and TEOA with 385 nm (21 ± 2 mW LED) irradiation. A. Hydrogen evolution by 
RuPPIX-HasAp/CoPPIX-Mb (grey) compared to RuPPIX-HasAp/CoPPIX (blue), RuPPIX-HasAp/CoPPIX-Mb kept dark (red), and RuPPIX-HasAp (yellow). B. 
Hydrogen evolution by RuPPIX-HasAp/CoPPIX mixtures purified prior to photo catalysis for removal of free porphyrins. Each curve is the average of at least 2 
experiments (standard error in light colour). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Table 3 
Turnover numbers (TON) and turnover frequencies (TOFmax) for hydrogen produced 
per CoPPIX by irradiation of the different ArM systems in presence of MV2+ and 
TEOA. The turnover frequencies for photon to electron are represented by 
pTOFmax.*Purified to remove free porphyrins prior to photocatalysis 
experiments.

Sample λ irrad 

(nm)
TON (2500 
min)

TOFmax 

(min− 1)
pTOFmax 

(min− 1)

ZnPPIX- 
HasAp 
/CoPPIX- 
Mb

435 212 0.14 0.086

RuPPIX- 
HasAp 
/CoPPIX- 
Mb

385 1069 0.6 0.42

ZnPPIX- 
HasAp 
/CoPPIX*

435 349 0.2 0.12

RuPPIX- 
HasAp 
/CoPPIX*

385 492 1.0 0.70
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that this ArM system was destabilized and loss of CoPPIX occurred. In 
contrast, the activity of RuPPIX-HasAp/CoPPIX solutions slowed down 
at longer timescales (Fig. 6A, blue trace and Fig. 6B). The TON (at 2500 
min), and TOF values of the different systems are presented in Table 3.

2.3. Photostability of the ArMs

For efficient use of ArMs for driving photocatalytic reactions, pho
tostability of the designed artificial metalloproteins is a crucial factor. 
Several tests were performed as detailed below to check the stability of 
the HasAp and Mb proteins as well as of the protein-metal porphyrin 
interaction in photocatalytic conditions. Irradiated samples were puri
fied by reconcentration to remove small molecules, e.g., unbound co
factors, TEOA, and MV2+. No free pigments were observed by UV–Vis 
spectroscopy of the flow-through that came through the filters of the 
concentrators during purification (data not shown).

2.3.1. Protein stability
To investigate protein stabilities, the ArMs were subjected to gel 

electrophoresis before and after photocatalysis (see Fig. S18). The gel 
bands showed that majority of the HasAp protein remained intact during 
2500 min irradiation, except for samples of RuPPIX-HasAp/CoPPIX, 
although minor fractions of cleavage products could be seen as lower 
weight bands (the most prominent indicated with arrows on the gel 
images in Fig. S18). In contrast, the band of Mb was no longer visible on 
gel after 2500 min of irradiation at 385 nm or 435 nm. Since two kinetic 
phases were observed for hydrogen production by RuPPIX-HasAp/ 
CoPPIX-Mb, samples were also collected around this turning point i.e. 
after 730 and 1000 min of irradiation. For those samples, a band of Mb, 
in addition to the band of HasAp, was visible on SDS gel together with 
some cleavage products (Fig. S18C). This indicated that most of the Mb 
had remained intact, and that (photo)decomposition occurred at a later 
stage, correlating with the change in the kinetics of hydrogen genera
tion. RuPPIX-HasAp/CoPPIX-Mb samples collected at different time 
points after irradiation were subjected to UV–Vis spectroscopy 
(Fig. S19C and E) as will be discussed below. The UV-VIS spectra show a 
decrease of porphyrin signals at longer irradiation times, correlating 
with disappearance of Mb from solution.

