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In the green alga Chlamydomonas reinhardtii, hydrogenase
HydA1 converts protons and electrons to H2 at the H-cluster,
which includes a [4Fe� 4S] cluster linked to a [2Fe] cluster. The
yield of H2 is limited by the electron transfer to HydA1,
mediated by the iron-sulfur unit of a photosynthetic electron
transfer ferredoxin (PetF). In this study, I have investigated by
molecular dynamics and the hybrid quantum mechanics/
molecular mechanics method two canonical iron-sulfur pep-
tides (PM1 and FBM) that hold potential as PetF replacements.
Using a docking approach, I predict that the distance between
the two iron-sulfur clusters in FBM/HydA1 is shorter than in

PM1/HydA1, ensuring a greater electron transfer rate. This
finding is in line with the reported higher H2 production rates
for FBM/HydA1. I also show that the redox potential of these
peptides, and therefore their electron transfer properties, can
be changed by single-residue mutations in the secondary
coordination sphere of their cluster. In particular, I have
designed a PM1 variant that disrupts the hydrogen-bonding
network between water and the cluster, shifting the redox
potential negatively compared to PM1. These results will guide
experiments aimed at replacing PetF with peptides that can
unlock the biotechnological potential of the alga.

Introduction

Iron-sulfur enzymes are promising candidates as biocatalysts to
decarbonise our energy production.[1–5] Microalgae such as
Chlamydomonas reinhardtii use hydrogenase HydA1 (as well as
the variant HydA2) to catalyse the reduction of protons to H2

and dispose of any excess reducing power.[6–9] The reaction
occurs at the so-called H-cluster, which consists of a [4Fe� 4S]
cluster and a [2Fe] cluster (coordinated with CO, CN and
dithiolate ligands) bridged by a cysteine.[10] HydA1 receives the
electrons from a photosynthetic electron transfer ferredoxin
(PetF) containing a [2Fe� 2S] cluster where each Fe atom is
tetrahedrally coordinated to four S atoms (two from the cluster
and two from two nearby cysteines).[11] The [2Fe� 2S] cluster of
PetF typically cycles between a +2 oxidised (Fe3 +Fe3 +) and a
+1 reduced (Fe2 +Fe3 +) state, with both Fe ions antiferromag-
netically coupled.[12]

In addition to HydA1, PetF partners with other enzymes,
among which ferredoxin-NADP+ reductase,[13] nitrite
reductase[14] and ferredoxin-thioredoxin reductase,[15] in alter-
native metabolic pathways that limit the H2 production.
Solutions that re-engineer the PetF/HydA1 interface to redirect
the flow of electrons to HydA1 could then open the way to a
novel class of cellular biocatalysts. However, increasing the
affinity towards HydA1 by exploring PetF variants is challeng-

ing, as most of the PetF residues at the interface with HydA1
interact also with the competing enzymes above.[16,17] In this
scenario, the replacement of PetF with artificial proteins that
preferentially bind and donate their electrons to HydA1 appears
attractive.

Significant literature exists on the de novo design of iron-
sulfur peptides.[18–22] Antonkine et al. have successfully incorpo-
rated a [4Fe� 4S] cluster into two 16-amino acid peptide
maquettes (FAM and FBM) derived from the sequence of
Photosystem I, as confirmed by UV-vis, electron paramagnetic
resonance (EPR) and Mössbauer spectroscopies.[23] The [4Fe� 4S]
cluster can adopt either an oxidised +2 (2Fe2 + 2Fe3 +) or a
reduced +1 (3Fe2 + 1Fe3 +) state. Also in this case, antiferromag-
netic coupling between ion pairs is present. More recently,
Gunzel et al. have synthesised a 22-amino acid peptide
maquette (PM1), based on the sequence of C. reinhardtii PetF,
that contains a [2Fe� 2S] cluster.[24] While EPR and/or Mössbauer
spectroscopy evidence are not available yet, the reported UV-
vis spectra indicates cluster formation. The same authors have
shown that both FBM and PM1 are able to reduce HydA1, which
results into H2 production in vitro.[24] For in vivo applications,
however, adjustments to the peptide sequence might be
required to ensure reduction by Photosystem I of C. reinhardtii
(some evidence suggests that FBM can bind Photosystem I).[23]

Detailed knowledge of the interface is crucial to improve
the electron transfer between two biomolecules.[25] Rumpel
et al. have suggested a model of the PetF/HydA1 complex
based on docking simulations,[12] while kinetic measurements of
H2 production with several PetF and HydA1 variants[17] have
provided key information on the residues at the interface,
including the identification of mutations able to affect the H2

production.[17,26, 27]

In addition to surface complementarity, an efficient electron
transfer requires that the redox potentials of the two molecular
complexes are suitably aligned.[28] Given their large number of
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partners in nature, it is not surprising that ferredoxins can cover
a remarkable redox potential range of 0.8 V by modulating the
environment around the cluster, i. e. Fe ligands, secondary shell
and hydrogen-bond network.[29] It is therefore important to find
strategies that can fine-tune the redox potential of the de novo
designed peptide, which should ideally match that of HydA1.

