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Abstract  Photosystem I (PS I) converts the energy 
of light into chemical energy. The terminal electron 
transfer cofactors in PS I are three iron-sulfur clus-
ters named FX, FA and FB. The PsaC subunit of PS I 
harbors binding sites of the [4Fe-4S] clusters FA and 
FB. We modeled them by preparing two peptides 
(maquettes), sixteen amino acids each, using Fmoc 
solid state peptide synthesis. These model peptides 
incorporate the consensus iron-sulfur binding motif 
along with amino acids from the immediate envi-
ronment of the respective iron-sulfur cluster. The 
[4Fe-4S] clusters were successfully incorporated 
into these model peptides, as shown by their optical 
absorbance, EPR and Mössbauer spectra. The oxi-
dation-reduction potential of the iron-sulfur clusters 
in the model peptides is close to that of FA and FB in 
PsaC at room temperature and is considerably lower 
than that observed for other [4Fe-4S] model systems 
described earlier.
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Introduction

Three low-potential [4Fe-4S] clusters are part of the 
electron transfer chain of photosystem I (PS I), usually 
they are referred as FX, FA and FB (reviewed in Vassiliev 
et al. 2001). The Iron-sulfur clusters FA and FB are 
bound to the PsaC subunit of PS I, which is located on 
the stromal side of the thylakoid membrane. PsaC has 
sequence similarity to bacterial dicluster ferredoxins.

Owing to their biological significance, sev-
eral attempts to synthesize model compounds 
(reviewed in Rao and Holm 2004) and peptide-
ligated [4Fe-4S] were made (Gibney et al. 1996; 
Coldren et al. 1997; Scott and Biggins 1997; 
Mulholland et al. 1998, 1999). For the latter, two 
main approaches were explored: the first relies on 
designing synthetic peptides containing an iron-
sulfur binding site (Gibney et al. 1996; Mulholland 
et al. 1998, 1999); the second relies on introduction 
of the iron-sulfur cluster-binding site into a natural 
or synthetic protein that previously was incapable 
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of binding iron-sulfur clusters (Coldren et al. 1997; 
Scott and Biggins 1997).

This work has the following goals: first, to model 
the binding sites of the [4Fe-4S] clusters FA and FB of 
PS I; second, to investigate the biochemical and bio-
physical properties of the model systems by spectro-
scopic techniques and to compare them to the [4Fe-4S] 
clusters FA and FB bound to the PS I subunit PsaC.

Materials and methods

Peptide synthesis. Peptide synthesis was performed 
on an Advanced Chemtec 348 Ω synthesizer. The 
overall yield after purification (>99%) was 17% 
for both peptides. Purity was proven by analytical 
HPLC and MALDI-TOF-MS (Matrix Assisted 
Laser Desorption Ionisation – Time-of-Flight-Mass 
Spectrometry) for apo-FA (found 1850.5, calc. 
1852.8) and apo-FB (found 1845.6, calc. 1845.7). 
The [4Fe-4S] clusters were inserted into the apo-
peptide by a procedure similar to that originally 
described (Lovenberg et al. 1963).

Redox titration. The redox potential was deter-
mined in a thin-layer three-electrode cell inside a 
glove box. A reference Ag/AgCl electrode was used 
and working and counter electrodes were made 
from glassy carbon. The potential of the reference 
electrode was determined by measuring the media-
tor methyl viologen. The use of redox mediators 
had no measurable effect on the redox potential.

EPR experiments. Continuous wave EPR sam-
ples were measured on a Bruker E500 spectrometer 
operating at X-band. The temperature was control-
led by an Oxford ESR continuous flow cryostat 
model 910 combined with an Oxford ITC 503 intel-
ligent temperature controller. Sample was reduced 
by addition of sodium dithionite at pH=10.

Results

Design of model peptides

The sequence similarity between PsaC and bacte-
rial dicluster ferredoxins is restricted to the two 
[4Fe-4S] cluster binding motifs C(I)xxC(II)xxC(III
)xxxC(IV)P and C(I’)xxC(II’)xxC(III’)xxxC(IV’)P. 

Cysteines I, II, III and IV’ ligate the first iron-sulfur 
cluster (FB) and cysteines I’, II’, III’ and IV ligate 
the second iron-sulfur cluster (FA). In our design 
approach these two ligation schemes are separated 
into two distinct peptides. The obvious point to 
dissociate the two binding sites is between cysteine 
IV and cysteine I’. In a second step the fourth ligand 
for each binding site needs to be relocated to get into 
close vicinity to the first three cysteines. This can be 
achieved by introducing a short loop consisting of the 
residues KPE, where Pro is supposed to initiate the 
loop formation and the residues lysine and glutamate 
form a salt bridge to stabilize the preformed turn. 
Except for the designed loop region, the native amino 
acid sequence of PsaC has been used, i.e. Tyr 7 to 
Cys 16 for the sequence TEDCVGCKRCKPECPW 
(apo-FB peptide); Thr 44 to Cys 53 for the sequence 
YDTCIGCTQCKPECPW (apo-FA peptide). These 
sequences are especially interesting since they show 
major differences in amino acid composition in the 
consensus binding motif with respect to previ-
ously investigated model peptides that bind 
[4Fe-4S] clusters.

