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ABSTRACT: [Fe-S] clusters, nature’s modular electron
transfer units, are often arranged in chains that support long-
range electron transfer. Despite considerable interest, the
design of biomimetic artificial systems emulating multicluster-
binding proteins, with the final goal of integrating them in
man-made oxidoreductases, remains elusive. Here, we report a
novel bis-[4Fe-4S] cluster binding protein, DSD-Fdm, in
which the two clusters are positioned within a distance of 12 Å,
compatible with the electronic coupling necessary for efficient
electron transfer. The design exploits the structural repeat of
coiled coils as well as the symmetry of the starting scaffold, a
homodimeric helical protein (DSD). In total, eight hydrophobic residues in the core of DSD were replaced by eight cysteine
residues that serve as ligands to the [4Fe-4S] clusters. Incorporation of two [4Fe-4S] clusters proceeds with high yield. The two
[4Fe-4S] clusters are located in the hydrophobic core of the helical bundle as characterized by various biophysical techniques.
The secondary structure of the apo and holo proteins is conserved; further, the incorporation of clusters results in stabilization of
the protein with respect to chemical denaturation. Most importantly, this de novo designed protein can mimic the function of
natural ferredoxins: we show here that reduced DSD-Fdm transfers electrons to cytochrome c, thus generating the reduced cyt c
stoichiometrically.

■ INTRODUCTION

Ferredoxins are nature’s electron transfer modules, supporting
crucial processes such as photosynthesis and respiration.1−5

The so-called bacterial type consists of small proteins
containing two cubane-like [4Fe-4S] clusters within sequences
of 50−60 amino acids. Each cluster is coordinated by four
cysteine residues and ensconced in one of two pseudosym-
metric domains thought to derive from a gene duplication
event.4,6 Ferredoxins function as one-electron shuttles and
couple oxidation of several substrates with reduction of
cofactors or final acceptors such as H+ or NADP+.2,7−9 The
ferredoxin fold has also been coopted as a separate subunit
(e.g., PsaC) or as an integral domain within complex enzymes,
such as photosystem I and the hydrogenases.10−16 In these
redox proteins, chains of [4Fe-4S] clusters transfer electrons
produced or consumed at a buried active site to the protein
surface, allowing interaction with soluble partners. To optimize
the rates of electron transfer, the clusters are typically separated
by up to 12−14 Å.
A substantial amount of work in the field of de novo design

has sought to incorporate the clusters into peptide-based model
systems, to elucidate the properties of the natural cluster
environment, and eventually to include these model peptides in
engineered redox enzymes.7,10,17−24 Most of these peptides,
however, have been designed to bind a single electronically

isolated cluster, which limits their usefulness as electron
conduits in vitro. To address this problem, we have recently
developed a general method to design bis-[4Fe-4S] cluster
binding peptides by exploiting the symmetry of coiled coils.
Using this approach, we have shown that two [4Fe-4S] clusters
can be incorporated inside the hydrophobic core of a three-
helix bundle.25 However, the distance separating the two
clusters in our prototype was 36 Å, which did not provide a
useful platform for studying efficient electron transfer. Here, we
present a second generation design, DSD-Fdm, in which the
two clusters are located within 12 Å of each other, a biologically
relevant distance for effective electron transfer. The redox
potential of DSD-Fdm falls within the range observed for
natural ferredoxins, suggesting that this artificial protein could
engage in electron transfer with external redox active species.
We show that DSD-Fdm is capable of transferring electrons to
cytochrome c in a stoichiometric manner. Further, DSD-Fdm
undergoes energy transfer in the presence of a photosensitizer,
suggesting a possible use in solar fuel cell applications.
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■ METHODS
Peptide Synthesis and Purification. All peptides were