Here, I combine molecular dynamics (MD) with docking
simulations to predict models of FBM and PM1 at the interface
with HydA1. I find that the FBM/HydA1 complex is particularly
suitable for an efficient electron transfer, thanks to the short
distance between the iron-sulfur clusters of the two biomole-
cules. The residues at the interface engage in a stable binding.
In addition, I introduce an amino acid mutation in the second
coordination sphere of PM1, i. e. the replacement of a leucine
with a bulkier phenylalanine, that shifts the peptide redox
potential negatively, as shown by quantum mechanics/molec-
ular mechanics (QM/MM) calculations. This approach can be
used to fine-tune the redox potential of other iron-sulfur
peptides.

Results and Discussion

Peptide Binding to Hydrogenase

During the 0.5 ns production run, 10 peptide configurations
spaced at 50 ps intervals were extracted and used as input
ligands in ZDOCK.[30] The top 10 docking predictions were
selected for each configuration, for a total of 100 peptide/
protein complexes analysed.

Figure 1 shows the histograms of the distances between the
[4Fe� 4S] cluster of HydA1 and the iron-sulfur clusters of both
peptides. All 100 PM1 geometries have an intercluster distance
(measured centre-to-centre) larger than 25 Å. Among the PM1/
HydA1 complexes with distances between 25 and 30 Å, the one
that was scored highest by ZDOCK is shown in the upper panel
of Figure 2. Similarly large distances are compatible with
electron transfer between proteins (possibly facilitated by a

hopping mechanism), as observed for example in mixed-metal
hemoglobins.[31] The FBM distribution spreads across a wider
range, extending to values as small as 7 Å. In particular, while a
large distance of 31 Å is observed in the top structure returned
by ZDOCK, the second-ranked structure features a significantly
shorter intercluster distance of 13 Å. This value is comparable to
the typical 14 Å distance found between iron-sulfur clusters
functioning as electron transfer chains in hydrogenases.[32] The
shorter distance between the redox centres of FBM/HydA1,
compared to PM1/HydA1, ensures a greater electron transfer
rate according to Marcus theory,[33] and is in line with the larger
H2 production reported in vitro.[24] Thus, the rest of this section
will focus on this FBM/HydA1 structure, which I illustrate in the
lower panel of Figure 2. It is worth noting, though, that other
configurations with lower ZDOCK scores may also contribute to
the electron transfer.

The stability of the complex was tested over 4 ns of MD,
during which the peptide remained docked to the initial pocket.
The trajectory overlay of Figure 3 shows little residue fluctua-
tions, with the exception of some rearrangement around the
cluster occurring during the first ns of equilibration.

The upper panel of Figure 4 shows that the intercluster
distance d stabilises at about 14 Å. The mid panel of Figure 4

Figure 1. Intercluster distances for the top 100 FBM/HydA1 and PM1/HydA1
complexes predicted by ZDOCK.

Figure 2. Docking structure of PM1/HydA1 (upper panel) and FBM/HydA1
(lower panel). Notice the proximity between the two clusters in FBM/HydA1.
Colour code: HydA1 – violet, PM1 – magenta, FBM – orange, Fe – pink, S –
yellow, C – cyan, N – blue.
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illustrates the root mean square deviation (RMSD) of FBM, which
measures the difference from the initial structure:

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

XN

i¼1

jriðtÞ � rið0Þj2

v
u
u
t (1)

where N is the number of atoms and ri(t) are the coordinates of
atom i at time t. It can be observed that the RMSD converges to
about 3 Å already within the first ns of trajectory. The lower
panel of Figure 4 shows the radius of gyration (Rg), which
measures the distance of the atoms from their centre of mass:

Rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
M

XN
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mijriðtÞ � rcmðtÞj2

v
u
u
t (2)

where M is the mass of the peptide and rcm the position of its
centre of mass. Oscillations of Rg are within a narrow interval of
about 0.5 Å. All trends above confirm the stability of the
predicted FBM/HydA1 interface.