Characterization of model peptides. After syn-
thesis and insertion of iron-sulfur clusters into apo 
peptides (see methods) both holo-FA and holo-FB 
peptides show a broad absorption in the visible 
range with a maximum around 400 nm, which is 
reduced by approximately 50% of its initial inten-
sity upon reduction of the sample with sodium 
dithionite (Fig. 1A). In summary, the UV/Vis 
spectra of the holo-FA and holo-FB peptides in the 
oxidized and reduced states are typical for protein/
peptide-bound iron-sulfur clusters.

We used CW EPR spectroscopy to probe the 
identity of the iron-sulfur clusters bound to the 
holo-FA and holo-FB peptides. In the reduced state 
the holo-FA peptide has a rhombic EPR spectrum 
with g-values 2.04 (gx), 1.93 (gy), 1.90 (gz) (Fig. 1B), 
while the holo-FB peptide has a rhombic EPR 
spectrum with g-values 2.05 (gx), 1.93 (gy), and 
1.92 (gz). EPR signals of the [4Fe-4S] clusters 
bound to the holo-FA and holo-FB peptides can 
be observed only at temperatures below 40 K and 
they show a strong temperature dependence. The 
g-values and relaxation properties, i.e. microwave 
power and temperature dependence, of holo-FA 
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and holo-FB peptides are typical of reduced [4Fe-4S] 
proteins. Similar EPR spectra were observed 
earlier for mono cluster ferredoxins, model pep-
tides (Gibney et al. 1996; Mulholland et al. 1998, 
1999) and in PsaC (C13G C33S and C50G C33S 
mutants), where one of the iron-sulfur clusters 
is not detectable in the g = 2 region of the EPR 
spectrum (Antonkine et al. 2007). Binding of the 
[4Fe-4S] cluster to apo-FA and apo-FB peptides 
is verified by the Mössbauer spectra of the holo-
FA and holo-FB peptides in both oxidized and 
reduced states (data not shown).

Oxidation-reduction potential of the holo-FA 
and holo-FB peptides

Reduction of the sample by sodium dithionite was 
followed by optical spectroscopy, additionally at 
several potentials EPR samples were taken to inde-
pendently control the reduction of [4Fe-4S]. The 
titrations were stopped when excess of the dithionite 
was detectable by optical spectroscopy. This corre-
sponds to a complete reduction of the sample. The 
redox titration resulted in redox potentials of −490 
± 30 mV and −475 ± 30 mV (all potentials vs. SHE) 
for holo-FA and holo-FB peptides respectively.

Discussion

We successfully modelled the [4Fe-4S] clusters 
FA and FB of the PsaC subunits of PS I. By several 
techniques we have proven that low-potential [4Fe-4S] 
clusters are formed with both model peptides.

Fully reduced, unbound wild-type PsaC shows 
an interaction spectrum due to magnetic coupling 
between the two closely-spaced S = 1/2 [4Fe-4S]1+ 
clusters. The EPR spectra of unmodified cluster FA 
of PsaC can be observed in the C13G C33S variant 
of the protein (gx = 2.04, gy = 1.93 and gz = 1.90) 
and of FB in the C50G C33S variant (gx = 2.04, 
gy = 1.93 and gz = 1.89) (Antonkine et al. 2007). 
These values are identical to those obtained for the 
holo-FA and only slightly different for the holo-FB, 
with gz = 1.92.

Despite the variation of amino acid composi-
tion most of the maquettes investigated in previous 
studies have a redox potential of about −350 mV 
(Gibney et al. 1996; Mulholland et al. 1998, 1999). 
Scott and Biggins (1997) incorporated a binding 
motif of the [4Fe-4S] cluster FX into a 4-α-helix 
bundle. This model exhibits the lowest reduction 
potential found for the [4Fe-4S] cluster bound to 
peptide maquette up to date (−420 mV). Midpoint 
reduction potentials of FA and FB in fully assem-
bled PS I were measured at cryogenic temperature 
by redox titration with EPR detection and found 
to be −540 and −590 mV respectively (Evans and 
Heathcote 1980). However, by titration of PS I with 
optical detection of charge recombination between 

Fig. 1 A. UV-visible spectra of the holo-FA peptide in the 
oxidised (solid line) and reduced (dashed line) state. B. 
EPR spectra of the reduced holo-FA peptide. EPR condi-
tions: temperature 15 K, microwave frequency 9.436 GHz, 
microwave power 10 mW, modulation frequency 100 kHz, 
modulation amplitude 10 G



1260 De novo Peptides Modeling the Binding Sites of [4Fe-4S] Clusters in Photosystem I

the iron-sulfur clusters and P700+ at room tempera-
ture potentials of −465 and −440 mV were found 
for FA and FB, respectively (Jordan et al. 1998). 
The latter potentials are closer to typical midpoint 
redox potentials found for [4Fe-4S] clusters in 
bacterial ferredoxins. They are also within the error 
range of the potentials that were determined for the 
peptides modeling the binding sites of [4Fe-4S] 
clusters FA and FB in this work.
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