synthesized by automated microwave-assisted solid phase peptide
synthesis on a Liberty instrument (CEM). The synthesis was carried
out using standard Fmoc protection procedures. Briefly, Rink amide
resin was doubly deprotected using 0.1 M hydroxybenzotriazole
(HOBt) in a solution of 20% piperidine in DMF. Amino acid
couplings were achieved using appropriate amounts of 0.45 M
N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluoro-
phosphate (HBTU) in DMF, 2 M ethyl-diisopropylamine (DIEA)
in N-methyl-2-pyrrolidone (NMP), and 0.2 M fluorenylmethylox-
ycarbonyl (Fmoc) protected amino acid (Novabiochem), followed by
irradiation with microwaves to pre-established temperatures according
to CEM protocols. Peptides were acetylated at the N-terminus via
addition of acetic anhydride under coupling conditions. The peptides
were cleaved from the resin using 94% trifluoroacetic acid (TFA),
2.5% H2O, 2.5% 1,2-ethanedithiol (EDT), and 1% triisopropylsilane
(TIS) for 3 h. The solution was then evaporated under a stream of N2,
and the peptide was precipitated with cold ether. Crude lyophilized
peptides were purified using preparatory-scale high performance liquid
chromatography (HPLC) on a C18 reverse-phase column, with a
linear gradient of solvent A (99.9% water with 0.1% TFA) and solvent
B (95% acetonitrile, 4.9% water, and 0.1% TFA) at a flow rate of 10
mL/min. Peptide identity was confirmed by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF-
MS); peptides were >99% pure as assessed by C18 analytical HPLC.
Cluster Incorporation and Quantification. Iron−sulfur clusters

were incorporated into peptide variants by adapting well-established
methodologies.18,26 All reactions were performed in an anaerobic
chamber (Coy Scientific), with a 95% N2 and 5% H2 environment. To
a solution of 150 μM peptide in 100 mM Tris-HCl, pH 8.5, the
following reagents were added sequentially at 20 min intervals to a
final concentration: 0.8% (v/v) β-mercaptoethanol, 3 mM ferric
chloride (FeCl3), and 3 mM sodium sulfide (Na2S). The mixture was
incubated overnight at 4 °C. The resulting dark brown solution was
subjected to desalting with a PD10 G25 column (GE Healthcare) that
was pre-equilibrated with 100 mM Tris at pH 7.5 to obtain the holo
protein.
Cluster Quantification. Cluster incorporation was assessed

quantitatively by measuring independently the concentration of iron
and of peptide in identical samples.25 DSD-Fdm samples were further
purified using anion exchange chromatography on a Q-Sepharose FF
column (GE Healthcare), using 100 mM Tris at pH 8.5 as
equilibration buffer and 100 mM NaCl, 100 mM Tris at pH 8.5 as
elution buffer. The DSD-Fdm samples were split in two portions: one
was used to measure peptide concentration (Bradford assay), and the
second was used to determine iron concentration (ferrozine
assay).27,28 EPR spin quantification was used to assess the amount
of reduced clusters in concentrated EPR samples. The double integral
of the CW EPR spectrum of [4Fe-4S]+ recorded at 7 K was compared
with the spectrum of 5 mM Cu(II) nitrate recorded at 21 K (at lower
temperatures, the Cu(II) EPR signal saturated even at the lowest
accessible MW power of 0.2 μW). The estimated concentration of
[4Fe-4S]+ was then compared with the DSD-Fdm protein
concentration evaluated by Bradford assay.
Gel Filtration. Size exclusion chromatography was performed on a

G-25 gel filtration column fit to an Agilent Technologies 1260 Insight
FPLC system. The column was pre-equilibrated in 100 mM Tris-HCl,
pH 7.5, and 200 μL of 150 μM apo or holo peptide were used for each
injection. The apo peptide was pretreated with tris(2-carboxyethyl)-
phosphine (TCEP) for 30 min before injection to reduce any
disulfides resulting from air oxidation.
Circular Dichroism Spectroscopy. Spectra were recorded on a

JASCO J-815 spectropolarimeter in the range of 190−260 nm. Data
were recorded every 1 nm and averaged over three scans. The
concentrations of apo and holo peptides were kept at 50 μM in 100
mM Tris, pH 7.5, while the measurements of the apo peptide were
carried out in the presence of an excess of TCEP. Holo peptide was
measured under anaerobic conditions in an airtight CD cuvette.

Chemical denaturation titrations were carried out through addition of
an 8 M stock solution of guanidinium-HCl (Gdn·HCl), followed by
mixing and incubation for 5 min to allow for equilibration. Holo
peptide was titrated under anaerobic conditions. Spectra were
normalized to protein concentration in the sample and converted to
fraction folded relative to the apo or holo protein signal, which lacked
Gdn·HCl.

