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Chapter 1

Introduction

1 Outline

The experimental results we present deal with interprotein electron transfer (ET).
Throughout this manuscript, plant photosystem I (PSI), has been used as model system
to study ET between cognate redox proteins at the single complex level, making use of
nanoprobe and non-linear spectroscopy techniques.

Chapter 1 is an introduction providing the context for the biological model system,
the experimental methods that we exploit, the theory underlying ET and a revision of
literature experimental results relevant for discussion. Introduction chapter is followed
by the objectives that will be pursued throughout the manuscript.

As a basis for further experiments, in chapter 3, we have developed a method to
unidirectionally bind PSI to gold electrodes. This system has allowed us to evaluate its
characteristic charge exchange distance and its dependence with electrodes potential.

In chapter 4, the charge exchange distance and the conductance of the complex that
PSI forms with Plastocyanin (Pc), a cognate protein in the photosynthetic electron
transport chain is characterized. In this work, we dissect the contributions of Pc structure
and of its redox cofactor to charge exchange.

The same model system is studied in chapter 5, estimating the binding probability of
the PSI-Pc transient complex and how the redox state of the partners modulates their
association.

Additionally, we have expanded the tools developed for studying ET in PSI to different
fields. In chapter 6, we present a novel non-linear electron spectroscopy technique
based on photocurrent detection (photo-electrochemical current two-dimensional
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electronic spectroscopy, PEC2DES) in collaboration with the institute of photonic
sciences (ICFO) and the chemistry department of Padova University. On the other
hand, in chapter 7, we show how photocurrent readout can be exploited to detect
analytes in a PSI based herbicide biosensor.

Finally, chapters 8,9 and 10 provides a summary of the obtained results, a comparative
discussion and the conclusions obtained from the results exposed throughout the
dissertation.

2 Model system introduction

2.1 Photosynthesis outlook
Life has been described as an autopoietic machine “a network of processes [. . . ] which
trough their interactions and transformations regenerate and realize the network of
processes (relations) that produce them”.1 In 1943, the seminal lectures of E. Schrödinger
What is Life? identified in the self-assembling process of life, evolving from order to
disorder, a decrease of the free energy of the self-replicating system. The major source of
this free energy is the Sun, which provides an entropy flux to the earth2 of 6 ·1014JK−1s−1.
As life managed to harvest and exploit sunlight, photosynthesis has powered practically
all the life on earth with an estimated global power output of 130 TW.3 Two widespread
examples evidence the huge impact of photosynthesis on a planetary scale: i) The green
colour of the earth crust, which is due to the absorption of the chlorophyll pigments
in photosynthetic complexs and ii) the presence of oxygen in the atmosphere, that was
triggered by the great oxygenation event in the Palaeozoic era due to the evolution
of photosynthetic organisms 3.4 billion years ago. In plants, algae and cyanobacteria,
oxygenic photosynthesis takes place in two stages: in light dependent reactions (figure
1), photonic excitation catalyses water oxidation (2 H2O → 4 H+ + 4 e− + O2) and
powers the photosynthetic electron transport chain. This chain shuttles electrons reducing
NADP to NADPH and simultaneously generates a proton gradient exploited for ATP
synthesis. In light independent reactions, NADPH and ATP are used to fix CO2 into
sugars in the Calvin cycle. In this manuscript I will focus on charge transport within
the light dependent reactions, specifically, the charge exchange between Pc and PSI.
Photon absorption and subsequent excitation energy transfer (EET) and charge separation
(CS) processes promoting PSI photo-oxidation are presented in section 2.6. A further
discussion on light independent reactions is out of the scope of this work. In plants and
algae, photosynthesis takes place in the chloroplast, a separated organelle with specific
DNA and ribosomes evolved from cyanobacteria in an endosymbiotic event similar
to mitochondria engulfment.4 Chloroplasts contain stacks of thylakoids membrane
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compartments that embeds the protein complexes of the photosynthetic electron transport
chain (figure 1.1).

2.2 Photosynthetic light reactions
Photosynthetic light reactions are initiated by photon absorption in photosystem II (PSII).
Photo-excited chlorophylls, embedded in the protein complex or in the accessory light
harvesting antennas, funnel excitation to the reaction centre by EET. Charge separation
takes place in the photo-excited chlorophyll special pair P680*, that transfer electrons
to an accessory plastoquinone via a pheophytin cofactor. P680+ hole is transferred
sequentially to the oxygen-evolving complex that catalyse water splitting. Plastoquinone
electron carrier diffuses throughout the thylakoid membrane shuttling electrons from
PSII to cytochrome b6f proton pump. Cytochrome b6f couples plastoquinone oxidation
to the translocation of protons from the stromal to the luminal side of the thylakoid
membrane. At the same time, cytochrome b6f reduces Pc, which shuttles electrons
between cytochrome b6f and PSI.

Figure 1.1: Light dependent reactions in photosynthesis. The protein complexes that we have employed in
this work for interprotein charge exchange are photosystem I (PSI), in green, and plastocyanin (Pc), in blue.
Pc shuttles electrons from cytochrome b6f (purple) to PSI, diffusing in the thylakoid inner medium (lumen).
PSI transports electrons from the photo-oxidable cofactor (P700 chlorophyll special pair) located in the
luminal surface to Ferredoxin (Fd, red) that binds PSI in the outer side (stroma) of the thylakoid membrane.
Please note that this figure is a cartoon representation (not to scale) of an idealized and simplified thylakoid
membrane. PSII (aquamarine) and PSI are not evenly distributed in the thylakoid membrane, and they can
be separated by hundreds of nm.

In this dissertation I focus on the ET between PSI and Pc. PSI complex is a light-driven
oxido-reductase, that is, PSI employs light excitation to transport electrons throughout
the thylakoid membrane from Pc to ferredoxin (Fd), PSI-redox partner in the stromal
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side. Fd eventually reduces Ferredoxin-NADP+ reductase, an enzyme catalysing NADP+

reduction to NADPH. Simultaneously, ATP synthase makes use of the intermembrane
proton gradient produced by cytochrome b6f to synthesize ATP from ADP and inorganic
phosphate. Fd can also reduce cytochrome b6f instead of Ferredoxin-NADP+ reductase
increasing the proton gradient across the thylakoid membrane (circular electron flow).
We have presented the electron transport chain reactions as a sequential process
to ease explanation, however we shall picture photosynthetic light reactions taking
place simultaneously, as photons don’t excite PSII and PSI sequentially. In addition,
photosynthetic organisms need to adapt to fluctuating light conditions that may produce
charge imbalance throughout the transport chain. Changes in the photon absorption
by PSI and PSII accessory light-harvesting complexes,5 their relative distance and the
circular electron flow6 are strategies of photo-protection from excessive irradiation.7 In
the following sections, a detailed description of the PSI protein complex (section 2.3), Pc
(section 2.4) and the charge exchange between Pc and PSI (section 2.5) will be provided.

2.3 Photosystem I: a ferredoxin-plastocyanin oxido-reductase
powered by light

PSI forms a trimer in cyanobacteria while in plants and red and green algae PSI is found
in monomeric form. PSI monomer is made up of two moieties, the light-harvesting
antenna (LHCI) and the core complex, PSI reaction center.8 Throughout the thesis,
the experiments are carried out with PSI-LHCI complexes, however for simplicity we
address them as PSI. Only in chapter 6, dealing with the spectroscopic features of
the photosynthetic complex, the full name is employed. The light harvesting complex
II, LHCII, associated to PSII, can bind to PSI-LHCI under fluctuating illumination
conditions to balance light harvesting.9

PSI exhibits an ellipsoidal cylinder shape with a major and minor axis diameter of 15
and 10.5 nm, respectively, and 4 nm in height.10 The supercomplex, with a mass of ~530
kDa, contains 18 subunits (figure 1.2a, 1.2b). The PsaA/PsaB heterodimer is the heart
of PSI complex, as it harbours 80 out of the 100 chlorophylls found in the reaction centre.
Among these chlorophylls, the PsaA/PsaB heterodimer harbours the P700 chlorophyll
special pair as well as the cofactors constituting the electron transport chain shown in
figure 1.2c. In the electron transport chain, electrons are rapidly transferred from the
photo-oxidized primary electron donor, P700, to the terminal electron acceptor, the iron
sulfur cluster FB, that donates electrons to Fd. The electron transport chain is formed
by: the chlorophyll special pair (P700), two additional chlorophyll pairs (A0), a pair
of phylloquinones (A1) and three iron sulphur clusters (Fx), (FA) and (FB). It has been
shown that both PsaA and PsaB participate in charge separation and ET11 with an uneven
branching ratio favouring PsaA.12 The PsaC subunit harbours the two terminal cofactors
of the electron transport chain, the pair of iron sulphur clusters, FA and final electron
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donor FB. PsaC forms, with PsaD and PsaE, a protruding domain in the stromal side of
the membrane that constitutes the binding site for Fd. In eukaryotic organisms, positively
charged residues in the N-terminal domain of the transmembrane PsaF sub-unit extends
beyond the luminal surface. N-terminal PsaF electrostatic interactions with Pc13 and
PsaA and PsaB hydrophobic interactions14 are critical to the charge exchange process
with Pc and will be discussed in more detail section 2.5.

The time scales of the cascade of events triggering PSI photo-oxidoreductase function
spam over several orders of magnitude, from photon absorption (10-15 s), EET (10-13 to
10-12 s), CS (10-12 s),15 discussed in section 2.6, to intra-protein ET (10-11-10-7s) and
inter-protein ET (10-6 to 10-3). In particular, interprotein ET rates between P700+/Pc
range between 10-6-10-3 s while ET times of 10-4 s are reported for FB

-/Fd.16 Therefore,
intra-protein ET, as well as interprotein ET are faster than the P700+/FB

- recombination,
that has a lifetime t1/2 of ~ 50 ms.17 The research presented in this manuscript focuses
on the two extreme time scales. Ultra-fast time scale (10-15 to 10-13 s) concerning
photon absorption and the onset of EET, is studied by two-dimensional electronic
spectroscopy (chapter 6). In the slow extreme, we study PSI-Pc inter-protein charge
exchange exhibiting two time scales, one associated with ET within the PSI-Pc transient
complex (10-6 to 10-5 s) and a slower phase (10-4 to 10-3 s) attributed to complex binding,
unbinding and rearrangement. The ET phase will be addressed in chapter 4 while the
binding contribution will be treated separately in chapter 5.
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Figure 1.2: PSI-LHCI structure (PDB 4XK8) bottom view showing the core units PsaA (red), PsaB (blue)
and PsaF (yellow) in the luminal side. Light harvesting sub-units, Lhca1-4 are coloured in green. (b)
Top view showing the stromal side subunits: PsaC (green), PsaD (orange) and PsaE (pink). (c) Reaction
center sub-units (PsaA, PsaB and PsaC) harbouring the cofactors constituting the electron transport chain
and their associated ET. Cofactors in the electron transport chain: P700 chlorophyll special pair (red), A0
double chlorophyll pair (green), A1 phylloquinone pair (magenta) and FX , FA and FB iron sulphur clusters
(orange Fe, yellow S). (d) Crystallographic structure of the trimer complex formed by PSI (green), Pc
(blue) and Fd (red), PDB 6ZOO.

6 Chapter 1



Introduction

2.4 Plastocyanin: soluble electron carrier between cytochrome b6f
and PSI

Plastocyanin is a type-I blue copper globular protein of 10.4 kDa. Its exhibits a β -barrel
structure conformed by eight β strands and a small α-helix. It fulfils its electron
carrier function between cytochrome b6f and PSI by changing the oxidation state of its
Cu(I)/Cu(II) cofactor. This metallic centre is located in the northern pole of the protein
near the binding site for PSI and cytochrome b6f. It is coordinated by two histidines, one
methionine, and one cysteine in a tetrahedral geometry (see figure 3).18

In early photosynthetic bacteria, the role of reducing reaction centre was fulfilled by
the heme protein cytochrome c6 (cyt c6) in figure 3. In some cyanobacteria and algae,
bioavailability of metal ions determines the expression of Pc or cyt c6, while higher plants
only express Pc. Interestingly, both proteins have converged to serve the same function
though their structure and origin are distinct (see figure 3).19 However, Pc exhibits a
precise molecular recognition with PsaF sub-unit providing finely a tuned dissociation
mechanism controlled redox state which is not present in cyt c6.19, 20

Figure 1.3: Comparison of crystallographic structure for Pcholoholo (1PLC) in red, Pcapo (2PCY) in dark
blue, Az (1AZU) in cyan and Cyt c6 (4KMG) in brown. In Pcholo and Az, the Cu atom is shiwn in orange.
In Cyt c6, the heme group is coloured in purple and the gray sphere represents a Na+ ion.

Pc forms, together with azurin (Az), a family of globular blue-copper proteins shuttling
electrons in plants and bacteria respectively.21 Pc and Az exhibit two opposing β -sheets
encapsulating a highly similar Cu binding in one pole of the structure (figure 3).22 Az
has been a model system to study redox-protein ET due to its small size, stability and
surface exposed cysteine facilitating electrode binding.23

In chapter 4, I will pay special attention to the role of the Cu metal centre in the
interprotein ET with PSI, contrasting experimental results of Pc lacking the Cu atom

7 Chapter 1



Introduction

(apo-plastocyanin, Pcapo) with the regular form (holo-plastocyanin, Pcholo). This will
allow us to tell apart the contribution to ET of the redox centre and the protein structure,
which is similar in Pcapo

24 and Pcholo (figure 3).25

2.5 Interprotein electron transfer between PSI and Pc
To transfer electrons between cytochrome b6f and PSI, Pc undergoes a redox cycle
modifying the oxidation state of its Cu centre, reduced by cyt b6f (Cu2+ + e- → Cu+)
and oxidized by PSI (Cu+ → e- + Cu2+). In both cases, Pc forms a transient complex
with the respective partner subject to a trade-off between low binding affinity (with
binding constants in the range 102-106 M-1) enabling rapid turn-over, and close distance
configuration between the redox centres (< 14 Å) that is required for rapid ET.26–28 In
PSI-Pc and cyt b6f -Pc, long-range electrostatic interactions orient the formation of an
encounter complex26 while hydrophobic interactions optimize the orientation of both
partners, as it has been described for other proteins.29 In addition, due to the distant
localization of PSI and cyt b6f in the thylakoid membrane, to shuttle charge between the
membrane bound complexes, Pc has to diffuse long distances (> 100 nm) in the crowded
thylakoid lumen.30–32

Using the transferred cross-saturation method based on NMR, the interacting residues of
labelled Pc with PSI were identified to be Gly10, Gly11, Leu12, His37, Leu62, Asn64,
Ala65, His87, Gln88, Gly89, Ala90, and Gly91 in Pc sequence (shown in dark blue in
figure 4).33 These residues form a continuous hydrophobic patch surrounding Cu ion,
however, evidences of salt bridges formation where not found.33 This reinforces the
transient nature of the PSI-Pc complex enabling high turn-over rates. PSI-Pc hydrophobic
interactions are also remarkable in the cryo-EM structure of plant PSI-Pc complex.34, 35

Previous to the release of the PSI-Pc complex structure, mutagenesis studies had already
identified PSI residues critical for ET, making use of time resolved spectroscopy. In
this technique, light flashes photo-oxidise P700 triggering PSI-Pc ET. The population
of P700+ state is then tracked by monitoring the absorption of P70014, 28, 36–38 or
photovoltage39–41 changes. Time evolution of these signals provides information on the
P700+ reduction kinetics by Pc. The evolution of P700+ population exhibits a bi-phasic
exponential decay with a fast phase (µs time scale) associated with the ET of pre-formed
complexes and a slower phase (ms time scale) associated with the transient complex
formation stage.14, 28, 36–38

Analysis of the relative amplitude of these two phases allowed to identify three groups of
residues critical for the ET process:14, 28, 36–38 i) PsaA Trp625 and PsaB Trp658 (shown
in red in figure 4), a pair of tryptophan residues located bellow P700 special pair. They
facilitate the hydrophobic interaction with Pc, thus their substitution affects the slow
binding phase and the amplitude of the fast ET phase of pre-formed complexes prior to
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flash.8, 14, 38 The results presented in chapter 3, suggest that they might play an additional
role facilitating ET with P700. ii) PsaF lysines Lys93, 96, 100, and 101 (figure 4, yellow)
participate in PSI-Pc lateral binding and notably in the release of the oxidized Pc after
ET.13, 35 On the other hand, mutations affecting these lysines do not affect the ET of the
pre-formed complex.13 iii) PsaB Glu613 (magenta) affects the orientation of the soluble
part of the N-terminal domain of PsaF containing the aforementioned lysines and thus
affecting PSI-Pc binding. The ET rates of mutant PsaB Glu-613- Lys are comparable to
PSI complexes lacking the PsaF subunit.42

Figure 1.4: PSI-Pc complex structure with Pc (blue) and PSI sub-units PsaA (pink) and PsaB (white)
and PsaF (yellow). Redox cofactors, P700 (green) and Cu atom in Pc (orange) are highlighted as well
as residues with a reported role on PSI-Pc ET: PsaA Trp625 PsaB and Trp658 (red), PsaB Glu613 (pink)
and PsaF lysines Lys93, Lys96, Lys100, Lys101 (yellow). Pc Residues interacting with PsaA and PsaB
are shown in purple and those interacting with PsaF lysines are shown in blue. Adapted from panel 1 in
chapter 4.

Transient absorption measurements were also exploited to evaluate the effect of Pc
oxidation state on ET kinetics, revealing that the dissociation constant of oxidized
plastocyanin is six times larger than its reduced counterpart.36 While these measurements
of PSI-Pc charge exchange are performed in vitro,14, 28, 36–38 the changes P700 absorbance
have also been tracked in Chlamydomonas reinhardtii mutant cells.42 PSI-Pc charge
exchange revealed that PsaA Trp-651-Ser mutation that reduced five-fold the binding
affinity of PSI-Pc in vitro, did not affect the charge exchanged measured under
physiological conditions. However, PsaB Glu-613-Lys mutants, affecting the release of
oxidized Pc significatively slows down the overall charge exchange rate in vivo.42
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2.6 Light harvesting in PSI-LHCI

Pigments in PSI-LHCI

Chromophores absorb light thanks to their molecular dipoles which have transition
energies in the visible spectra (see section 4.3). Photosynthetic chromophores are mainly
the different forms of chlorophylls and carotenoids. The exact number of identified
chlorophyll pigments is around 160, and it differs in the different available structures
from 15543 to 177.44 In the crystallographic structure of PSI-LHCI shown in figure 5,
there have been identified 155 chlorphylls (143 chlorophylls a and 12 chlorophylls b) and
35 carotenoids (26 β -carotenes, 5 luteins, and 4 violaxanthins). Thus, in PSI-LHCI, light
harvesting is carried out mainly by chlorphyll a, chlorphyll b and in a minor extent by
carotenoid pigments, that also play photoprotection role. Chlorophylls are composed by
a porphyrin ring coordinating a Mg2+ atom and a side phytyl chain. The porphyrin is a
tetrapyrrole macrocyle which cyclic geometry facilitates electronic states delocalization.
In chlorophylls, ground and excited states are formed by a linear combination of the
extended π orbitals in the cycle.45

Figure 1.5: Crystallographic structure of PSI-LHCI (PDB 4XK8) highlighting photosynthetic pigments in
green. Chlorophyll special pair P700 is shown in red. The concentric arrangement around P700 promotes
EET to the RC. Inset shows a closer view of the RC. The orientation of bulk chlorophylls (dark green),
P700 (red) and A0 chlorophylls (light blue), facilitates EET, CS and ET respectively.

It is remarkable that chlorophyll pigments in PSI can perform distinct functions making
use of the same building block,45 such as light absorption, EET, CS, and ET. These diverse
functionalities are achieved by PSI chlorophylls modifying their relative position and
orientation. Within all the chlorophylls in the complex, only the P700 special pair (red in
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figure 5) promotes CS and subsequent ET to the electron transport chain. Following CS,
A0, another chlorophyll pair dimer (blue in figure 1.5) is the primary electron acceptor
in the electron transport chain. This architecture with numerous antennas and a single
CS site strongly affects the light harvesting efficiency and the spectroscopic features of
PSI-LHCI.

Under standard sunlight irradiation, approximately one photon reaches a PSI-LHCI
complex every ms exciting a chlorophyll pigment within the complex.7 What happens
once the chlorophyll, or several chorophylls, are in an excited state? How are the
excitations in the chlorophylls transferred throughout the complex? How are they
transduced into separated charges in the reaction centre? In the following, we will
briefly introduce the different excitation decay pathways in photosynthetic pigments:
fluorescence, energy transfer, charge separation and thermal dissipation via coupling
with the vibrational modes.

Fluorescence, energy transfer and charge separation in PSI-LHCI

The fastest process (100’s fs timescale) following excitation of the chromophores is
the internal conversion from higher excited states to the first excited state. This energy
relaxation process is non-radiative and is coupled with the vibrational modes leading
to thermal dissipation. From the first excited state, excitation energy is transferred to
the neighbouring chlorophylls.46 Vibrational modes (phonons), similarly to electronic
states, are experimentally observed as absorption bands in the electromagnetic spectrum
matching their energies, that lie, in the case of nuclear vibrations, in the infra-red region.
In chlorophyll a, coupling of the electronic (optical) and vibrational modes is evidenced
by the appearance of an absorption band at ~750 cm-1 under illumination (see chapter
5).47, 48

Chlorophylls in the excited can decay to the ground state by emission of a photon. The
emission spectrum of chlorophyll is redshifted with respect to the absorption spectrum,
meaning that part of the energy has been dissipated. PSI-LHCI super complex harbours
a chlorophyll concentration around 0.5 M.15 While the excitation life-time of dilute
chlorophyll samples is ~ 6 ns, at 0.5 M concentration closely packed chlorophylls
with random orientations quench the excited state reducing its lifetime to 100 ps.49

In PSI-LHCI, chlorophylls are precisely spaced and oriented to avoid concentration
quenching, to enhance chlorophyll cross section and to promote multichromophoric
excited states allowing efficient EET to the RC.50 In particular, embedded in PSI-LHCI
complexes, chlorophyll’s fluorescence decays with a lifetime of ~2 ns,46 which suggests
that additional deexcitation pathways are contributing. Pigments transfer excitation
energy to nearby resonant pigments (that is absorbing at a similar wavelength) by
means of Förster resonance energy transfer (FRET).51 FRET is a non-radiative process
that depends on pigments dipole-dipole interaction, that decays with 6th power of
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inter-pigment distance. In addition, FRET rate depends on the fluorescence/absorption
overlap between emitter/acceptor chromophores, the fluorescence quantum yield of
the emitter and their relative orientation.51 If two or more pigments are located below
1.5 nm as it occurs in photosynthetic complexes, excitations delocalize among the
pigments, giving rise to an excitonic state that facilitates the energy transfer.52 EET is
responsible for the efficient energy transfer within antenna subunits (~0.1-1 ps timescale),
inter-subunits transfer (~10-100 ps timescale) and eventually to transfer to P700 in the
RC.15, 46, 50 Bulk-antenna chlorophylls absorption is centred at 685 nm, while chlorophyll
special pair absorbs at 700 nm, thus in the RC vicinity, energy is funnelled to P700.
However, in the antenna pigments of plants and algae chlorophylls that absorb bellow 700
nm are found. These redshifted chlorophylls, named red forms, must transfer excitonic
energy up-hill which increases the EET time.53

The overall trapping time, that is, the time required to transfer excitation to P700 and
for CS is ~20 ps for the bulk pigments in the RC, while it increases above 60 ps for
large PSI-LHCI complexes.46 As excitations must be trapped before they decay by
fluorescence, the photoconversion efficiency or quantum yield of the light harvesting
process is defined as 1-τCS/τFluo. For PSI-LHCI units with a trapping time ~ 60 ps
and fluorescence lifetime of 2 ns, the quantum yield is near unit, that is, practically all
absorbed photons are transferred to the RC. The photo-conversion efficiency is preserved
because the forward ET steps rates that follows CS outcompete the recombination rates.16

The photo-oxidized P700+ state, also known as closed state, efficiently quenches the
excitations reaching the RC by a non-physiological process that doesn´t lead to charge
separation.54 This implies that in spectroscopic experiments, the excitation rate must be
lower than the rate of P700+ reduction to open state.

The above described EET processes in photosynthetic complexes are studied by means
of pump-probe spectroscopy, that employs short (< 100 fs) laser pulses to excite (pump
pulse) the chromophores in the complex. Following excitation, absorption or fluorescence
spectra is recorded (probe pulse) after a precisely controlled time delay τ , ranging from
100’s fs to ns timescale.45 Upon excitation, differences in the absorption spectra with
respect to non-previously irradiated samples exhibit wavelength-dependent dynamics.
These differences in the spectra and their associated kinetics are due to: i) the depletion
of the ground state by the pump pulse (photobleaching), ii) stimulated emission of the
excited states, and iii) absorption of the excited states. In pump probe experiments, the
CS is indirectly measured as a decrease in the absorption at ~700 nm associated to the
chlorophyll special pair P700.

Alternatively, direct evidence of the population of CS states in the sample effectively
leading to interprotein ET can be measured probing the concentration changes of PSI
redox partners (natural or artificial) upon illumination. In an electrochemical set-up (see
section 3.4), concentration changes of redox species give rise to a photo-electrochemical
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currents associated to the population of P700+/Fb
- state. Photo-electrochemical current

spectroscopy allows to determine whether absorption bands lead to charge separation.
This is particularly useful to probe novel artificial photosynthetic complexes based on
the self-assembly of molecular catalyst,55 protein maquettes,56, 57 addition of artificial
dyes to light harvesting complexes,58, 59 or the assembly chimeras formed by plant and
bacterial light harvesting complexes60 extending their absorption band. In the latter, the
photocurrent action spectra were recorded to compute the external quantum efficiency
(number of charges per incident photon).60

3 Experimental methods

In the following sections, relevant features of two nanoprobe techniques, key for the
experiments developed throughout this manuscript are presented, electrochemical
scanning tunnel microscopy and spectroscopy (EC-STM, EC-TS), employed in
chapters 3,4, and atomic force microscopy (AFM), in all experimental chapters
and single molecule force spectroscopy (AFM-SMFS) used in chapter 5. We will
also briefly introduce potentiostat assisted measurements, cyclic voltammetry (used in
chapters 3,4,7) and fast chrono-amperometry photocurrent measurements employed
in chapters 6 and 5. In addition, we will present the bioengineering techniques that
we exploit to immobilize PSI and Pc in gold substrates allowing bulk, single protein
and single protein pair experiments. Eventually, we will provide an introduction for
non-expert readers to ease interpretation of two-dimensional electronic spectroscopy
(2DES) maps issued from photo-electrochemical current PEC2DES measurements in
chapter 6.

3.1 Introduction to nanoprobe techniques
Imaging nanometric objects like proteins with visible light is unfeasible due to the
diffraction-limited resolution of visible light (400-700 nm). Photons with shorter
wavelengths, used in X-ray diffraction of protein crystals, or electrons used in
Cryo-electron microscopy,61 have revolutionized our understanding of protein structure,
with over 200.000 (and counting) available structures in the protein data bank. Diffraction
of protein crystals or electron density maps of nitrogen frozen protein samples
provide a valuable snapshot of the protein architecture, however in vitro experiments
measuring protein functionality (i.e. enzymatic activity, binding to other proteins or
compounds, charge exchange) are not accessible with X-ray and are very limited in
cryo-electron microscopy. Protein activity is characterized with bulk techniques as
protein electrochemistry (see section 5.1.2), confocal fluorescence spectroscopy,62–64

Raman,65, 66 FTIR67 averaging protein behaviour over a large ensemble. Combining the
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best of two worlds, nanoprobe techniques are able to measure protein functionality and
interact with proteins at the single (or few) protein level.

Scanning probe techniques, invented by Binnig and Rohrer in 1981,68 allow to image
nanometric size objects overcoming the limitation of diffraction limit. They operate
finely positioning a probe that measures a physical scalar magnitude. Scanning the probe
over the raster area, the values measured by the probe at each pixel are translated into an
image. This versatile concept is behind a family of experimental set-ups probing different
magnitudes: electrochemical current (ECSM), voltage (SVM), near electromagnetic
field (SNOM), tunnel current (STM) and force (AFM). Atomic force microscopy (AFM)
based techniques are as diverse as the nature of the force to be probed: chemical force
(CFM), electrostatic force (EFM), magnetic force (MFM), kelvin probe (KPGM). In
addition to the enhanced resolution w.r.t. optical techniques, nano-probe techniques
allow to perturb and interact with samples at the single molecule level. In particular, we
exploit nano-positioning capabilities of nano-probe techniques to force the interaction of
the PSI-Pc cognate pair controlling their relative orientation, distance and redox state.
This will allow us to characterize the charge exchange and the binding of PSI-Pc at the
single protein pair level.

3.2 Atomic force microscopy and spectroscopy
In atomic force microscopy, the probed magnitude is the force felt by a sharp tip located at
the end of a flexible cantilever. In elastic regime, the cantilever deflection is proportional
to the force exerted on the tip (Hooke’s Law). Thus, knowing the cantilever spring
constant, the force at the probe tip can be monitored tracking the position of a laser
beam reflecting on the cantilever back surface. The beam deflection is monitored by
photodiode array, that transduces, via a differential amplifier, the relative incident beam
power into a voltage signal that is proportional to the force.69
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Figure 1.6: Scheme of AFM working principle. Force on the tip (F) deflects the flexible cantilever yielding
a linear deformation (∆x). Cantilever deflection is tracked with a laser beam pointing at the cantilever back
surface that reflects the incident beam to a photodiode detector. The cantilever deflection proportional to
the force between the sample and the tip (due to irregularities in the sample morphology or tip substrate
adhesion or repulsion events) is transduced in the photodiode detector.

As in other scanning probe techniques, the cantilever is controlled by a piezo-electric
material allowing nanometric positioning of the probe. Via an electronic feedback-loop
between the piezo signal controlling the z-axis position (perpendicular to sample plane)
and the detected force, the latter is kept constant to a set value. This feedback control
allows to safely scan produce a raster the sample scanning the cantilever in x-y directions
to produce topographic images. Through this manuscript, AFM scans have been used
to characterize the tethering of PSI complexes to gold electrodes (chapters 3,6 and 7).
Imaging parameters and probes employed are specified in the supplementary information
of the respective chapters.

In force spectroscopy mode, the forces exerted on the AFM tip are monitored as the
cantilever is approached to the substrate up to reaching a set-force.69, 70 After reaching
this force, the probe is retracted, recording approach and retreat force vs. distance curves.
In the absence of adhesion or indentation, approach and retreat curves exhibit a similar
profile, with a negligible force prior to contact and a force proportional to distance upon
contact due to elastic deformation of the cantilever (blue curve in figure 7). When probe
and substrate are functionalized with complementary molecules, complex formation is
evidenced by force spectroscopy retraction curves as the adhesive forces pulls the tip
(stage 4 in figure 7). Complex unbinding (rupture) produces a sudden decrease of the
adhesion force (stage 4 to 5 in figure 7).

To distinguish specific PSI/Pc binding from unspecific probe substrate binding events, Pc
is grafted to the AFM tip via a flexible polymer linker (polyethylene glycol, n= 27 with a
length ~ 8 nm). This allows to discard most of unspecific binding events. In addition, the
linker confers further degrees of freedom with respect to direct functionalization of the
probe, increasing binding probability.70
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The experimental observable of the PSI/Pc that we obtain from SMFS experiment is the
binding probability, computed as the ratio of curves displaying specific binding events
over the total number of curves. In curves displaying unbinding events, the unbinding
force and the rupture distance are obtained.

Figure 1.7: Diagram representing the SMFS experiment. In the approach curve (blue) no force is detected
(1) until the probe reaches the rigid substrate resulting in a linear deflection of the cantilever (2) up to the
set-point force. If there is no adhesion between the probe and the substrate a similar force-distance trace is
expected for the retreat curve. If an adhesion event takes place, a negative force due to probe pulling is
observed. An abrupt jump in the force back to zero is observed upon rupture. Specific binding events are
expected at rupture distances around the linker molecule length.
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3.3 Scanning Tunnelling Microscopy
In STM, the probed physical magnitude is the electric current resulting from the flow
of tunnelling electrons between an electrode pair separated a few nm. The tunnel effect
is a quantum process in which electrons, due to their wave-like nature, can overcome a
potential barrier “passing through” it, that is, tunnelling through it. Tunnelling probability
depends on the overlap of the initial and the final state electron wavefunctions with the
potential barrier. This means that the typical length of this process is intimately related to
the spatial spam of the electron wavefunction along the electrode pair gap. In the initial
and final states, the electron occupies the highest energy states of the band structure
of the electrodes (Fermi level). With respect to the potential barrier, it is set by the
vacuum, electrolyte, organic molecule or, in our case, protein filling the gap between the
electrodes.71

Figure 1.8: Scheme depicting the working principle of ECSTM. The sample electrode is held at
USample potential with respect to the reference electrode (RE) by the potentiostat control loop. To
this potential, an additional potential UBias with respect to the probe electrode (set to ground) is
added. The probe electrode current is transduced to a voltage signal by a pre-amplifier placed in
proximity of the probe to minimize noise. Transduced signal is sent to the control board where a
proportional-differential-integrative control system regulates the probe position. This feedback system
controls position sending a high voltage signal to the piezo-electric tube in the microscope scanner that
moves the probe with sub-nanometric precision. In the left side, the fermi energy of the probe and sample
electrodes and their difference (UBias) is depicted in red. In purple, a simplified model for the electron
wave function associated to the red potential is depicted (see theory section 4.2.2 for more details). The
resulting current (green trace), decays exponentially as the amplitude of the electron wave function decays.