Figure 5 depicts the interface corresponding to the last
snapshot of MD. While residues of HydA1 such as Thr252,
Thr253 and Gln400 are involved in important hydrogen bonds
with FBM, Lys288 is particularly crucial for the stability of the
complex. In addition to forming a hydrogen bond with Thr8, its
NH3

+ group interacts directly with a S2� ion of the [4Fe� 4S]
cluster of FBM, while also forming a salt bridge with Glu13. I
summarise all interactions occurring at a distance below 3 Å
between non-hydrogen atoms in Table 1. It is significant that
none of the HydA1 residues mentioned above are relevant for
the interface with PetF.[12]

Tuning the Redox Potential

The capability to fine-tune the redox potential of a partner
molecule is important to modulate the thermodynamic driving
force for electron transfer (see Eq. (4)). In addition, the redox
potential directly affects the electron transfer rate.[34] In this
section, I will demonstrate that shielding the iron-sulfur cluster
from water decreases its redox potential, in line with previous
studies.[34,35] I will focus on PM1, whose conformation during MD
was particularly suitable for illustrating this effect. However, this
strategy is general and could be extended to other iron-sulfur
peptides.

The upper panel of Figure 6 illustrates the last MD snapshot
of PM1 in the reduced state. While the [2Fe� 2S] cluster is
surrounded by several residues, little shielding is offered by

Figure 3. Trajectory overlay of the FBM/HydA1 complex. Colour code: HydA1
– violet, FBM – orange, Fe – pink, S – yellow.

Figure 4. Intercluster distance (d, upper panel), root mean square displace-
ment (RMSD, mid panel) and radius of gyration (Rg, lower panel) of FBM
during the 4 ns trajectory.

Figure 5. Interface of the FBM/HydA1 complex taken during the last snapshot
of MD. The most relevant residues have been labelled. Colour code: HydA1 –
violet, FBM – orange, Fe – pink, S – yellow.

Table 1. Interactions between FBM and HydA1 at a distance below 3 Å
between any two non-hydrogen atoms.

FBM
residue

HydA1
residue

Type Groups (FBM···HydA1)

Asp2 Thr252 hydrogen bond COO� ···H� O

Asp2 Thr253 hydrogen bond COO� ···H� N

Thr3 Gln400 hydrogen bond O� H···CO

Thr8 Lys288 hydrogen bond CO···H� N

Glu13 Lys288 salt bridge COO� ···NH3
+

[4Fe-4S] Lys288 ionic S2� ···NH3
+
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Leu19, and five water molecules have accessed the cluster to
form hydrogen bonds with the S2� ions. Using a O� S distance
of 3.7 Å, and a O� H� S angle of 40○ as a cutoff for the hydrogen
bond criterion,[36] 3.5 hydrogen bonds formed on average
between water and the cluster during the trajectory. Similar
conclusions can be drawn for the oxidised state, with 1.5
hydrogen bonds formed on average.

One way to lower the redox potential of iron-sulfur proteins
(by tens of mV) is by eliminating the hydrogen bonds formed
by the cluster with its surrounding residues, as this destabilises
the reduced more than the oxidised state.[34,37] I reasoned that
replacing the leucine with a bulkier amino acid such as
phenylalanine should shield more the cluster from water.
Disrupting the hydrogen-bonding network should then lower
the redox potential of the peptide. For this reason, I designed a
PM1 variant with the Leu19 to Phe19 substitution, PM1-L19F
hereafter. Structures with both +2 and +1 cluster oxidation
states were solvated and equilibrated for 1 ns, using an identical
protocol to that of the original PM1 peptide.

The bottom panel of Figure 6 illustrates the last MD
snapshot of PM1-L19F in the reduced state. As speculated, the
introduced phenyl group is effective in preventing water from
accessing the cluster (only three water molecules are now in
proximity of the cluster). In addition to the larger side chain, the
L19F mutation increases the hydrophobicity of the correspond-
ing portion of the peptide, contributing to a tighter packing
around the [2Fe� 2S] cluster. This trend is captured by the
comparison between Rg of both peptides reported in Figure 7,
which clearly indicates that PM1-L19F is more compact than

PM1. As a consequence, the average number of hydrogen
bonds formed between water and the [2Fe� 2S] cluster
decreases from 3.5 to 2.3 (about 34 %). The corresponding
change in the oxidised state is from 1.5 to 1.2 (about 20 %),
confirming that shielding the cluster from water disrupts the
hydrogen-bonding network in the reduced state more signifi-
cantly than in the oxidised. In line with these results,
inaccessibility to water destabilises the + 1 state of high-
potential iron-sulfur proteins, making the + 2/+3 couple
accessible.[29,38]