Electron Paramagnetic Resonance Spectroscopy. Holo
protein obtained from PD10 desalting was concentrated in a 3000
MWCO centrifuge concentrator to approximately 1 mM peptide
concentration. Reduced samples were prepared by addition of 100
mM sodium dithionite in 1 M glycine buffer, pH 10, to a final
concentration of 20 mM dithionite. EPR samples were prepared by
addition of 10% (v/v) glycerol as a cryoprotectant and placed in quartz
EPR tubes, after which the samples were flash frozen and stored under
liquid N2 until measurements. Continuous wave (CW) EPR
experiments were carried out on a X-band EPR spectrometer Elexsys
E500 (Bruker) equipped with the ESR900 flow cryostat (Oxford
Instruments).

Synthesis of Water-Soluble Porphyrin Analogue. The
5,10,15,20-tetrakis(4-diethyl 2-benzylmalonate) porphyrin was synthe-
sized following published procedures for related compounds.7,29 Zinc
insertion was achieved using Zn(O2CCH3)2(H2O)2 in THF for 12 h at
60 °C by modifying a literature procedure (Figure S1, Supporting
Information),30−32 and the esters were cleaved as reported for related
compounds.10,18,33,34 The resulting water-soluble, malonate-function-
alized porphyrin was characterized by mass spectrometry and NMR in
D2O (Figures S2 and S3, Supporting Information).

Transient Absorption Spectroscopy. Nanosecond transient
absorption measurements were performed on a flash photolysis
apparatus using a pulsed laser source and a pump−probe optical setup.
The samples contained 10 mM Tris-HCl at pH 7.5 with 30 μM holo
or apo peptide in a 1 cm fluorescence cuvette. Malonate-porphyrin was
added to a final absorbance of 0.25 at the first Q-band (560 nm).
Excitation was provided by an optical parametric oscillator pumped by
the third harmonic (352 nm) of a Nd:YAG laser (Ekspla NT 342B).
The pulse width was 4−5 ns, and the repetition rate was 10 Hz. The
signal was detected by a Proteus spectrometer (Ultrafast Systems).
The instrument response function was 4−5 ns. Transient data analysis
was carried out using the in-house program ASUFIT. Simple
exponentials were fit one wavelength at a time.

Cytochrome c550 Reduction Assay. DSD-Fdm was reduced via
slow addition of dithionite, monitoring the loss of signal at 410 nm.
Once the absorption at 410 nm had stabilized and a slight dithionite
signal had arisen at 300 nm, the holo peptide was subjected to two
successive PD10 columns to exclude any unreacted dithionite. The
first 1.5 mL of the total 3.5 mL elution volume was concentrated to a
protein concentration of 300 μM. The reduced DSD-Fdm was added
in 1 μL increments to 500 μL of a solution of cytochrome c550 isolated
from Thermosynechococcus elongatus (7 μM protein concentration as
assayed by absorbance at 550 nm, ε550 = 21000 M−1 cm−1). After each
addition, UV−vis spectra were obtained with an Ocean Optics
USB4000 detector fitted with a USB-ISS-UV-Vis light source. Data
were fit by a linear regression model before and after saturation in
order to determine the mole equivalents required to obtain full
reduction of the cytochrome c550 heme cofactor.

■ RESULTS AND DISCUSSION

Protein Design and Synthesis. We used the heptad
repeat pattern of coiled coils, which is reflected in a regular
structural motif, to design two [4Fe4S] binding sites into the
core of DSD-Fdm starting from DSD-bis[4Fe4S].25,26 Each site
was translated by one heptad toward the center of DSD along
the longitudinal axis (PDB code 1G6U) by moving the two
cysteine side chains arranged at the i, i+3 positions within the
same helix. Locations for the two remaining cysteines, one per
helix, in positions compatible with chelating the cluster were
determined by manually docking a [4Fe-4S] cluster binding site
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from Thermotoga maritima (PDB ID 2G36)1−5 inside the core
(Figure 1). Taking into account the pseudo-2-fold symmetry of

DSD, we replicated the site onto the other half of DSD by
inserting appropriate mutations into the peptide sequence.
DSD-Fdm thus incorporates two [4Fe-4S] clusters in the
hydrophobic core at a distance of 12 Å, as measured between
their centers, in an arrangement reminiscent of the symmetry
observed in the natural ferredoxin fold. Mutation of eight core
leucine side chains to cysteines causes the formation of a 62 Å3

polar cavity within the core of the apo peptide, which is
completely filled upon incorporation of the cluster (Figure
1).4,6