The energy difference between electrodes, UBias, drives the tunnel current. If the
electrodes were isoenergetic, electrons would tunnel through the potential barrier,
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however the tunnelling probability would be symmetric resulting in a null current. The
bias potential is defined as UBias = UProbe - USample and its sign sets the electron flow
direction and thus the current sign. For instance, for UProbe > USample electrons flow from
the sample to the probe electrode and the resulting tunnelling current is negative. To
describe tunnel current, a first approximation is to model the potential barrier between
sample and probe electrodes as a square potential. Solving Schrödinger equation for
this potential (red curve in figure 8), results in exponentially decaying wavefunction in
the gap (purple curve in figure 8). Accordingly, the tunnel current decays exponentially
with the gap distance I ∝ e -β z (green curve in figure 8) with a decaying constant β with
inverse length units, usually expressed in Å-1 or nm-1. ECSTM current modelling is
further discussed in the theory section. From an experimental point of view, we must
keep in mind two concepts: current decays exponentially with distance and the distance
decay constant β is related to the potential barrier between the electrodes.

A partial-derivative-integrative feedback loop controls the piezo-electric transducer
signal setting z axis position (perpendicular to the electrode plane) at a distance such
that the current equals a set-point value (figure 9). As x,y axis position is scanned,
the control signal that is sent to the z-piezo to keep the tunnel current constant is
mapped into an color-scale image. The apparent height represents a convolution of the
sample topography and its conductivity (figure 9). In addition, the resolution of the
resulting scan depends also on the probe geometry that convolutes the apparent height
features with its shape (see figure 9). To achieve reproducible sharp probes and enhance
resolution, an electrochemical etching probe preparation procedure was developed
in the group.72 Sample electrode roughness is also critical, therefore mono-crystal
electrodes in which the bulk material preserves the crystallographic unit cell orientation
are employed. Throughout the manuscript, all STM experiments have been performed
with gold monocrystals with [111] orientation (Au[111]).

To mimic physiological conditions, proteins are immersed in an electrolytic buffer
solution. Applying voltages to electrodes inside an electrolyte solution give rise to
electrochemical (faradaic) currents that mask the tunnel current. In addition, current
flow through the sample electrode might alter its surface potential, losing control on the
effective bias potential. Therefore, to work in aqueous solution, the STM set up needs to
incorporate a bi-potentiostat that fixes probe and sample potential. In electrochemical
STM (ECTSM), the potential is controlled with respect to the reference electrode
(the working principles of potentiostat are provided in section 3.4). The reference
electrode allows to set a common ground for electrons energy in the electrodes and their
electrochemical potential, making a bridge between solid state electrode Fermi energy
and molecular orbitals redox potential. In addition to the reference electrode, ECSTM
electrochemical cell counts with a counter or auxiliary electrode to allow the current
flow through the sample electrode without altering reference electrode potential. As
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potential is applied, faradaic currents appear on the sample electrode due to the charge
flow between sample and counter electrode. If faradaic currents flow through the probe
electrode, they mask tunnel currents which are several orders of magnitude smaller. To
prevent (or at least minimize) faradaic currents, probes are coated with an insulating
material: electrophoretic paint,72 cataphoretic paint,73 epoxy,74 nail varnish,75 or the
thermo-retractile apiezon wax.76 Probe coating defects result in faradaic or leakage
currents. Large leakage currents make ECSTM experiments unviable, in which case, the
probe is discarded. However, small defects might lead to leakage currents that are in the
same order of magnitude of tunnelling currents resulting in a possible source of artifacts.

Figure 1.9: Scheme of STM imaging mode. The feedback mechanism control the piezo-electric transducer
voltage to set probe position at a tunnelling distance yielding the set-point current. Irregularities in the
sample morphology are translated into the piezo-electric signal to keep current at the set-point level.
For instance, a bump in the electrode surface leads to probe retraction. For an ideal flat sample with
inhomogeneous conductivity regions, the probe is approached in a decreased conductivity region and
retracted in an enhanced conductivity region. The apparent height is thus a convolution of the sample
morphology and conductivity. In addition, the sample apparent height is convoluted by the probe shape.

ECSTM allows scanning single proteins absorbed on planar electrodes in buffer solution
(see section 5.2, literature experimental results). Reported lateral sizes of Az,77 Pc,78

ferrodoxine,79 to cite some, are in agreement with the size predicted by crystallographic
structures.80 ECSTM measured apparent heights are, however, about tenfold lower than
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the crystallographic size, due to the smaller conductance (with respect to electrode) of the
proteins.80 Interestingly, the apparent height of such redox proteins is modulated by the
electrode potential as a result of protein conductance gating.77, 81 ECSTM scans of redox
proteins reveal an enhanced apparent height as the electrode Fermi energy aligns with
the potential of the redox centres in the protein (see sections 4.2.7 and 5.2.2). To ease
protein size characterization and thus increase the number of analysed complexes (up to
N~300), we automated a 2D-fit routine (described in the supplementary information in
chapter 3) that we apply to the ECSTM apparent height maps.

The tunnel current can also be exploited in spectroscopic mode. In absence of
feedback control, the applied voltage (current-voltage spectroscopy) or the distance
(current-distance spectroscopy) between the electrodes is ramped to record characteristic
I(v) or I(z) curves, respectively.82 Also lacking feedback control, time traces of tunnel
current between the electrodes can be recorded. If the electrodes are functionalized with
molecules, they might form transitory junctions giving rise to conductance bursts and/or
jumps, giving rise to telegraphic noise features (“blinking” mode).83 A variation of these
methods, somehow combining both techniques, is the “break-junction” method,84 in
which the probe is brought to contact with the sample electrode and then retracted. As it is
retracted, the adsorption of molecules between the two electrodes (the tunnelling junction)
is favoured resulting in current plateaux revealing the conductance of a protein junction.
In this work, we have not employed break-junction methodology for PSI-Pc experiments
to avoid damaging the probe functionalized with Pc. In the following sections we discuss
technical aspects of the ECSTM based techniques that we have employed with PSI and
PSI-Pc systems, namely current-distance spectroscopy and blinking.

STM Current-distance spectroscopy

A schematic representation of an I(z) curve is shown in figure 10. Departing from the
set-point current, the ECSTM probe is retracted in the direction perpendicular to the
electrode plane. The I(z) curves show a two-range exponential decay, with lower β

values (β 1) at close probe-sample distance and a long-distance regime with higher β

values (β 2). This two-regime decay has been reported in electrodes functionalized with
protein85 and DNA86 and was identified with double layer charge screening regions in
experiments with different salt concentrations.87 It has been suggested that the lower β

values found at short range are due to the lowering of the effective tunnel barrier height
by the double layer.88 To avoid this potential artifact and to avoid protein squeezing,80

in the experiments reported in chapters 3-4, we work at a low set-point current (300 pA
for UBias =100 mV, that is a set-point conductance of 0.3 Gω) and thus minimize double
layer effects.
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Figure 1.10: Scheme depicting current-distance spectroscopy. The STM probe is retracted from the
set-point current distance for a defined distance in the direction perpendicular to the electrode plane (Z) in
absence of positioning feedback control. After that, the probe is approached back to the sample electrode
the same distance and the feedback control is re-established. In this manuscript we focus only on retraction
curves. Current-distance curves follow a two-regime exponential decay. The first regime, spanning from
the set-point current to the regime change cross-point (z0), is fit with an exponential function with a decay
constant β 1. This regime is associated to the electric double layer formed in the vicinity of the sample
electrode. The second regime, fit with an exponential decay constant β 2 extends until the tunnel signal is
masked by faradaic current due to probe insulation defects.

Leakages currents have to be minimized to avoid affecting the measured β values. In
our experiments, leakage currents is always monitored and probes with leakages above
a threshold set at ~ 8 pA are discarded. To estimate leakage currents, we measure the
offset current of the probe in a distant location from the sample electrode (z > 1 µm)
and subtract the background noise and electronic noise at the experimental conditions.
To do so, the current offset of a thoroughly insulated probe is used to define the noise
level. The cyclic voltammogram of such probe is completely flat, in contrast to a poorly
insulated probe that exhibits capacitive load currents as the voltage is swept (figure
11). Interestingly, poorly insulated Au probes coated with Pc proteins exhibit a cyclic
voltammogram similar to bulk measurements in Au electrodes functionalized with Pc.
While these defective probes are not suitable for imaging or spectroscopic experiments,
they validate Pc functionalization protocol on Au probes (see section 3.6. for more
details).

To define the leakage threshold level in 8 pA, we have represented 1/β vs the leakage
currents of I(z) curves recorded with N=30 different probes. For leakage values below ~ 8
pA, the typical charge exchange distance 1/β is not related to the leakage values (Pearson
correlation coefficient r = 0.15). However, for probes with coating defects yielding
leakage current > 8 pA, 1/β and leakage current are correlated (Pearson correlation
coefficient r = 0.91). I consider the 8 pA criteria for discarding probes to be sufficient to
avoid experimental artifacts.
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Figure 1.11: (a) Cyclic voltammetry performed with different probes immersed in the ECSTM
electrochemical cell with working buffer (PBS 50 mM pH 7.4). The blue trace is recorded with a
probe functionalized Pc-SH mutants displaying oxidation/reduction peaks. The leak-current of this probe
prevents its use for tunnel spectroscopy measurements. The current of the different traces (black, green,
yellow and red) are associated with the quality of the probe insulation. The inset shows a flat cyclic
voltammogram of a perfectly insulated probe (red trace). (b) Leakage/β correlation is obtained plotting
the average β value for a set of 1000 I(z) curves recorded for N=30 probes with different insulation and
thus leakage current level. Below 8 pA no correlation is observed between the leakage current and the
current decay constant β

To analyse large datasets (N~104), an automated double exponential fit routine for I(z)
curves has been implemented (see supplementary information in chapter 3). In chapters
2-3, we report β value for the distant regime, however the close-distance regime and
the cross-point between regimes is also provided in their respective supplementary
information sections.

In the experiments presented in this manuscript, we have characterized the tunnel decay
constant β of the charge exchange process mediated by the proteins bound to the sample,
probe or both electrodes. I note that, despite being closely related and noted with the
same symbol (β ), the tunnel current decay constant determined experimentally is not
equivalent to the distance decay constant that is present in protein electron transfer
formalism (see section 4.2) related to the electronic coupling between donor and acceptor
molecular orbitals of the proteins.
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STM Blinking experiments

In blinking experiments, the evolution of the tunnel current between the probe and
sample electrodes is recorded as the probe is freed from positioning control. Probe
drifts due to mechanical instabilities (see below) and thermal drifts produce shifts in
the electrodes gap. The range of these fluctuations is delimited by the physical contact
of the electrodes (or the saturation of the tunnel current pre-amplifier) and on the other
extreme by the detection limit of the tunnel current due to the pre-amplifier noise and the
leakage currents. If the probe is properly fixed to the instrument head, and the ambient
vibrations are damped, the probe can remain within the tunnelling range from a fraction
of a second up to several minutes. For instance, in the blinking experiments of PSI-Pc
samples shown in chapter 4, the current was recorded for 3 s with a time step of 10
µs. If the gap between probe and sample is transiently occupied by a molecule, the
conductance of the gap will be modified resulting in a sudden increase of the current (see
figure 12). The random and transient nature of the junction result in a telegraphic noise
like signal that switches between two or more levels. Telegraphic noise signals are also
observed in the conductance of ionic channels,89 or in transistors where defects produce
local states where charges are trapped.90 Mathematically, these systems are described
as a Markovian process because the probability of remaining in a state is independent
of the previous state. This implies that the probability of finding the system in a given
state, in this chase the high conductance state that we associate with the formation of the
PSI/Pc complex, decays exponentially with the blink duration. The typical blink duration
provides information about the PSI/Pc binding kinetics.

Figure 1.12: Scheme of the blinking experiment. In spontaneous formation of protein tunnelling junctions,
the protein functionalized in the probe, sample or both electrodes contacts the two electrodes simultaneously.
This result in a sudden increase of the current, which for a fixed bias voltage, is proportional to the
conductivity. The current results in a telegraphic noise like signal, with current “blinks” associated to the
junction formation. In this experiment two magnitudes are measured, the amplitude of the blink and its
duration.

As the probe positioning feed-back control is not operating in the blinking experiment,
the set-up is extremely sensitive to mechanical and acoustic perturbations. To minimize
such effects, we designed and built an anti-vibratory system (Figure 14) composed by a
heavy mass (~950 kg) that is hanged by three low elastic constant springs (~1.7 kN·m-1).
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The resulting mechanical system has a resonance frequency of ~ 0.3 Hz (blue trace in
figure 13) and efficiently damps the laboratory resonant frequencies (black trace) of
11 Hz and 110 Hz by two orders of magnitude. In addition, the electrochemical cell
is placed in an air-tight container inside a thick rubber enclosure to minimize acoustic
noise.

Figure 1.13: Vibration analysis comparing the building floor (black trace) with the passive mechanical
anti-vibratory system (blue trace). Measurements were carried out by the applied geophysics service of
Universitat Politècnica de Catalunya.

Additional details of ECSTM experiments

The experimental ECSTM set-up employed in chapters 3-4 is constituted by a PicoStat
ECSTM head and a bi-potentiostat (Molecular Imaging), controlled by a Dulcinea
electronic board (Nanotec). Tunnel current pre-amplifier located in close proximity of
the probe holder in the piezo-electric head is set to an amplification of 10 V·nA-1 for
current decay spectroscopy and 1 V·nA-1 for imaging and blinking experiments. The
instrument interface is supported by WSxM software.91 In addition to WSxM, the tunnel
current is monitored with a TI board, and a custom LabVIEW software used to record
blinking events.
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Figure 1.14: Molecular Imaging head holding ECSTM scanner (Agilent Technologies) with a pre-amplifier
of 10 V·nA-1, (2) air-tight container for electrochemical cel,l (3) Picostat bi-potentiostat (Molecular
Imaging), (4) electronic board/potentiostat interface (Nanotec), (5) Dulcinea control unit electronics
board (Nanotec), (6) PC with integrated electronic board for Dulcinea electronics commanded by WsXM
software (Nanotec), (7) acquisition card for external current monitoring, (8) LabVIEW program current
monitoring and blinking data recordings, (9) mass and (10) springs for the passive anti-vibratory system,
(11) rubber enclosure for acoustic vibrations damping. Inset: Electrochemical cell with sample electrode
(SE) Au[111] monocrsytal, counter electrode (CE) Pt wire and reference electrode (RE) silver/silver
chloride (SSC) miniaturized low-leakage reference electrode (World Precision Instruments).

3.4 Electrochemical Measurements
A potentiostat is an electronic device that allows setting the electrochemical potential
of an electrode immersed in an electrolyte solution with respect to a reference
electrode. By applying the set potential, current flows through the electrode is
established. The potentiostat allows to measure this current flow as a fixed potential
is applied (Chronoamperometry) or as the applied potential is swept (linear and cyclic
voltammetry).92 All electrochemical measurements shown in this manuscript have been
performed with an Autolab PGSTAT302N potentiostat (Metrohm).

The applied potential brings the electrode/electrolyte interface out of equilibrium allowing
to catalyze redox reactions with molecules present in the electrolyte or tethered to the
electrode. The resulting currents are directly related to the ET process with the electrode.
In addition, capacitive currents due to the formation of the double-layer in the interface,
the diffusion process in the case of dissolved molecules and the absorption of ions in
the electrode, also contribute to the measured current. For the currents associated with
ET processes, positive currents are due to an electron flow from the electrode to the
species in the electrolyte, while negative currents arise when electrons are injected into
the electrode.

In our work, bulk electrochemical measurements are performed in a three-electrode
electrochemical cell adapted to the ECSTM. This configuration allows to directly transfer
samples evaluated by bulk electrochemistry to the ECSTM set-up. For example, in
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chapter 3, PSI activity was verified evaluating the bulk photo-current output of the
PSI complexes bound to the Au[111] electrode, afterwards, the same PSI-Au sample
electrode was characterized in ECSTM. The electrochemical set-up is composed by:

i) Working or sample electrode. The potentiostat controls the electrochemical
potential at this electrode, which is functionalized with protein samples, PSI
or Pc (see protein immobilization, section 3.6). All electrochemical measurements
in this manuscript are performed on Au[111] electrodes unless otherwise stated.
The electrode active area is delimited by an o-ring exposing a surface of 0.12 cm2.

ii) Reference electrode is a silver wire coated with a silver chloride layer immersed
in KCl solution 1 M, separated from the electrolyte solution by a low-leakage
frit. A very high input impedance in the potentiostat prevent current flow through
the reference electrode making the electrochemical potential at the reference
electrode constant (+235 mV w.r.t standard hydrogen electrode). We make use of
a miniaturized ultra-low leakage electrode (world precision instruments) adapted
to the geometry of the STM set-up.

iii) Counter or auxiliary electrode, a Pt-Ir coil that “closes” the electrochemical “circuit”
allowing the current flow. For instance, if oxidation is taking place at the working
electrode, reduction takes place at the counter electrode satisfying the charge
balance. In the counter electrode, a potential is applied such that the potential
drop between the working electrode and the reference electrode matches the set
potential.

The three-electrode system is contained in a teflon (polytetrafluoroethylene) vessel of
200 µl volume that is cleaned in piranha solution (~30/70 % vol H2O2/H2SO4) before
each use (caution! piranha solution must be handle with care).

In chapters 6 and 7, disposable screen-printed electrodes (Autr10 - Metrohm/Dropsens)
are employed. The working electrode is made of a thin (< 100 nm) gold sputtered
layer, making it transparent to visible light. The counter (carbon) and pseudo-reference
(silver) electrodes are integrated in the same chip. This configuration is highly versatile,
facilitating the integration of the electrochemical set-up into the 2-dimensional electronic
spectroscopy set-up. Electrode transparency allows irradiation of the samples from the
bottom, that is, light hits PSI samples before passing through the electrolyte making
the readout less sensitive to electrolyte absorption. In addition, their disposable nature
facilitates sample preparation and enhances reproducibility. I have designed a custom
electrochemical cell and a cell-holder for screen-printed electrodes to facilitate the
combination of spectroscopic and electrochemical set-ups (chapter 6). In the following
sections, I describe the electrochemical techniques used in this manuscript to study the
electrochemical response and the photocatalytic activity of Pc and PSI.
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Cyclic Voltammetry

In cyclic voltammetry, the sample potential is swept between two values (vertex
potentials) for several cycles. Current flowing through the electrode is recorded and
plotted versus the applied potential, resulting in a cyclic voltammogram (see figure 15).
Characteristic peaks in the current are associated with redox reactions, which ET kinetics
depend on the electrode potential. Reduction of the solvent or absorbed molecules
is associated with positive current peaks. As the electrode supplies electrons for the
reduction reaction (that is, it works as a cathode) the electron flow is negative, and thus
the current is positive. Complementarily, oxidation of the solvent or absorbed species
yields a negative current peak. The mid-point between reduction and oxidation peaks
represents the formal potential of the interrogated redox species. At this potential the
reduction and oxidation reactions take place at an equal rate. An example of cyclic
voltammetry adapted from results in chapter 7 is shown in Figure 15.

Figure 1.15: Typical CV exhibiting oxidation/reduction peaks. For this example, the redox mediator
methyl viologen (MV+/MV2+) is employed (125 mM) in N2 purged PBS buffer (pH 7.4 50 mM) to
eliminate dissolved O2. Redox mediator reduction MV2+ + e-à MV+ yields a positive peak. Negative peak
is associated with redox mediator oxidation MV+ MV2+ + e-. The redox mid-point is indicated with a
dashed line between the redox peaks marked with black arrows.

Fast photo-chronoamperometry

In chrono-amperometric measurements, the current flow through the sample electrode
is recorded at a constant working electrode potential. Following the application of
the potential, a current transient is observed while the ions forming the double layer
and the redox reactions with the electrode reach a new stationary state imposed by the
set potential. After this transitory regime, the current is constant.92 We make use of
chrono-amperometry to study the photo-catalytic activity of PSI complexes bound to
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gold electrodes. Upon irradiation, PSI complexes are brought to a long-lived charge
separated state with P700+ oxidized and FB

- reduced. Charge exchange with these PSI
redox cofactors results in a photo-electrochemical current or simply photocurrent. An
example of such recorded photocurrent is shown in Figure 16. Photocurrent is due to the
PSI photo-catalytic activity, because the photocurrent action spectrum is proportional to
the PSI absorption spectrum as we demonstrate in chapters 6 and 7 (we refer to these
chapters for further details).

The photocurrent response of the PSI bound electrode depends on: i) The amount
of PSI complexes in the sample, conditioned by the method used to bind to the
electrode. An estimation of the number of PSI complexes on the electrode based on AFM
characterization is provided in chapter 6. ii) The light power supplied to the sample,
that is, the rate of photons striking PSI complexes. iii) The reactivity and concentration
redox mediators used to scavenge charges form PSI redox cofactors. Redox mediators
are compounds with electrochemical activity that are dissolved in the electrolyte solution
and can mediate the charge exchange between PSI redox cofactors and the electrode,
undergoing reversible redox reactions. Redox mediators are further discussed in section
3.4.3.

Figure 1.16: Photo-current response of PSI samples bound to Au electrodes. Typical photo-chrono
amperometry recorded at -100 mV/SSC. Keeping the sample electrode voltage constant, the electrode is
irradiated with 690 nm light (see sample irradiation section 3.7 for details) in 4 s on/off cycles (red/white
shaded area).

Photocurrent measurements optimization for photo-electrochemical current
two-dimensional spectroscopy (PEC2DES) have been technically challenging as
they require a fast electrochemical response (< ms) and thus a high sampling rate (~
100 kHz), and at the same time sufficient signal-to-noise ratio allowing to detect second

28 Chapter 1



Introduction

order (non-linear) features of the signal. However, the sensitivity and the bandwidth of a
potentiostat are related. To optimize the bottlenecks and trade-offs of the technique we
must understand potentiostat operation requirements:

i) Current must not flow through the reference electrode. This is achieved by a
voltage follower circuit based on high input impedance operational amplifier. This
allows to read the reference electrode potential with a negligible current flow
through it.

ii) The pontentiostat must furnish a potential to the counter electrode such that the
potential drop between the working and reference electrodes equals the set potential.
This is achieved by the control amplifier that has as inputs the output of the voltage
follower and the set potential. The output of the control amplifier drives the voltage
at the counter electrode. The control amplifier has a bandwidth of 100 kHz, that is,
the minimal time step that can be recorded in these electrochemical experiments is
10 µs.

iii) The output current must be converted into a voltage signal in a current follower
circuit. The current/voltage conversion follows the Ohm law V=RI. For example,
to keep the signal in the voltage range, a resistor of 109 Ω is used for following
currents in the nA range. However, the bandwidth of the current follower decreases
with the sensing resistance (Rrange in Figure 17). For instance, the bandwidth of
the PGSTAT302N for a current range of 1 µA (the appropriate current range for
the typical current that we obtain) is 10 kHz. To equal the controller amplifier
bandwidth of 100 kHz, we should work in the 10 µA current range, however this
diminishes a tenfold the voltage output of the current follower impoverishing the
signal to noise ratio. If the current was smaller than the µA range, measurements
in kHz repetition rate would not be possible.
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Figure 1.17: Potentiostat basic scheme. The electrochemical cell, represented in light blue, is formed
by the counter electrode (CE), reference electrode (RE) and sample or working electrode (WE). The
output current is converted to voltage signal by the voltage follower circuit (blue). The current range and
associated bandwidth is set by the Rrange resistor (green). The voltage in the reference electrode is read by
the voltage follower amplifier (gray). This counts with a very high input impedance to prevent the current
flow through the reference electrode. The control amplifier (orange) sets a driving voltage to the counter
electrode such that the voltage drop between the reference and working electrode equals the set potential.
For relatively high current ranges (> 10 µA) the instrument bandwidth is limited by the control amplifier
system.

Redox mediators

In experiments with PSI functionalized electrodes, in order to generate current, the
photo-generated charges must be transferred to the electrodes. It has been proposed that
for PSI complexes bound to the electrode, nearby cofactors can directly transfer charge to
the electrode.93 Different PSI functionalization methods place P700 or FB redox centres
in the vicinity of the electrode surface. Soluble redox mediators indirectly transfer the
photo-generated charges to the electrode increasing the photocurrent. First of all, unless
the electrolyte solution is purged, dissolved O2 is present in the electrolyte. Though
O2 is not a reversible redox mediator, it can uptake high-energy electrons from reduced
FB

- cluster forming reactive oxygen species (ROS).94, 95 In absence of additional redox
mediators, PSI samples in aerobic conditions exhibit low photocurrents (~10 nA·cm-2,
see supplementary information in chapter 3). Addition of redox mediators increases in
two orders of magnitude the photocurrent output (see figure 16 and figure 1 in chapter 6).

Two redox mediators have been employed throughout this manuscript, methyl viologen
(MV), employed chapters 3, 6 and 7, and osmium bipyridine dichloride (osbipy),
employed in chapters 6 and 6. MV is N,N-dimethyl-4,4-bipyridinium dichloride, an
organic heterocyclic molecule of formula [(C6H7N)2]Cl2. It is known as paraquat for
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its use as herbicide, inhibiting the photosynthetic electron transport chain.96 Paraquat
accepts highly reducing electrons from FB

-, transferring charge to O2
97 and enhancing

the formation of hazardous ROS species. In an electrochemical cell under anaerobic
conditions, MV+ can be re-oxidized by the electrode when a sufficiently negative potential
(~ 900 mV/SSC) is applied. The redox reactions and the associated kinetics underlying
photocurrent signal in a system formed by PSI and MV in absence of O2 are discussed in
chapter 7.

Reduction of photo-oxidized P700+ is facilitated by Osbipy, as P700+ redox potential is
slightly below that of Osbipy.98 While the use of Osbipy as a soluble redox mediator for
PSI photocurrent enhancement has been reported only once99 to our knowledge, the use
of Osbipy crosslinked to redox polymers is extensive.95, 98, 100–102

As it will be discussed in more detail in chapter 7, the electrode potential defines the
ET rate of the electrochemical reactions in the electrode interface. These rates are
directly responsible for the current. In addition, an electrochemical depletion of the
redox mediators decreases the photocurrent as there are no reduced/oxidized species
ready to donate/accept electrons to PSI redox cofactors. In Figure 18, we show how the
photocurrent (red shaded bars) is modulated by the sample electrode potential. As well,
extreme electrode potentials might compromise the stability of PSI complexes and/or
PSI binding layer. To this end, the sample stability and photocurrent output has been
evaluated to define a “safe” electrochemical window in chapter 3.

Figure 1.18: Example of chopped-light linear voltammetry. The voltage of the PSI-functionalized Au
electrode is swept (from positive to negative potentials as it is indicated with the black arrow) while the
sample is irradiated intermittently (red shaded areas). The magnitude of the photocurrent depends on the
sample electrode potential (see chapter 7).
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3.5 Introduction to 2d-electron spectroscopy
The development of the PEC2DES technique was carried out under the frame of a
collaboration with the Molecular Nanophotonics group at ICFO (Instituto de Ciencias
Fotónicas) and the Multidimensional and Ultrafast Spectroscopy group in the chemistry
department of Padova University. Our contribution to the collaboration is based on the
photo electrochemical current sensing and the preparation of oriented PSI-LHCI films
on transparent gold electrodes. Thus, basic concepts of non-linear spectroscopy103 are
presented here to help non-expert readers to better follow the PEC2DES results presented
in chapter5, however a deeper description of the method104, 105 and the underlying106 are
out of the scope of this dissertation.

The goal of electronic spectroscopy in this work is to measure the response of a
multi-chromophore system that has been brought to an excited state. The excitation
dynamics of the system is probed modifying the time delay (t2 in figure 19a) between
excitation and detection pulses. This goal is also achieved by pump-probe spectroscopy,
however pump-probe spectroscopy time resolution is limited because the time spam
of the carrier envelope and the frequency of the pulse band are inversely proportional,
resulting in a frequency/time resolution trade-off.103 This drawback is circumvented
using a Fourier transform methodology,107 in which the excitation pulse is split in two
pulses delayed by the inverse of the desired excitation frequency t1=2/ω1 (figure 19a).
Measuring the response of the system for a grid of excitation-detection pairs yields
excitation/detection (2DES) maps (figure 19b). As we interpret 2DES maps me might
have in mind that along the diagonal the excitation and detection frequencies are equal,
while signal features off-diagonal indicate excitation energy transfer (figure 19b). To
study the excitation dynamics, several 2DES maps are recorded increasing the delay t2
between excitation and detection (figure 19c). Global analysis of 2DES along t2 fits the
signal evolution for all ω1,and ω2 simultaneously.108 A global analysis retrieves the main
kinetics components of the signal, which can be real and associated to the signal decay
or complex and are thus associated to signal oscillations (figure 19d). These components
are associated to the excitation detection frequencies to build decay associated spectra
(CAS) maps for the former, and coherence associated spectra (CAS) for the latter (figure
19e).
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Figure 1.19: (a) Excitation pulse pair (blue) and detection pulse pair (green) are delayed by time t2.
Within a pulse pair, the pulse delay t1 or t3 defines the respective excitation ω1 or detection ω3 frequencies
respectively. The associated phases 1 and 3 are modulated periodically to retrieve the different components
of the non-linear signal. (b) Excitation-detection 2DES map. The 2DES is built mapping a grid of
excitation-detection pairs. An example point corresponding to excitation and detection pulses in figure 19a
is shown. (c) Several 2DES maps recorded for increasing t2 delays. (d) Real components of the kinetic fit
correspond to excitation decays while imaginary components are due to oscillations (coherences). (e) The
relative amplitude of the decays and coherences are mapped into the excitation-detection axis. For each
decay or coherence component a DAS or CAS map is built respectively.

Up to now, we have not specified the nature of the response of the system. The common
set-up in 2DES spectroscopy103 is to interrogate the excited sample with a non-collinear
(that is with a different incidence angle w.r.t to the probe pulses) and spectrally wide
probe pulse. The spectra resulting from the interaction of the pump-excited sample with
the probe pulse provides information about the 3rd order polarization of the chromophores
in the sample. In more simple terms, the optical response of the system after interacting
with 3 pulses is measured. In the case of multiple excitations, the phase of the incident
radiation (that depends on its incidence angle and its time phase) can result in addition
or subtraction of the interactions. The excitation pathways are associated with distinct
linear combination of the pulse phases, thus controlling the phase of the incident pulses,
or direction of detection, the different non-linear components of the response (rephasing,
non-rephasing signals) are separated. In non-collinear set-ups, the components of the
non-linear signal corresponding to different interaction pathways have distinct spatial
directions. In the approach we have followed to develop PEC2DES, the sample is excited
and probed by two collinear pulse pairs yielding a fully collinear 4-pulse configuration.
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To obtain the non-linear components of the response, the phases 1-4 are modulated
periodically which separates the different components in the frequency domain and
are thus obtain by Fourier filtering.104 In our approach, the 4th order polarization is
then probed by a process proportional to the population states (incoherent observables),
namely fluoresce109 or photocurrent.110, 111 This approach simplifies the experimental
set-up and allows the integration of several detection methods. An additional advantage
of photocurrent is background-free detection.

In simple terms, in 3-pulse configuration the sample is probed “optically”, while the
4-pulse configuration allows to measure the response of the signal with photocurrent or
fluorescence. 4-pulse configuration is technically simpler to implement and more robust
with respect to other experimental 2DES approaches and is inherently background free.111

In addition, photocurrent detection allows to separate the contributions of excitations
leading to CS.

3.6 Protein immobilization bioengineering
Electrochemical characterization of redox proteins can be carried out with adsorbed or
freely diffusing proteins. However, single molecule characterization with nanoprobe
techniques requires proteins to be robustly adsorbed on the electrodes. To study the ET
of PSI, Pc and PSI/Pc in bulk and at single protein level, we have followed a common
absorption strategy for PSI throughout most of the manuscript (chapters 2-5). Pc has
also been directly adsorbed on ECSTM metallic probes and working electrodes (chapter
4) and on AFM tips via a flexible polymer linker (chapter 5). Protein orientation,112, 113

protein-electrode distance81 and protein-electrode electronic coupling114, 115 have a
significative impact on the effective charge exchange rate with the electrode.116

All the experiments reported in this manuscript have been performed on gold substrates.
Gold and carbon are the most broadly employed material for bioelectrochemistry.117

We have chosen gold due the low surface roughness of monocrystalline gold electrodes
suitable for STM measurements and due to the surface chemistry that facilitates protein
immobilization. Gold-sulphur chemistry has been extensively exploited for the formation
of thiolates self-assembled monolayers117–119 used as protein linkers. Gold-sulphur bond
is also established with a free cysteine amino-acid.120, 121 Relatively low occurrence
of surface cysteine allows immobilization with a well-defined orientation in proteins
with the exposed cysteines122 as it is the case of Azurin.77, 123 Cysteine residues can
also be introduced in mutant proteins allowing to design the protein adsorption site and
engineer ET pathways with the electrode.122, 124 We have employed this strategy to
functionalize Au electrodes with the PSI-binding peptide (chapters 3-6) and the Pc-SH
mutants (chapters 4 and 5).
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PSI immobilization techniques

During the las two decades, great progress has been made interfacing PSI
monolayers with Au,125–130 semiconductors,131, 132 graphene electrodes,133 and
fullerene particles.130, 134 The use of thiolates self-assembled monolayers (SAM)
for PSI immobilization is extensively reviewed135, 136 comparing different chain
lengths and terminal groups. In early STM experiments127 and measurements on
conducting-AFM,112 the current rectifying behaviour of PSI monolayers was analysed to
infer PSI orientation. The heterogeneous but still biased orientation of PSI molecules
was explained by SAM-PSI electrostatic interactions. SAM’s of bacterial cytochrome
c have also been employed to immobilize PSI, to enhance electron transfer and PSI
adhesion128and stability.137 Finally, high surface loads and photocurrents have been
achieved in PSI multilayers138 trapped in redox hydrogels.95, 98, 100–102 However, while
the multilayer approach significatively increases the photocurrent output, it is not suitable
for single protein nanoprobe characterization.