Dynamic light scattering (DLS) performed on the samples after 2500 
min irradiation excluded formation of larger particles in solution, such 
as protein aggregates of metal nanoparticles exceeding the size of the 
proteins (Fig. S20). DLS is not very sensitive for detection of small 
oligomers and size-exclusion chromatography multi-angle light scat
tering (SEC-MALS) was performed (Fig. S21) for further characterization 
of the protein states. After 2500 min irradiation all samples contained 
protein monomers with a minor population of dimer (band at ~14.5 mL) 
and no contributions of higher oligomers were detected. Elution profiles 
detected at different absorption wavelengths showed that porphyrin 
cofactors, absorbing at 400 or 426 nm, co-eluted with the protein band 
detected at 280 nm, showing the presence of protein-bound cofactors. 
The SEC-MALS did not detect any additional peaks of the cofactors, 
which would have shown in case of small metal nanoparticles.

2.3.2. Cofactor stability
After the photocatalysis experiments, samples were reconcentrated 

in a 3 kDa cut-off concentrator, removing free and loosely bound por
phyrins and subjected to ICP-MS. Table S6 shows the loss of cofactors 
comparing Co, Zn and Ru metal intensities before and after 2500 min of 
photocatalysis (irradiation at 435 nm for ZnPPIX and at 385 nm for 
RuPPIX). The mixtures containing CoPPIX-Mb showed the largest losses 
after 2500 min irradiation and reconcentration, suggesting that most of 
the cofactors were removed or loosely bound to the proteins after the 
experiment. In this sample, Mb was not visible on gel anymore after 
2500 min irradiation (Fig. S18A) indicating its precipitation from so
lution. Because the kinetics of photo activity of the mixture RuPPIX- 
HasAp/CoPPIX-Mb had a turning point around ~800 min (Fig. 6A, 

black curve), samples were also analysed after shorter irradiation pe
riods (730 or 1000 min of 385-nm irradiation). Gel images of those 
samples (Fig. S18C) showed a band of HasAp and Mb in addition to some 
cleavage bands, indicating that majority of protein cleavage or precip
itation occurred at longer irradiation times. In the mixture of RuPPIX- 
HasAp/CoPPIX, purified from free porphyrins prior to photo catalysis, 
~40 % of the Ru and Co cofactors that were originally present in the 
sample remained after 2500 min irradiation and re-purification 
(Table S6). Gel electrophoresis of these mixtures showed that about 
half of the HasAp was cleaved after 2500 min irradiation (Fig. S18B), so 
that cofactor losses in this sample could be due to protein cleavage. Since 
analysis of the RuPPIX-HasAp/CoPPIX-Mb mixtures indicated that 
most of the HasAp was intact after 730 or 1000 min, we suspect that 
HasAp cleavage at prolonged 385-nm irradiation occurred on timescales 
>1000 min. No cofactor losses were observed in ICP-MS of ZnPPIX- 
HasAp/CoPPIX mixtures that were purified from free porphyrins prior 
to photocatalysis experiments. ICP-MS (Table S6) and protein analysis 
(Fig. S18B) shows that the HasAp protein remained intact after 2500 
min of 435-nm irradiation.

UV-VIS spectra were collected of the samples before and after pho
tocatalysis experiments (Fig. S19). After the irradiation experiments 
samples were reconcentrated in a 3 kDa cut-off concentrator, removing 
free or loosely bound cofactors prior to UV-VIS spectroscopy. The 
ZnPPIX-HasAp/CoPPIX mixture showed moderate cofactor bleaching 
after 2500 min irradiation (Fig. S19B). In the spectrum of RuPPIX- 
HasAp/CoPPIX, bleaching of the RuPPIX band was observed relative to 
CoPPIX (Fig. S19A). The mixtures containing CoPPIX-Mb showed the 
strongest bleaching of the cofactor signals (Fig. S19C and D), which 
agrees with the loss of cofactors for these samples observed via ICP-MS 
(Table S6), while UV-VIS spectra collected after 730 and 1000 min of 
385-nm irradiation (Fig. S19E) had ~50 % cofactor bleaching.