Cluster Incorporation. The [4Fe-4S] clusters were formed
and incorporated in situ from inorganic precursors and
mercaptoethanol using established protocols,2,7−9 and holo
DSD-Fdm was purified by gel filtration chromatography.
The UV−vis spectrum of DSD-Fdm shows a broad feature

with maxima at 415 and 360 nm, characteristic of sulfur to iron
charge transfer excitations in [4Fe-4S]2+ clusters; the
absorbance at 415 nm was reduced to below 50% of its initial
value upon reduction to [4Fe-4S]+ (Figure 2) with dithionite.
This behavior is typical of cuboidal [4Fe-4S] clusters.10−16 The
position of the bands, red-shifted compared with inorganic
[4Fe-4S] clusters, suggests that the clusters are surrounded by a
hydrophobic environment.7,10,17−24

We investigated the oligomeric state of apo and holo DSD-
Fdm by analytical ultracentrifugation and size exclusion
chromatography. When analyzed by gel filtration, both apo
and holo DSD-Fdm elute at comparable volumes of elution
buffer, which is consistent with a single species with the
apparent molecular mass of a dimer (Figure S4, Supporting
Information). The elution profiles of the holo DSD-Fdm
monitored at 220, 280, and 410 nm are identical, indicating the
presence of the [4Fe-4S] cluster in the dimer. Analytical
ultracentrifugation of the apo DSD-Fdm at ∼100 μM loading
concentration reveals an apparent molecular weight in solution
of approximately 13.3 kDa, consistent with a dimeric form in
solution (Figure S5, Supporting Information), confirming the
results of the size exclusion chromatography.
We evaluated the level of cluster incorporation in the dimer

by independently assessing Fe and protein concentrations as
described in Methods. We found that the ratio of iron per
monomer is 4.3 ± 0.9, corresponding to two [4Fe-4S] clusters
per dimer. These data indicate that incorporation is
approximately 100%.

Protein Structure and Stability. We investigated the
secondary structure of both apo and holo DSD-Fdm using far-
UV circular dichroism (CD) spectroscopy. The spectra of each
of the two proteins are similar to that of the parent peptide and
display two minima centered at 208 and 222 nm, indicative of
helical structures (Figure S6, Supporting Information). Cluster
incorporation is well tolerated by the peptide, which is reflected
by the similar molar ellipticity value of the holo peptide
compared with the apo peptide.
To assess the effect of mutations on the DSD framework, we

measured the stability of the apo and holo peptide toward
chemical denaturation by monitoring the loss of secondary
structure as a function of increasing concentration of a
chaotropic agent, guanidine hydrochloride (Gdn·HCl). The
denaturation curves in Figure 3 report fraction folded, as

monitored at 222 nm, versus denaturant concentration for each
peptide, showing that holo DSD-Fdm is significantly more
stable to chemical denaturants than is the apo version. The
midpoint of denaturation for the apo peptide is at 2.1 M Gdn·
HCl, while for the holo DSD-Fdm, it is at 4.4 M Gdn·HCl. This
behavior mirrors what is observed for DSD-bis[4Fe-4S], for
which a large increase in stability resulted from the cluster

Figure 1. Design strategy for DSD-Fdm (top panel) and sequences of
DSD, DSD-2[4Fe4S], and DSD-Fdm (bottom panel).

Figure 2. UV−vis spectra of holo DSD-Fdm before (black trace) and
after (blue trace) dithionite reduction.

Figure 3. Chemical denaturation profile of 50 μM apo and holo DSD-
Fdm monitored by CD at 222 nm. The midpoint of the transition is at
2.1 M Gdn·HCl (black line) for the apo peptide and at 4.4 M Gdn·
HCl (blue line) for holo DSD-Fdm.
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incorporation.25 The starting scaffold for both constructs, DSD,
is exceptionally stable to thermal and chemical denatura-
tion.18,26 In both DSD-bis[4Fe-4S] and DSD-Fdm, substituting
hydrophobic leucine residues in the core with polar, smaller
cysteines results in the formation of a polar cavity, which in the
case of DSD-Fdm has a volume of 62 Å3. This volume is
compatible with the dimensions of a [4Fe-4S] cluster; when
modeled in the peptide core, the [4Fe-4S] cluster completely
fills the cavity, thus restoring a well-packed core.
EPR Spectroscopy and Redox Properties of the

Cluster. The electronic properties of holo DSD-Fdm were
explored by CW EPR spectroscopy. As expected, in vitro
reconstitution of the iron−sulfur cluster into the designed
protein results in formation of an EPR silent [4Fe-4S]2+ resting
state. Upon dithionite reduction, an EPR signal corresponding
to intact [4Fe-4S]+ clusters arises, with typical principal g-values
of 1.89, 1.94, and 2.06, and an isotropic g-value of about 1.96
(Figure 4). The temperature dependence of this signal is similar