To achieve unidirectional orientation of PSI monolayers, different strategies are adopted:
i) Langmuir-Blodgett technique has been exploited to deposit oriented PSI monolayers
on gold electrodes.139 ii) Enhanced electrode-protein adhesion is achieved with mutant
proteins including cysteines binding with gold125 and carbon nanotubes.140 iii) Small
peptide chains have been produced to bind PSI with its partner Fd that was in turn bound
to ITO.141 iv) Use of a linker peptide, binding to PSI and to electrodes. Following the
latter strategy, Gordiichuck et al. developed through phage display screening technique,
a library of peptides that allow binding PSI’s stromal side to ITO electrodes.126 The
ability of the peptides to orient PSI was tested studying their rectifying behaviour of via
Conductive-AFM. This peptide, identified as IQA, targets cyano-bacterial PSI extracted
form Synechococcus Elongatus. To functionalize ITO electrodes with the generated
peptide, the authors added an extra phosphorylated serine to one of the ends of the
peptide.

Due to the high structural homology between the subunit present in the stromal side of
the PSI of cyanobacteria and plants (see supplementary information in chapter 3) we
infer that the IQA peptide also binds to plant PSI. Based on the publications by Jordan et
al.142 and by Quin et al.43 on the structure of PSI from Cyanobacterium Synechococcus
Elongatus and from Arabidopsis Thaliana, respectively, we performed a structure-based
sequence alignment of the PSI subunit exposed toward the stromal side. We compared
the structural homology, sequence identity, and sequence similarity between PSI stromal
side regions from cyanobacteria and plant PSI. The structural alignment was performed
using the PROMALS3D and ESPript 3.0 server, to depict a similarity sequence coloring
scheme.143, 144 The calculation of the identity and similarity percentages was performed
using the Sequence Manipulation Suite server (SMS).145 The alignments performed for
each pair of the subunits studied are shown in the supplementary information of chapter 3.

35 Chapter 1



Introduction

We only considered the PSI subunits A, B, C, D and E because these subunits are the ones
that are mostly exposed to the solvent in the stromal side of both cyanobacteria PSI and
plant PSI.146 Based on the high structural homology and sequence similarity between
stromal side regions in cyanobacteria and plant PSI, we concluded that IQA peptide
would also be able to preferentially orient the plant PSI from Arabidopsis thaliana,
exposing the luminal side to the solution.

In all the experiments with PSI presented in this manuscript (with the exception of
chapter 7) we make use of a modified version of the IQA linker peptide. To the original
binding sequence of 12 amino acids, we replaced the end phosphorylated serine with a
Cysteine to allow binding to Au electrodes, pIQAcys (sequence IQAGKTEHLAPDC).

Plastocyanin immobilization

To bind Pc to gold surfaces (Au[111] electrodes, STM probes) and to AFM probes, we
make use of cysteine mutants, Pc-SH, modified and characterized by Andolfi et al.78

who kindly shared the modified Pc-SH with us. Pc-SH contains three additional residues
(Thr-Cys-Gly) in the C-terminal introduced by a mutagenic primer. Although there
is no crystallographic characterization of the Pc-SH mutant, we hypothesize that the
inclusion of the three additional amino acids in the C-terminal does not modify the
protein structure with respect to the wild type. This view is supported by previous
nanoprobe characterization78, 147 of this protein mutant and the redox activity that we
measure (chapter 4), proving the functionality and thus the correct folding of the mutants.
To simplify nomenclature, Pc-SH mutant employed throughout all experiments in the
manuscript is referred as Pc. Pcapo and Pcholo are used to specifiy the absence or presence
of the Cu redox centre in the protein. The cysteine modified Pc mutant was purified in a
Cu-free form (Pcapo), to avoid the oxidation reaction between surface-exposed cysteine
residue of the Pc mutant and Cu2+. With the same aim, Pcapo was first bound to the Au
electrodes, STM or AFM probes and afterwards apo Pc-SH was exposed to fresh Cu2+

(CuSO4 50 mM solution) to bind Cu2+ in the apo Pc-SH structure. While Pcapo does not
exhibit reduction nor oxidation features in cyclic voltammetry, upon Cu2+ incorporation,
Pcholo exhibit redox activity (chapter 4).

3.7 Sample irradiation with LED sources
To study the photocurrent output of biohybrid PSI electrodes, it is key to irradiate the
samples with a stable high power light source to provide a sufficient photon flux, that
is, photons should be in excess. In this work, in all photocurrent and force spectroscopy
experiments(except for the photocurrent spectroscopy experiments) irradiation has been
performed with a high-power LED source with a central wavelength of 690 nm (SMB1N
690 Roithner Lasertechnik). A constant current of 600 mA is fed by a femtobuck LED
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driver (Sparkfun electronics). We control illumination cycles with a signal generator
operating on the LED driver. This allows us to produce short “flashes” as well as
steady illumination cycles (from ~10 µs up to minute scale). Short flashes are employed
to characterise photocurrent signals exploited in chapter 6, while automated chopped
light cyclic voltammetry and the use a lock-in excitation/detection strategy enhancing
sensitivity is presented in chapter 7. To prevent overheating, the LED chip is mounted on
a heat dissipator board, and it is furnished with a taped lens to focalize the light source
(Roithner Lasertechnik), yielding an optical power output of 60 mW·cm-2 in the plane of
the electrode.

4 Theory

In this section we present the basis of ET, studied in chapters 3 and 4, and provide a brief
introduction to photosynthetic pigments light absorption for the light-harvesting study
of chapter 6. In both cases a mathematical rigorous description is out of the scope of
this work and can be found in manuals26, 45, 148, 149 and publications150, 151 that I have
followed for the introductory sections 4.1 and 4.2. To describe ET and light absorption
we must deal with the electrons in the outer shell of the atoms, that will be represented
by quantum mechanical electronic states. ET and light absorption processes are thus
represented by transitions between these states.

4.1 Introduction to quantum mechanics and the Fermi Golden Rule
The following formalism is valid for weakly interacting molecules where the
intermolecular distance is large compared to the size of the atoms. For these weak
interactions, initial |i⟩ and final | f ⟩ states can be described in the same electronic basis,
which is decoupled from nuclear motions (Born-Oppenheimer approximation). That is,
we can separate the electronic and nuclear contributions as different products.

In quantum mechanics, to describe states evolution, states are represented in the basis
of the operator propagating the time evolution of the system, the Hamiltonian, H. As
we indicated, |i⟩ and | f ⟩ are non-interacting states, therefore they are represented in the
basis of a non-interacting Hamiltonian, H0 that propagates the time evolution of the
non-interacting system. However, if states |i⟩ and | f ⟩ are described in a non-interacting
basis, the system will remain in its initial state and the transition will not take place. Thus,
to describe the transition, a term accounting for the weak interaction must be included.
This weak interaction H’, is described as a perturbation of the non-interacting basis H0.
Their addition yields the complete system time evolution operator HTotal=H0 + H’. The
latter term, H’ couples the initial and the final states mixing the non-interacting states.
As we will see, ET and light absorption differ on the nature of the perturbation.
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The Fermi Golden rule (equation 1.1 provides the transition rate between weakly
interacting states coupled by a perturbation H’. The transition rate is given by the
product of the probability (density of states) of finding the system in a degenerate state
ρ(Ei=Ef), that is, with |i⟩ and | f ⟩ having the same energy and the transmission probability
between degenerate states, given by the square of the matrix element | ⟨i|H ′| f ⟩|2.

Γi→ f =
2π

ℏ
∣∣⟨ f |H ′|i⟩

∣∣2 ρ(Ei = E f ) (1.1)

4.2 ET Theory
In ET, electrons are exchanged between electron donor and acceptor molecules or
proteins. We will estimate ET rate as the transition rate between an initial state where
the donor is reduced, the acceptor oxidized, and a final state with oxidized donor and
reduced acceptor. Initial (A+ + D- ) and final electronic states (A- + D+) are represented
by charge localized diabatic states (|i⟩ and |f〉, respectively). We can picture these
states as totally independent (non-interacting) molecular orbitals where the electron
occupies donor and acceptor species respectively, that is before and after ET. The weak
interaction (H’) represents how the electrostatic potential of the donor nuclei, is “slightly
affected” by the electrostatic potential built up by the acceptor nuclei. Fluctuations
in the nuclear coordinates (N) shaping the electronic states might take the |i⟩ and | f ⟩
states to similar energy levels (degeneracy) allowing the transition. Thus, degeneracy
condition is met if N(Ei) = N(Ef). On the other hand, we need to estimate the transmission
probability between degenerate states. This term, called electronic coupling, accounts
for the electronic contribution to ET and is computed as the overlap of the perturbation
with the initial and final electronic states | Hif | 2= | ⟨i|H ′| f ⟩|2.

Therefore, applying Fermi golden rule to ET, the rate kET is given by equation (1.2):

kET =
2π

ℏ
|H if|2P(N(Ei) = N(E f )) (1.2)

Nuclear contribution

To compute the probability of degeneracy P(N(Ei) = N(Ef)), Marcus theory of ET
describes the fluctuations of the nuclei classically. Following an Arrhenius-like
expression, degeneracy probability is exponential with the activation free energy
∆G++. Activation free energy ∆G++ is the free energy difference between the nuclear
configurations compatible with the initial state and the configurations in degenerate state.
To estimate this increment, free energy curves are built taking the energy gap (∆E, the
energy difference between |i⟩ and |f > states) as reaction coordinate. ∆E values are
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assumed to be normally distributed, which is justified by the large number of weakly
interacting particles (linear response approximation). By definition, the Gibbs free
energy, ∆G=-kBTln(∆E) of a normally distributed energy gap is a parabola. Therefore,
|i⟩ and | f ⟩ free energy curves (with ∆E as reaction coordinate) are parabolas displaced
by the difference of free energy at equilibrium (∆G0) of |i > and | f ⟩. Under the linear
response approximation, the curvature of the free energy parabolas is the variance of
the ∆E distribution. This curvature/variance is called reorganization energy, λ , and it is
interpreted as the difference in energy of nuclear coordinates necessary to “re-organize”
them from the initial equilibrium state |i⟩ to the final equilibrium state | f ⟩ parabolas. We
can thus obtain the activation energy ∆G++ from ∆G0 and λ .

The nuclear contribution to ET is then encoded in two terms. The first is ∆G0 and it
can be obtained evaluating the energy difference of the donor and acceptor separately,
that is the difference of the ionization energy of the donor molecule and the electron
affinity of the acceptor. The second term is λ , and it accounts for the impact of ET in the
nuclei motions surrounding the transferred electron. Lower rates are expected for ET
with higher re-organization energy, as it is the case of solvent exposed cofactors where
solvent molecule re-organization slow down the ET rate. Using ∆G0 and λ to compute
the activation energy ∆G++, the expression for ET rate, kET, is known as the Marcus
equation (equation 1.3).

kET =
2π

ℏ
|Hi f |2

1√
4πλkBT

e−
(λ+∆Go)2

4πλkBT (1.3)

Electronic Contribution

The electronic contribution to the ET rate is given by the square of the electronic
coupling of the initial and final states by the perturbation term of the weak interaction,
Hif = |<i|H’|f >|2.

Hif models how the perturbation couples the initial to the final state. Loosely speaking, it
models how the perturbation “puts together initial and final states”, that is the tunnelling
probability from |i⟩ to |f〉. The electronic coupling, is the matrix element of the
perturbation with initial and final states, that is, the overlap of the non-interacting
molecular orbitals with the interaction. Hif depends strongly on the D-A distance and
on their relative orientation. This is due to the spatial distribution of the electronic
states around D and A atoms and also to the decay of the perturbation with distance.
For increasing D-A distance, Hif the electronic coupling, and thus kET, decreases
exponentially. Relevant to the present work, it is important to remark that aromatic
amino acids, notably tyrosine and tryptophan, where charges are highly delocalized,
facilitate ET spreading the spatial spam of |i⟩ or| f ⟩ and thus increasing the Hif term.
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Figure 1.20: Nuclear and electronic contributions to electron ET. Nuclear contribution (left-side) is an
Arrhenius-like term with an activation energy ∆G++. Initial (purple curve) and final states (red curve)
Gibbs free energy curves plotted vs the energy gap ∆E are represented by parabolas. Marcus theory
approximation allows to compute ∆G++via the reorganization energy (λ ) and the equilibrium free energy
∆G0, represented in the diagram. In the right side, a cartoon-like representation of the wave functions for
the initial and final state (purple and red respectively) and their overlap.

One of the main experimental outcomes presented in this dissertation is the distance
decay constant of the tunnel current between a couple of electrodes decorated with
PSI or PSI-Pc partners. To ease the interpretation of the results, well-established and
recent theories and empirical models to compute Hif are outlined. We will briefly
present simplified models for the perturbation interaction that allows to compute Hif and
accurately predict the exponential decay with distance observed for KET.

The first approach proposed to estimate electronic coupling was to simplify the tunnel
barrier separating |i⟩ and | f ⟩ states.152 The complex potential barrier established by
the protein structure and the surrounding electrolyte medium is replaced by a square
potential barrier with height U. Solving Schrodinger equation in one dimension (along
the barrier distance, r) for such potential yields an exponential decay of the electron
wavefunction within the barrier that depends on the potential height U, the electron
effective mas meff and the Planck constant ℏ (figure 21).
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Figure 1.21: Wave function Ψ(r) solving Schrödinger equation for the one-dimensional square potential
U(r). The wave function takes the form of free propagating waves Ψ(r) ∝ eikr in the regions where the
energy of the system is higher than the potential barrier. In this simplified view, these regions correspond
to the electrode or the redox cofactors. In the tunnelling gap, where the energy of the system is lower than
the potential barrier, the wave function is described by a decaying exponential function Φ(r) ∝ e-kr.

This iconic example of the one-dimensional square barrier problem in the wave function
representation shown in figure 21, is translated into the Dirac representation of states and
operators by equation (1.4). If we associate the potential barrier with the perturbation,
the electronic coupling term for this model is:

|Hi f |2 ∝ e−β r with β =

√
2meU
ℏ

(1.4)

A first approximation of the barrier height estimates the potential barrier U as the
difference in ionization potential between redox cofactors (~ 5eV) and protein structure
(~7-9 eV). With a barrier of ~2 eV, equation (3) predicts a β value153 of 14 nm-1 while
experimental determination of β yields values23, 154 that range between ~ 8-15 nm-1.
To transfer electrons efficiently to the catalytic sites, electron transport sites kET must
be below the typical bond-breaking millisecond time scale in catalytic sites.155 This
requirement constraining the edge-to-edge156 distance between redox cofactors to <
1.5-2 nm,23 and is fulfilled by most of the redox cofactors in ET proteins.155 According
to Dutton et al.,155 mutations in the amino acid sequence surrounding redox cofactors
are not determinant in the KET, provided that sequence modifications do not alter the
free energy ∆G0 and the re-organization energy λ . In this view, ET is efficient (not rate
limiting) and robust (mutation tolerant) thanks to the protein structure playing the role of
scaffold for the redox cofactors.
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Empirical models

We present the packing density model157 and the tunnelling pathway model,158 two
empirical models that map the square barrier model into the atoms of available protein
structures. Both models are equivalent from a formal perspective.159 The packing density
model computes KET simplifying Marcus equation (equation 1) substituting numerical
constants (∆G0 and λ are expressed in eV) and assuming room temperature (equation
1.5). The electronic coupling term in the packing density model, depends exponentially
with D-A distance (R expressed in Å) and on the packing fraction of the medium ρ

(ranging from 0 to 1). ρ is estimated computing the ratio of the volume occupied by
intervening atoms (taking their van der Waals radius) over the volume between redox
cofactors. Despite its simplicity, this model accurately reproduces KET of numerous
redox ET proteins23, 155, 160 and it drives the design of the novo artificial ET proteins.161

log10(kET ) = 13.0− (1.2−0.8ρ)(R−3.6)−3.1(∆G+λ )2/λ (1.5)

In the tunnelling pathways method, all the possible chains of neighbour atoms connecting
D and A, that is, the tunnelling pathways, are computed and weighted by their distance
and type of bond (hydrogen, covalent or through space). This results in a bundle of
possible pathways allowing to highlight atoms in pathways maximizing Hif. In the
bacterial analogue of PSI-Pc, reaction centre- cytochrome c2, tunnelling pathways were
calculated for a sequence of molecular dynamics snapshots of increasing donor-acceptor
distance, from the bound complex configuration (0.14 nm) to the encounter complex
configuration (2.2 nm).162 The encounter complex163 is an ensemble of configurations of
the solvated protein cognates, driven by non-specific long-range electrostatic interactions
that facilitate the recognition of the partners and the formation of the complex. Five
results from this 152 work are relevant for the discussion of our results of PSI-Pc in chapter
4: i) water molecules are responsible for efficient inter-protein KET of the encounter
complex. ii) The average ET rate is tenfold higher than the rate estimated with the average
relative position of the structures. This is due to the exponential dependence of KET with
distance and to the large fluctuations in the encounter complex configuration. That is,
KET is dominated by infrequent but ET-favorable conformations brought by fluctuations.
iii) KET for the bound complex is ~100 larger than for the encounter complex. iv) β

estimated from the coupling decrease computed with the pathways method is ~11 nm-1.

In addition to the above empirical models, we outline some theoretical models of protein
ET that despite the drastic simplification that they imply, allow to grasp basic features
and valuable proportionality relationships between to estimate kET.150, 164, 165
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Super-exchange Model

Super-exchange mechanism models electron tunnelling between initial and final states
mediated by bridge states formed by un-occupied molecular orbitals. The energy gap
between the initial/final states and the bridge states is assumed to be large, therefore
electrons do not populate the bridge state (off-resonant tunnelling). However, the presence
of these states lowers the effective potential tunnelling barrier increasing the coupling
term Hif. Super-exchange mechanism predicts an exponential decay of kET with distance,
where β values are lowered due to bridge states. As we explained above, Hif accounts
for the electronic transmission probability while nuclear fluctuations bring the system to
a degenerate state (Marcus equation) introducing the temperature dependence:

kET ∝
1√
T

e
−1

KBT (1.6)

Flickering resonance

In contrast to the super-exchange mechanism, the flickering resonance model166 assumes
that bridge states energy lies near initial and final states. Bridge states are then transiently
occupied without energy relaxation. The concept of nuclear fluctuations bringing initial
and final states to degeneracy (that is to a similar energy level) is generalized for a chain
of N bridge states which are all transiently aligned with initial and final states. Under
this view, the electronic coupling Hif decays linearly with N, the number of bridge states,
and subsequently with the distance for a bridge chain of increasing length. However, the
resonance probability, which is distance independent in tunnelling and super-exchange
mechanisms, decays exponentially with N. The temperature dependence of the flickering
resonance is similar to the super-exchange mechanism.

Hopping/Multi-step tunnelling

In a chain of redox cofactors with similar energy levels, a sequence of single tunnelling
steps can take place. As we have stated above, in each tunnelling step, the transfer
probability decreases exponentially with the cofactors distance, however kET for the whole
ET cascade decreases linearly with the number of cofactors. This linear dependence
with distance makes the hopping mechanism a suitable candidate to model the electron
transfer for long (> 2 nm) ET in membrane proteins of photosynthetic and respiratory
electron transport chains. In particular, the hopping mechanism is attributed to long-range
ET of multi-heme cytochromes167responsible for extracellular electron transfer.168

Conductance measurements in Shewanella Oneidensis bacterial nanowires169 and cells170

are compatible with multi-step incoherent hopping mechanism allowing to transfer charge
up to millimetre scale.
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Figure 1.22: Cartoon-like representation of different ET models, adapted from.164In the super-exchange
mechanism, the ET takes place directly between the initial and final states (indicated by black thick
lines). The electron does not reside in the bridge levels (off-resonant tunnelling), indicated by black lines
and purple shades. On the other hand, in flickering resonance, thermal fluctuations (red shades) bring
intermediate bridge states to resonance. In multi-step hopping (bottom diagram), a series of tunnel events
take place between the bridge states. In each step there is a partial relaxation of the electron’s energy.

While in the flickering mechanism all intermediate redox cofactors have to be aligned,
the hopping mechanism pictures a sequence of independent tunnelling steps in which
the energy levels of the cofactors are aligned by pairs. The electron energy is relaxed
(electronic and nuclear modes couple) in each step, allowing nuclear fluctuations to
align the incoming electron (in a degenerate state with the previous donor cofactor) with
the energy level of the following cofactor of the chain. This requisite for relaxation
imposes a limit the electron mobility in organic materials.171 According to Pirbadian
and El-Naggar,169 this translates into a maximum value for kET < krelaxation ~ 1011 s-1.
Spectroscopic measurements of kET between the redox cofactors in PSI with typical
transfer time above 10 ps (1011 s-1)172 are consistent with an incoherent hopping
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mechanism. Regarding temperature, in the hopping mechanism the proportionality
is modified to kET ∝ exp(-1/kBT).

Electron transfer (ET) and electron transport (ETp) configuration, theoretical
considerations

We have outlined the ET mechanism between two redox centres defining the initial
and final electronic states. This ET process can be tracked provided that the redox
states of the donor/acceptor moieties exhibit distinct spectroscopic features. However, in
the experimental approach we follow, proteins are squeezed between electrodes under
electrochemical control. The charge exchange between electrodes mediated by proteins
is called electron transport (ETp)164 and presents some fundamental differences with
respect to the ET transfer formalism between redox states. In the ECSTM configuration,
the polypeptide structure is squeezed between the probe and sample electrodes, which
provide an electron source and drain. Therefore, initial/final, donor/acceptor states are
no longer defined by the molecular orbital of the ET cofactors, but they are set by the
Fermi level of the electrodes, represented by the blue bands in the diagram in figure 23.
In addition, the charge exchange is promoted by the bias potential applied between the
electrodes (UBias) overriding the driving force set by the free energy difference between
initial and final states.

Figure 1.23: Diagram representing electrode Fermi level (purple bars) with the molecular orbital (Eredox)
mediating the charge exchange. Barrier-less transfer is indicated with green arrows while up-hill transitions
are marked in red. As the sample voltage is swept for a constant bias, Eredox falls above (left), in between
(centre) or bellow (right) sample/probe Fermi levels. This results in a conductance gating effect.
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In ETp configuration, the electronic coupling between the initial and final states is
replaced by the electronic coupling between sample and probe electrodes. Electrodes
coupling is thus mediated by the bridge states of the protein trapped in the tunnelling
junction. The electronic coupling between protein and electrodes is determined by the
molecular orbitals in the protein/electrode interface and by the electrode Fermi level and
thus modulating the conductance of the whole junction.173 As the sample (or probe)
potential is swept for a constant UBias, the alignment of the protein molecular orbitals
results in a conductance gating effect that translates in conductance gating.81 A diagram
depicting Fermi-redox level alignment is shown in figure 23.

The ET models outlined in the previous section can be adapted to ETp configuration.
For example, in ETp super-exchange, the mechanism does not require thermal activation
to tunnel because the driving force is provided by the electrode bias potential, and it is
thus temperature independent. In the super-exchange view of ETp, the charge exchange
process is limited by the electronic transmission factor defined by the electronic coupling.
However, a series of tunnelling steps, as the case of hopping mechanism, does require
thermal energy to overcome intermediate barriers. Flickering resonance model is also
temperature dependent in both ET and ETp configuration because the resonance condition
of the bridge states required in this model is brought by thermal fluctuations.

“Direct” calculation of Hif in ETp configuration

The models presented above simplify the ET problem, providing a coarse grain
approximation of the electronic structure of redox cofactors. However, we may wonder
whether it is possible to compute the electron density of all the atoms in the protein,
providing a direct estimation of the electronic coupling. For proteins, direct calculation
of Hif employing high-level ab initio methods is computationally very demanding
due to the large number of atoms involved and the small value for Hif (10-1-10-4

meV) which has been, until very recently, bellow convergence criteria and numerical
noise of electronic structure computations.150 However, recent advances have allowed
first-principle calculation of the electronic structure of peptides115 and proteins?, 174, 175

in metal-protein-metal junctions. A detailed discussion on the computation150 is out of
the scope of this manuscript. Nevertheless, we highlight calculation results to support
the discussion of chapters 3 and 4. Simulating a multi-heme cytochrome trapped in a
tunnelling junction between two gold electrodes, the contribution of the protein highest
band states was evaluated. These states, associated with the Fe ions in the heme groups,
contribute poorly to the current, despite being very close in energy to the electrodes
Fermi level, because they are highly localized around the heme clusters and therefore the
resulting electronic coupling with the electrode is low.176 In transistor-like configuration,
the globular blue-copper protein Azapo (similar to Pc) lacking the Cu centre, exhibits
a conductance comparable to the Azholo while it does not show a conductance gating
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effect.177 In addition, the similarity between the transmission values of Az with different
metal centres (Co, Ni, Cu, Zn and apo form) suggest that, under the perspective of a
fully coherent mechanism, the metal centres play a minor role.178 Regarding the role of
water molecules, in simulations of Az tunnelling junctions, water molecules induce a
conductance increment as they increase the electronic coupling between the protein and
the electrode.175

Models not based on the Fermi golden rule

Temperature independent models in ETp are limited in theory by the spatial spam
of the electronic coupling of the electrodes to short distances (< 2nm). Longer ETp
distances are described by temperature dependent models (flickering resonance and
hopping mechanism). However, experiments have revealed temperature independent in
long-range ETp (> 2 nm).179–183 To overcome this discrepancy, two non-perturbative
models have been recently introduced.184 These models don´t treat the interaction as a
perturbation and thus don’t use the Fermi golden rule to compute the transfer rate.

The first model is based on voltage induced coherent transport.184 In this approach, the
bridge molecular orbitals are coupled to the electric potential driving the charge exchange.
This coupling between bridge states and the electric potential delocalizes the bridge
states and increases the electronic coupling of the initial and final states. This model,
can, in principle, be applied to both ET and ETp, that is, the electric potential driving
the charge exchange can be either the free energy difference between redox cofactors
in the ET configuration or the electric potential imposed by the electrodes in the ETp
configuration. However, temperature independent long range charge exchange has only
been observed in ETp experiments.

The second model has been recently introduced to describe the temperature independent
long-range ETp between electrodes.185 It explicitly considers the electron reorganization
of the molecule due to the reorientation of dipoles under the applied electric field. The
authors provide an intuitive analogy comparing long range ETp with the conduction
on a one-dimensional wire in which electron-electron interactions result in an effective
long-range flow (despite the individual electron flow through the wire being relatively
slow).

4.3 Light absorption
What are the mechanisms underlying light absorption in photosynthetic complexes?
Light-matter interactions are described by quantum mechanics that pictures light
absorption as the result of transition towards a higher excited state. The absorbed
wavelength matches the energy of the transition, for instance, molecular vibrational
modes absorb in the infrared region while the transition of electronic states are associated
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to visible and UV radiation.45 To estimate the transition rate, we recall Fermi’s golden
rule cited in the previous section describing ET. In this case, the perturbation H’ allowing
the transition from the ground to the excited state is precisely the electromagnetic
radiation. Electromagnetic wave description is simplified by a spatially homogeneous
oscillating electric field E(t), that is, we neglect the contribution of the magnetic field,
and we assume that molecule size (a few Å) is significatively smaller than the wavelength
(100’s nm λ for visible light).

E(r, t)≃ E0(t)(e−iωt+ikr + eiωt−ikr) (1.7)

Under these approximations, the perturbation term H’ promoting the transition is given
by the product of electric field E(t) and the dipole operator, defined as the product of
position operator with the charges (equation 1.8). Translating into more simple terms, to
compute the probability of photon absorption, we have to estimate the potential energy of
the perturbation produced by the radiation. From elementary physics, we recall that the
potential of a point charge in an electric field is simply the product of the electric field
with the charge distance. In the case of a dipole produced by a charge distribution, the
potential energy is the product of the dipole with the electric field. In quantum mechanics
jargon, the distance observable is associated to the action of the position operator over the
system’s state, and so does the dipole moment that is associated to the dipole operator:

H(t) =−E(t)µ where µ = er (1.8)

The transition takes place as the energy of the perturbation (ℏω for the electromagnetic
ration) matches the energy difference between the states for a frequency ω0, that is
ℏω0 = Ef −E i. This energy conservation principle explains why pigments absorb at
a given frequency. The transition rate is given by equation 1.9. Here the E0 is the
amplitude of the electric field at frequency ω0, and ρ(ω0) is the density of radiation
modes at frequency ω0.

Γi→ f =
2π

ℏ
E2

0 |⟨ f |µ|i⟩|2 ρ(ω0) (1.9)

The transition dipole, defined as the matrix element of the dipole operator,⟨i|µ| f ⟩ is
analogous to the electronic term coupling in ET, that we introduced before as the matrix
element of the perturbation, approximated by a square potential barrier. The spatial
spam of the matrix element of the dipole operator is larger than the matrix element of a
potential barrier. This explains the longer range of excited states interactions with respect
to ET. Excitations in photosynthetic complexes are shared between several pigments,
giving rise to collective ensemble energy levels, named Frenkel excitons.52
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The states |i⟩ and | f ⟩ are pure states, however the state of real samples, are described by
an statistical ensemble of pure states. This ensemble is represented by the densitry matrix
ρ that is constructed with the probability Pk of finding the system on a pure state ψk.

ρ = ∑
k

Pk |ψk⟩⟨ψk| (1.10)

The diagonal elements of the density matrix ρnn which are highlighted in figure 1.24,
represent the population of the states. In PEC2DES the electrochemical signal is
proportional to the transition of excited states, |e⟩⟨e| and | f ⟩⟨ f |, to the ground state.

Figure 1.24: Density matrix for the three level system formed by the ground state |g⟩, the first excited state
|e⟩ and the doubly excited state | f ⟩. The blue shaded diagonal elements |e⟩⟨e| and | f ⟩⟨ f | are proportional
to the population of excited states, while the population of the ground state is proportional to |g⟩⟨g| .
PEC2DES measures the population of excited states leading to charge separation which is proportional to
the |e⟩⟨e| to |g⟩⟨g| transition indicated with a green arrow. Dashed purple arrow represents doubly excited
states relaxation.

The perturbations that represent the interactions with light pulses are better described
in the interaction picture (sub-index I). This representation makes use of the time
evolution operator, U0(t, t0) that describes the free evolving system between t0 and t in
the non-interacting basis H0.

H ′
I = e

i
ℏH0(t−t0)H ′(t)e

−i
ℏ H0(t−t0) =U0(t, t0)H(t)U†

0 (t, t0) (1.11)

After n interactions (in our case the four laser pulses) the time evolution of the density
matrix is ρn described by equation 1.12.

ρ
(n)(t) = (− i

ℏ
)n

t∫
−∞

dτn · · ·
τn∫

−∞

dτn−1

τ2∫
−∞

dτ1E(τn)E(τn−1) ···· ·E(τ1)

U0(t, t0) · [µI(τn), [µI(τn−1),··· [µI(τ1),ρ(−∞)]···]] ·U†
0 (t, t0)

(1.12)
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The photo-electrochemical signal S is proportional to the population of excited state |e⟩
that decays to ground state via CS given by equation 1.13.

S ∝ ⟨e|ρn(t)|e⟩ (1.13)

To simplify the operations in the density matrix computation, the different terms issued
from equation 1.12 are represented as double sided Feynman diagrams (figure 1.25). The
diagrams picture the action of the dipole operator as arrows acting on the initial density
matrix ρ(−∞) represented by the ket |g⟩ (on the left of the diagram) and the bra ⟨g| on
the right. The action of the dipole operator modifies the state of kets and bras (remember
that the dipole operator was the perturbation coupling the non-interacting states). In
particular, arrows pointing towards the diagram correspond to an excitation while arrows
pointing away correspond to de-excitations. The direction of the arrow is given by the
sign of the phase of electric field with the term e−iωt+ikr pointing to right and the term
eiωt−ikr pointing to the left. Time evolution is represented from bottom to top in the
vertical axis, and is propagated by the time evolution operator U0(tn+1, tn) that dictates
the evolution of the system between the interactions with the laser pulses.

Figure 1.25: Example of a 4-pulses Feynman diagram.

The Feynman diagrams for standard 2DES experiments measuring third order
polarization are different from the 4-pulses diagrams found in action spectroscopy
(fluorescence, photocurrent, photoelectrons and photoions).? These differences and
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their implications in PEC2DES will be further discussed in chapter 6. In particular, the
Feynman diagrams relevant for the discussion of PECDES results, ground state bleaching
(GSB), stimulated emission (SE), excited state absorption I and II (ESA I and ESA II)
are shown in figure 1.26.

Figure 1.26: 4-pulses Feynman diagrams present in PEC2DES experiment, from left to right: ground state
bleaching (GSB), stimulated emission (SE), excited state absorption I and II (ESA I and ESA II).

5 Literature experimental results on ET and PSI

In the following, we review experimental results of protein and interprotein ET?, 186, 187

and ETp,188 organizing literature references by techniques. We highlight single molecule
ECSTM experiments to provide a reference frame for the results that we will present
throughout chapters 3 and 4.