3. Discussion

The goal of this study was to combine porphyrin-based PS and HEC 
ArMs for light-driven hydrogen production via inter- or intra-protein 
electron transfer —a concept that has been less explored than photo
catalysis using HEC ArMs in solutions with a high excess of PS mole
cules. The results show that our ArM mixtures, with a PS to HEC ratio of 
3–4, successfully produced hydrogen in the presence of MV and TEOA. 
The abundant-metal ArM system based on ZnPPIX-HasAp and CoPPIX- 
Mb produced hydrogen with a TON (2500 min) of ~200 that could be 
increased to a TON of ~350 by replacing CoPPIX-Mb with CoPPIX 
(Fig. 5, Table 3), likely due to the instability of the Mb protein scaffold at 
longer timescales. CD, UV-VIS spectroscopy, and thermo analysis of 
ZnPPIX-HasAp/CoPPIX mixtures indicated that CoPPIX would bind to 
the HasAp ArMs, implying that a mixture of ZnPPIX-HasAp/CoPPIX- 
HasAp had formed that was more active in hydrogen production than 
the ZnPPIX-HasAp/CoPPIX-Mb system. No activity was observed for 
protein-free mixtures of ZnPPIX and CoPPIX in the presence of MV2+

and TEOA (Fig. S17C, blue trace), while similar activity was observed for 
ZnPPIX-HasAp/CoPPIX mixtures purified from free porphyrins 
(comparing Fig. 5A, blue trace and Fig. 5B), supporting the notion that 
the active catalyst consisted of protein-bound CoPPIX. The performances 
of the ZnPPIX-HasAp/CoPPIX-Mb and ZnPPIX-HasAp/CoPPIX sys
tems are comparable to those in previous studies on CoPPIX-Mb [12,13], 
in which TONs ranging from 234 to 518 depending on pH conditions and 
hydrogen production up to ~0.5 μmol were reported, and to the activity 
of CoPPIX-cytochrome b562 in a sealed reactor cuvette, for which a TON 
of 125 was reported. For CoPPIX-containing peptide-based systems 
higher TONs have been reported, ranging from 606 to 2390 for with a 
small peptide chain, depending on the catalyst concentration [54]. At 
high concentrations, peptide aggregation was reported that limited the 
activity. Furthermore, for a cobalt deuteroporphyrin-binding mini-pro
tein with a more enveloping side chain, an increased TON of 10,000 was 
reported, and a lifetime of 40 h [17]. A key distinction in our study is the 
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incorporation of the PS into a protein scaffold, increasing the stability of 
the PS, and consequently the lower ratio of PS to catalyst that was used. 
In the referred studies, a 0.35–1 mM concentration of Ru(bpy)₃Cl₂ was 
used with 0.1–5 μM of catalyst, resulting in a PS-to-catalyst excess 
ranging from 175- to 3500-fold. In contrast, our study employed 
approximately 5 μM of an earth-abundant photosensitizer, in the form of 
ZnPPIX-HasAp, which corresponds to only a 3–4-fold excess of PS rela
tive to the CoPPIX or CoPPIX-Mb catalyst. The lifetime for activity of the 
ZnPPIX-HasAp/CoPPIX system exceeded those previously reported for 
CoPPIX-binding artificial enzymes in the presence of Ru(bpy)3Cl2, which 
photo decomposition over time often is a limiting factor for photo
catalytic efficiency. The ZnPPIX-HasAp/CoPPIX system remained 
active for 42 h and no loss of cofactors and only mild protein cleavage 
was observed after 2500 min of 435 nm irradiation.