(if not identical) to that obtained earlier for DSD-bis[4Fe-4S]
and indicative of the presence of low-lying (∼60 K) excited
states (Figure S7, Supporting Information). The spin
quantification of this signal and the comparison of the spin
count with the protein concentration reveals a yield of reduced
cluster per dimer of DSD-Fdm close to 0.6, similar to what has
been observed for DSD-bis[4Fe-4S].25 This value contrasts
with complete cluster incorporation yields calculated by iron
quantification based on resting state (i.e., oxidized) samples.
The discrepancy is caused by difficulties in achieving complete
reduction of the cluster in concentrated samples.
Ferredoxin-type proteins containing two [4Fe-4S]1+ within

10−15 Å of each other sometimes exhibit features in the EPR
spectra attributable to a spin−spin interaction between the
clusters.27,28 Despite repeated attempts, these features were not
observed in the spectra of DSD-Fdm. However, the lack of
cluster interaction effects in the CW EPR spectra of dicluster
ferredoxins is relatively common, for two main reasons.7,29

First, the magnitude of the dipole and exchange interactions
between two clusters strongly depends on their relative
orientation, because of the mixed valence nature of the

clusters.30−32 For example, the dipole interaction constant
estimated for DSD-Fdm as a function of the relative orientation
of the clusters can be anywhere between ∼300 and 25 MHz (in
magnetic field units, ∼11 and <1 mT, respectively) or
distributed within these limits. The smaller of these couplings
would probably not be detectable because it is much smaller
even than the EPR line width at the intermediate turning point
(>3 mT). The larger of these couplings could in principle be
resolvable, but the relatively flexible nature of DSD-Fdm may
result in a significant broadening and the lack of pronounced
features in the EPR spectrum of the pair. The second reason,
which compounds the first one, is the relatively low yield of
reduced cluster.
The redox properties of DSD-Fdm were probed using cyclic

voltammetry (CV). Solution CV experiments showed no
observable redox processes in the range from 0 to −1 V vs
SHE, presumably because of the absence of interaction between
the electrode surface and the electroactive species. Addition of
3.5 mM neomycin, which is known to stabilize and enhance the
interaction of ferredoxin type proteins with electrode surfaces,
resulted in the observation of a quasi-reversible process with
cathodic and anodic waves centered around −0.438 and −0.521
V vs SHE, respectively (Figure 5). We estimated a redox

potential of −0.479 V vs SHE, consistent with the presence of a
[4Fe-4S]2+/1+ couple. This value falls within the window
expected for low potential [4Fe-4S] clusters in proteins and is
very close to those observed for the PsaC subunit of
photosystem I.10,18,33,34

Electron Transfer Properties of DSD-Fdm. Because the
redox potential of DSD-Fdm is comparable to that of natural
ferredoxins, we tested the ability of DSD-Fdm to transfer an
electron to a natural protein, oxidized cytochrome c. DSD-Fdm
was reduced by sequential addition of sodium dithionite,
monitoring the loss of absorbance at 410 nm, and stopping
addition as soon as the signal stabilized.
The reduced peptide was further purified to remove all

excess dithionite and titrated into an air-oxidized sample of
Thermosynechococcus elongatus cytochrome c550, while monitor-
ing the reaction by UV−vis spectroscopy. We observed shifts of
the Soret band (410 to 415 nm) and of the Q-bands (526 to
520 and 550 nm) that indicate reduction of the protein-bound

Figure 4. CW EPR spectrum of dithionite-reduced holo DSD-Fdm.
Experimental conditions: microwave frequency, 9.337 GHz; micro-
wave power, 20 mW; field modulation amplitude, 0.5 mT;
temperature, 12 K. Figure 5. Cyclic voltammogram of DSD-Fdm in a 3.5 mM neomycin,