5.1 Bulk techniques for ET

Spectroscopic methods for ET

The ET kinetics of photosynthetic complexes have been largely studied by transient
absorption experiments.16, 54, 189 Absorption is recorded after irradiation with short light
flashes triggering a single-turnover catalytic cycle. ET rates are estimated tracking the
time course of the distinct absorbance and fluorescence bands associated to the redox
cofactors of the photosynthetic electron transport chains in PSI.16, 17, 54, 189 The same
strategy has been applied to study interprotein ET14, 28, 36–38 with Pc as it was outlined
for PSI/Pc ET in the section 2.5.
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Spectroscopic methods to study protein ET were extended to non-photoactive proteins
by Winkler and Gray?, 154, 190–193 introducing Ruthenium prosthetic groups. Making use
of laser flash-quench methods triggering ET, they report KET rates ranging from 103 to
109 s-1. Placing prosthetic groups at different positions in the polypeptide chain, they
were able to estimate a β of 11 nm-1.154

Protein Film Voltammetry

In experimental section 3.4, we presented the cyclic voltammetry methodology allowing
to identify the redox potential of species in the electrolyte solution. Following protein
immobilization techniques (section 3.6), protein films can be adsorbed on electrode
surfaces allowing direct interfacial electron transfer between the adsorbed proteins
and the electrode.194 The ET between redox proteins and the electrode can be thus
characterized performing protein film voltammetry (PFV).195 In PFV, the background
signal due to capacitive currents is subtracted. If adsorbed proteins don´t transfer the
electron any further (because they lack reacting substrate or because they lack catalytic
activity, as it is the case of electron carrier proteins like Pc) the resulting current (after
background subtraction) is directly proportional to the electron transfer rate, the scan
rate and the effective number of absorbed proteins.196 PFV has been employed to
characterize the redox properties of the membrane proteins from the respiratory chain197

and photosynthetic complexes.117

Regarding the number of proteins on the electrode, it is usually in the pM·cm-2 range, that
is, a very small amount of protein is required for protein film electrochemistry compared
to bulk spectroscopic techniques.196

Protein film voltammetry, and in a larger extent, protein film electrochemistry can be
exploited to characterize the enzymatic activity of proteins catalysing reactions such us
CO2 reduction,198 hydrogenase activity,199 and iron-sulfur enzymes.200 In addition, the
enzymatic activity of proteins absorbed to electrodes have been characterized at micro
and nanoscopic scale.201

ETp in protein monolayers

Early protein ETp experiments studied protein monolayers of bovine serum albumin,
bacterial rhodopsin and Az deposited on SiOx electrodes and contacted with a Hg drop
or Au pads.202 In this study, charge transporting proteins, Az and bacterial rhodopsin,
showed higher conductance than bovine serum albumin, which conductance is still
higher than simple saturated organic molecules. This study of protein conductance in
solid-state-like configuration revealed the distinct nature of ET and ETp, and paved the
way for the study of protein monolayer in ETp configuration.164 A critical aspect of
the protein monolayer conductance is the number of proteins effectively participating in
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the junction and their contact resistance, which depends on contact geometry, electrode
roughness and functionalization method.182 To address this issue, a cross-laboratory
study was carried out revealing a wide dispersion in junction conductance depending
on the contact geometry.182 Remarkably, all ETp experiments exhibited temperature
independent ETp.182 Temperature independent ETp is a puzzling observation180

reported in different protein systems below 160-200 K179 and proved down to 4K in
Az junctions.181 The lack of a thermal activation barrier is a signature of the tunnelling
mechanism, however, protein junctions with lengths beyond 2 nm exceed the accessible
tunnelling range.180 For instance, temperature independent (down to 80 K) electronic
conduction was observed in multi-heme c-type cytochromes203 in a tunnelling junction
of ~ 5 nm. Temperature independent ETp is consistent with inelastic electron tunnelling
spectra recorded in Az junctions that support the off-resonant tunnelling mechanism.183

5.2 ECSTM experiments

ECSTM based techniques are employed to study single molecules204 and
proteins,173, 186, 187 to characterize: the size and apparent height in scanning mode, the
conductance and rectifying behaviour of the molecules in the junction in current-voltage
spectroscopy, the charge exchange distance and the distance decay constant β in
current-distance spectroscopy, and the formation of tunnelling junctions and their
associated conductivity in blinking and tapping modes (see section 3.3).

5.2.1 Protein size

The lateral size of proteins adsorbed on electrodes has been reported for azurin77

plastocyanin78 ferrodoxine79 [Fe-Fe] hydrogenase,205 cytochromes OmcA and MtrC
from Shewanella Oneidensis,206 and human sulfite oxidase,207 matching approximatively
in all chases the crystallographic size. According to Alliata et al.80 to accurately
measure the protein lateral size in ECSTM, protein squeezing with the scanning probe
must be avoided, otherwise the lateral size is overestimated. Based on protein apparent
height and current distance measurements, they estimate that conductance set-points of
4 GΩ and 4 MΩ yield gap distances of 6.2 and 3 nm, respectively.80 In ECSTM scans,
proteins appear as uniform globular objects. To our knowledge, results of López-Maritnez
applying differential conducting imaging are the only reported sub-protein heterogeneous
features.208 In absorbed Az proteins, differential conducting imaging revealed the
signature of the Cu redox centre surrounded by the protein matrix.208

Apparent Height

All reported apparent height measurements of proteins in ECSTM scans are smaller than
their associated crystallographic size.77–80, 205, 207 This is due to their lower conductance
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with respect to the metal electrode on the scan “background” (see section 3.3). Repeating
scans over the same region for different sample and/or probe potentials reveals through
apparent height the conductance gating of the electrode/protein/electrode tunnelling
junction. As we explained in the theory section 4.2, conductance gating is due to the
alignment of the protein molecular orbitals participating in ET with the Fermi energy of
the electrodes. Apparent height gating has been observed in Az,77, 81 cytochrome b562,209

and nitride reductase.194 Sigmoidal dependence with the electrode potential has been
observed in human sulfite oxidase.207 At the single molecule level, the apparent height is
a signature of the redox activity of the proteins as it is shown by constant apparent height
found in redox inactive Zn-Az.210

Current-voltage spectroscopy

Early current-voltage measurements of proteins with STM were carried out without
potentiatistatic control in ambient atmosphere, with photosynthetic reaction centres127and
Pc-SH mutants.147 In N2 atmosphere, cytochromes OmcA and MtrC from
Shewanella Oneidensis206 were studied. Under electrochemical control, current-voltage
characteristics of Az absorbed on gold electrodes allowed to estimate its transition voltage,
with a value of 0.4 V.211 In the recent years, the research group lead by Stuart Lindsay in
Arizona state University has extensively exploited ECSTM current-voltage spectroscopy
of proteins absorbed to probe and sample electrodes, providing valuable insights of ETp
process.84, 86, 212–221 Protein conductance in the nanosiemens range (1 nS ~ 1.3·10-5 G0
quantum conductance) were measured for protein junctions exceeding 2 nm and were
determined to be dominated by contact resistance.220 Contacting different engineered
sites of the protein216 and making use of repeating monomer units,218 they have precisely
characterized the ETp distance dependence. Proteins support long-range ETp with a
moderate distance decay compared to the steep exponential decay of canonical molecular
wires that they outperform for long distances (> 6 nm).218 In ETp protein junctions,
current-voltage spectroscopy has revealed a conductance gating in several non-redox
proteins219 which suggests that the polypeptide matrix supports a ubiquitous charge
exchange mechanism for proteins in ETp configuration.212

Current-distance spectroscopy

Current-distance spectroscopy gives access to the decay constant β of the protein
mediated charge exchange between the probe and sample electrodes. This characteristic
value was employed to identify matching DNA bases immobilized in the sample and
probe electrodes.86 In another current-distance spectroscopy study, probes functionalized
with tetraheme cytochrome from metal-reducing bacterium, Shewanella Oneisensis,
increased the tunnelling distance with hematite (Fe2O3) susbtrates.85
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In Az protein, it was observed that the β value is modulated by the electrode potential,
with β values of 3 nm-1 and 4.5 nm-1 in resonant and non-resonant conditions
respectively.87 This gating effect is related to the redox activity of Az, since no
β -gating effect is observed in redox inactive Zn-Az. In these works,85, 87 the effect of the
ionic strength and the electrical double layer on the close-distance quasi-linear regime
was discussed, for Az85 in Au[111] electrodes and tetraheme cytochrome on hematite
substrates.85The starting point of this dissertation are the experiments carried out on the
current-distance spectroscopy of PSI complexes.222 Current–distance spectroscopy at
different potentials reveals electrochemically gated long range charge exchange near,
with current extending farther under hole injection conditions.222

Current-distance spectroscopy was extended to the study of interprotein charge exchange
between redox cognate partners of the mitochondrial respiratory chain, the human
mitochondrial complex III (CIII), simplified by the cytochrome bc1, and cytochrome c
(Cc), functionalizing probe and sample electrodes respectively. In this protein-protein
configuration, β modulation with electrode potential is also observed. Remarkably
long-distance electron transfer is measured as both electrodes match the redox level
of the respective proteins, with current-distances traces spanning for > 10 nm, with
associated β < 1 nm-1. Molecular dynamics simulations revealed an ion depletion zone
between the cognate partners that establishes a Guoy-Chapman conduit that prevents
screening of the electric potential between the interacting redox centres. This local cation
depletion is associated with a lysine ring around the redox centres that accumulates anions
and drain cations from the interacting hydrophobic patch.223 Recently, it was shown that
the screening capability of the lysine ring is lost upon phosphorylation, which suggests
that the observed long-range charge exchange can be physiologically regulated.224

A variant of current-distance spectroscopy is the tapping or break-junction method, in
which the probe is brought into contact with the sample electrode and then retracted
to facilitate molecule trapping.84 While this method has been widely used for organic
molecules,225 it has been less employed in protein junctions.211 The current signal (and
thus the conductance, for a fixed bias) exhibits plateaus as the probe is retracted from the
sample, indicating the formation of a junction. Conductance histograms reveal a peak
associated to the protein junction conductance. This conductance also exhibits a gating
effect in Az, that vanishes for redox inactive Zn-Az.211

Blinking

To prevent protein squeezing, the formation of protein junctions can be studied with
blinking technique. The formation of spontaneous protein junctions is associated with
sudden current increases resulting in a telegraphic noise signal (see experimental methods
section 3.3). The associated conductance increase also displays a gating effect in
accordance with the apparent height, current-voltage and current-distance spectroscopies,
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and bulk measurements.83 It has been shown that single point mutations in Az can
modulate the lifetime of the junction and notably the charge transport regime.124 In
polymerase enzymes, the blinking signal has been used to evaluate its activity. In
particular, polymerase φ29 was linked between probe and sample electrodes. Open
and closed conformations were identified in the blinking signal allowing to monitor
the enzymatic activity.219 Highly stable tunnelling junctions suitable for blinking
experiments have been recently developed.214 This robust configuration allows to resolve
distinct conductance channels of proteins ETp which are gated by the bias potential.214

5.3 PSI based bio-hybrid devices
Eventually, we provide an applied perspective complementary to the basic research scope
of chapters 3-6 highlighting several PSI-based biohybrid devices. With the same aim,
in chapter 7 in we present our results with a proof-of-concept of a PSI based herbicide
biosensor.

Thanks to the high quantum yield of PSI, and to the energy difference between the redox
potential of the electron donor and acceptor cofactors, PSI-complexes are promising
candidates for bio-hybrid photovoltaic devices136, 226 and biofuel photocatalysts.227

Improvements in PSI functionalization strategies,93 and the ET to the electrodes
with soluble and polymer conjugated redox mediators (see section 3.4.3), have
increased the photocurrent output226 from few nA·cm-2 up to mA·cm-2. In order to
assess the limitations and bottlenecks of PSI-biohybrid photovoltaics, time resolved
spectrochemical experiments have been performed leading to the conclusion that the
ET limits the efficiency of the device.228 One of the major drawbacks of PSI-based
photovoltaic devices is their limited stability.229 Zhao et al. showed that illuminating
PSI-bioelectrodes produces partially reactive oxygen species that compromises the
stability of the protein complexes.95 therefore the operational lifetime of the devices
was shown to be extended under anaerobic conditions.98 Recently, storage stability
of years and operation lifetimes over a month were achieved with bacterial RC based
bioelectrodes stabilizing the ET pathways between protein and electrode.137 Another
strategy increasing the effective lifetime of the device was based on renewal of the
photosynthetic complexes on the electrode in self-regenerating devices.230

Other applications of photosynthetic reactions centres are diverse, such as biodegradable
photoelectrochemical cells,231 charge storage,232 UV detectors,231 and touch sensors.233

Regarding herbicide biosensors, the photocurrent inhibition of bacterial RC has been
employed to detect the concentration of quinone site inhibitors.234
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Chapter 2

Objectives

The core of this dissertation deals with interprotein electron transfer (ET), that is
canonically described by diffusion, binding, and actual charge exchange stages. We
pursue the objective to separate the contribution of binding and charge exchange
from the overall ET process between PSI and Pc.

In general terms, as the underlying mechanisms of interprotein ET and ETp are poorly
understood, we seek to:

General objective 1

To dilucidate the mechanism of charge exchange between PSI and Pc in individual
complexes.

To do so, we make use of the nanoprobe-based techniques AFM and ECSTM, allowing to
control the relative position of the proteins, and sample preparation techniques allowing
to control the composition, relative orientation, and redox state of the proteins involved
in ET. To meet this goal, we set the following specific objectives:

Specific objectives

1.1 Develop experimental tools allowing robust unidirectional immobilization of both Pc
and PSI onto electrodes and AFM and ECSTM probes.

1.2 Characterize protein binding to gold electrodes, protein stability and functionality
under experimental conditions and determine the working electrochemical window.

1.3 Study the ET dependence with distance of PSI, Pc and PSI-Pc complex.

1.4 Measure the conductance of individual PSI-Pc complexes.

1.5 Distinguish the contributions of the Pc Cu redox centre and of the Pc protein structure
to charge exchange with PSI.
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General objective 2

To measure the influence of the proteins’ redox state on their binding.

Specific objectives

2.1 Establish strategies for orthogonal control of the PSI and Pc redox state.

Making use of these tools we aim to:

2.2 Measure the binding frequency and the unbinding force of the PSI-Pc complex by
means of SMFS.

General objective 3

To characterize, model, and exploit the transient photocurrent output of PSI
biohybrid electrodes.

Specific objectives

3.1 Proof the viability of a PSI-based herbicide biosensor.

3.2 Proof the viability of photo-electrochemical current 2d-electronic spectroscopy
(PEC2DES) by (1) integrating a PSI photo-electrochemical current detection set-up
with a collinear phase-modulated 4-pulse 2d-spectroscopy excitation scheme, and (2)
optimizing the electrochemical photo-current output of PSI-bound electrodes to yield
photo-current transient signals with amplitude > µA and in ms timescale .
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1 Abstract

Charge separation and transport through the reaction center of photosystem I (PSI) is
an essential part of the photosynthetic electron transport chain. We have developed
a strategy to immobilize and orient PSI complexes on gold electrodes allowing to
probe the electron acceptor side of the complex, the chlorophyll special pair P700.
Electrochemical scanning tunneling microscopy (ECSTM) imaging and current-distance
spectroscopy of single protein complex shows a lateral size in agreement with its known
dimensions, and a PSI apparent height that depends on the probe potential revealing a
gating effect in protein conductance. In current-distance spectroscopy, we observe that
the distance-decay constant of the current between PSI and the ECSTM probe depends on
the sample and probe electrode potentials. The longest charge exchange distance (lowest
distance-decay constant β ) is observed at sample potential 0 mV/SSC (SSC: reference
electrode silver/silver chloride) and probe potential 400 mV/SSC. These potentials
correspond to hole injection into an electronic state that is available in the absence of
illumination. We propose that a pair of tryptophan residues located at the interface
between P700 and the solution and known to support the hydrophobic recognition of PSI
redox partner plastocyanin, may have an additional role as hole exchange mediator in
charge transport through PSI.

2 Introduction

Electron Transfer (ET) is a charge exchange process driven by the difference in redox
potential between donor an acceptor species. In biology, ET is an essential component
of the electron transport chains involved in cellular respiration and photosynthesis. ET
in the photosystem I (PSI) complex has been extensively studied both for basic1 and
applied purposes.2 PSI is a thylakoid membrane complex3 that transfers electrons from
Plastocyanin in the luminal side to Ferredoxin in the stromal side upon light exposure.
This is an energetically uphill process powered by the excitonic energy harvested by
the pigments found in the reaction center and in the light harvesting complex (LHCI)
associated to PSI. The combination of efficient excitonic energy transfer4 and fast ET
(10−8 - 10−7 s)5 results in a quantum yield near unit for the PSI electron transport
chain. This efficiency figure of merit is often used to highlight the potential of PSI in
biohybrid solar energy harvesting.2,6,7 Upon illumination, PSI complexes are brought to
a long-lived state formed by a pair of spatially and energetically distant redox cofactors:
the photo-oxidized chlorophyll special pair P700+ (270 mV with respect to reference
electrode silver/silver chloride, SSC)8 in the luminal side is an electron acceptor located
5 nm away from the terminal electron donor, the reduced iron sulfur cluster Fb- in the
stromal side (Figure 1). Thus, for illuminated PSI complexes in physiological conditions,
electrons flow from P700 to Fb.
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Monitoring the ET of individual redox proteins allows singling out their contribution
to the ensemble current and has been enabled by in situ scanning probe
techniques along with methods to specifically connect proteins to planar conductive
electrodes.9 Electrochemical scanning tunneling microscopy (ECSTM) studies of several
metalloproteins9−15 have revealed a current enhancement or gating effect (see below)
as the Fermi levels of the sample and probe electrodes align with the redox energy
level of the protein. Alternative to ET, an electron transport (ETp) charge exchange
mechanism has been proposed for protein junctions where the macromolecule contacts
both electrodes. While ET is driven by redox potential, in ETp the charge exchange
is driven by the potential drop between the electrodes.16 Although the physiological
relevance of ETp through protein junctions is less studied than that of ET, understanding
protein ETp is key to engineer protein-based electronic devices16,17 as ETp has been
shown16,18−20 to be a ubiquitous charge conduction mechanism through the protein
matrix of redox and non-redox proteins.21 In particular, ETp through PSI complexes in
the dark, evidenced by the current rectifying behavior of oriented PSI monolayers22,23 is
favored in the stroma-to-lumen direction (from Fb to P700) following the PSI natural
dipole.24 That is, in the dark the preferred sense of ETp in PSI is opposite to the
physiological one. As a first step to link ET and ETp in PSI, we have chosen to study
the behavior of PSI under dark conditions (non-redox active state) and we have applied
potentials to favor currents in the sense of PSI ETp.

We evaluate the charge exchange between PSI’s P700 side and ECSTM probe by
estimating the current-distance decay constant β nm−1 of the process. In ET formalism, β

is proportional to the electronic coupling between donor and acceptor molecular orbitals.
Experimentally, the distance decay constant β of the ET between a prosthetic ruthenium
atom and the copper center in Ru-modified Azurin (Az) mutants25,26 yields 11 nm−1. For
Az functionalized in gold electrodes with alkanethiol of different lengths,27 a value of β

= 1.03 ± 0.02 nm-1 per CH2 is found. In an ECSTM setup β can be directly evaluated
from current-distance plots.28 In this case, β accounts for the distance decay resulting
from all charge exchange processes between the protein-functionalized sample and probe
electrodes. For instance, the β value for bare gold electrodes in physiological medium is
10 nmnm−1. In gold electrodes functionalized with Az proteins,28 β is 4 nm-1 and similar
β values have been obtained for DNA base pairs29 and redox proteins.30,31 Moreover,
β is modulated by the electrode potential and it is lowest (i.e. the spatial span of the
current is longest) for electrode potentials matching the redox level of the protein28,30,31

or redox-active organic compound.32 Our previous results with PSI complexes30 suggest
that long distance charge transport is electrochemically gated.30 In that work we used
thiolated self-assembled monolayers (SAM) exposing a negatively charged surface,
which have been largely employed for PSI immobilization.33 The present study aims to
determine the distance and potential dependence of ET/ETp through the P700 reaction
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center of PSI and thus requires better defined protein orientation, and higher recognition
specificity.

Figure 3.1: Scheme of the molecular arrangement set up in this work to attach and orient PSI complexes
on Au[111] atomically flat electrodes. Peptides recognizing PSI stromal side with a C-terminal cysteine
residue (pIQA-cys peptide) were attached to the gold surface in order to bind plant PSI complexes.
This functionalization exposes the P700 site (luminal side) to the solution, enabling reproducible bulk
photoelectrochemical measurements as well as single molecule measurements like scanning probe
microscopy and spectroscopy. An electrochemical scanning tunneling microscopy (ECSTM) probe
electrode is depicted on top of the PSI complex (reference and auxiliary electrodes are not shown for
simplicity). The electrochemical potential and position (z) of the probe can be accurately controlled during
charge exchange with the P700 site.

A preferential yet heterogeneous orientation of PSI molecules is obtained with SAM-PSI
electrostatic interactions.33 PSI orientation can be inferred from the current-rectifying
behavior of SAM-PSI monolayers evaluated with STM34 and C-AFM.35 Specific binding
and orientation of cyanobacterial PSI complexes to ITO electrodes has been achieved
with a synthetic peptide (pIQA)23 that binds to the stromal side of cyanobacterial
PSI from Thermosynechococcus elongatus. PSI orientation was evaluated from the
current-rectifying behavior of the PSI-pIQA-ITO monolayer. To investigate the charge
exchange process with the P700 site in PSI, here we have designed a pIQA derivative
to bind and orient plant PSI complexes on atomically flat gold electrodes. We reasoned
that the pIQA structure would be recognized by the plant PSI based on the sequence
similarity between the PSI stromal side regions from cyanobacterial PSI and plant PSI
(see Supporting Information and Supplementary Figures S1-S4). We modified the pIQA
peptide for Au substrate attachment by introducing a cysteine (pIQA-cys).23 The resulting
PSI-pIQA-cys-Au functionalization yields robust macroscopic photocurrents in a wide
potential window and enables reproducible high-resolution microscopy and spectroscopy
of individual PSI complexes. In these conditions, the charge exchange between the P700

62 Chapter 3



Distance and Potential Dependence of Charge Transport Through the Reaction Center of
Individual Photosynthetic complexes

site exposed to the solution and the ECSTM probe reveals long distance dependence
(low β ) and electrochemical gating. The results are in agreement with hole injection into
PSI and reveal the presence of a low-energy state in the absence of illumination.

3 Results and discussion

AFM of PSI-pIQA-cys-Au electrodes (Figure 2a-c) shows the presence of a homogeneous
and partial electrode surface coverage of 6 nm thickness, which is in agreement with
previously reported PSI assemblies on gold36,37 (see Supplementary Information and
Supplementary Figure S5). The lateral size of PSI single particles was not determined
due to limited AFM probe resolution. Single complex resolution is achieved in ECSTM
image (Figure 2d-e). For each complex, long and short axes in the horizontal plane were
fit with a 2D-gaussian model (Supplementary Figure S6). Size distribution for N=334
particles yields 6.5 ± 0.1 nm and 10.7 ± 0.3 nm for short and long axes respectively.
Protein lateral sizes, taken as full width at half maximum, are 60% and 70% smaller than
available crystallographic structure of PSI-LHCI structure,38 with an approximate size of
10.5 nm and 15 nm, respectively.

The topography (apparent height) of PSI-pIQA-cys-Au samples observed by ECTSM
(Figure 3a) is tenfold lower than that observed by AFM (Figures 2ab). This result
agrees with previous reports about PSI complexes on alkanethiol-functionalized gold
substrates.30 Since ECSTM is operated in constant current feedback mode, the apparent
height is due both to the topography and to the conductance of the sample. ECSTM
apparent heights lower than the known structural dimensions have been observed
for several proteins deposited on metal substrates.27,39−43 These results confirm that
protein conductance is larger than that of the surrounding electrolytic medium, both
in metalloproteins44−46 and interestingly in non-redox active proteins.18,19 In addition,
we observe that the apparent height of PSI complexes by ECSTM depends on the
probe potential UP (Figure 3a). This effect allows using ECSTM imaging at different
electrochemical potentials to study their conductance and charge transport properties.
Several works showed a similar dependence in the small globular protein azurin,12,13

and more recently in a 100 kDa oxidoreductase complex.47 This gated conductance
resonance is attributed to the alignment of the Fermi levels of the ECSTM sample and
probe electrodes with the redox energy (molecular orbital) of the molecule under study.
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Figure 3.2: Structural characterization of of PSI-pIQA-cys-Au films attached to atomically flat Au[111]
electrodes. AFM image of PSI-pIQA-cys-Au, a) scan size 3 × 3 µm and b) 1 × 1 µm. The vertical (z)
color scale is set to 8 nm amplitude. c) Example AFM height profiles at the positions indicated with arrows
in panel (b). ECSTM images of the same sample, d) 350 × 350 nm and e) 150 × 150 nm. The vertical (z)
color scales correspond to 1.4 and 1.1 nm, respectively. The set point tunnel current is 0.2 nA and the bias
is 300 mV (Usample = 0 mV/SSC, Uprobe = 300 mV/SSC). f) Distribution of ECSTMparticle size, short
axis (top), and long axis (bottom).

To define a working electrochemical window, chopped light cyclic voltammetry (CV)
experiments (Supplementary Figures S7, S8 and S9) were performed. Soluble redox
mediators methyl viologen (125 µM) and osmium bipyridine dichloride (10 µM) were
added to the buffer solution to enhance photocurrents and facilitate the characterization.37

Illuminating PSI complexes at Usample = -100 mV/SSC produces photocurrents with 1
µA·cm−2 transient and 200 nA·cm−2 steady components (Figure 3b and Supplementary
Figure S8) while no photocurrents are observed in the absence of PSI (Supplementary
Figure S7). Photocurrents depend on the applied sample potential and can only be
measured below 100 mV/SSC. Potential excursions within the range -200 mV/SSC to
300 mV/SCC do not alter the magnitude of photocurrents, but they are reduced after
applying potentials outside this "safe" electrochemical window (Supplementary Figures
S8-S9). The photocurrent loss (Figure 3c) was estimated comparing photocurrents
measured in a reference potential region between -100 mV/SSC and -25 mV/SSC
(indicated by red traces in Figure 3b) before and after applying a test potential during 5
min (Supplementary Figure S8-S9). For potentials Usample < -200 mV/SSC, cathodic
currents increase significantly due to the presence of O2 in the electrochemical cell.48−50
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After applying Usample = -400 mV/SSC for 5 min (Supplementary Figure S8), the
voltammogram is broadened indicating a decrease of the electrode capacity revealing
a partial depletion of absorbed molecules while a decrease in photocurrent amplitude
is also observed. Photocurrent degradation has been attributed to the formation of ROS
in aerobic systems where O2 acts as terminal electron acceptor.48,49 Similar irreversible
decrease of photocurrent and electrode capacity is observed for positive potentials
(Usample > 300 mV/SSC) that could be associated to the desorption of molecules absorbed
on the electrode. The appearance of an anodic peak at 500 mV/SSC (Supplementary
Figure S8) in PSI-pIQA-cys samples that is not present in pIQA-cys samples and the
stability pIQA-cys samples (red traces in Supplementary Figure S7) suggest that the
decrease in photocurrent observed in Figure 3c could be attributed to PSI desorption.

Reversible and stable photocurrent measurements in the electrochemical window
between -200 mV/SSC < Usample < +300 mV/SSC indicate the presence of functional
(photo-active) PSI complexes in the electrode. We took these values to set the sample
potential boundaries to study single PSI spectroscopy with ECSTM in the dark. Thus, in
Figures 2 and 3 the microscopic and bulk photocurrent characterization of PSI-pIQA-cys
functionalized gold electrodes show: (i) functionalization of PSI complexes on gold
electrodes modified with a cysteine peptide, (ii) conductance gating in the PSI apparent
height measured by ECSTM, as reported for other proteins and complexes, (iii) bulk
photocurrent measurements demonstrate that PSI complexes remain (photo)active upon
attachment to the electrode, and (iv) a safe working electrochemical window is identified
were PSI activity is retained. Finally, the activity of PSI-pIQA-cys-Au samples was
tested with photo-chrono-amperometry, in the absence of redox mediators, before current
decay spectroscopy experiments, acquiring photocurrents of 10 nA·cm−2 at Usample =
-100 mV/SSC (Supplementary Figure S10) while no photocurrents were observed in the
absence of PSI complexes. These results set the stage for reproducible ECSTM current
distance decay experiments in the next section.
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Figure 3.3: Dependence of PSI-pIQA-cys-Au microscopy and photocurrent recordings on the
electrochemical potential: a) Apparent height of PSI complexes measured from ECSTM image profiles at
different probe potentials UP (constant bias potential Ubias = Uprobe Usample = 300 mV/SSC). A maximum
PSI height is observed at Uprobe = 400 mV/SSC indicating a conductance resonance as observed for
redox proteins and complexes. b) Bulk photoelectrochemical current measured in a PSI-pIQA-cys-Au
sample during cyclic voltammetry at 80 mV·s1 rate while switching on and off the 690 nm illumination
every 125 ms (red and black traces, respectively). Photoresponses are observed at Usample < 100 mV/SSC.
c) An electrochemical potential window of PSI stability between 200 and +300 mV/SSC is identified
where photocurrent loss is below 10% (white band and example photocurrent recording at the center,
red traces corresponding to 690 nm illumination). Applying potentials outside this window diminishes
photoresponses (indicated by grey bands and example photocurrent traces).

We used ECSTM to evaluate the distance decay constant of currents in PSI-pIQA-cys-Au
samples at fixed locations. The charge exchange process between sample and probe
electrodes was measured in dark conditions to prevent photo-oxidation of the P700 site28

(i.e. in the absence of redox activity of PSI). ECSTM spectroscopy recordings were
performed as previously described.28 Briefly, we departed from a set-point current of 300
pA and switched off the feedback control loop prior to retracting the probe electrode (a
Pt-Ir sharp tip) away from the sample electrode (an Au monocrystal, see Supplementary
Information) at a constant rate, while measuring the probe current. Current-distance
spectra were recorded under bi-potentiostatic control of probe and sample. We set 11
pairs of potentials for the sample (Usample = -100, 0, 100, 200 mV/SSC) and probe (Uprobe
= 200, 300, 400 mV/SSC) which yield applied bias ranging from +100 mV to +500 mV
(Ubias = Uprobe - Usample). The positive sign in bias potential was chosen to follow the
favored sense of ETp for PSI in dark from stroma to lumen.22,23 Logarithmic current
plots (Figure 4a) for PSI-pIQA-cys-Au (blue) show longer charge exchange distance with
respect to pIQA-cys-Au controls (black). While most control traces are well described
by a single exponential decay model, PSI data shows a double exponential behavior
(Supplementary Figure S11). Double exponential traces exhibit a short distance regime
with z < 0.2 nm (Supplementary Figure S12) and a second regime spanning from 0.2
nm to 1.0 - 2.5 nm depending on the applied probe potential. Beyond 2.5 nm the probe
current is masked by faradaic currents (~25 pA) due to probe insulation defects. Double
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exponential behavior has already been reported for DNA molecules29 and proteins30,31

and has been attributed to the surface charge screening.28

In the absence of PSI, the distribution of β values is centered around 7 nm−1 and
is independent of potential. In contrast, the β for PSI-pIQA-cys-Au depends both
on the sample and probe potentials. At sample potentials above 100 mV/SSC, β is
around 4-5 nm−1, similar to previously reported values for Az28 and PSI complexes.30

However, at sample potentials equal or below 0 mV/SSC and probe potential 400
mV/SSC we obtained β values below 2 nm−1, which cannot be accounted for by a
tunneling mechanism and are reminiscent of the long-distance currents observed for
cytochromes.31

The effect of sample and probe potentials on β distributions (see Supplementary Figure
S13) is shown respectively in Figures 5a and 5b. We remark that β values below 4 nm−1

are only found for Usample 100 mV/SSC irrespective of the applied probe potential. Thus,
applying a sample potential Usample < 100 mV/SSC is a necessary condition for enhanced
charge exchange distance in the dark. Interestingly, bulk photoelectrochemical currents
are only observed below this potential (Figure 3b). Fulfilled this condition (Usample <
100 mV/SSC), β decreases as the probe potential is increased (Figure 5b). The lowest
β values (longest charge exchange distances) are found at UP = 400 mV/SSC and bias
potentials Ubias = 500 mV (Us= 0 mV/SSC) and Ubias = 400 mV (Us = 0 mV/SSC).
These results suggest that farthest-reaching currents are due to the probe potential (Fermi
energy position around -5.0 eV versus the vacuum level) irrespectively of the applied
bias (driving force). The β values as a function of sample and probe electrodes are
summarized in Figure 6.

It has been reported that β values in redox proteins28,30,31 and organic compounds32

depend on the electrode potentials. In PSI-pIQA-cys-Au, β values depend on the probe
rather than on the sample potential (provided that -100 mV/SSC). We argue that the
electric potential at the luminal side of PSI complexes is set by the probe electrode facing
the P700 side while the sample potential is screened by pIQA-cys peptide and the 5 nm
thick PSI protein matrix. In this sense, the probe electrode can be likened to a PSI redox
partner under potentiostatic control.
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Figure 3.4: Electrochemical current–distance spectroscopy measurements with ECSTM at different
sample and probe potentials: a) Semilogarithmic plots of I(z) recordings of pIQA-cys-Au samples (black)
and b) PSI-pIQA-cys-Au (blue) at Usample potentials within the safe window for PSI activity and at Uprobe
potentials to probe charge exchange with PSI using moderate bias values. Long distance decay is observed
around Usample = 0 mV/SSC and Uprobe = 400 mV/SSC. c) Normalized distribution of β distance-decay
rates obtained for each condition in panels (a,b). Low values of β (≈1 nm−1) are observed at Usample = 0,
Uprobe = 400 mV/SSC
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In these experiments we have focused in ETp through PSI bound to the sample electrode
via pIQA-cys peptide and we have avoided ET (redox) effects like direct oxidation of
P700 site by carrying out current-distance recordings in dark conditions. However, in
contrast to ETp measurements, no direct molecular bond is established between the
luminal side of PSI and the ECSTM probe and thus current flow depends to some extent
on the aqueous solution, which may involve water molecules and protons as it occurs
in ET. This partial electronic decoupling between the electrode and PSI can be seen
as an advantage of ECSTM that enabled us to observe gating effects in imaging and
spectroscopic experiments of PSI (Figures 3 and 4), as previously found for cytochrome
c and azurin. It might allow studying the role of electronic coupling between PSI and its
partners in the overall photosynthetic electron transport chain.