Figure 8 shows the QM/MM vertical energy gaps ΔE of PM1
and PM1-L19F, in the reduced and oxidised state, for the
selected 100 snapshots of classical MD. Energy gaps fluctuate
around an average value, confirming the systems are well
equilibrated. Some QM/MM energies were difficult to converge.
The corresponding points appear as outliers, but they do not
influence qualitatively the results. Using Eqs. (4) and (8), I
obtained a redox potential of � 0.04 V for PM1. This value is
higher than that of about � 0.4 V measured for PetF.[39] I
emphasise that the accurate calculations of redox potentials
remain a challenge. They involve a change in the total charge

Figure 6. MD snapshots of PM1 (upper panel) and PM1-L19F (lower panel)
showing all water molecules at a distance less than 3.7 Å from the [2Fe� 2S]
cluster. Colour code: PM1 – magenta, Fe – pink, S – yellow, O – red, H –
white.

Figure 7. Radius of gyration of PM1 and PM1-L19F during the MD trajectory.

Figure 8. Vertical energy gaps of PM1 and PM1-L19F in the reduced and
oxidised state.
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of the system (see subsection “Calculating the Redox Poten-
tial”), and it is well known that electrostatic interactions decay
slowly within proteins.[40] For example, the density functional
theory (DFT) calculated redox potential of ferredoxin I from
D. africanus and that of a Rieske iron-sulfur protein resulted
about 0.3 V lower than experiment.[41,42] However, the same
studies reported a high accuracy in the calculation of relative
redox potentials of different proteins or at different pH, in line
with typical errors on the order of 0.01 V,[40] making our
comparison between PM1 and PM1-L19F meaningful. For the
latter, we calculated a redox potential of � 0.08 V, i. e. 0.04 V
more negative than PM1. At this point, it is important to
consider that (i) the shift in the redox potential occurred for the
isolated peptides, but binding to HydA1 can further affect the
redox potential; (ii) the reorganisation energy could change in
the mutated peptide, affecting the rate of electron transfer,
particularly with the differences in solvent exposure and
structures shown in Figure 6. However, while we should exert
caution in the quantitative interpretation of the DFT value, the
observed shift suggests that the degree of shielding of the iron-
sulfur cluster from water could be a valuable parameter to
modulate the redox potential of these peptides.

Conclusions

I have presented a combined MD/docking investigation of the
interfaces between two well-known iron-sulfur peptides (PM1
and FBM) and HydA1 from the green alga C. reinhardtii. Both
peptides have recently been found to mimic in vitro the
electron transfer role of natural PetF proteins, which motivated
me to explore them further. Even by binding HydA1 at a
different area than PetF, FBM, at odds with PM1, is at a
favourable position for electron transfer, thanks to its stable
interaction and short intercluster distance. Another key out-
come from this study is a strategy that successfully lowers the
redox potential of PM1 (or any other iron-sulfur peptide), based
on the principle that hydrogen bonds between water and the
[2Fe� 2S] cluster stabilise the reduced more than the oxidised
state. I suggested a PM1-L19F variant that, being more hydro-
phobic than PM1, allows less water molecules to access the
cluster. While the search for novel peptides able to outperform
PetF remains open, these results are a valuable step in that
direction.

Computational Methods

Modelling the Peptide/Protein Complex

The peptide/protein complexes were modelled by the docking
programme ZDOCK,[30] using its score function to evaluate all
possible interactions of the peptides while keeping fixed the
protein. As HydA1 structures with a complete H-cluster from
C. reinhardtii are not currently available, the HydA1 used in this
study (PDB code 3lx4) includes only the [4Fe� 4S] cluster, while
presenting an open pocket in correspondence of the [2Fe] cluster.
This structure has already been used to derive a docking model for

the binding of PetF to HydA1,[12] as only minor structural adjust-
ments are expected upon enzyme maturation.[43]