RuPPIX-containing mixtures required irradiation at 385 nm for 
photosensitizing, at which illumination wavelength background photo 
activity was observed of MV2+/TEOA solutions with and without 
RuPPIX-HasAp (Fig. 6A, yellow trace and fig. S17B red trace). As 
mentioned in the Materials and Methods of the SI section, a MV2+/TEOA 
charge transfer complex may have been formed that could be photo 
activated by 385 nm illumination [52,53]. A potential explanation for 
how the formation of MV•+ leads to hydrogen-generation was proposed 
by Bauer et al. 1992 [55], who suggest the formation of a protonated 
radical MVH+● species, capable of reacting with a second MVH+● 

moiety to release hydrogen. The RuPPIX-HasAp/CoPPIX system puri
fied from free porphyrins contained HasAp-bound CoPPIX, in the form of 
RuPPIX-CoPPIX-HasAp, and produced hydrogen with an activity 
distinctive from the background activity of MV2+/TEOA, reaching a 
TON (2500 min) of ~500 corresponding to ~3.5 μmol of H2. Compared 
to the other samples, this system had the highest TOFmax (Table 3). The 
activity of the RuPPIX-HasAp/CoPPIX mixtures would gradually slow 
down, likely because of HasAp protein cleavage at prolonged exposure 
to UV irradiation (Fig. S18). Mixtures without MV2+ produced very little 
hydrogen (Fig. S17B, blue curve), even though the HasAp ArMs con
tained both RuPPIX and CoPPIX. The observation of ultrafast Ru excited- 
state quenching in this sample suggests that light-induced intra-protein 
electron transfer to CoPPIX occurs. However, electron back transfer and 
rapid charge recombination processes may have hindered the efficient 
catalysis via intra-protein electron transfer to CoPPIX.

For the RuPPIX-HasAp/CoPPIX-Mb system a steep increase in ac
tivity was observed after ~800 min of photocatalysis, reaching excep
tional activity with a TON of 1069 after 2500 min of 385 nm-irradiation 
(Fig. 6A, Table 3). The marked change in the hydrogen production rate 
signifies a change in the active species. Analyses of the samples after 
2500 min photocatalysis did not detect Mb but some CoPPIX was 
detected. Results from ICP-MS and SEC-MALS (Table S6, Fig. S21) sug
gested that some CoPPIX was rebound to HasAp and co-eluted with 
protein, while overall cofactor-protein interactions were destabilized. As 
the performance of this sample differed from that of RuPPIX-HasAp/ 
CoPPIX, the nature of the gradually formed active species in this system 
remains to be resolved.

4. Conclusions

In this work, we aimed to design porphyrin-based PS artificial met
alloproteins (ArMs) and develop a fully protein-based system in solu
tion, establishing light-driven electron transfer from the PS ArMs to co- 
mixed hydrogen-evolution catalyst ArMs via an electron mediator. 
HasAp-metal porphyrin ArMs were characterized and tested for their 
ability to photosensitize hydrogen evolution, catalysed by CoPPIX or 
CoPPIX-Mb in the presence of TEOA as a sacrificial donor and MV2+ as 
an electron relay. We found that free CoPPIX could bind to HasAp ArMs 
partly through exchange with ZnPPIX or RuPPIX. The resulting HasAp- 
based systems demonstrated greater stability in hydrogen production 
than mixtures containing CoPPIX-Mb, in which Mb gradually dis
appeared, likely due to precipitation or cleavage. Detailed analysis of the 

irradiated systems revealed that HasAp-based ArMs with ZnPPIX and 
CoPPIX remained intact after 2500 min (~42 h) of irradiation, showing 
only minor signs of protein cleavage. In contrast, the ruthenium- 
containing systems exhibited higher activity but required UV irradia
tion, with analysis after photocatalysis revealing cleavage products. This 
work demonstrates that photocatalytic hydrogen production can be 
achieved in aqueous solutions through inter-protein electron transfer 
between photosensitizer and catalyst ArMs, mediated by an electron 
carrier. HasAp provides a stable scaffold for binding porphyrin metal 
complexes, which are highly effective for both photosensitization and 
photocatalysis. With this concept established, further optimization of 
the design for photosensitizing and hydrogen-generating catalytic ArMs, 
electron mediators, and buffer conditions could enhance photocatalytic 
performance.
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