We reasoned that the dependence of β on Uprobe (Figure 6) could be due to the
presence of a cofactor or residue on the luminal surface whose molecular orbital
could be electronically coupled to the ECSTM probe at 400 mV/SSC (low electron
energies). We thus examined the residues on the luminal surface of PSI that could
mediate this process, and noticed a pair of tryptophan residues (Trp625 and Trp658 in
Figure 6d)38 that is located in the proximity of P700 and integrates the hydrophobic
recognition site of plastocyanin (Pc), an electron donor partner protein of PSI.51−53

Tryptophan is an oxidizable aromatic residue whose redox activity is involved in
photosynthetic water splitting, nucleic acid biosynthesis, and cell signaling, acting as a
hole carrier. It plays a major role in proton-coupled electron transfer,54,55 and it mediates
photoinduced long range ET in photolyase56,57 and in dye-modified Az mutants.58,59 In
plants cryptochrome, the ET constant is modified by two orders of magnitude by ATP
binding and by pH modulating the electronic coupling of a Trp residue.60 Regarding
protein-electrode interfaces, it has been proposed that charge exchange is modulated
by electronic coupling between electrode Fermi level and the molecular orbitals of
interfacing residues.18,20,21,44,45,61,62 Remarkably, introducing Trp residues in 6-Alanine
peptides increases their molecular conductance, lowering the effective barrier height and
enhancing electronic coupling with gold electrodes.63 In addition, cyclic voltammetry
features of Az are abolished if the Trp residue mediating ETp with the electrode is
mutated.64 All these results suggest that aromatic Trp residues play a significant role
in protein ET and in ETp. Based in our current-distance spectroscopy results, we
hypothesize that surface exposed Trp625 and Trp658 may act as primary electron donors
(hole acceptors) to the ECSTM probe, which would explain the gating of the apparent
height and β .
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Figure 3.5: Dependence of the distance decay constant β of PSI-pIQA-cys-Au with the electrochemical
potentials. The plots show the statistical representation of β values obtained from Figure 4c. a) β values
vs applied sample potential. Probe potentials are indicated in color (Uprobe = 200, 300, 400 mV/SSC for
blue, light green, and dark green traces, respectively). b) β values vs applied probe potential with sample
potential traces (Usample = 200, 100, 0, and -100 mV/SSC) represented in dark blue, light blue, green, and
aquamarine respectively. The lowest values (corresponding to the farthest-reaching currents) are observed
at Usample = 0 mV/SSC and Uprobe = 400 mV/SSC.

The physiological role of Trp residues has been studied in PSI and transient
absorption experiments demonstrated that the ET kinetics of PSI with Pc are altered in
Chlamydomonas Reinhardtii mutants Trp627Phe and Trp651Ser65,66 (corresponding
to Trp625 and Trp658 in Arabidopsis Thaliana respectively). In bulk transient
absorption measurements, the kinetic contribution of the formation of a productive
complex, reorganization, ET, and unbinding processes are indirectly inferred from the
different time components of the transient absorption signal. In contrast, distance- and
potential-dependent ECSTM experiments allow evaluating the independent contribution
of the ET process to the overall charge transport process. Our results suggest that
these Trp residues play an additional role as hole exchange mediators in PSI, possibly
regulating ET through electronic coupling, in line with findings in other protein systems.
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Figure 3.6: Diagram of distance-decay rates of PSI-pIQA-cys-Au showing electrochemically gated long
distance current between the ECSTM probe and the P700 site of PSI in the dark. a) Distance decay rate
β average values are plotted in color scale (red corresponding to 2 nm−1 and yellow to 5 nm−1) as a
function of the probe and sample potentials and using the same layout as Figure 4. b) The correspondence
of the vertical axis with the electron energy of the probe is shown in the scale on the right, together with a
diagram depicting hole injection from the probe at Uprobe = 400 mV/SSC into a hypothetic electron donor
state of PSI in the dark. c) A chopped light voltammogram (Figure 3) is indicated under the horizontal
axis to show the sample potential range of PSI photo-responses. d) Candidate electron donor sites that
could mediate this current include a pair of oxidizable tryptophan residues (Trp625, Trp658, shown in red)
located between P700 (green) and the copper active site of the PSI redox partner plastocyanin (Pc, orange).

4 Conclusions

In summary, we have developed a strategy to functionalize gold electrodes with
plant PSI complexes that orients and exposes their luminal side to the electrolyte, in
order to investigate charge exchange processes mediated by their P700 site. Sample
preparation is based on a peptide sequence that binds specifically to the stromal side
of PSI from cyanobacteria and plants and it should be applicable to a variety of
complexes and substrates. Bulk photoelectrochemical measurements demonstrate that
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PSI complexes remain fully functional in a wide window around 0 mV/SSC sample
potential. Nanoscale imaging of individual complexes shows lateral sizes in agreement
with the dimensions of PSI and an apparent height that is electrochemically gated for
ECSTM probe potentials around 400 mV/SSC. This experimental setup enables for the
first time spectroscopic measurements with ECSTM (current-distance decay at different
electrochemical potentials) that unequivocally correspond to the P700 side of PSI exposed
to the aqueous medium. In these conditions, we observe that the spatial span of the
current is enhanced (the distance-decay constant β is reduced) through the solution at
sample potential 0 mV/SSC and probe potential 400 mV/SSC. This process corresponds
to hole injection into an electronic state that is available in the absence of illumination.
We propose that a pair of tryptophan residues (Trp625, Trp658) located near P700 and
known to integrate the hydrophobic recognition site for Pc may have an additional role
as hole exchange mediator involved in the charge transport process through PSI.
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SUPPLEMENTARY FIGURES 

Supplementary Figure 1: Sequence alignment of PsaA and PsaB subunits from Plant PSI and 
Cyanobacteria PSI 

 

 

 

 

 

 

 

Supplementary Figure S1. PsaA alignment: Length: 756, Identical residues: 620, Similar residues: 52, Percent sequence identity: 
82.01, Percent sequence similarity: 88.89. The yellow boxes represent the PsaA stromal side regions exposed to the solvent. B. 
Structural representation of the alignment performed for PsaA subunits (Green: plant PSI, PDBiD: 4XK8; Cyan: cyanobacteria PSI, 
PDBiD: 6LU1). C. Structural representation showing the solvent-exposed regions of the PsaA subunits (yellow boxes). D. PsaB 
alignment. Alignment length: 741, Identical residues: 585, Similar residues: 49, Percent sequence identity: 78.95, Percent sequence 
similarity: 85.56. The yellow boxes represent the PsaA stromal side regions exposed to the solvent. E. Structural representation of 
the alignment performed for PsaB subunits (Green: plant PSI, PDBiD: 4XK8; Cyan: cyanobacteria PSI, PDBiD: 6LU1). F. Structural 
representation showing the solvent exposed regions of the PsaA subunits (yellow boxes). 
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Supplementary Figure 2: Sequence alignment of PsaC subunit from Plant PSI and 
Cyanobacteria PSI 

 

 

Supplementary Figure 3: Sequence alignment of PsaD subunit from Plant PSI and 
Cyanobacteria PSI 

 

 

 

Supplementary Figure S2. PsaC alignment: Length: 81, Identical residues: 70, Similar residues: 4, Percent sequence identity: 86.42, 
Percent sequence similarity: 91.36. The cartoon shows the structural representation of the alignment performed for PsaC subunits 
(Green: plant PSI, PDBiD: 4XK8; Cyan: cyanobacteria PSI, PDBiD: 6LU1). 

Supplementary Figure S3. PsaD alignment: Length: 142, Identical residues: 81, Similar residues: 18, Percent sequence identity: 57.04, 
Percent sequence similarity: 69.72. The cartoon shows the structural representation of the alignment performed for PsaD subunits 
(Green: plant PSI, PDBiD: 4XK8; Cyan: cyanobacteria PSI, PDBiD: 6LU1).  
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Supplementary Figure 4: Sequence alignment of PsaE subunit from Plant PSI and 
Cyanobacteria PSI 

 

 

Supplementary Figure 5: AFM Set-point calibration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Supplementary Figure S5. AFM PSI-pIQA-cys-Au[111] scan in tapping mode: a Topography scan (color scale 6 nm, scale bar 100 nm) 
and b Phase image for 800x800 nm scan area. In AFM tapping mode, cantilever oscillation set-point amplitude was modulated with 
respect to free amplitude during scan. Set-point ratio percentage is indicated in Suppl. Figure S1a. Optimal scanning conditions 
preventing protein monolayer squeezing are found for 80 % ratio, where phase image contrast is minimized. c. Height profile of the 
scan line highlighted in red in Suppl. Figure 1a and Suppl. Figure 1b where set-point ratio is optimized.   

 

Supplementary Figure S4. PsaE alignment: Length: 77, Identical residues: 39, Similar residues: 7, Percent sequence identity: 50.65, 
Percent sequence similarity: 59.74. The cartoon shows the structural representation of the alignment performed for PsaE subunits 
(Green: Plant PSI, PDBiD: 4XK8; Cyan: Cyanobacteria PSI, PDBiD: 6LU1). 
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Supplementary Figure 6: EC-STM Scan protein complex size fitting 

 

 

Supplementary Figure S6. EC-STM Scan Molecule Fitting.  a. PSI-pIQA-cys-Au[111] scan shown in figure 2e and b 10x10 nm zoom 
displaying three example molecules (1,2,3) fitted in with a 2D-gaussian model shown in red in c. d.Lateral size of PSI-pIQA-cys 
molecules is taken as the full width at the half-maximum of the gaussian fit (2.36σ).     
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Supplementary Figure 7: Defining a safe electrochemical window by cyclic voltammetry 

 
 

Cyclic Voltammetry Characterization of Au[111], pIQA-cys-Au[111] and PSI-pIQA-cys-Au[111] 
electrodes 

We observe a decrease in cathodic current (Supplementary Figure S7a) and an increase in anodic 
current (Supplementary Figure S7b) in pIQA-cys incubated samples (red traces) compared to 
bare gold samples (black traces), that we associate with cysteine modified peptide 
functionalization of gold electrodes. To evaluate sample stability, CV are repeated after applying 
voltammogram vertex potential for 5 minutes. In pIQA-cys-Au[111] and Au[111] samples, CV are 
similar before (Supplementary Figure S7a and S7b)  and after (Supplementary Figure S7c and 
S7d)  this treatment. In PSI-pIQA-cys-Au[111] electrodes (green traces in Supplementary Figure 
S7 and Supplementary Figure S8), currents are diminished a tenfold compared with pIQA-cys-
Au[111] electrodes. 

 
 

 

 

Supplementary Figure 7. Effect of pIQA-cys functionalization and sample electrode potential on cyclic voltammetry response. 
CV of PSI-pIQA-cys-Au[111] (green), pIQA-cys-Au[111] (red) and Au[111] (black). Upper panels A and B show CVs before applying 
a test (vertex) potential for 5 min. After this treatment, CVs are repeated and shown in lower panel (C and D, respectively). 
Negative vertex potential Us =-100, -200, -300 mV/SSC are shown on the left side of the panel (A and C, respectively) and positive 
vertex potential Us = 200, 300, 400, and 500 mV/SSC are represented on the right side (B and D, respectively). Redox mediators 
methyl viologen (MV, 125 uM) and osmium bipyridine di-chloride (10 uM) were added to the PBS buffer solution. The scan rate 
is 80 mV/s and the LED irradiation period is 125 ms. 
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Supplementary Figure 8: Defining a safe electrochemical window by PSI photocurrent   
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Supplementary Figure S8 : Effect of sample electrode potential on cyclic voltammetry response, zoom for PSI sample in 
figure Supplementary Figure S7 . CV of PSI-pIQA-cis-Au[111] sample before (left)  and after (right) applying CV vertex 
potential for 5 min. a. Vertex potential Us < 300, 400, and 500 mV/SSC b. Vertex potential Us >-200, -300, -400 mV/SSC. 
Experimental conditions are identical to supplementary figures S7 and S9.  
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Supplementary Figure 9: Defining a safe electrochemical window by photocurrent loss 

 

Supplementary Figure 10: Bulk photocurrent recording of Au-adsorbed PSI molecules 

  
Supplementary Figure S10.  Photo-chrono-amperometry: Prior to ECSTM experiments, the photocurrent of PSI-pIQA-cys-Au[111] 
(green trace) samples was evaluated. pIQA-cys-Au[111] control is shown for comparison (black trace).  Working electrode potential 
is held constant at -100 mV/SSC while sample is illuminated with a LED of 690 nm wavelength and 20 mW·cm-2 in cycles of 10 s 
marked in red. Buffer solution is the same as ECSTM experiments, PBS buffer 50 mM, pH 7.4. 
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Supplementary Figure S9 a. Chopped light cyclic voltammetry of PSI-pIQA-cis-Au[111] samples. Redox mediators methyl 
viologen (MV, 125 µM) and osmium bipyridine di-chloride (10 µM) are added to buffer solution. Scan rate is set to 80 mV/s 
and LED irradiation period to 125 ms. Sample potential is swept between -700 <Us < 200 mV (top), -200 <Us < 500 (middle) 
and -200 < Us < 200 (bottom). In the range -150 < Us < -100 mV (grey shaded area) LED irradiation is indicated in red.  b. 
Photocurrent Loss: Decrease of photocurrent in the range -150 < Us < -100 mV (grey shaded area in Suppl. Figure 5a after 
applying sample potential indicated in x-axis for 5 minutes. 
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Supplementary Figure 11: Double exponential model 
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Supplementary Figure S11.  Fit model. Current decay model (red trace) for ECSTM current decay data (black dots) data 
is fit with Golub Pereyra algorithm1 that minimizes linear least squares for IFaradaic and ISet-point and non-linear least squares 
for β1, β 2 and z0. Single exponential decaying curves are fit excluding the second term z > z0.  
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Supplementary Figure 12: Double exponential fit parameters 
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Supplementary  Figure 12. Distribution of β1 and z0 parameters obtained from I(z) data shown in  Figure 4. PSI-pIQA-cis-
Au[111] sample is marked in blue and pIQA-cis-Au[111] control in black. The percentage indicated the ratio of curves 
exhibiting double exponential decay of PSI-pIQA-cis-Au [111] (blue) and pIQA-cis-Au[111] (black) respectively.  a. Histogram 
of z0 cross-point between short range (β1) and long range (β2) regimes. b. Histogram for short range current decay constant 
β1. 
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Supplementary Figure 13: Fit of β distribution 

 

 

 

 

 

 

 

Supplementary Figure 14: EC-STM Z-axis Piezo Calibration 
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Supplementary Figure 13.  Fit of β distribution: Distribution of β values obtained fitting I(z) curves shown in figure 4b to 
exponential model (blue) and fit to a normal distribution (red). The center of fit distribution was used in figures 5 and 6. In 
case of double exponential decay (z0 ≠0), long distance decay constant β2 is used. 
 
 

Supplementary Figure S14.  EC-STM Z-axis Piezo Calibration. A. EC-STM topography scan displaying two Au[111] 
mono-atomic terraces performed under current decay spectroscopy experimental conditions: current set-point 
0.3 nA and 300 mV bias in PBS buffer 50 mM.  b. Histogram of height distribution in Suppl. Figure 2a. Au[111] 
mono-atomic terrace height (Δz = 2.33 ± 0.01 Å ) is compared to the reported value 2 2.36 Å to validate EC-STM z-
piezo calibration.  
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METHODS: 

 
PSI-LHCI complexes purification 

Arabidopsis thaliana plants (Arabidopsis Col-0) were grown under white light at 120 µmol 
photons·m-2·s-1, 12 hr/12hr day/night cycle at 23 °C, for 5 weeks. Thylakoid membranes were 
isolated from Arabidopsis leaves according to Xu et al.3  

PSI-LHCI complexes were purified from thylakoid membranes with sucrose density gradients as 
previously described.4 In brief:  350 µg Chl thylakoid were diluted to 0.5 mg Chl·ml-1 in 5 mM 
EDTA, 10 mM Hepes pH 7.5 and solubilized with an equal amount of detergent solution (1% a-
decylmaltoside (DM) in 10 mM Hepes 7.5) for 10 min. After solubilization, the sample was 
centrifuged at 12,000 x g, 10 min centrifugation to eliminate the insolubilized material. The 
supernatant was loaded onto the sucrose gradients prepared by freezing and thawing a sucrose 
solution (500 mM sucrose, 20 mM Hepes pH 7.5, 0.06% a-DM). The gradients were centrifuged 
for 16 hr at 4 °C at 160,000 x g. PSI-LHCI complexes were collected with a syringe. 

 
Structure-based sequence alignment of the PSI 
 
Starting from structural works published by Jordan et al.5 and Quin et al.6 on the PSI structure 
from Cyanobacterium Synechococcus elongatus and the PSI structure from Arabidopsis thaliana, 
respectively, we performed a structure-based sequence alignment of the PSI subunit exposed 
toward the stromal side. We compared the structural homology, sequence identity, and 
sequence similarity between PSI stromal side regions from Cyanobacteria PSI and Higher Plant 
PSI. The structural alignment was performed by using PROMALS3D server.7 ESPript 3.0 server 
was used to depict  similarity sequence coloring scheme.8 The calculation of the identity and 
similarity percentages was performed by using Sequence Manipulation Suite server (SMS).9 The 
alignments performed for each pair of subunits studied are shown in the supplementary Figures 
S1-S4. For the analyses, we only consider the PSI subunits A, B, C, D and E because these subunits 
are the ones that are mostly exposed to the solvent in both the stromal side of Cyanobacteria 
PSI and Plant PSI.10 
 
PSI-pIQA-cys-Au[111] Sample preparation 

Au[111] monocrystals (Mateck GmbH, Germany) were electropolished in H2SO4 and flame 
annealed as previously reported9. After annealing, samples were cooled in Ar atmosphere prior 
to pIQA-cys 0.1 mM incubation in CH3COONa buffer 50 mM pH 4.5 for 30 min at room 
temperature. After peptide incubation, samples were gently rinsed with working buffer, 
Phosphate Buffer Saline (PBS) 50 mM, pH 7.4. Aliquots of 5 μl of PSI samples PSI from WT 
Arabidopsis Thaliana, Chlorophyll concentration 0.28 μg/ul with 0.1% w/w DDM surfactant, 
isolated from sucrose gradient were incubated with 45 μl of PBS working buffer overnight in 
dark conditions overnight. After incubation, buffer was gently exchanged with phosphate 
buffered saline (PBS) PSI-free buffer to elute unbound complexes. Prior to scanning probe 
experiments, PSI-pIQA-cys-Au samples were mounted in the ECSTM electrochemical cell and 
photo-activity was evaluated. To do so, photo-chronoamperometric recordings (more details in 
electrochemical characterization methods) were performed at sample potential Us = -100 
mV/SSC in PBS buffer without adding redox mediators (Supplementary Figure S10).  
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Atomic force microscopy (AFM) imaging 

AFM scans were performed using an MFP-3D atomic force microscope (Asylum Research, Santa 
Barbara, CA) using V-shaped Si3N4 cantilevers with sharp silicon tips and having a nominal spring 
constant of 0.12 N·m-1 (SNL, Bruker AFM Probes, Camarillo, CA). The AFM was operated in 
tapping mode in liquid, covering the sample with PBS 50 mM, pH 7.4. Set point was adjusted to 
minimize phase contrast to avoid compressing pIQAC-PSI- monolayer with AFM probe 
(Supplementary Figure S5). 

 

ECSTM-Scans 

PSI-pIQA-cys-Au[111] samples were prepared as described above. For ECSTM imaging, PSI 
buffer solution containing DM surfactant 0.1 % w/w was exchanged with DDM free PBS buffer 
(50 mM, pH 7.4) to complexes with silica beads Zeba spin desalting columns 7kDa 
(ThermoFischer), since excess of DDM surfactant absorbs on electrode surface hindering 
protein identification in ECSTM scans.12 ECSTM probes were prepared cutting Pt-Ir wire with 
diameter 0.025 mm (GoodFellow, UK) and coated with Apiezon wax to prevent faradaic 
currents from masking tunnel current. A perfectly  probe exhibits  a flat cyclic voltametrey 
response with an offset current value of * pA in our set-up   
 
Experiments were performed with a PicoSPM microscope head and a PicoStat bipotentiostat 
(Molecular Imaging) controlled by Dulcinea electronics (Nanotec Electronica) using WSxM 4.0 
software.13 The applied bias for scans was Ubias = +300 mV and set point current 0.3 nA, 
corresponding to a point conductance of (109 Ω). These parameters have been chosen to 
position probe electrode at set-point distances avoiding protein squeezing with probe.14 
Sample and probe potentials were set to Us= -100, -50, 0, 100, 150, 200 mV/SSC and UP= 200, 
250, 300, 400, 450 mV/SSC, respectively. The applied bias is calculated as Ubias = UP - US. Scan 
rate was set to 8 Hz acquiring 512 points per line. 

 

ECSTM-Scan blob fitting model 

Scans were analyzed with WsxM 4.0 Software13 and with a home written program to identify 
and measure the proteins. The program is based on Adam Ginsburg’s gaussfitter 
(http://github.com/keflavich/gaussfitter) and available at (http://github.com/Mlopeorti/Blob-
2D-fitter-). The algorithm fits a 2-dimensional function to scan regions identified manually by 
the user as molecules. Examples of fit molecules are shown on Suppl. Figure 3. Protein lateral 
size is taken as the full-width-at-half maximum (2.35σ) of the fitted gaussian. Protein apparent 
height is obtained as the maximum of the raw data z-piezo position in the selected area. See 
Supplementary Figure S6 for an example. 

 

Electrochemical characterization methods: chopped light cyclic voltammetry and chrono-
amperometry 

A homemade electrochemical cell was used in three-electrode configuration for electrochemical 
characterization and four-electrode configuration for ECSTM. We used a miniaturized ultralow 
leakage membrane Ag/AgCl (SSC) reference electrode filled with 3 M KCl and a Pt:Ir (80:20) wire 
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as counter electrode. Cell and all glass material used for preparation of solutions were cleaned 
with piranha solution (7:3 H2SO4/H2O2 (30%) by volume). Caution: Piranha solution should be 
handled with extreme caution. Electrochemical measurements were carried out with a 
potentiostat PGSTAT 302N (Metrohm Autolab, Netherlands).In chopped-light cyclic 
voltammetry experiments, a LED of 690 nm radiating a power of 30 mW·cm-2 in the plane of the 
sample was used. CV was performed at 80 mV·s-1 with an illumination period of 125 ms 
(Supplementary Figures S7-S9).  For photo-chrono-amperometric recordings (Supplementary 
Figure S10), the potential was held at Us = -100 mV/SSC. The sample was illuminated in 10 s 
cycles. 

 

ECSTM current-distance decay spectroscopy 

The piezoelectric nanoprobe positioner was calibrated under experimental conditions taking as 
reference the Au[111] single atom thick terraces (0.236 nm15, Suppl. Fig. S14). Current-distance 
(I-z) recordings are obtained by departing from a set point fixed at 0.3 nA. The current feedback-
loop is switched off and the probe electrode is retracted 10 nm at 40 nm/s. Afterwards, probe 
is approached again and current-distance feedback loop is reestablished for 400 ms before 
retracting again. 1000 I(z) curves were recorded for each sample/probe potential pair. To 
minimize drift artifacts, I-z plots that started with a current deviation higher than 10% of the initial 
setpoint were discarded.  

 

Current decay spectroscopy data analysis 

Current-distance curves showing a double exponential behavior16–18 were fit with a two-regime 
exponential function described by the following equation: 

 

In the model, IFaradiac describe faradaic current term issued from leakage currents due to probe 
coating defects, this term is obtained as the average of the last 200 points of the I(z) curve. 

 ISetpoint is the fixed set point starting current. The fit parameters are β1 and β2, the distance decay 
currents for short and long distance respectively and Z0 is the point. A fit example is shown in 
Supplementary Figure S11.   

The code to analyze I(z) data, written with R software, is available in GitHub repository. 
https://github.com/Mlopeorti/Tunnel_current_2exponential_fitter/blob/master/2_exp_fit_au
to_iz_ECSTM 
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1 Abstract

In cellular respiration and photosynthesis electrons are shuttled in a cascade of electron
transfer (ET) steps between redox cofactors. Proteins constrained between electrodes
however support electron transport (ETp) through protein matrices even in absence of
redox cofactors. It is unknown whether protein ETp mechanisms apply to the interprotein
medium. Here, we study interprotein ETp between plant photosystem I (PSI) and its
soluble redox partner plastocyanin (Pc) and address the role of Pc’s copper redox center.
Using electrochemical scanning tunnelling spectroscopy (ECSTS) we quantify the remote
charge exchange distance and the conductance of bound PSI/Pc complexes. Pc devoid of
copper exchanges charge with PSI at longer distances than copper Pc and the conductance
of the complex is higher in absence of the metal. Our results suggest that Pc’s copper is
not essential in interprotein ETp through the aqueous solution and question the canonical
view of tight complex binding between redox protein partners.

2 Introduction

Interprotein charge exchange is a fundamental process in cellular respiration and
photosynthesis that includes three canonical steps:1 diffusion of the charge-exchanging
proteins, transient complex formation, and electron transfer (ET). Tunnelling mechanisms
predict efficient ET between the cognate protein pair in the complex at distances
below 15 Å between the donor and acceptor redox cofactors.2 However, tunnelling
mechanisms cannot account for experimental results of protein electron transport
(ETp),3,4 that is, charge exchange through proteins placed in between an electrode
pair that provide an electron source and drain. ETp does not require the presence of redox
cofactors to transport charge5-7 whereas such molecular electronic states are ineluctable
steppingstones in ET. The observation of ETp through non-redox proteins5-7 challenges
the view of the polypeptide chain as a mere scaffold for redox cofactors and passive
"protein matrix" akin to a low conductance dielectric medium. In addition, temperature
independent ETp has been reported for protein junctions wider than 5 nm,7-9 a distance
that largely exceeds the tunnelling range. 5-7Allthese ETp studies are reported at the
level of single5,10-12 (or few)7,13-15 proteins and protein monolayers8,16,17.

In the photosynthetic electron transport chain, charge between membrane bound
complexes cytochrome b6f (Cyt b6f ) and photosynthetic complex I (PSI) is carried
by the Cu+/2+ redox center of Plastocyanin (Pc),18 which is located in the thylakoid
lumen (Figure 1a).19 In the co-crystal structure of the PSI/Pc complex,20 the interacting
residues lie at the luminal side of PsaA and PsaB subunits, near the P700 chlorophyll
special dimer that photogenerates the electron-hole pair, and in the soluble domain of
PsaF subunit (Figure 1b). Magnetic resonance cross-saturation experiments21 revealed
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an acidic patch in Pc lying near its PSI- and Cyt b6f -binding surface regions. Transient
spectroscopic measurements22-29 showed that PSI/Pc ET kinetics features a fast µs phase
associated with the ET of preformed complexes and a slower ms phase, dependent on Pc
concentration and related to the PSI/Pc complex formation. We have recently studied the
binding of single PSI/Pc pairs using force spectroscopy.30 Controlling the redox state
of PSI and Pc, we quantified the binding probability as the number of adhesion events.
For PSI/Pc, the binding probability depends on the proteins’ redox state and is higher
when at least one of the partners is in an ET-ready state.30 Those results pave the way
for disentangling the contribution of binding from the overall charge exchange process
between PSI and Pc. However, characterization of the ET step between PSI/Pc pairs is
lacking.

An ET-like situation can be reproduced in an electrochemical scanning tunnelling
microscope (ECSTM) set-up, positioning protein partners facing each other in upon
binding them to electrodes located at nanometer proximity.31,32 Electrochemical scanning
tunnelling spectroscopy (ECSTS) has proven an advantageous technique to study single
redox proteins.33,34 Bipotentiostatic control allows setting the electrochemical potential
of the probe and sample electrodes (and thus the bias potential, Ubias = Uprobe - Usample) in
aqueous solutions mimicking physiological conditions. Interprotein charge exchange is
then characterized by the current flowing between the probe and sample electrodes which
is mediated by the proteins bound to them. In this way, the ETp configuration reproduces
an interprotein ET-like situation. For a redox cognate pair of the respiratory chain, the
interprotein current is measurable at distances as long as 12 nm31,32 which requires a
different mechanism than ET in the bound complex.35 It is unclear whether the ETp
mechanisms operating in the polypeptide structures can also support charge transport
between proteins through the solution. The spatial span of the interprotein current in
cytochrome c is regulated by phosphorylation,32 which highlights the biological relevance
of this observation. It is yet unknown whether long-distance ET only occurs in these
partner proteins, or it is a general phenomenon and it is also not known whether protein
recognition, which is essential for interprotein ET22,25-28 plays a role in ETp.6,8,9
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Figure 4.1: PSI-LHCI-Pc charge exchange: (a) Schematic representation of charge exchange between
Cyt b6f (purple) and PSI-LHCI (green) mediated by Pc (blue) in the luminal side of thylakoid membrane.
(b) PSI-Pc transient complex structure (6YEZ) in cartoon representation of Pc (blue) and PsaA (pink)
and PsaB (white) and PsaF (yellow) subunits. Redox cofactors are highlighted in green for P700 pair
and in orange for Cu atom in Pc. Residues with a reported role on PSI-Pc ET are also highlighted: PsaA
Trp625 PsaB and Trp658 (red), PsaB Glu613 (pink) and PsaF lysines Lys93,96,100,101 (yellow). Pc
Residues interacting with PsaA and PsaB are shown in purple and those interacting with PsaF lysines
are shown in blue. (c) Experimental set-up for ECSTM distance current decay spectroscopy. PSI-LHCI
(white) is functionalized via pIQA-cys linker peptide to Au sample electrode. Pc (blue) functionalize Au
probe electrode that is retracted perpendicularly to the sample electrode plane (z axis). Arrows indicate
the redox cofactors, P700/P700+ and Cu+/2+ of PSI-LCHI and Pc respectively. RE and CE represent
counter electrode (Pt wire) and reference electrode (low leakage SSC) respectively. (d) Scheme depicting
distance-current decay spectroscopy experiment and (e) example of current vs distance trace I(z). (f)
Scheme of blinking experiment and (g) example trace of blinking events displaying a telegraphic noise
signal.

Here, we address these questions by studying charge transport between protein partners
of the photosynthetic electron transport chain. We measure the distance dependence and
conductance of interprotein charge exchange between photosystem I light harvesting
complex I (PSI-LHCI noted PSI throughout the manuscript for simplicity) and the
soluble electron carrier Pc. Making use of ECSTM based techniques and suitable binding
strategies for PSI and Pc on the electrodes, we aim to tell apart the contributions of
diffusion, complex formation, re-arrangement, and charge exchange between cognate
proteins by controlling their relative orientation and separation in current-distance
spectroscopy experiments. With this configuration we aim to extend ETp measurements
to the electrolyte medium.31 We also characterize ETp of the bound complex by
measuring the conductance in transient Au-PSI/Pc-Au junctions. 36

33,34We use ECSTS to study ET between suitably oriented PSI and Pc. This is achieved
with cysteine-modified Pc mutants36,37 to functionalize respectively the ECSTS probe
electrode and a PSI-specific recognition peptide that binds to the stromal side of PSI
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(pIQAcys)38,39 to functionalize sample electrode, exposing their interacting surfaces
facing each other (Figure 1c). The spatial span of the protein charge exchange is assessed
by recording the probe current during retraction (Figure 1d) yielding a double-exponential
current decay40,41 (current-distance I(z) traces, Figure 1e). The current-distance decay
rate (β , nm-1) obtained by fitting current-distance plots (see experimental Methods) is a
proxy indicator of the interprotein charge exchange distance.31,32,39-43 In previous works,
we measured current-distance rates between a metal probe and PSI39,43 at different
probe/sample potential pairs, concluding that the current is gated by the probe potential
with a minimal β value (longest charge exchange distance) of 2 nm-1. Although β

for Pc has not been reported, the gating of β was observed in azurin,41 which is a
similar Cu-coordinating electron carrier protein. Interestingly, the electrochemical gating
effect vanished in redox inactive azurin, in which the Cu atom was substituted by Zn.41

The Cu ion in azurin was also shown to have a structural function, as experiments
of single-molecule mechanical unfolding and computer simulations revealed that the
metal-binding region is mechanically flexible in apo-azurin and high mechanical stability
is imparted by copper binding.44 We further investigate the intriguing nature of ETp in
non-redox proteins using Pcapo (devoid of Cu atom) and Pcholo (with Cu in its binding
site), to tell apart the contributions of the redox cofactor and of the protein structure,
which is similar for Pcholo and Pcapo.45

In addition to current-distance measurements, we investigate ET in the Pc/PSI bound
complex with the "blinking" technique, which records the formation of spontaneous,
transient protein junctions between sample and probe electrode12,46-50 (Figure 1f). As
the junction is formed, a sharp increase in the current (blink) is observed resulting in a
telegraphic noise like signal (Figure 1g). The junction conductance (which is proportional
to the current for a fixed bias potential) provides valuable information on the intra-protein
complex ETp mechanism. For instance, comparing the conductance of wildtype and
mutant azurin allowed to distinguish Cu-mediated and non-Cu mediated charge transport
mechanisms.48 Additionally, the duration of blinks allows quantifying the time span of
the transient complex. These complementary techniques, current distance spectroscopy
and blinking, allow characterizing charge exchange at long distances and in bound
complexes respectively, and provide a comprehensive view of charge exchange between
PSI and Pc.