100 mM Tris, 100 mM sodium chloride, pH 7.5, solution at 100 mV/s
scan rate with a Ag/AgCl reference electrode, glassy carbon working
electrode, and platinum mesh counter electrode.
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heme (Figure 6). A plot of the change of absorbance at 415 nm
as a function of molar equivalents of holo DSD-Fdm reveals

that full reduction of the heme was achieved at a 0.74:1 molar
ratio of DSD-Fdm/cyt c550 (Figure S8, Supporting Informa-
tion). This stoichiometry is reminiscent of the one-electron
reduction processes typically mediated by natural bis-[4Fe-4S]
cluster ferredoxins and is consistent with the EPR spin
quantification results, because incomplete reduction of the
clusters would result in deviation of the ideal 0.5:1 molar ratio
for a two electron-carrying ferredoxin that mediates one
electron reductions.25,26,35,36 Together with the similarity in
redox potential, these results show that artificial proteins can
interface effectively with natural ones to support redox
reactivity.
De novo designed redox proteins have been proposed as

functional parts of energy harvesting devices.37−41 To
investigate whether holo DSD-Fdm could be used for this
application, we investigated the interaction of a porphyrin
photosensitizer with the oxidized cluster using laser flash
photolysis. Solutions of zinc 5,10,15,20-tetrakis(4-diethyl 2-
benzylmalonate) porphyrin (Zn-P, ca. 15 μM; Figure S1,
Supporting Information) in deoxygenated buffer were excited at
a Q-band (560 nm), and the triplet state lifetimes were probed
via the transient absorption at 450 nm. We observed that
samples containing either Zn-P only or Zn-P and apo DSD-
Fdm had similar triplet lifetimes, ca. 1400 μs, while in the
presence of holo DSD-Fdm, the triplet lifetime of Zn-P was
significantly shorter, ca. 100 μs (Figure 7). This quenching by a
factor of ca. 14 signals electronic interactions between the zinc
porphyrin and the iron−sulfur clusters. No signal for oxidized
zinc porphyrin was detected at 650 nm.
The Zn-P triplet excited state quenching could occur via

three mechanisms: triplet−triplet energy transfer, enhanced
intersystem crossing (ISC), or photoinduced electron transfer.
Photoinduced electron transfer is exergonic by only about 70
meV, based on the reduction potential for the cluster given
above (−0.479 V vs SHE), the first oxidation potential of zinc
tetraphenylporphyrin (1.04 V vs SHE), and the energy of the
zinc tetraphenylporphyrin triplet state (1.59 eV).42 Although
no porphyrin radical cation was detected, photoinduced
electron transfer cannot be completely ruled out because no
porphyrin radical cation absorption would be detected if charge

recombination were substantially more rapid than charge
separation. Although the available data do not allow us to
assign a mechanism for the quenching, all these possibilities
require electronic interaction between the porphyrin and the
cluster, which necessitates separations of only a few angstroms.
Thus, the results show that external reagents can approach the
clusters within the peptide closely enough for interesting and
potentially useful energy and electron transfer interactions.

■ CONCLUSIONS
In summary, we designed a protein, DSD-Fdm, in which two
[4Fe-4S] clusters are within 12 Å of one another, a distance
biologically relevant for effective electron transfer. Both apo and
holo DSD-Fdm fold into stable dimers with high helical
content. Cofactor binding imparts a significant amount of
stability toward chemical denaturation, as often seen in
designed metalloproteins.43,44 The redox potential of DSD-
Fdm, −0.479 V vs SHE for the [4Fe-4S]2+/1+ couple, is within
the range typical of low-potential ferredoxins. We showed that
DSD-Fdm can interface functionally with natural redox proteins
by demonstrating stoichiometric electron transfer from reduced
DSD-Fdm to oxidized cytochrome c. Further, we demonstrated
that DSD-Fdm can interact electronically with a photoexcited
dye. Compared with their natural counterparts, de novo
designed proteins can be specifically tailored in terms of their
redox potentials, stability, catalytic properties, protein−protein
interactions, and small molecule binding depending on the
application desired.45−55

The results presented here support the use of de novo
designed proteins as redox modules in various applications,
ranging from components of artificial redox pathways in
synthetic biology to parts of light-driven devices.
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NMR and MALDI-TOF spectra of Zn-P and DSD-Fdm, gel
filtration chromatograms, ultracentrifugation data, CD spectra,
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Figure 6. Reduction of cyt c550 by DSD-Fdm: UV−vis monitored
titration of reduced 300 μM DSD-Fdm to a solution of 7 μM air-
oxidized cyt c550 in 100 mM Tris, pH 7.5.

Figure 7. Normalized transient absorption kinetics of Zn-P alone
(gray), with apo protein (black), or with holo protein (blue) solutions.
The porphyrin was excited at the 560 nm Q-band and probed at 450
nm.
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