Ten geometries, extracted every 50 ps of the 0.5 ns MD trajectory in
the reduced state, were used for both peptides, following the
procedure outlined below. To model PM1 (sequence PYSCRA-
GACSSCAGSGGALTCV), I inserted a SGGA loop in-between the
PYSCRAGACSSCAG and LTCV fragments of the PetF with PDB code
6kv0. The initial coordinates of FBM (sequence YDTCIGCTQCK-
PECPW) were generated by introducing the KPE loop in-between
the YDTCIGCTQC and CP (with an additional W residue) sequences
of Photosystem I with PDB code 1jb0. To create the loops,
fragments were extended with residues from the original structure
that were subsequently converted by the Mutator Plugin of VMD[44]

to the desired loop residues. Where necessary, residues were
graphically translated/rotated using VMD to enable the loop to join
the two fragments. All missing hydrogen atoms were added with
VMD. In both peptides, the iron-sulfur clusters were ligated to four
cysteines as in their protein of reference. Both a reduced and an
oxidised species of each peptide were generated, which were then
solvated in a cubic water box with a padding of 15 Å. Sodium ions
were added to ensure charge neutrality. The simulation boxes of
the reduced (oxidised) PM1 and FBM models contained respectively
10235 (10237) and 11438 (11440) atoms. Solvent and peptides
were optimised by 2000 steps of a limited memory algorithm
(LBFGS)[45] while fixing all the Cartesian coordinates of the iron-
sulfur clusters to their initial positions. Prior to the 0.5 ns production
run, the systems were equilibrated for 1 ns, which proved sufficient
to converge the RMSD of both solvated peptides.

Calculating the Redox Potential

I have calculated the standard redox potential of the iron-sulfur
clusters by using the linear response approximation (LRA) within
the thermodynamic integration method.[46–48] The standard redox
potential E○ for a reaction transferring n moles of electrons:

oxþ ne� )* red (3)

is related to the standard Gibbs free energy change ΔG○ by:

E� ¼ �
DG�

nF
� E�SHE (4)

where F is the Faraday constant and E�SHE the absolute potential of
the standard hydrogen electrode (E�SHE =4.24 V in Ref. [49]).

Under the assumption that the pV term is negligible,[50,51] G can be
replaced by the Helmholtz free energy A. At this point, the
parameter λ connecting adiabatically the oxidised (λ= 0) to the
reduced (λ=1) state is introduced and the potential energy of the
system written as function of λ:

EðlÞ ¼ lEred þ ð1 � lÞEox (5)

while also noting that:[52]

@A
@l
¼

@E
@l

� �

(6)

Making use of Eqs. (5) and (6), ΔA can be calculated by integrating
the average vertical energy gaps Ered � Eoxh i:
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DA ¼
Z 1

0
dl
@A
@l
¼

Z 1

0
dl

@E
@l

� �

¼

Z 1

0
dl Ered � Eoxh i ¼

Z 1

0
dl DEh i

(7)

In the LRA, the free energy derivative term is assumed to be linear
in λ, so that the integral can be calculated using only the initial and
final state:

DA ¼
1
2 ð DEh iredþ DEh ioxÞ (8)

where the vertical energy gaps, averaged over the configurations,
are evaluated at the geometry of the reduced and oxidised
systems.

Simulation Details

All atomistic simulations were performed with CP2K.[53] The
molecular mechanics interactions were modelled by the
CHARMM36 force field,[54] which includes a slightly modified TIP3P
water model.[55] Parameters for the iron-sulfur clusters were taken
from the work by Chang et al.[56] A cutoff radius of 12 Å was used
for all nonbonded interactions. All MD simulations were performed
in the NPT ensemble[57] at a temperature of 300 K and a pressure of
1 bar. The time step corresponded to 1 fs.

Both vertical energy gaps ΔE of Eq. (8) were calculated at the QM/
MM level by CP2K (without reoptimising geometries), using 100
configurations spaced at 5 ps intervals and obtained from the
0.5 ns MD trajectories. A similar approach has been adopted in
other studies.[58] The peptide represented the QM region that I
treated by DFT. I employed the PBE exchange-correlation
functional,[59] the DZVP-MOLOPT basis set,[60] and the GTH pseudo-
potentials proposed by Goedecker, Teter and Hutter.[61] This
combination of functional and basis set has been successfully used
in previous DFT studies of both the hydrogen-bond network of
hydrogenase[62] and the mimics of its H-cluster.[63] It balances the
accuracy and efficiency required for this work. Calculations used a
plane-wave cutoff of 400 Ry and a target accuracy for the self-
consistent field convergence of 1.0×10� 5. Electrostatic interactions
between the QM and MM regions were handled by Gaussian
expansion of the electrostatic potential (GEEP).[64] The antiferromag-
netic coupling of the Fe atoms was treated by the broken symmetry
approach implemented in CP2K, which enables the input of the
desired distribution of electrons across the alpha and beta d-
orbitals of each Fe atom. DFT energies are only marginally affected
by the antiferromagnetic coupling scheme.[65]
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