99 Chapter 4



The protein matrix of plastocyanin supports long-distance charge transport with photosystem I
and the copper ion regulates its spatial span and conductance

3 Results and Discussion

3.1 Current-distance spectroscopy: spatial span of the charge
exchange.

Prior to study the charge exchange between PSI and Pc, we first evaluated separately the
current -distance dependence of PSI and Pc individually, as well as the behavior of the
PSI recognition peptide (pIQAcys). ECSTS current-distance curves and their associated
β values at negative bias (-100 mV, with Uprobe = 100 mV/SSC and Usample = 200
mV/SSC, imposing electron flow from probe to sample electrode) are shown in Figure 2.
For the PSI recognition peptide, pIQAcys (Figure 2, magenta) the current measured with
a bare Au probe reduces abruptly beyond 2 nm, which corresponds to an average β value
of 6 ± 1 nm-1 (average ± standard deviation). Compared with the current-distance rate of
bare Au electrodes, ~ 9 nm-1,43 the pIQAcys peptide bound to the electrode increases the
charge exchange distance. Upon incubation of PSI complexes on the pIQAcys sample
(Figure 2, green), the charge exchange distance is further extended, lowering β to 1.5
± 0.1 nm-1. Positive bias (+100 mV, Uprobe = 100 mV/SSC and Usample= 0 mV/SSC,
corresponding to hole injection from the probe electrode into the PSI decorated sample
electrode) yields β = 2.2 ± 0.3 nm-1 (Supplementary Figure 1, green), in line with
reported results.39 Differences in β with bias sign indicate that injecting electrons to PSI
as it occurs in the photosynthetic electron transport chain, facilitates charge exchange
compared to hole injection. Regarding Pc functionalized probes facing the pIQAcys
binding peptide on the sample, β is 1.1 ± 0.3 nm-1 (Figure 2, red). In this case, no
significant differences are observed between positive and negative bias (Supplementary
Figure 1, red).

We then performed ECSTS current-distance measurements with the physiological
partners Pc/PSI facing each other on the probe/sample electrodes (Figure 2, pale red).
Interestingly, the interaction of the protein partners, with β = 1.5 ± 0.3 nm-1, yields
similar charge exchange distance compared to PSI or Pc separately. This observation
holds for negative bias (physiological sign) and for positive bias (Supplementary Figure
2).

In order to isolate the contribution of the protein matrix (as purified without the copper
ion) to the charge exchange process, we carried out current-distance spectroscopy
experiments with Cu-less Pcapo

13 (Figure 3a). Cyclic voltammetry (CV) recordings
of Au electrodes incubated with Pcapo (Figure 3b, blue) showed no oxidation or reduction
peaks distinctive of redox protein absorbed on an electrode. Upon addition of CuSO4 50
mM to the buffer solution (for 1 hour) and washout, the CV of Pcholo shows characteristic
oxidation and reduction peaks (Figure 3a, pale red) that confirm the ability of the
Au-attached protein to bind Cu ions, thereby acquiring redox functionality. Note that
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following this method, as-prepared Pcholo is in the oxidized form, and during the ECSTS
experiments it is kept at the redox midpoint by the applied probe potential Uprobe = 100
mV/SSC.

Figure 4.2: Current distance spectroscopy of pIQA-cys, PSI, Pc and Pc/PSI electrodes. (a) Raw
current-distance I(z) curves for pIQAcys-Au (magenta) and PSI-pIQAcys-Au (green) samples using
a bare Au probe; pIQAcys- Au (red) and PSI-pIQAcys-Au (pale red) samples using a Pc-Au probe.
Each condition is depicted schematically on the left. In all cases, n=1000 curves were recorded in two
independent experiments except for PSI/Pc samples that counts three independent experiments. (b) Current
distance rate (β ) histograms obtained using values from I(z) curves in panel (a) and fit by a normal
distribution (solid curve). Ubias = -100 mV; Uprobe = 100 mV/SSC; Usample = 200 mv/SSC.

Current-distance spectroscopy of Pcholo probes facing pIQAcys-Au electrodes (red,
Supplementary Figure 2) yield longer charge exchange distances (lower β values)
compared to Pcapo for both positive and negative bias (black, Supplementary Figure 2).
This result indicates that charge exchange between Pc and the gold sample electrode
functionalized with pIQAcys peptide (which is not a cognate partner of Pc) is facilitated
in the presence of the redox center in Pc, that is, the Cu ion enlarges the spatial span of
the interaction. Remarkably, facing Pcapo to its cognate partner PSI, increases the charge
exchange distances, yielding an average β rate of 0.8 ± 0.2 nm-1 for negative bias (Figure
3c, pale red) and giving rise to current-distance curves extending up to 8 nm. Strikingly,

101 Chapter 4



The protein matrix of plastocyanin supports long-distance charge transport with photosystem I
and the copper ion regulates its spatial span and conductance

at negative (physiological) bias, β values between Pcholo and PSI (1.5 ± 0.3 nm-1) are
significantly higher than between Pcapo and PSI, indicating that the presence of copper
in Pc reduces the charge exchange distance between the partners (Figure 3d). Such
decrease in the charge exchange distance between PSI/Pcholo compared to PSI/Pcapo is
not observed at positive bias, which drives electrons from PSI on the sample to Pc on the
probe (Supplementary Figure S3). The β values obtained in all the conditions described
above are summarized in the Supplementary Information (Supplementary Table ST1).

Figure 4.3: Preparation of Pcholo and Pcapo, C and ECSTS current-distance spectroscopy of
probe-attached Pcholo and Pcapo facing PSI complexes bound to the sample electrode. (a)
Crystallographic structure of poplar Pcholo in pale red (PDB 1PLC) and Pcapo in blue (PDB 2PCY)
and schematic representation of PSI/Pcholo (top) and PSI/Pcapo (bottom) samples. (b) Cyclic voltammetry
of bare Au[111] electrode (black), after incubation with as-purified Pcapo for 2 hours (blue) and after
incubation of Au+Pcapo sample with CuSO4 (Pcholo, pale red). (c) Raw ECTS I(z) data plots for PSI/Pcapo
(blue) and PSI/Pcholo (pale red) and PSI/Pcapo (blue) as shown in Figure 2a. (d) Current-distance constant
rate (β ) histograms for β values obtained from n=3000 I(z) curves issued form three independent
experiments of 1000 curves each shown in Figure 3c and fit by normal distribution (solid curve). Ubias =
-100 mV; Uprobe = 100 mV/SSC; Usample = 200 mv/SSC.
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3.2 Blinking: formation of spontaneous PSI/Pc junctions

In ECSTS blinking experiments,51 the probe positioning feedback loop is transiently
turned off at a desired current stpoint (typically during a few seconds) and the probe
current is monitored as molecular junctions are randomly formed in the gap between
probe and sample electrodes (functionalized respectively with Pc and PSI in our case).
Intermittently switching events described as plateaux, telegraphic noise or “blinks” are
observed in the current signal (Figure 4a), indicating the transient formation of a junction.
Blinks typically last from a fraction of a ms to tens of ms and display a current increase
of 0.2 - 2 nA corresponding to 2.5 - 25 · 10-5 G0 for a fixed bias potential of 100
mV, where the conductance jump ∆G = ∆I / Ubias is expressed as a multiple of the
conductance quantum G0. Collections of blinking events (N = 4110 for PSI/Pcapo and
N = 4216 for PSI/Pcholo, see example traces in Figure 4a) were analyzed to quantify
their duration ∆t and associated conductance change ∆G. They are represented in a ’heat
map’ two-dimensional histogram of ∆G as a function of ∆t (Figure 4b). Side and bottom
panels show accumulated histograms of ∆G and ∆t to ease the interpretation.

Two conductance maxima are observed in ∆G - ∆t maps a low conductance peak of 1.6
± 0.1 · 10-5 G0 (average ± standard error of the mean) for PSI/Pcholo and 3.0 ± 0.1 · 10-5

G0 for PSI/Pcapo (indicated respectively with a red and a blue circle in the side panels of
Figure 4b) and a high conductance peak of 7.1 ± 0.1 ·10-5 G0 for PSI/Pcholo and 10.6 ±
0.2 ·10-5 G0 for PSI/Pcapo (indicated respectively with a red and a blue star in side panels
of Figure 4b). In addition, the high ∆G peak has a wider distribution for PSI/Pcapo than
for PSI/Pcholo the standard deviations of the normal fit of the peaks are 4.2 ·10-5 G0 and
2.5 ·10-5 G0, respectively).

The higher ∆G observed in the absence of the metal ion (PSI/Pcapo in Figure 4b, side
panels) are consistent with the lower β values obtained in current-distance measurements
(Figures 2-3). Although Pcapo cannot undergo redox reactions (see Figure 3b), non-redox
proteins sandwiched between electrodes have been recently reported to sustain electron
transport up to several nm9 and exhibit conductance resonance features.5 Those intriguing
results have prompted the proposal of a general mechanism for electron transport in
proteins6 that should also be applicable to apo proteins, as discussed below.
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Figure 4.4: Blinking recordings in an ECSTM junction with probe-attached Pcholo and Pcapo facing
PSI complexes on the sample electrode. (a) Examples of time course of ECSTM probe current at a fixed
position in the absence of feedback control. Traces with telegraphic noise features (“blinks”) indicate a
transient changes in conductivity of the junction corresponding to PSI-Pcholo samples (pale red traces) and
bottom to PSI-Pcapo (blue traces). Set potentials are similar to blinking experiment, namely Uprobe = 100
mV/SSC, Usample = 200 mV/SSC which yields Ubias =-100 mV. (b) Blink events (N=4110 for PSI-Pcapo
and N= 4216 for PSI-Pcholo) are pooled together to form a two-dimensional histogram representing the
conductivity increase of the blink (G, left y-axis and i, right y-axis), and the duration of the blinking
event (t, x-axis). Histograms on the side panels shown the conductance counts integrated during the time
intervals for PSI/Pcholo in pale red (left) and PSI/Pcapo in blue (right). Two conductance peaks are present
in the histograms, marked with an open circle (O) and an asterisk (*). The time course of the blinking
events is shown at the middle panels under each map after integrating all conductance values. The blinking
duration probability, P(t), which is proportional to the number of counts, displays a bi-phasic exponential
dependence (thin black lines). For conductance peaks (O and *), horizontal sections of the ∆G-∆t map are
shown in the bottom panel.
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Regarding the kinetics of the blinking events (Figure 4b lower panels), pooling all ∆G
values yields a similar bi-phasic exponential decay for both PSI/Pcholo (τ fast = 1.4 ± 0.2
ms, τslow = 18.4 ± 0.4 ms) and PSI/Pcapo (τ fast = 1.6 ± 0.2 ms, τslow = 16.5 ± 0.6 ms).
τ fast and τslow and their associated uncertainties, have been obtained by linear fit (black
traces in Figure 4b) of the natural logarithm of the number of counts vs ∆t for short and
long times regimes respectively. In addition, the time course of the blinks associated to
high (*) and low (o) conductance peaks is displayed at the bottom panel of Figure 4b (red
and blue symbols for PSI/Pcapo and PSI/Pcholo, respectively).The fast phase of blinks can
be associated with high frequency switching events that are recognizable in individual
traces (Supplementary Figure 4). The conductance of these characteristic features, ∆G
~ 2 · 10-5 G0 is compatible with low conductance peaks in PSI/Pcholo and PSI/Pcapo
experiments and a lifetime of ~1 ms. Similar ∆G and ∆t of blinking events observed
in electrochemical tunnelling junctions have been attributed to trapping/detrapping of
charges at localized electronic states associated to water molecules52,53 Which lowers
the electron energy barrier thus increasing conductance. On the other hand, the slow
phase of blinks corresponds to the total duration of the blinking event (Figure 4a) which
is compatible with the formation of PSI/Pc transient complexes. Direct comparison of
our single molecule experiments with bulk measurements is not straightforward, as the
reported ms phase29 associated with PSI/Pc complex formation exhibits pseudo-first
order kinetics and therefore depends on Pc concentration. Still, rates ranging from
100 to 3000 s-1 in transient absorption measurements29 and 50 to 400 s-1 in transient
photovoltage measurements23 match the lifetime of our blinking events (1/τ 60 s-1).

Complementarily to figure 4, we display in Supplementary Figure 5, ∆G-∆t histograms
for blinking traces recorded at positive bias Ubias = 100 mV that sets the electron flow
from PSI-functionalized sample electrode to Pc-functionalized probes, that is against
physiological charge exchange between PSI-Pc. Comparative of conductance histograms
for positive and negative bias (Supplementary figure 6) shows that low conductance
peaks (marked with circles in side panels of Figure 4b) channels around ~2·10-5 G0 are
also present in positive bias conditions. On the other hand, the high conductance peak
of PSI/Pcholo at ~7·10-5 G0 (marked with a star in side panel of Figure 4b) splits in two
peaks at ~5·10-5 G0 and ~11·10-5 G0 for positive bias. Interestingly, this latter peak
~11·10-5 G0 in PSI/Pcapo coincides with the high conductance peak of PSI/Pcapo samples
at negative bias that disappears for positive bias.

We interpret that high conductance peak of PSI/Pcholo at ~7·10-5 G0 is associated to
conductance pathways through Cu atom. Under this view, we associate the ~5·10-5

G0 peak observed for anti-physiological bias, as a decrease of the conductance
pathways through Cu. Complementarily, we associate the ~11·10-5 G0 present in both
anti-physiogicla bias of PSI/Pcholo and notably in PSI/Pcapo to conductance channels
related to the protein structure that by-pass the redox center. In PSI/Pcapo the decrease
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conductance of peak at ~11·10-5 G0 for positive bias with respect to negative bias might
indicate that electrostatic interactions are involved in the structure based conductance
channels.

4 Discussion

We carried out high-resolution charge transport measurements between individual
partners of the photosynthetic chain (Pc and PSI) and we quantified the contribution
of the different components including the redox metal cofactor to the conductance
of the junction, its spatial span and time course of interactions. The obtained values
in the different experimental conditions are discussed in detail below. Yet, the most
striking results are (1) the observation of charge exchange between Pc and PSI at long
distances through the aqueous solution, and (2) the ability of copper-less Pcapo to sustain
interprotein ETp with PSI at the single protein level despite the complete absence of
redox activity. Our results extend the ETp of non-redox single and monolayer proteins
sandwiched between electrodes5-17 to interprotein charge exchange, providing evidence
of ETp between a redox inactivated protein and its physiological ET cognate.

From a general perspective, the observation of Pc/PSI interprotein long distance charge
exchange through the solution is akin to results reported previously between protein
partners in the respiratory chain31,32 (cytochrome c and complex III, cytochrome bc1,
studied experimentally by means of hCc and pCc1). Long distance currents between
hCc and pCc1 are electrochemically gated31 and regulated by phosphorylation,32 which
indicate the physiological relevance of the process. Together, these studies show that
physical (sub nanometric) contact between redox partners is not a prerequisite for ETp
and suggests that it might not be necessary for physiological ET.35 This interpretation
raises many physicochemical and biological questions about the underlying mechanism
of long distance interprotein charge exchange and its compatibility with published results
demonstrating the formation of PSI/Pc transient complexes.20,21

To answer the former, it seems reasonable to involve the aqueous solution region confined
between the proteins, and to avoid explanations based on conventional quantum tunneling
since reported charge exchange distances31,32,39,43 exceed the range accessible by one-
and two-step electron tunneling. Longer charge exchange distances are described by
thermally activated multi-step mechanisms, however they are incompatible with the
available data of temperature independent ETp.3,4 It has been suggested that electrostatic
potential driving ET induces a partial delocalization of the bridge electronic states
able to promote long range electron transfer without thermal activation.54 For the pair
hCc/pCc1, molecular dynamics calculations reveal a cation depletion region between the
interacting partners that hinders charge screening, extending the electric field between
redox partners across the electrolyte interface.31,32 In other words, the cognate partners
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establish a Gouy-Chapman conduit between them.31,32 The results presented here support
this view, as long distance charge transport (low β ) observed for Pcapo interacting with
PSI is absent when Pcapo faces a non-cognate sequence like that of the pIQAcys peptide.
Remarkably, this extended charge exchange range of PSI/Pcapo with respect to PSI/Pcholo
is favoured for positive bias driving electrons from Pc to PSI as it occurs in nature.
For the reverse bias, β for PSI/Pcapo is similar to PSI/Pcholo which is not affected by
the bias sign. However, extending the long-distance charge exchange mechanism to
the interprotein domain brings up a question: are there intermediate molecular ‘bridge’
states outside the polypeptide chain and, if so, what is their nature? One possibility
is that the localized electronic states identified with charge trapping, associated to low
∆G and fast conductance switching features in Figure 4 and Supplementary Figure
4, constitute these intermediate states. Transient configuration of water molecules
leading to localized electronic states53 could mediate interprotein ET as it has been
previously suggested.55-58 58Additionally, in ab initio electronic structure calculations
modelling azurin proteins embedded in a tunnelling junction, it was observed an increase
in conductance induced by water molecules enhancing azurin electronic coupling with
the electrode.59

Regarding the role of the redox center, as Pcapo is devoid of its metal co-factor it is unable
to undergo redox reactions accepting or donating electrons, and thus cannot carry and
exchange them with PSI. However, in our ECSTS experiments, the probe and sample
electrodes provide an electron source and drain,3 and therefore we observe that the copper
redox center of Pc is not indispensable for ETp through the junction. Recently available
DFT based calculations in multi-heme cytochrome60 stuffed between electrodes show
that high valence band states associated to the metal contribute poorly to the current.60

Similar calculations performed with azurin59,61,62 incorporating different metal centers
and an apo form, reveal that within the coherent transport approach followed by the
authors, metal ions do not play a significant role in the conductance.62 The quantification
of conductance, blinking and distance-dependence rates of PSI/Pcapo and PSI/Pcholo as
well as the different controls presented here, allow dissecting the contribution of the
redox center and the surrounding protein scaffold to the interprotein charge exchange,
and provide insights into the mechanism of interprotein ETp and ET. In particular, we
associate the lower ∆G of PSI/Pcholo compared to PSI/Pcapo to charge localization induced
by the redox center. In multi-heme cytochrome and azurin trapped DFT calculations,
spatial confinement of high valence band states of the Fe orbitals is responsible for its low
electronic coupling and thus poor contribution to the current.60 Also, the conductance
histogram of PSI/Pcholo displays a narrower distribution than PSI/Pcapo, suggesting
that interprotein ET pathways of the complex are dominated or “funneled” by specific
through-Cu pathways, whereas in PSI/Pcapo multiple and non-preferential ETp pathways
through the protein matrix are available, leading to more spread conductance values.
In any case, such pathways are built in the protein structure prior to metal binding,
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which appears to fine-tune them. These adjustments include the small but significant
increase in β upon copper binding, corresponding to a decrease in the spatial span
of the current between PSI and Pc (Figure 3). We tentatively associate these three
differences in PSI/Pcapo with respect to PSI/Pcholo (lower β , higher ∆G, and wider ∆G
distribution) to the metal-induced charge localization60 and its effects on electronic
coupling between electron acceptor and donor. The physiological advantages of this
adjustment are currently unknown.

Nevertheless, charge exchange distance measured in the ECSTS set-up must be
interpreted cautiously. Long-range charge exchange could be promoted by the electric
field applied between the sample and probe electrodes.9 A bias potential is necessary
to elicit a probe current in order to interrogate interprotein charge exchange and, to our
knowledge is the only experimental approach to dynamically study it as a function of the
interprotein distance. To overcome this technical issue, we are developing a set-up that
exploits PSI photo-catalytic activity using photo-generated charges as current drivers,
and that should allow working in a null bias potential configuration.

From a biomolecular perspective, charge exchange between the PSI/Pcholo pair spanning
several nm suggests that complex formation is not essential for charge exchange in
our experimental conditions. A similar conclusion was drawn from pathway model
calculations of the ET rate between the bacterial reaction center and cytochrome c2 (Pc
homologue).57 In that case, ET from the encounter complex configuration is possible,
yet with a slower ET rate than in the bound complex.57 Previous work with cytochrome
partners31 and the results presented here with PSI/Pc question the necessity of physical
contact to exchange charge between proteins in the ECSTM setup. Regarding the
role of the redox center in this process, we suggest that, in addition to the widely
acknowledged ability to physically host the charge (electron and hole in the reduced
and oxidized forms of Pcholo, respectively), the copper ion restricts the charge exchange
range with respect to the “unregulated” range of the apo form. In this way, Pc might
bypass charge exchange with non-cognate donors or acceptors, and/or regulate the
process of interaction with its cognate partners (Cyt b6f and PSI). Indeed, the binding
affinity of PSI/Pc complexes is regulated by their redox state as shown in bulk transient
spectroscopy26 and single molecule force spectroscopy30 measurements. In a broader
context, it has been shown that binding regulates the overall ET rate in the PSI-Pc-Cyt f
chain of Chlamydomonas reinhardtii.63 In particular, the low binding affinity of Pc to
PsaA-W651S mutant of PSI observed in vitro does not affect the overall charge exchange
process in vivo whereas the mutation PsaB-E631N affecting Pc release, significantly
reduces the overall charge exchange rate. Thus, the release of oxidized Pc from PSI
regulates the rate of electron transport in the photosynthetic chain and methods to study
these processes with spatiotemporal resolution and electrochemical control make unique
contributions to understand its mechanism at the molecular scale.
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5 Conclusions

In summary, we have characterized the remote and complex bound ETp between single
protein pair complexes of the photosynthetic electron transport chain. We measure the
distance dependence and conductance of interprotein charge exchange between suitably
oriented PSI and Pc using current-distance and blinking techniques in electrochemical
scanning tunneling spectroscopy (ECSTS), to assess the spatial span of the protein charge
exchange as well as the formation of spontaneous protein junctions, respectively. We
evaluated charge exchange distances for individual proteins and between the cognate
protein pairs. Current-distance measurements reveal that in ECSTS configuration, PSI
and Pc proteins are capable of exchanging charge over several nm through the aqueous
solution, either individually against a gold electrode, or at the PSI/Pc configuration. The
Cu ion in Pc enlarged the spatial span distance between Pc and a peptide functionalized
electrode when compared to the non-redox Pcapo. Interestingly, the presence of the Cu
ion in Pc diminished the charge exchange distance with the cognate PSI for a bias that
favors the electrons flow from Pc to PSI, as it occurs in the photosynthetic electron
transport chain. We therefore demonstrate that charge exchange between Pc and PSI can
occur at long distances through the aqueous solution, and that Cu-less Pcapo can sustain
interprotein ETp with PSI at the single protein level despite the absence of redox activity.

Additionally, as probe and sample electrodes are functionalized with Pc and PSI
respectively, we detect conductance “blinks” associated with the spontaneous formation
of a molecular junction with a typical duration of 6 ms. This time scale is consistent with
the PSI/Pc transient complex formation reported by bulk measurements. The conductance
change ∆G, measured for PSI/Pcholo shows a lower value and a narrower distribution
with respect to PSI/Pcapo. In addition, a lower conductance blinking feature with a typical
time decay of 1 ms was also observed, regardless the presence of the Cu ion in the Pc.
The conductance and duration of these blinking events suggest that they are related to
transient configuration of water molecules leading to localized electronic states51 that
could mediate interprotein ET. 53-56 Besides, PSI/Pcholo displays a narrower conductance
distribution than PSI/Pcapo, supporting the idea of multiple and non-preferential ETp
pathways through the protein matrix that are “funneled” to specific pathways through the
Cu center in the natural redox active protein. This suggests a role of the redox center in
fine tuning the interprotein ETp.

Our results extend the inquiry of the protein ETp to the interprotein domain and allows to
dissect the contribution of the redox center in Pc by direct comparison of PSI/Pcapo and
PSI/Pcholo. In particular, lower β , higher ∆G, and wider ∆G distribution are measured
for Cu-less PSI/Pcapo samples. We conclude that the protein matrix is sufficient to sustain
long distance charge transport through the aqueous solution between Pcapo and PSI as
well as through the PSI/Pc transition complex, and we identify an additional role of the

109 Chapter 4



The protein matrix of plastocyanin supports long-distance charge transport with photosystem I
and the copper ion regulates its spatial span and conductance

redox ion as regulator of the conductance, energetic distribution, and spatial span of the
current.

6 Methods

PSI-LHCI complexes purification

Whole PSI-LHCI complexes (referred simply as PSI throughout the manuscript) were
extracted from Arabidopsis thaliana plants (Arabidopsis Col-0) grown under white light
at 120 µmol photons·m-2·s-1, 12 hr/12 hr day/night cycles, for 5 weeks at 23 °C. Sucrose
gradients were employed to purify PSI-LHCI complexes from thylakoid membranes
isolated from Arabidopsis leaves as it has been previously described.64,65 In particular,
350 µg Chl thylakoid were diluted to 0.5 mg Chl·ml-1 in EDTA 5 mM, HEPES 10 mM,
pH 7.5 and solubilized with detergent solution (1% a-decylmaltoside (a-DM) in HEPES
10 mM, pH 7.5) for 10 min. Following solubilization, the sample was centrifuged at
12,000 x g for 10 min discarding insolubilized material. Resulting solution was loaded
in sucrose gradients prepared by freeze and thaw method (sucrose 500 mM, HEPES
20 mM, pH 7.5, 0.06% a-DM) centrifuged for 16 h at 4 °C at 160000 x g. PSI-LHCI
complexes were collected with a syringe.

Plastocyanin mutant expression and purification

The mutant Pc-SH gene cloned into a pET-3a plasmid (pET-3a-PcSH) was used to
transform E. coli BL21. The Pc-SH mutant (A121C) has three extra residues at its
C-terminal (Thr-Cys-Gly). E. coli BL21 transformed with plasmid pET-3a-PcSH were
grown in 2xYT medium supplemented with 100 gml1 of ampicillin at 37 °C until OD600
of approximately 0.8 was reached. The expression of Pc-SH was induced by adding
isopropyl thio-β -D-galactoside (IPTG) 0.3 mM for 4 h, shaking at 220 rpm and 28 °C.
Cells were harvested by centrifugation (7000 rpm), suspended in MES buffer 10 mM,
pH 6.5, and disrupted by sonication. The suspension was centrifuged for 1 hour at 20000
rpm. The soluble fraction was loaded onto an anion exchange column (HiTrap® Q,
Cytiva). A linear NaCl gradient (0-300 mM) in MES buffer 10 mM, pH 6.5, was used to
elute Pc-SH. Subsequently, the protein-containing fractions were pooled and loaded onto
a size exclusion column (Superdex® 75 10/300, Cytiva). Pc-SH purity was analyzed by
SDS-PAGE stained with one-step blue® protein gel stain. The pure protein-containing
fractions were pooled, and glycerol was added to 40% v/v. The Pc-SH was stored at 20
°C until the experiments were performed. Pc-SH mutant was purified in a Cu-free form
(Apo). To avoid the oxidation reaction between a cysteine residue of the Pc mutant and
Cu2+, apo Pc-SH (Pcapo) was directly bound to the Au STM probe or electrode. For the
experiments with Pcholo, the Pcapo bound to the probe was incubated with fresh Cu2+

solution for 1 h (CuSO4, 50 mM) to bind Cu2+ (see below).
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Sample Preparation: PSI-pIQAcys-Au electrodes

Prior to peptide incubation, Au[111] single-crystal electrodes of 10 mm diameter and
1 mm thickness (MaTecK) were electrochemically polished in H2SO4, flame annealed
and cooled in Ar atmosphere. 100 µL of PSI linker peptide pIQAcys solution 0.1 mM
in CH3COONa buffer 50 mM pH 4.5 was incubated for 30 min at room temperature.
After peptide incubation, samples were gently rinsed with Phosphate Buffer Saline
(PBS) 50 mM, pH 7.4 (working buffer). 5 µL of PSI samples (OD~20) were diluted
in 45 µL of PBS buffer for overnight incubation at 4 ºC. After incubation, buffer was
gently exchanged with PBS PSI-free buffer to elute unbound complexes. In a previous
work, PSI-pIQAcys-Au functionalization was characterized with ECSTM and AFM
and with cyclic voltammetry (CV) to define a working electrochemical window [-200,
+300] mV/SSC where PSI complexes are photo-active39. Prior to ECSTM experiments,
PSI activity was tested measuring it’s photocurrent response to 690 nm irradiation in
photo-chronoamperometry experiments at -100 mV/SSC.

Sample Preparation: Pcapo/holo-Au electrodes and Pcapo/holo-Au ECTSM probes

Pc incubation for Au electrodes and ECSTM is similar: in the former 50 µL of Pc-SH
sample 1mg·mL-1 in ammonium acetate buffer 50 mM pH 4.5 were incubated in freshly
annealed Au[111] electrodes (see above). For probes, six ECSTM Au probes (see
preparation method below) were placed in a polydimethylsiloxane (PDMS) coated petri
dish around a 100 µL drop of Pcapo-SH 1mg·mL-1 in ammonium acetate buffer allowing
to soak all probe tips. After 1 h incubation at 4ºC, probes or electrodes were rinsed with
MES buffer to remove unbound proteins. After rinsing, Pcapo-SH samples were ready to
use. Pcholo-SH were further incubated for 1 h at 4ºC in 2-(N-morpholino)ethanesulfonic
acid solution (MES) buffer 5 mM pH 4.5, containing 100 mM of CuSO4. After rinsing
with MES buffer, Au electrodes or probes are ready for cyclic voltammetry or ECSTS
spectroscopy experiments respectively.

ECSTM probes

ECSTM probes were fabricated from 0.5 mm Au 99% wire (Mateck), mechanically
cut with sharp handheld steel wire cutter. Probe holder was modified with a 0.6 mm
hypodermic needle MicrolanceTM (BD) steel tube to accommodate thicker probes for
enhanced mechanical and thermal stability. Probes were coated twice with ApiezonTM

wax heated up to ~120 ºC in a home-built heat-coating applicator.

Cyclic voltammetry

Electrochemical measurements were carried out with a potentiostat PGSTAT 302N
(Metrohm Autolab). Cyclic voltammetry (CV) experiments were performed in
three-electrode cell used for ECSTM experiments. Cell counts with: i) Reference
electrode, miniaturized ultralow leakage membrane Ag/AgCl (SSC) reference electrode
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filled with 3M KCl (World Precision Instruments) ii) counter electrode, 0.25 mm
diameter Pt80/Ir20 wire (Advent) iii) working electrode Pcapo/holo-SH coated Au[111]
monocrystalline electrodes (see preparation above). CV were run between -100 and 300
mV/SSC at a scan rate of 5 mV·s-1. Experiments were carried out in working buffer (PBS
50 mM, pH 4.5) at room temperature. Pcholo CV was performed on the same Pcapo after
CuSO4 incubation and thorough rinsing. Cell and all glass material used for preparation
of solutions were cleaned with piranha solution (7:3 H2SO4/H2O2 (30%) by volume).
Caution: Piranha solution should be handled with extreme caution.

Electrochemical scanning tunneling spectroscopy (ECSTS) measurements

All experiments were performed with a PicoSPM microscope head and a PicoStat
bipotentiostat (Agilent, USA) controlled by Dulcinea electronics (Nanotec Electronica,
Spain) using the WSxM 4 software.66 Bipotentiostat allows adjusting sample and probe
potentials, US and UP, independently. A homemade electrochemical cell described above
was used for CV and ECSTM experiments.

The ECSTM head was placed on a passive mechanical vibration isolation system (900
kg block suspended by 3 metal springs of 4 m length) with a 0.4 Hz cut-off frequency.
Damping rate was reduced to ~ 1 min-1 by inserting/stuffing iron/steel wool in the springs.
A cylindrical cover made of 1 cm thick neoprene provided acoustic damping.

The current-distance -I(z)- curves were acquired by departing from a set-point current
fixed at 0.3 nA. For these experiments, probes with displaying leakages currents above 8
pA were discarded. The current feedback-loop is switched off and the probe electrode
is retracted 10 nm at 40 nm·s-1. Afterwards, the probe is approached again and the
current-distance feedback loop is reestablished for 100 ms before retracting again. 1000
I(z) curves were recorded for each sample and two independent samples were prepared
and measured for each condition. To minimize drift artifacts, I(z) curves departing
with a current deviation higher than 10% of the initial sETpoint were discarded. For
all current-distance experiments, the probe potential was fixed to 100 mV/SSC, near
the Pc redox mid-point. The sample potential was set to 0 mV/SCC and 200 mV/SSC
yielding +100 and -100 mV of bias voltage, forcing the electron transfer from sample
to probe and vice versa. The spatial span of the interprotein charge exchange process
was quantified fitting I(z) curves with a double exponential model described previously,
fitting the current-distance rate for short and long distance separately.39 I(z) curve
double-exponential fitting routine was implemented in R software and is available at:
https://github.com/Mlopeorti/Tunnel_current_2exponential_fitter. The close distance
regime has been reported to be affected by the electric double layer deployed in the
vicinity of the electrode interface.40,41 Thus, to avoid artifacts protein charge-exchange
distance results and discussion is based on the long distance regime. β -values in the close
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distance regime (β 0) and the distance for regime change (Z0) for all the experimental
conditions are shown in Supplementary Figure 7 and 8 respectively.

β -values distribution histograms were analyzed and represented with with Matlab 2021
(The MathWorks Inc.). β -values distribution is fit around the maximum frequency with
a normal distribution, reporting the value as the mean value ± the standard deviation of
the distribution, that is <β> ± (β ).

For blinking experiments, a NI-DAQmx and BNC-2110 acquisition card controlled by
Labview (National Instruments) was used. After a period of mechanical stabilization, the
STM probe is placed to achieve a set-point current of 1 nA, until the feedback is turned
off. Current versus time traces are then recorded in packets of three seconds during a
total time of several hours. Current blinks are observed in the current transient in the
form of telegraphic noise (Fig. 2a). The current increment of the blink ∆I, is transformed
to conductance values using G = ∆Iblink/Ubias.

At least two independent experiments were conducted in each case, adding up to N=4110
for PSI-Pcapo and N= 4216 for PSI-Pcholo blinking events, automatically recognized
using a customized current threshold strategy (see supplementary figure 4) implemented
in Matlab 2021 (The MathWorks Inc.). Data was analyzed, pooling blinking events in a
common time and conductance origin to build a two-dimensional histogram with ∆G in
y-axis ∆t in x-axis. Conductance peaks, marked with stars and open circles in the side
panel of figure 4b, were fit with a normal distribution. The reported values correspond
to the mean value ± the standard error of the mean. For the time decay of the blinking
duration, we estimate the time constant and their associated error by linear regression of
the natural logarithm of the number of counts for short time regime (∆t < 2 ms) and long
time regime (∆t > 5 ms).
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Supplementary Table 1: Current-distance rate β (nm-1) values obtained from current-distance spectroscopy 

experiments, see methods for details of I(z) traces fit. The β values were fit from 2000 curves from 2 independent 

experiments are pooled together. The table displays the mean ± standard deviation of a normal distribution fitting 

beta-value distribution shown in Figures 2, 3, and Supplementary Figures 1, 2, and 3. 
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Supplementary Figure 1 

 

 

Supplementary Figure 1. Current distance spectroscopy of pIQA-cys, PSI, Pc and PSI/Pc electrodes for positive 

bias. For positive bias, electrons flow from the sample electrode towards the probe electrode, Ubias = +100 mV; 

Uprobe = 100 mV/SSC; Usample = 0 mv/SSC.  (a) Raw current-distance I(z) curves for pIQAcys-Au (magenta) and PSI-

pIQAcys-Au (green) samples using a bare Au probe; pIQAcys- Au (red) and PSI-pIQAcys-Au (pale red) samples using a 

Pc-Au probe. Each condition is depicted schematically on the left. In all cases, n=1000 curves were recorded in two 

independent experiments except for PSI/Pc samples that counts with three independent experiments. (b) Current 

distance rate (β) histograms obtained using values from I(z) curves in panel (a) and fit by a normal distribution (solid 

curve). 
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Supplementary Figure 2:  

 

 

 

 

Supplementary Figure 2: Pcapo/holo current decay spectroscopy facing pIQAcys peptide sample electrode.  (a) Raw 

current-distance I(z) curves for pIQAcys-Au samples facing Pcholo (red) and Pcapo (black) probes. Negative bias (-100 mV; 

Uprobe = 100 mV/SSC; Usample = 200 mv/SSC electron injection from probe to sample) is shown in left side and positive 

bias (+100 mV; Uprobe = 100 mV/SSC; Usample = 0 mv/SSC, hole injection) is shown in right side.  Each sample condition is 

depicted schematically on the left and electron exchange is depicted on top. In all cases, n=1000 curves were recorded 

in two independent experiments. (b) Current distance rate (β) histograms obtained using values from I(z) curves in 

panel (a) and fit by a normal distribution (solid curve). 
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Supplementary figure 3:  

 

 

 

 

 

 

 

 

 

Supplementary Figure 3: Pcapo/holo current decay spectroscopy facing PSI-pIQAcys sample electrode.  (a) Raw 

current-distance I(z) curves for PSI-pIQAcys-Au samples facing Pcholo (pale red) and Pcapo (blue) probes. Negative bias (-

100 mV; Uprobe = 100 mV/SSC; Usample = 200 mv/SSC electron injection from probe to sample) is shown in left side and 

positive bias (+100 mV; Uprobe = 100 mV/SSC; Usample = 0 mv/SSC , hole injection) is shown in right side.  Each sample 

condition is depicted schematically on the left and electron exchange is depicted on top. In all cases, n=1000 curves 

were recorded in three independent experiments. (b) Current distance rate (β) histograms obtained using values from 

I(z) curves in panel (a) and fit by a normal distribution (solid curve). 
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Supplementary figure 4: 

 

Supplementary Figure 4: Example of single trace blink raw data and analysis. (a) Example blink trace for 

PSI/Pcholo sample with Uprobe = 100 mV/SCC and Usample = 200 mV/SCC. A 1 s snapshot displaying high frequency 

and low conductance blinking (~ 2 10-4 G0). (b) Inset displaying 25 ms of the current trace (pale red) and the 

two-level blinking fit (black trace) employed for analisys. (c) 2-d histogram for ΔG (y-axis) and Δt (x-axis) 

associated to trace in (a). For each detected blink (black trace in (b)), the initial time of blink event is 

subtracted to the raw data current-time trace, pooling together all the blinking events at the same time origin. 

The current increase (and associated ΔG) is computed with respect to the low-level state fit.      The   Traces 

displaying these ΔG and Δt features are responsible for the low conductance peaks (marked with open circles) 

in figure 4 (see main text). (d)  Normalized number of counts vs Δt. The decay constant τ for an exponential 

decay (e-Δt/τ) yields τ =1.21 ± 0.05 ms.  
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Supplementary Figure 5: 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5: two dimensional histogram of blinking G and t for negative and positive bias.Blink 

events pooled together to form a two-dimensional histogram representing the conductivity increase of the blink (G, 

left y-axis and i, right y-axis), and the duration of the blinking event (t, x-axis). Upper row corresponds to PSI/Pcholo 

samples and lower row to PSI/Pcapo as indicated in the diagram on the left. Left column represents Ubias =-100 mV as 

shown in figure 4b. This data has been included for comparison with data in the right column corresponding Ubias = 100 

mV.  
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Supplementary Figure 6: 

 

 

 

 

 

Supplementary Figure 6: Conductance histograms from blinking data for positive and negative bias. G histograms 

issued from blinking traces for Pcholo (upper panel, pale red) and Pcapo (lower panel, blue) shown in figure 4b recorded 

at negative bias (electron flow from Pc to PSI) are compared with positive bias conditions (electron flow from PSI to 

Pc) shown in black traces.  
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Supplementary figure 7:  

 

 

 

Supplementary Figure 7: Short distance regime Current-distance constant rate β0. Fit for the short distance current-

distance rate β0 from analisys of I(z) curves recorded at negative bias Ubias = -100 mV; Uprobe = 100 mV/SSC; Usample = 

200 mv/SSC displayed in figure 2 on left panel and positive bias on the right side for I(z) traces shown in 

supplementary figure 1, Ubias = +100 mV; Uprobe = 100 mV/SSC; Usample = 0 mv/SSC. Bias value and electron flow is 

indicated with a black arrow. Diagrams and the color traces indicate the samples used, pIQAcys-Au (magenta) and PSI-

pIQAcys-Au (green)  for samples using a bare Au probe. For Pc functionalized probes, pIQAcys-Au/ Pcholo(red)  

Pcapo(black). For the PSI/Pc pair, the color code is pale red PSI-pIQAcys/Pcholo and blue for PSI-pIQAcys/Pcapo. In all 

cases, n=1000 curves were recorded in two independent experiments.  
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Supplementary Figure 8: 

Supplementary Figure 8: Short distance regime distance Z0. Fit for the short distance current-distance rate Z0 from 

analisys of I(z) curves recorded at negative bias Ubias = -100 mV; Uprobe = 100 mV/SSC; Usample = 200 mv/SSC displayed in 

figure 2 on left panel and positive bias on the right side for I(z) traces shown in supplementary figure 1, Ubias = +100 

mV; Uprobe = 100 mV/SSC; Usample = 0 mv/SSC. Bias value and electron flow is indicated with a black arrow. Diagrams 

and the color traces indicate the samples used, pIQAcys-Au (magenta) and PSI-pIQAcys-Au (green)  for samples using a 

bare Au probe. For Pc functionalized probes, pIQAcys-Au/ Pcholo(red)  Pcapo(black). For the PSI/Pc pair, the color code is 

pale red PSI-pIQAcys/Pcholo and blue for PSI-pIQAcys/Pcapo. In all cases, n=1000 curves were recorded in two 

independent experiments.  
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1 Abstract

Photosynthesis is a fundamental process that converts photons into chemical energy,
driven by large protein complexes at the thylakoid membranes of plants, cyanobacteria,
and algae. In plants, water-soluble plastocyanin (Pc) is responsible for shuttling
electrons between cytochrome b6f complex and the photosystem I (PSI) complex
in the photosynthetic electron transport chain (PETC). For an efficient turnover, a
transient complex must form between PSI and Pc in the PETC, which implies a balance
between specificity and binding strength. Here, we studied the binding frequency and
the unbinding force between suitably oriented plant PSI and Pc under redox control
using single molecule force spectroscopy (SMFS). The binding frequency (observation
of binding-unbinding events) between PSI and Pc depends on their respective redox
states. The interaction between PSI and Pc is independent of the redox state of PSI when
Pc is reduced, and it is disfavoured in the dark (reduced P700) when Pc is oxidized. The
frequency of interaction between PSI and Pc is higher when at least one of the partners is
in a redox state ready for electron transfer (ET), and the post-ET situation (PSIRed-PcOx)
leads to lower binding. In addition, we show that the binding of ET-ready PcRed to PSI
can be regulated externally by Mg2+ ions in solution.

Key words: single molecule measurements, photosystem I, plastocyanin,
light-dependent interaction, force spectroscopy, inter-protein electron transfer.

2 Introduction

Oxygenic photosynthesis requires a high turnover electron transfer (ET) between
membrane protein complexes forming the photosynthetic electron transport chain (PETC).
Soluble redox proteins mediate ET through the aqueous solution between these integral
membrane complexes in plants, cyanobacteria, and algae. In plants, plastocyanin (Pc)
is the small water-soluble copper-containing redox protein responsible for shuttling
electrons between cytochrome b6f complex (Cytb6f ) and the photosystem I (PSI). The
effective encounter of Pc with PSI and Cytb6f is determined by transient and specific
interactions.1 The transient nature of the complex formed between PSI and Pc in the
PETC implies a balance between specificity and binding strength. In photosynthetic
eukaryotic organisms (plants and green algae), the PSI-Pc complex is formed at least in
two steps: i) recognition of Pc by PSI and correct orientation of the copper-binding site
of Pc towards PSI driven by long-range electrostatic attraction interactions (PSI-Pc
encounter complex), and ii) formation of the transient PSI-Pc complex mainly by
hydrophobic contacts.2 All these interactions together command the formation of
the PSI-Pc complex similarly to the Cytb6f -Pc complex3 and other redox transient
complexes.4
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There is evidence that the redox state of Pc modulates its interaction with PSI. Drepper
et al. determined by laser flash absorption spectroscopy the dissociation constants for
the PSI-Pc complex under different redox and illumination conditions. They found
that the dissociation constant of oxidized Pc (PcOx) from PSI is about six times larger
than that of reduced Pc (PcRed)5 corresponding to a stronger interaction for PcRed. In
agreement with those results, Danielsen et al. determined a 24-fold larger dissociation
constant of Cd-Pc versus Ag-Pc (as a mimic of PcOx and PcRed, respectively), through
rotational correlation time measurements.6 They observed a stabilization of Ag-Pc upon
PSI binding which showed that the oxidation state of the metal center is involved in the
complex dissociation. In addition, using X-ray absorption spectroscopy Díaz-Moreno et
al. showed that although the binding of Pc to PSI does not generate significant changes
in the Cu coordination sphere, differential charge distribution in the metal center of Pc
is found between unbound PcRed and PSI-bound PcOx.7 The electronic structure of the
metal centre of Pc is modulated by the protein matrix to which Pc binds transiently
(PSI or Cytb6f partner). This is a clear example of how the redox state can regulate
transient interactions.7 Recently, thermodynamic and structural studies performed by
Caspy et al. indicated that a strong hydrophobic interaction sustains the PSI-Pc complex
formation.8 Upon Pc binding to PSI, water molecules are excluded from the contact
interface without altering the conformation of PSI. Once the electron has been transferred
from PcRed to photo-oxidized PSI (PSIOx), the PcOx tilts at the binding site allowing the
re-entry of water molecules at the PSI-Pc contact interface. This subtle structural change
facilitates and initiates the dissociation process of PcOx from re-reduced PSI (PSIRed).
It also explains the differences between the dissociation constants of the PSI-PcRed and
PSI-PcOx observed in solution. However, the time-resolved recordings and structural
methods used so far display several drawbacks: (i) they provide an indirect measurement
of the interaction based on the optical absorption changes of P700 after ET, (ii) they
employ photo-stimulation for both probing and photo-oxidation, preventing probing PSI
in dark conditions, and (iii) the contributions of the underlying forces responsible for the
association and dissociation processes can be only obtained indirectly. To solve those
problems, we have used force spectroscopy to directly follow the interaction between
individual PSI-Pc partners and its dependence on the redox state and illumination. Our
approach allows probing all the PSIRed/Ox - PcRed/Ox pairs, including those not leading
to ET, and reveals the binding/unbinding requirements at each stage of the interaction
sequence leading to PSI-Pc charge exchange.

Single-molecule techniques provide information free from averaging over
inhomogeneities, in contrast to bulk experiments in molecular ensembles. Atomic
force microscopy (AFM)-based single-molecule force spectroscopy (SMFS) allows
directly measuring unbinding forces to assess protein interactions at the molecular level.9

AFM-SMFS has been used to study redox proteins participating in the PETC. Marcuello
et al. assessed the interaction of cyanobacterial ferredoxin-NADP+ oxidoreductase
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with its redox protein partners ferredoxin and flavodoxin, but without control on the
redox states.10 Mayneord et al. characterized the binding frequencies and unbinding
forces in the transient Cytb6f -Pc complex, controlling the redox states for both proteins.
They observed an occurrence of Cytb6f -Pc binding interactions (binding frequency)
that was five-fold higher when the redox states of the proteins were opposite (e.g.,
oxidized/reduced), compared to the same redox states (e.g., oxidized/oxidized or
reduced/reduced). However, they did not observe significant differences in force.11,12

Vasilev et al. studied the interaction between cytochrome c2 (Cc2) and the photo-oxidized
reaction center (RC) from purple photosynthetic bacteria.12,13 In those studies, RC
photo-oxidation was induced using nonspecific illumination (white light) with low
intensity (between 1-5% of the intensity of sunlight). They found that the dissociation
of the RC-Cc2 complex was not spontaneous after the ET process and required the
application of an external force. Additionally, the authors indicated the importance of
the redox states of both Cc2 and RC redox prosthetic groups (haem cofactor for Cc2 and
special pair bacteriochlorophyll dimer for RC, respectively). In particular, they observed
higher binding frequency when the proteins were in a redox state ready for physiological
ET (reduced Cc2 and oxidized RC).12,13

Despite this progress, the interaction between plant PSI and Pc at the single-molecule
level under redox control of both partners has never been studied. Here, we carried it
out by orienting both redox proteins such that the active sites face each other, thereby
minimizing non-native associations. Therefore, the AFM probe was functionalized with
unidirectionally immobilized Pc, via an introduced cysteine in the C-terminal region,
to expose the ET active site to the solution.14 PSI was unidirectionally immobilized
to the sample surface, via a cysteine-modified peptide that recognizes the stromal side
and exposes the Pc binding site of PSI to the solution.15 Secondly, since the activity
of PSI is photo-regulated, sufficient photon flux per PSI complex must be provided
in its absorption band to ensure that PSI is oxidized before complex formation. To
this end, we employed an optically transparent thin gold electrode to anchor PSI and
allow the passage of light through the substrate. We illuminated with monochromatic
light ( = 690) solely to photo-oxidize plant PSI in situ and to evaluate the influence
of the photo-oxidation on the interaction between PSI and PcRed or PcOx. In these
conditions, we measured the binding frequency and the unbinding force between suitably
oriented plant PSI and Pc under redox-control using AFM-SMFS. In particular, we
evaluated the PSI-Pc interaction by recording force-distance curves in different redox
and illumination conditions. Namely, Pc is oxidized in ambient conditions, it can be
reduced with sodium ascorbate in the solution, and PSI is reduced in the dark and is
oxidized under illumination. Our results show that the binding frequency between PSI
and Pc depends on their respective redox states. The binding frequency between PSI and
Pc is higher when at least one of the partners is in an ET-ready redox state. Accordingly,
low binding frequency (i.e. facilitated Pc unbinding) was observed when PSI is reduced
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and Pc is oxidized. We took further advantage of this method to evaluate the effect of
divalent cations (in different illumination and redox conditions) on the binding frequency
and unbinding force of PSI-Pc. We found that Mg2+ decreases the binding frequency
for PcRed and photo-oxidized PSI conditions, suggesting an intriguing regulatory role in
vivo.

3 Results and Discussion

Plant PSI was immobilized on a thin transparent gold surface via interaction with
the synthetic peptide pIQA-Cys designed recently.15 As mentioned above, pIQA-Cys
allows to orient the plant PSI unidirectionally, exposing the Pc binding site toward the
solution. Pc-cysteine mutant (Pc-SH)14 was immobilized onto the AFM probe via a
heterobifunctional PEG27 linker with a length of approximately 8 nm (monomer length
0.3 nm) (Fig. 1A),16,17 thereby exposing the PSI-binding site toward the sample surface
(Fig. 1A). The redox states of PSI and Pc were respectively controlled by illuminating
PSI ( = 690 nm, power = 60 mW·cm-2)15 and using a reducing agent for Pc (sodium
ascorbate, 5 mM)11,18 (Fig. 1B). Note that sodium ascorbate can also reduce P700+ but
it does so in ~30 s,19–21 which is orders of magnitude longer than the typical times for
PcOx reduction (~3 ms)22, for P700 photo-oxidation (200 µs, see below), for PSI-Pc ET
(10 µs)23, and also longer than the PSI-Pc (sample-probe) contact time our experiments
(~25 ms). Combining these conditions, we characterized the binding event frequency
and the unbinding force of the interaction between PSI and Pc in all physiological
and non-physiological redox states. In our AFM-SMFS experiments, the proteins onto
the AFM probe and the sample surface were approached and forced into contact to a
maximum force of 200 pN. Then, the AFM probe was retracted from the sample surface at
constant velocity of 1 µm·s-1. Several force-distance curves displayed unbinding events
like those in Figure 1C. These curves allow quantifying the binding event frequency
and the unbinding force and distance at which the contact is ruptured. As an unbinding
event can be observed only after binding has taken place, the unbinding event frequency
can directly be associated to the binding probability.24–27 The mean rupture distance
between PSI and Pc was around 15 nm in all experiments, independently of the redox
and illumination conditions (Fig. 2C, Fig. 3C, Fig. 4C, and Supplementary Fig. S1).
We analyzed the binding event frequency and unbinding forces between PSI and Pc
in all redox and illumination conditions shown in the Figure 1B. Our setup allowed
measuring unbinding events frequency in ON-OFF illumination cycles for each sample
while maintaining the other variables unaltered.
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Figure 5.1: AFM-SMFS setup to evaluate PSI-Pc interactions under illumination and redox
control. A. Schematic representation of the experimental setup. Pc is linked to the AFM probe via
a heterobifunctional PEG27 linker. PSI complexes were immobilized on the sample surface (thin Au-layer
substrate pre-functionalized with the peptide pIQA-Cys). B. Redox conditions (PcOx and PcRed, in the
absence and presence of 5 mM sodium ascorbate, respectively) and dark/illumination conditions (PSIRed
and PSIOx, in the absence and presence of 690 nm light, respectively) that were evaluated in this work.
C. Schematic representation of the PSI-Pc interaction process. When the force-distance retraction curve
did not show a quantifiable event (upper panels), we interpreted it as the absence of interaction. When
the force-distance retraction curve displayed an unbinding event (bottom panels), it was quantified and
interpreted as the formation of a PSI-Pc complex.

3.1 The interaction between PSI and Pc is independent of the redox
state of P700 when Pc is reduced.

We first evaluated the interaction of PcRed with PSI in either dark (PSIRed, purple) or
illumination (PSIOx, pink) conditions (Fig. 2A), which correspond to PSIRed-PcRed and
PSIOx-PcRed respectively.3 PSIRed-PcRed (purple plots) corresponds to PcRed binding to
PSI before photo-excitation. PSIOx-PcRed (pink plots) corresponds to an interaction in
which the PcRed forms a complex with PSI after photo-excitation. We associate these
binding modes with the fast and slow phases of the PSI-Pc ET process, respectively,
reported from transient absorption experiments.5,8,28–30 The fast ET phase is due
to a preformed PSI-Pc complex before PSI photo-excitation (PSIRed-PcRed)8,31 and
corresponds to the OFF condition in Figure 2A (purple).
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Figure 5.2: Evaluation by AFM-SMFS of the interaction between PcRed and dark/illuminated
PSI. A. Scheme of the AFM-SMFS experimental setup. OFF condition (purple) represents the interaction
between PcRed (in the presence of sodium ascorbate, 5 mM) and non-illuminated PSI (PSIRed). ON
condition (pink) represents the interaction between PcRed (in the presence of sodium ascorbate, 5 mM)
and the PSI under 690 nm illumination (PSIOx, red box). The two-way arrow represents the movement of
approach and retraction of PcRed (AFM probe) to PSI (sample surface). B. Representative force-distance
retraction curves for positives event (colored traces) and in absence of interaction (black traces) in OFF
(left panel) and ON (right panel) conditions. C. Distribution of unbinding forces and rupture distances
extracted from individual unbinding events between PSI and PcRed. D. Quantification of the number of
binding events between PSI and PcRed out of 3 consecutive cycles OFF-ON averaged from 3 independent
experiments (768 force-distance curves per independent experiment). The left panel shows the average
number of binding events recorded in 3 alternating ON-OFF illumination cycles. The right panel shows the
mean ± standard error of the mean (SEM) of the total number of ON-OFF cycles measured. E. Histogram
of the unbinding forces frequency in OFF (top panel) and ON (bottom panel) conditions. The gaussian fits
show in both conditions a single distribution. F. Box plot for unbinding force recorded in OFF and ON
conditions. All measurements were done in PBS, 50 mM pH 7.4 at room temperature.
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In the slow ET phase, the complex between PSI and PcRed is formed after PSI
photo-excitation, then PcRed must diffuse to interact with the photo-excited PSI and
form the PSI-Pc complex (PSIOx-PcRed)8,31 and corresponds to the ON condition in
Figure 2A (pink).

Figure 2 shows the binding event frequency and the unbinding force for PSIRed-PcRed
(purple) and PSIOx-PcRed (pink). The experiments were recorded in alternating ON-OFF
illumination cycles (Fig. 2D). The binding event frequency and the unbinding force
of interaction of PcRed are similar with either photo-excited PSI or non-photo-excited
PSI, with force around 85 pN. These values are not significantly different between these
conditions (Fig. 2D-2F). Thus, the interaction between PcRed and PSI is independent
of the redox state of P700. The event binding frequency accounts for the probability of
effective encounters between the redox partner proteins. The low unbinding forces may
ensure a fast turnover for an efficient overall ET process. These results provide the first
biophysical characterization of the binding of PcRed to PSIOx and yield the binding event
frequency and unbinding force of PcRed to the different physiological redox forms of
plant PSI. We assume that during the binding-unbinding process, the interaction analysed
under illumination is between PSIOx and PcRed because i) the ET time between PSI-Pc is
10 µs,23 ii) the PSIOx-PcRed contact time in our experimental conditions is 25 ms, iii)
the time for PcOx re-reduction by ascorbate is 3 ms,22, iv) the time for PSI reduction
by ascorbate is 20-30 s19–21 and v) under our continuous illumination conditions, the
photocurrent signal proportional to photo-oxidation saturates above 200 µs of pulsed
illumination (see Supplementary Fig. 2). Therefore, the probability that PSI remains
oxidized during the next approach/retract cycle to acquire a force curve (which lasts 400
ms) is greater than that PSI is reduced.

3.2 Reduced PSI in the dark displays a weaker interaction with
oxidized Pc.

Figure 3 shows the interaction between oxidized Pc (PcOx) and PSI under illumination
(PSIOx) or darkness (PSIRed) conditions (cyan and blue plots, respectively). PSIRed-PcOx
(blue) corresponds to the post-ET interaction step that ends with PcOx release from PSIRed.
Under illumination, we observe a binding event frequency of PSIOx-PcOx (cyan) like
that of PSI-PcRed around 23 % (right axis of Fig. 2D-2E, purple and pink, respectively)
that is strikingly lowered in the dark (Figure 3D-3E, blue). To our knowledge, these
results provide the first biophysical evidence at the single-molecule level that the PSI-Pc
interaction can be controlled directly by the photo-excitation of PSI. A control experiment
with 520 nm irradiation, poorly absorbed by PSI, yields a similar number of binding
events to dark conditions revealing the specificity of PSI photo-oxidation (Supplementary
Fig. S3).
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In the histogram of unbinding force for PSIRed-PcOx (Fig. 3E, blue) we observe a
reduction in the main peak near 85 pN and the emergence of a small and broad secondary
peak around 125 pN. Interestingly, both distributions in PSIRed-PcOx present a lower
frequency than the distributions obtained in Figure 2 (when Pc is reduced, purple and
pink). The similar force values observed in all conditions (Fig. 2 and 3) suggest that the
established contacts are equivalent. However, the lower frequency of the main peak in
PSIRed-PcOx (blue) suggests that this interaction is not favored. The average unbinding
force between PcOx and PSI is lower and less dispersed under illumination (Fig. 3F).

When we compared the four PSI-Pc interaction conditions (Fig. 2, 3, and Fig. 4E-F),
we observed that the interaction events of PSIRed-PcOx (blue) are less probable (lower
binding event frequency), but when binding takes place, the unbinding force is similar
(~100 pN) yet more disperse, yielding higher average than in the other conditions. The
unbinding force values between PSI and Pc agree with the values reported for other
redox partner proteins.32 To summarize, we observe that in our experimental conditions
(1) the binding event frequency of PcRed is high and independent of the oxidation state
of PSI, which agrees with the idea that Pc is primed or ready to transfer an electron
to PSI; (2) the binding frequency of PcOx is low in the dark (PSIRed), as could be
expected from a post-ET interaction; and (3) the PcOx binding frequency is higher with
photo-oxidized PSI, which is unable to exchange charge (PSIOx-PcOx). High binding
frequencies are observed when PSI is photo-oxidized, or Pc is in a reduced state. Either
of the two conditions separately or together increases the binding event frequency in
an equivalent way and leads to similar, narrowly distributed unbinding forces. From
a physiological perspective, all conditions evaluated in Fig. 1 and Fig. 2 (except
PSIOx-PcOx system) correspond to binding modes of the ET complex formation before
or after PSI photo-oxidation. The interaction between individual Pc and plant PSI is
favoured when at least one partner is ready for electron transfer.

Several molecular mechanisms can support these interactions and photo-redox effects.
Light-induced structural changes that occur in plant PSI and in photosynthetic reaction
centers are due to the oxidation of the special pair of chlorophyll molecules.33–36

Specifically in plants, chemical oxidation or photo-oxidation of P700 can alter the
strength of hydrogen-bonding of Chla PA/PB in P700/P700+ and shift the vibrational
frequency of tryptophan residues located in the vicinity of P700.33,37 This spectral
shift is associated to a higher dielectric constant and a change in the ability to form
hydrogen bonds in a hydrophobic environment.37 Residues W625 and W658 in plant
PSI (W631 and W655 in cyanobacteria PSI) are associated with the hydrophobic
recognition/interaction interface between PSI and Pc. Our measurements with and
without illumination suggest that such photo-induced structural changes in PSI could
alter the binding frequency and the unbinding force between Pc and PSI.
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Figure 5.3: Evaluation by AFM-SMFS of the interaction between PcOx and dark/illuminated
PSI. A. Scheme of the AFM-SMFS experimental setup. OFF condition (blue) represents the interaction
between PcOx and non-illuminated PSI (PSIRed). ON condition (cyan) represents the interaction between
PcOx and the PSI under illumination with = 690 nm (PSIOx, red box). The two-way arrow represents the
movement of approach and retraction of PcOx (AFM probe) to PSI (sample surface). B. Representative
force-distance retraction curves for positives event (colored traces) and in absence of interaction (black
traces) . C. Distribution of unbinding forces and rupture distance extracted from individual unbinding
events between PSI and PcOx. D. Quantification of the number of binding events between PSI and PcOx
out of 3 consecutive cycles OFF-ON averaged from 3 independent experiments (768 force-distance curves
per independent experiment). The left panel shows the average number of binding events recorded in
alternating ON-OFF illumination cycles. The right panel shows the mean ± SEM of the total number of
ON-OFF cycles measured. PSIRed binds PcOx in significantly fewer events than PSIOx. E. Histograms
of the unbinding force frequency in OFF condition (top panel) and ON (bottom panel) conditions. The
gaussian fits show in both conditions a distribution with a main peak. F. Box plot for unbinding force
recorded in OFF and ON conditions. All measurements were done in PBS, 50 mM pH 7.4 at room
temperature.
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3.3 Mg2+ ions decrease the frequency of PSI-Pc binding.
To study whether the binding of ET-ready PcRed (Fig. 2) can be regulated externally, we
measured the effect of illumination on the PSI-Pc interaction in the presence of Mg2+

ions. Physiologically, the Mg2+ concentration in the dark is higher on the luminal side of
the chloroplast than on the stromal side, whereas it decreases under illumination (Fig.
4A).38–42 We used 5 mM Mg2+ 11,18 in the dark and also measured the interaction under
illumination for comparison. Mg2+ binds specifically to Pc leading to a conformational
change39 that is hypothesized to inhibit Pc binding to the PsaF subunit of PSI, thereby
regulating the PSI-Pc interaction.

Figure 4 shows the AFM-SMFS results obtained for ET-ready PcRed interacting with
illuminated and dark PSI samples in the presence of Mg2+ in solution. In comparison
to Figure 2 (no Mg2+), 5 mM Mg2+ decreases the binding frequency of PSIRed-PcRed
and PSIOx-PcRed from 23% to 10% approximately (compare respectively purple-green
and pink-yellow plots in Figure 2D and Figure 4F). This low frequency of events is like
that of PSIRed-PcOx (blue, Figure 3D and Figure 4F). Interestingly, the unbinding force
distributions in the presence of Mg2+ show a single peak near 85 pN (Figure 4D-4E).

The decrease in binding frequency indicates that Mg2+ inhibits the interaction between
PSI and Pc. We observe this reduction both in the dark and under illumination, even
though the later condition (PSIOx-PcRed under illumination and Mg2+, green) does
not correspond to a physiologically well-defined state because PSI photo-oxidation is
concomitant with Mg2+ depletion from the luminal side. This control condition can
also be interpreted as a transient state at the onset of Mg2+ translocation. It suggests
that Mg2+ binding to Pc lowers the binding frequency even when both partners are
in a physiologically ET-ready redox state, i.e. overriding their ability to transfer an
electron. If we interpret the decrease in binding frequency between PSIRed-PcRed in the
presence of Mg2+ (purple vs yellow, Figure 4F) as the effect of the ion accumulating in
the lumen under dark physiological conditions, our results confirm in vitro the hypothesis
of PSI-Pc binding regulation in vivo by Mg2+.39 Interestingly, this regulation is achieved
without altering the unbinding force (Figure 4E), i.e. the type of contacts between
PSI and Pc. Thus, we hypothesize that Mg2+ screens specific electrostatic interactions
involved in binding (complex formation), water interactions,43 and/or the establishment
of a Gouy-Chapman conduit,1,44,45 and that this effect is independent of illumination.
Unfortunately, binding forces cannot be directly measured with SMFS, and although
association constants kon have been reported from AFM-SMFS measurements, these
calculations are challenging and require multiple assumptions.46

Our results indicate that the binding frequency between PSI and Pc depends on their
respective redox states. In our study, the frequency of interaction between PSI and
Pc was higher when at least one of the partners was in an ET-ready redox state. The

140 Chapter 5



Light- and redox-dependent force spectroscopy reveals that the interaction between plastocyanin
and plant photosystem I is favored when one partner is ready for electron transfer

lowest binding event frequency was found when both PSI and Pc were in a post-ET
redox state. Although the association rate between redox partner proteins is reported to
be higher for opposite redox states (e.g. Cytb6f Red-PcOx compared to Cytb6f Ox-PcOx
or Cytb6f Red-PcRed),11 during PSI-Pc interaction, partners with the same redox states
presented a higher number of binding events (e.g., PSIOx-PcOx and PSIRed-PcRed).

To aid the interpretation, in Supplementary Figure S4 we outline the situations imposed
experimentally in this work to probe PSI-Pc complexes by means of photo-oxidation
and reducing agents. PSIRed-PcRed (purple) and PSIOx-PcRed (pink) represents the initial
situations of PcRed binding to PSI before and after photo-excitation respectively, and
prior to ET. PSIRed-PcOx (blue) represents a post-ET situation. Replacement of PcOx by
PcRed leads again to PSIRed-PcRed (purple) and completes the cycle. PSIOx-PcOx (cyan)
corresponds to the situation in which PSI is photo-oxidized before PcOx is released. Our
SMFS experiments show high (~25%) binding frequency in all situations except post-ET
(~10%), in agreement with the higher dissociation rates reported for PCOx with respect
to PCRed.5 Based on cryo-EM data,8 Caspy et al. suggested that upon Pc oxidation, a
slight tilt of bound Pc allows water molecules to accommodate in the space between Pc
and PSI and drive Pc dissociation. Our results can be interpreted as disfavouring the
binding of PSIRed to PcOx (blue) over fresh PcRed (purple) from the lumen, thus favouring
electron carrier turnover. In other words, the low binding frequency of PSI-Pc upon ET
(PSIRed-PcOx, blue) suggests a ratchet-like mechanism that favours Pc release (purple).

In addition, our results show that Mg2+ alters the PSI-Pc interaction and suggest a
mechanism of regulation in vivo. An increase in Mg2+ concentration hinders the PSI-Pc
interaction, independently of the PSI redox state. Interestingly, this result is related to
the Mg2+-enhanced binding between PSI and its stromal redox partner ferredoxin.47,48
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Figure 5.4: AFM-SMFS study of the interaction between PcRed and dark/illuminated PSI in the
presence of Mg2+. A. Schematic representation of the light-induced physiological changes in Mg2+

concentration on the luminal and stromal side of chloroplasts, which result in Mg2+-mediated PSI-Pc
interaction inhibition in the dark. B. Scheme of the AFM-SMFS binding interaction experiments:
OFF condition (green) represents the interaction between PcRed (with 5 mM sodium ascorbate) and
non-illuminated PSI (PSIRed) in 5 mM Mg2+ (MgSO4). ON condition (yellow) represents the interaction
between PcRed (with 5 mM sodium ascorbate) and illuminated PSI (PSIOx, red box) in 5 mM Mg2+. The
two-way arrow represents the movement of approach and retraction between PcRed bound to the AFM
probe and PSI bound to the sample surface. C. Distribution of unbinding forces and rupture distances
extracted from individual PSI-PcRed unbinding events in 5 mM Mg2+. D. Histograms of the unbinding
force frequency in OFF (top panel) and ON conditions (bottom panel) in 5 mM Mg2+. E-F. Mean ± SEM of
the total number of binding events (E) and box plot for unbinding force (F) for PSI-Pc: PSIRed-PcOx (blue),
PSIOx-PcOx (cyan), PSIRed-PcRed (purple), PSIOx-PcRed (pink), PSIRed-PcRed in 5 mM Mg2+ (green),
PSIOx-PcRed in 5 mM Mg2+ (yellow). All measurements were done in PBS, 50 mM pH 7.4 at room
temperature.
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4 Conclusions

We have studied the interaction between well-oriented plant PSI and Pc at the
single-molecule level, under redox control of both partners by means of photo-oxidation
(for PSI) in ON-OFF illumination cycles, and using reducing agents (for Pc). We have
quantified the binding event frequency, the unbinding force, and the distance at which
the contact is ruptured in AFM-SMFS experiments. Our results indicate that the binding
frequency between PSI and Pc is related to their respective redox states. For PSI-PcRed,
the binding event frequency does not change with the redox state of P700 and the
unbinding force stays around 85 pN. When Pc is oxidized, these values are maintained
under illumination (PSIOx-PcOx) but the binding frequency is strikingly lowered in the
dark (PSIRed-PcOx). Hence, the interaction between PSI and Pc is independent of the
redox state of PSI when Pc is reduced, but it is disfavoured by reduced P700 in the
dark when Pc is oxidized. We further evaluated the effect of the presence of Mg2+ and
observed a decrease in the binding frequency of PSI-PcRed both in the dark and under
illumination, without altering the unbinding force values.

The frequency of interaction between PSI and Pc is higher when at least one of the
partners is in an ET-ready redox state, and the post-ET situation (PSIRed-PcOx) leads
to disfavoured binding. This suggests a ratchet-like mechanism that facilitates electron
carrier turnover. In addition, we show that the binding of ET-ready PcRed to PSI can be
regulated externally by Mg2+ ions in solution.

5 Methods

PSI-LHCI complexes purification. Arabidopsis thaliana plants (Arabidopsis Col-0)
were grown under white light at 120 µmol photons·m-2·s-1, 12 hr/12 hr day/night cycles,
for 5 weeks at 23 °C. Thylakoid membranes were isolated from Arabidopsis leaves
according to Xu et al.49 PSI-LHCI complexes were purified from thylakoid membranes
with sucrose density gradients as previously described.50 350 µg Chl thylakoid were
diluted to 0.5 mg Chl·ml-1 in EDTA 5 mM, HEPES 10 mM, pH 7.5 and solubilized with
an equal amount of detergent solution (1% a-decylmaltoside (a-DM) in HEPES 10 mM,
pH 7.5) for 10 min. After solubilization, the sample was centrifuged at 12,000 x g for
10 min to eliminate the insolubilized material. The soluble fraction was loaded onto the
sucrose gradients prepared by freezing and thawing a sucrose solution (sucrose 500 mM,
HEPES 20 mM, pH 7.5, 0.06% a-DM). The gradients were centrifuged for 16 h at 4 °C
at 160000 x g. PSI-LHCI complexes were collected with a syringe.

Plastocyanin mutant expression and purification. The mutant Pc-SH gene cloned
into a pET-3a plasmid (pET-3a-PcSH) was used to transform E. coli BL21. The Pc-SH
mutant has three extra residues at its C-terminal (Thr-Cys-Gly). E. coli BL21 transformed
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with plasmid pET-3a-PcSH were grown in 2xYT medium supplemented with 100 gml1

of ampicillin at 37 °C until OD600 of approximately 0.8 was reached. The expression
of Pc-SH was induced by adding isopropyl thio--D-galactoside (IPTG) 0.3 mM for 4
h, shaking at 220 rpm and 28 °C. Cells were harvested by centrifugation (7000 rpm),
suspended in MES buffer 10 mM, pH 6.5, and disrupted by sonication. The suspension
was centrifuged for 1 hour at 20000 rpm. The soluble fraction was loaded onto an anion
exchange column (HiTrap® Q, Cytiva). A linear NaCl gradient (0-300 mM) in MES
buffer 10 mM, pH 6.5, was used to elute Pc-SH. Subsequently, the protein-containing
fractions were pooled and loaded onto a size exclusion column (Superdex® 75 10/300,
Cytiva). Pc-SH purity was analyzed by SDS-PAGE stained with one-step blue® protein
gel stain. The pure protein-containing fractions were pooled, and glycerol was added to
40% v/v. The Pc-SH was stored at 20 °C until the experiments were performed. Pc-SH
mutant was purified in a Cu-free form (Apo). To avoid the oxidation reaction between
a cysteine residue of the Pc mutant and Cu2+, apo Pc-SH was first bound to the AFM
probe (see AFM probes preparation). Then, apo Pc-SH was incubated with fresh Cu2+

solution for 1 h (CuSO4, 50 mM) to bind Cu2+ in the apo Pc-SH structure.

Sample preparation. An adhesion layer of 1 nm of Cu was evaporated on fused silica
substrates prior to the evaporation of 10 to 40 nm of Au at 0.2 nms1. The Cu seed layer
was exposed to the ambient atmosphere prior to the gold deposition. The Au surfaces of
10 nm to 40 nm thickness allowed the sample to illuminate from below. Au surfaces
were incubated with pIQA-cys peptide 0.1 mM in sodium acetate buffer 50 mM, pH
4.5, for 30 min. at room temperature. After peptide incubation, samples were gently
rinsed with working buffer, Phosphate Buffer Saline (PBS) 50 mM, pH 7.4. Aliquots
of 5 l of PSI-LHCI (Chl concentration: 0.28 gl1) and 45 l of PBS working buffer 50
mM, pH 7.4, were incubated overnight in dark conditions in a humid environment. After
overnight incubation, buffer was gently exchanged with fresh PBS working buffer to
remove unbound PSI-LHCI complexes.

AFM probes preparation. We used V-shaped Si3N4 probes (DNP, Bruker AFM Probes,
Camarillo, CA) having a nominal spring constant of 0.06 Nm1. The probes were
pre-treated for 15 minutes in a UV/Ozone ProCleanerTM (BioForce Nanosciences). Then,
the probes were amino-functionalized in atmosphere of 3-aminopropyl-triethoxysilane
(APTES) and triethylamine (TEA). The probes were placed inside the desiccator
previously flooded with N2 gas to remove air and moisture. Two small plastic
containers with 45 l of APTES and 15 l of TEA, separately, were placed close to
the probes (on a clean inert surface) and vacuum was on for 5 min. After 1.5
h, the APTES and TEA containers were removed, and vacuum was restored. The
probes were left in the desiccator overnight at room temperature, and afterwards
rinsed with chloroform (2x) and ethanol (2x) and dried under a gentle N2 flow.
When the tips were not used immediately, they were stored in a desiccator under
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Ar atmosphere. Afterwards, the probes were placed in glass wells filled with
0.5 mL solution of 1 mgml-1 heterobifunctional PEG (n=27) (Mal-PEG27-NHS,
O-[N-(3-maleimidopropionyl)aminoethyl]-O -[3-(N-succinimidyloxy)-3-oxopropyl]
heptacosaethylene glycol, Sigma-Aldrich) and 5 l TEA in chloroform, and left for 1.5 h.
The probes were rinsed with chloroform (2x), ethanol (2x), and MilliQ water and dried
under a gentle N2 flow. Placed on a polydimethylsiloxane (PDMS) surface, the probes
were incubated during 1 h with a 25 l of Pc 1 mgml-1 in PBS working buffer. Finally,
the probes were rinsed with ammonium acetate buffer 50 mM, pH 4.5, and incubated
with a solution of CuSO4 50 mM for 1 h, to bind Cu2+ in the apo Pc-SH structure.
The Pc-functionalized probes were subsequently rinsed with ammonium acetate buffer
50 mM, pH 4.5 and with PBS working buffer 50 mM, pH 7.4, always keeping them
hydrated, and were immediately used in the experiments. Cu2+ incorporation to the Pc
was verified by cyclic voltammetry of Au electrodes incubated with Pc-SH before and
after incubation with CuSO4.

AFM force spectroscopy measurements. Force spectroscopy was done with a
NanoWizard 3 BioScience AFM (JPK Instruments, Bruker Nano GmbH), at room
temperature and under liquid environment (PBS working buffer 50 mM, pH 7.4). After
having measured the sensitivity (Vm1), the cantilever spring constants were individually
calibrated using the equipartition theorem (thermal noise routine).51 Force-distance
curves were recorded by approaching and retracting the AFM tip at constant velocity (1
ms1) and in the force map mode of 16 x 16 force-separation curves over an area of 3 x 3
m2. The redox states of PSI and Pc were respectively controlled by illuminating PSI ( =
690 nm, power = 60 mW·cm-2 continuously during episodes of 1.7 min (acquisition time
of each force map of 256 curves; 400 ms for each approach/retraction cycle), that were
alternated with dark conditions acquiring a total of six force maps for each sample in
three ON/OFF rounds indicated as “cycles“ in Figures 2-4). In experiments labelled as
PcRed, a reducing agent for Pc (sodium ascorbate, 5 mM) was used. For the experiments
in the presence of Mg2+, MgSO4 was added to a concentration of 5 mM, and incubated
for 10 min before force measurements. The maximum applied (contact) force in each
cycle was set to 200 pN. For each condition, at least 3 force maps were acquired for
each condition in different regions of the same sample (256 curves each map, 768 curves
in total). Three independent experiments were conducted in each case (corresponding
to different Au-pIQA-PSI samples and different AFM tips functionalized with fresh
Pc). AFM data were acquired and processed using the JPK AFM software. Maximum
interaction force and extension were recorded from each retract trace. Statistical analysis
and representation of the data was performed with GraphPad Prism 9.1.2. Errors are
indicated as standard error of the mean (SEM).
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6 Associated content

Supporting information

Comparison of the rupture distance for the AFM-SMFS experiments from Figures 2
and 3 in the main text. Photo-chronoamperometric signal amplitude of Au-pIQA-PSI
electrodes irradiated with 690 nm according to pulse duration. Control experiment with
520 nm illumination. Outline of the situations imposed experimentally in this work by
means of photo-oxidation and reducing agents.
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Supplementary Figure S1. AFM-SMFS of the interaction between PcRed/Ox and dark/illuminated 
PSI. Box plot for the rupture distance for the AFM-SMFS experiments from Figures 2 and 3 in the main 
text. OFF condition represents the interaction between non-illuminated PSI (PSIRed) and PcOx (blue) or 
PcRed (purple, in presence of sodium ascorbate 5 mM). ON condition (pink) represents the interaction 
between the PSI under 690 nm illumination (PSIOx) and PcOx (cyan) or PcRed (pink, in presence of sodium 
ascorbate 5 mM). Quantification out of 256 force-distance curves per dataset, 3 consecutive cycles 
OFF-ON averaged from 3 independent experiments. All measurements were done in PBS, 50 mM pH 
7.4 at room temperature. 
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Photo-oxidation of PSI (Supplementary Figure S2) 
 

Given the near unit photo-conversion factor (quantum yield) of PSI, to satisfy PSIOx condition, photons 

have to be absorbed at a higher rate than P700+ reduction. To provide a sufficient photon fluence, we 

make use of high-power LED SMB1N690D Roithner Laser Technik, with a central wavelength of 690 

nm, providing an optical output 60 mW·cm-2 at the electrode plane. This optical output results in ~2.4 

105 photons·s-1 in the surface covered by a single PSI complex, which provides a lower bound for P700 

reoxidation time of ~ 4µs. However, not all incident photons result in P700 oxidation. To provide a 

direct estimation of the population of P700+ in the sample, we have measured the photo-current 

output of Au-pIQA-PSI samples in presence of exogenous redox mediators (Methyl Viologen 125 µM 

and Osmium Bipyridine dichloride 40 µM). Redox mediators shuttle the photogenerated charges to 

the Au electrode allowing to probe the P700+ population, that is, the number of photogenerated 

charges. Upon pulsed irradiation, the current exhibits a sudden increase with an amplitude 

proportional to the population of photo-excited P700+ in the sample. Increasing the pulse duration 

saturates photocurrent amplitude for pulses > 200 µS, indicating that after this exposure time, 

photons are in excess. This provides a higher bound for P700 re-photo-oxidation time in the reported 

experimental conditions.      

Supplementary Figure S2. Photo-chronoamperometric signal amplitude of Au-pIQA-PSI electrodes 

irradiated with 690 nm LED with an optical power of 60 mW·cm-2 in the sample plane. Redox mediators 

(Methyl Viologen 125 µM and Osmium Bipyridine dichloride 40 µM) are added to PBS 50 mM pH 7.4 

buffer solution to facilitate charge exchange with the sample electrode. Applied sample potential is -

50 mV w.r.t silver/silver chloride (SSC) reference electrode. Average ± standard error of the mean 

(SEM) for three independent experiments. 
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Supplementary Figure S3. Control experiment with 520 nm illumination.  A. PSI sample absorption 

spectra, normalized to 680 nm peak (black trace) and normalized emission for green LED, 520 nm 

(green trace) and red LED, 690 nm (red trace). Relative emission spectra are adapted from provider 

specification sheet (Roithner Laser Technik). B. Quantification of the number of binding events 

between PSI and PcOx from 3 independent experiments (768 force-distance curves per independent 

experiment). ON indicates irradiation with red LED (690 nm) and OFF indicates dark conditions. PSIRed 

(OFF) binds PcOx in significantly fewer events than PSIOx (ON). C. Control with green LED irradiation (520 

nm). D. Comparisson of number of binding events for PcOx with PSI samples irradiated with 690 nm 

(red) and 520 nm (green) showing a significant difference in the number of events.  
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Supplementary Figure S4. Outline the situations imposed experimentally in this work by means of 
photo-oxidation and reducing agents, to probe PSI-Pc complexes interaction by AFM-SMFS, including 
the binding frequency obtained in the experiments. The arrows represent the physiological equilibria 
to which every redox pair could be associated.  
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1 Abstract

We present a non-linear spectro-electrochemical technique to investigate photosynthetic
protein complexes. The PEC2DES set-up combines photo-electrochemical detection
(PEC) that selectively probes the protein photogenerated charges output, with
two-dimensional electronic spectroscopy excitation (2DES) that spreads in an
excitation-detection map the non-linear optical response of the system. PEC allows to
distinguish the contribution of charge separation (CS) from other de-excitation pathways,
while 2DES allows to disentangle congested spectral bands and evaluate the exciton
dynamics (decays and coherences) of the photosynthetic complex. We have developed
operando phase-modulated 2DES by measuring the photoelectrochemical reaction rate
in a biohybrid electrode functionalized with plants photosynthetic complex I- light
harvesting complex-I (PSI-LHCI) layer. Optimizing the photoelectrochemical current
signal yields reliable linear spectra unequivocally associated with PSI-LHCI. The 2DES
signal is validated by non-linear features like the characteristic vibrational coherence
at 750 cm-1. No other dynamics are observed within 450 fs of population time. These
intriguing results are discussed in the framework of previous reports and models. The
PEC2DES method overcomes previous experimental limitations and opens the way to
probe the physiological channel of CS under linear conditions.

2 Introduction

The photosynthesis is the process that underlies the conversion of light energy into
chemical one in subsequent steps with timescales that spam for ten orders of magnitude.
The first is photon absorption followed by excitonic energy transfer (EET) in the
femto-/picosecond timescale. The excitons migrate to the reaction center (RC), where
charge separation (CS) takes also in the picosecond timescale1. Then electrons are
transferred in a cascade of electron transfer (ET) steps ranging from tenths of picosecond
to hundreds of nanoseconds to opposite side of its embedding membrane2, fostering
the photosynthetic electron transport chain that promotes chemical synthesis in the
millisecond scale.

To study such process as a whole, it is crucial to combine different approaches such
as protein crystallization and mutations, theoretical simulations, magnetic and optical
spectroscopies3. A step further could be made when more characterizations techniques
can be applied simultaneously, so when chemical, electronic, or optical signatures,
can be detected at the same time. Such approach has been successfully applied
with many techniques. For example, combinations of electrochemical and optical
spectroscopy methods have been developed, like Raman4,5 including surface- and
tip-enhanced, transient absorption6, X-ray7, FTIR8, and confocal fluorescence9–11. Each

157 Chapter 6



Photoelectrochemical two-dimensional electronic spectroscopy (PEC2DES) of photosystem I to
study charge separation dynamics in photosynthesis

spectro-electrochemical technique poses specific challenges and offers unique advantages
to study reactions in static and dynamic conditions (in situ and operando, respectively).
12–15

A deeper knowledge of the secrets of photosynthesis has paved the way for artificial
16, de-novo designed proteins.17 The spectral absorption of photosynthetic complexes
has been engineered with the addition of synthetic dyes,18,19 or the assembly chimeras
of photosynthetic and light harvesting complexes from different organism.20 In natural
and artificial systems, an increase in the absorption band is translated into an efficiency
increase only if the photosynthetic excitons are eventually trapped by the reaction
center and CS takes place. To decipher photosynthetic complexes and engineer novel
photosynthetic strategies, it is thus key to probe the EET pathways leading to CS. The
aim of this work is indeed to detach the non-linear spectroscopy features of only the “CS”
excitons. To do so, we have optimized a photoelectrochemical current detection method
to perform spectroscopic measurements of photosynthetic complexes.

Because of the multichromophoric structure of photosynthetic complexes and the ultrafast
processes involved21,22 tracking the photosynthetic exciton dynamics in time, space and
energy is challenging, and usually experimental results need support from computational
chemistry to be interpreted. In this sense, the advent of two-dimensional electronic
spectroscopy (2DES) helped to disentangle congested spectral bands, as it spreads in an
excitation-detection map the non-linear optical signal. Indeed, 2DES can give a detailed
picture of homogeneous and inhomogeneous broadening, spectral diffusion, transfers,
and correlations between excited states, vibrational and electronic coherences, thus the
entire excited state dynamics23. Nevertheless, even the results of 2DES on the dynamics
of photosynthetic systems can be inconclusive and controversial24. As such, a more
function-oriented spectroscopical methods are needed.

To develop photoelectrochemical current 2-dimensional electronic spectroscopy
(PEC2DES), we have optimized the kinetics and the amplitude of the
photoelectrochemical current of a photosynthetic protein complex tethered to an
electrode under potentiostatic control. This action spectroscopy technique offers to
probe the CS functionality of photosynthetic complexes and the distinct ET processes
leading to CS. To validate this method, we have employed plant photosynthetic complex
I and its light harvesting antenna (PSI-LHCI) as model system. In PSI-LHCI, light
harvesting by the antenna chlorophylls is used to drive CS in the RC.

The conventional 2DES observable is the non-linear optical polarization25–27, i.e. a
coherent electric field generated by the sample interacting with laser pulses. Instead,
collinear 2DES28–31 readout does not rely on the detection of such electric field, but on
any observable proportional to the populations of the excited states after the interaction
with excitation pulses. For example, if the system is luminescent, the readout can be
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fluorescence. The fluorescence signal is conveniently exploited to quantify excited
states population within ultrafast spectroscopy32–37. However, fluorescence relaxation
in photosynthesis is a loss channel, thus not a primary observable. Indeed, excitons
reaching the RC and undergoing CS do not fluoresce by definition. On the other hand, CS
initiates an ET cascade from the chlorophyll special pair (P700) to the terminal electron
donor, the iron sulfur cluster (FB) at the stromal side of the membrane. The excited
PSI-LHCI redox cofactors, P700+ and FB

- transfer charge to their soluble redox protein
partners, plastocyanin and ferredoxin respectively, thereby coupling PSI-LHCI to the
photosynthetic electron transport chain. Thus, draining charges from PSI-LHCI redox
cofactors yields an electrochemical current that can be exploited as a 2DES readout in
vitro. In the experimental approach presented here, the photoelectrochemical current
directly measures the ultimate physiological outcome of PSI-LHCI light harvesting,
i.e. electrical charges mobilized in the photosynthetic electron transport chain. Using
the higher plant Arabidopsis Thaliana PSI-LHCI, we have recorded for the first time
PEC2DES in photosynthetic complexes.

3 Experiment

3.1 Photo electrochemical current readout of PSI-LHCI samples
In optical measurements, exogenous electron donors are introduced to boost ET kinetics
of the photo-oxidized state (FB/P700+) and closed state (FB

-/P700) towards the open
state (FB/P700), thus allowing the RC to separate new charge pairs upon successive
excitations and preventing P700+ from quenching excitation without CS38. However,
an estimation based on P700+ reduction kinetics (~ 2 ms) and the fluence reported in
literature found that most P700 are in the closed state39. Nevertheless, due to the effective
quenching of excitations by P700+, absorption and fluorescence measurements are
possible since they are only marginally affected by P700/FB oxidation state. In contrast, in
the photo-electrochemical readout the signal is proportional to PSI-LHCI photogenerated
charges, therefore P700+ and FB

- must be reduced and oxidized respectively to the open
state before the next photo-excitation pulse, in order to preserve the photoelectrochemical
yield40. Efficient ET with the charge exchange cofactors is thus a requisite to restore
P700+ and FB

- back to the open state at a higher rate than excitation pulse-train repetition.
High ET rates with the electrode are also needed to achieve high photoelectrochemical
current outputs with a signal-to-noise ratio sensitive to non-linear effects in ET leading
to CS.

To maximize photoelectrochemical current output, soluble redox mediators that can
exchange charge with P700+ and FB

- have been employed. We used osmium bis
2,2-bipyridine chloride (osbipy) to take advantage of the lower formal potential (higher
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energy) of osbipy compared to P700+. The use of osbipy as redox mediator for PSI based
bio-hybrid electrodes crosslinked to redox polymers41–44, or diluted into electrolyte
42 has been previously reported. Regarding the electron donor side, we have chosen
methyl viologen (MV) as electron acceptor of the high energy electrons of FB

-. MV is a
redox active heterocyclic molecule used as herbicide due to its ability to oxidize FB

- and
donate electrons to O2, thus disrupting the photosynthetic electron transport chain and
facilitating the formation ofreactive oxygen species (ROS)45,46. In an electrochemical
cell however, electrodes readily oxidize the MV+· radical formed upon FB

- oxidation,
thus enhancing ET rates and limiting the formation of ROS47. Simultaneous reduction of
osbipy and oxidation of MV in the sample electrode, result in partially cancelling currents
giving rise to a transient photoelectrochemical current48,49. Although this configuration
leads to low stationary currents, we took advantage of submillisecond electrochemical
transient responses to perform spectroscopic recordings at kHz laser repetition rates.

The photoelectrochemical current was recorded under potentiostatic control (Metrohm
–Autolab) making use of Au transparent screen-printed electrodes (Metrohm-Dropsens)
(Figure 1a) harbored in a customized electrochemical cell adapted for spectroscopic
experiments (Supplementary Figure SF1). Purified PSI-LHCI complexes (see
Supplementary Information S1) were functionalized using pIQAcys linker peptide
50,51 exposing the P700 luminal side to the electrolyte (Figure 1b and Supplementary
Information 2). PSI-LHCI functionalization, orientation, working electrochemical
window and scanning probe characterization has been reported in a previous work
52.

3.2 Phase modulation and 2DES parameters
For effective and rapid photoelectrochemical current detected 2DES we exploit our
recently developed pulse-by-pulse shaping with collinear laser set-up31. Briefly, a 3
kHz amplified Ti:sapphire laser (Coherent Libra) generates a continuous pulse train
centered at 800 nm, which is converted and broadened (green area in Figure 2d)
through a commercial but home-modified NOPA (Light Conversion TOPAS White).
A prism compressor is used to roughly precompensate the phase dispersion and
finally, an acousto-optical pulse shaper (Dazzler) finely adjusts the phase for reaching
transform-limited pulse (~10 fs, see Supplementary Figure SF2) and generates 4 pulse
replicas with control on their mutual time delay and phase (Supplementary Information
S5). The time delay between the first and second pair of pulses (t1 and t3) set the
excitation and detection frequencies (ω1 and ω3) respectively (Figure 1a), while t2 fixes
the time interval between excitation and detection pairs. In this so called “action” 2DES,
phases of individual pulses (φ 1-4) are modulated in time and to separate the different
components of the spectroscopic response of the system. In particular, rephasing and
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non-rephasing responses fall into distinct peaks in the frequency domain53. Additional
technical details of the experiment are presented in the Supplementary Information S4,S5.

4 Results

4.1 Photo-electrochemical and AFM characterization of
Au-pIQAcys-PSI-LHCI samples

Prior to the integration of electrochemical and 2DES set-ups (Figure 1a),
photoelectrochemical current transient signal of Au-pIQAcys-PSI-LHCI samples was
characterized with LED pulses. An example of photoelectrochemical current trace
upon illumination with 125 µs pulses is shown in Figure 1c. Control experiments in
absence of PSI-LHCI, and denaturized PSI-LHCI samples, heated to 60º for 1 h, exhibit
negligible photoelectrochemical current. In addition, linear component of PEC2DES
(vide infra), that is, electrochemical current linear spectra shown in Figure 2d, overlaps
with PSI-LHCI absorption peak, supporting that photoelectrochemical current is due to
PSI-LHCI photocatalytic activity.

Addition of 20 µM osbipy mediator to the working buffer (phosphate buffer saline,
PBS, 50 mM, pH 7.4) was sufficient to observe transient photoelectrochemical currents
upon pulsed illumination with 28 ± 4 µA·cm-2 amplitude (Figure 1d). On the other
hand, buffer solution containing MV exclusively (200 mM) exhibits a four-fold lower
photoelectrochemical current amplitude of 7 ± 1 µA·cm-2. In presence of both
mediators, the photoelectrochemical current amplitude rises to 67 ± 1 µA·cm-2 (Figure
1c,1d) exhibiting a time decay constant of 0.27 ± 0.02 ms. To optimize osbipy
concentration, the photoelectrochemical current amplitude was evaluated for increasing
osbipy concentration in excess of MV (200 mM), (Figure 1e) saturating above 20
µM. Sample stability was evaluated measuring the photoelectrochemical current under
pulsed illumination for several hours. Figure 1e shows the sample stability, which
allows measuring several 2DES maps without significant degradation of the sample (i.e.
photoelectrochemical current reduction).

161 Chapter 6



Photoelectrochemical two-dimensional electronic spectroscopy (PEC2DES) of photosystem I to
study charge separation dynamics in photosynthesis

Figure 6.1: Photoelectrochemical current response of Au-pIQA-cys-PSI-LHCI electrodes. 1a)
Experimental set-up for photoelectrochemical current detected 2DES. Pulse generation and shaping
performed by pump laser, NOPA and acousto-optic modulator (DAZZLER) is shown on the left. 4-Pulse
excitation scheme with phases φ 1-4 and relative pulse delay t1-3 are shown in red inset. Electrochemical
photoelectrochemical current detection system is depicted in the left-side including potentiostat scheme
(CF: current follower, VF: voltage follower and CA: current amplifier) and sample miniaturized
screen-printed electrode (CE: counter electrode, SE: sample electrode and RE: reference electrode). 1b)
Cartoon representation of transparent Au electrode functionalized with pIQA-cys peptide linker orienting
PSI-LHCI complexes that expose P700 luminal side to the electrolyte. 1c) Photo-chrono-amperometry
of Au-pIQA-cys-PSI-LHCI electrodes at -50 mV w.r.t to silver pseudo-reference electrode. Electrolyte
solution contains PBS 50 mM pH 7.4, MV 200 mM, and osbipy 20 µM. The red shaded area represents
an irradiation pulse of 125 µs with a power of 35.7 mW·cm-1 and wavelength centered at 690 nm.
Trace represents the average of 8 consecutive pulses. 1d) Photoelectrochemical current transient
amplitude for Au-pIQA-cys-PSI-LHCI with MV (200 mM), osbipy (20 µM) and MV+osbipy. 1e)
Photoelectrochemical current transient amplitude versus osbipy concentration and time evolution of
transient photoelectrochemical current amplitude under constant pulsed irradiation. Error bars in panels
1d and 1e represent the standard error for n=3 independent experiments. 1f) AFM characterization of
PSI-pIQA-cys-Au films attached to Au electrodes. Scan size 500 × 500 nm and a vertical axis color scale
set to 10 nm amplitude. Height profile corresponding to white line in the scan. Scan image threshold
results in an approximate surface coverage of ~75 %.
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AFM scans of Au-pIQA-cys-PSI-LHCI electrodes (Figure 1f and Supplementary
Information S3) reveal a sub-monolayer deposition with ~ 5 nm height, matching
PSI crystallographic size as previously reported heights of PSI samples absorbed on
gold electrodes54,55. Scans reveal an approximate surface coverage of ~75 %, this
approximation is employed to correct the estimation of the number of complexes
in the surface of the electrode. This estimation is useful to compute the fraction
of the total charge exchanged with the electrode in one pulse over the number of
PSI-LHCI complexes on the electrode. The total charge is computed by integrating
the photoelectrochemical current signal over time. This calculation reveals that the
current output is near the maximal value for a PSI-LHCI monolayer, with ~40 % of
PSI-LHCI complexes providing a charge pair for every pulse.

4.2 PEC2DES results
Photoelectrochemical current pulses amplitude upon illumination with laser
phase-modulated four-pulse trains is shown in Figure 2a. Linear, rephasing and
non-rephasing peaks in the frequency domain are shaded in yellow, red and blue
respectively. It is then possible to reconstruct the linear (Figure 2c) and non-linear
signals (Figure 2b, 2e) as a function of the delays between pulses t1-t3, and, through
Fourier transform along the delays, obtain linear (Figure 2d) and 2DES spectra (Figure
2f, 2g), that is, the response-map of the sample excited at frequency ω1 and detected at
frequency ω3.

The linear spectrum obtained with this method overlaps with the optical absorption
spectrum of PSI (Figure 2d), thus validating our approach. The absorptive map (Figure
2h) obtained with the sum of rephasing and non-rephasing signals, shows a main peak
centered at 14750 cm-1 (678 nm), which corresponds to the main absorption transition of
the PSI.
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Figure 6.2: a) Top: Photoelectrochemical current readout from potentiostat (first 5 ms magnified) with
periodic modulation of the phase, at fixed delay times between pulses. Bottom: Fourier Transform
revealing linear, rephasing, and non-rephasing signals at different frequency combinations. c) Linear signal
extracted from the first pulse pair along delay time t1 and averaged over the other times. d) Comparison of
the Fourier Transform of this signal (red) with the absorption spectrum of the PSI and the laser spectrum
used for the experiment. b) and e) Time reconstruction of rephasing and non-rephasing signal into t1-t3
maps (shown at t2=100 fs). Their Fourier transforms produce the ω1-ω3 maps f) and g) used for data
interpretation. The sum of these maps leads to the absorptive map h).
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4.3 Global analysis of PEC2DES data
2DES spectra are recorded for increasing excitation-detection delays (t2), allowing to
track the population of the excitonic states. The analysis of the signal evolution as a
function of the population time t2 has been performed using global analysis56 to identify
their main temporal components. The amplitudes associated to real (decays) and complex
(oscillations) exponential functions that globally fit the data are retrieved to generate
decay associated spectroscopy maps (2D-DAS) and coherence associated spectroscopy
maps (2D-CAS) respectively. For every temporal component, a map depicting its
amplitude on the excitation-detection axis is generated to ease the visualization of
the map evolution. The global fit, using only real exponentials, returns two 2D-DAS
components with time constants of 10 fs and »450 fs. The fastest 2D-DAS component is
generated by the overlap of all pulses around t2 = 0, which gives rise to a spurious signal
57, and is not considered for the analysis. Instead, the second 2D-DAS, shown in Figure
3b (right), associated with » 450 fs component, is similar to any map along t2, indicating
that during the first 450 fs the 2DES maps do not significantly change shape or intensity.
An example of the signal evolution along t2 is displayed in figure 3b(left), with signal
extracted at peak’s maximum.

Figure 6.3: a) Schematic illustration of 2DES data. The non-linear signal along t2 is a sum of different
decaying or oscillating contributions. In b) it is shown a trace along t2 extracted at peak’s maximum,
ω1=ω3=14750 cm-1 (dots) and its global fit (blue line). Beyond the initial decay, the signal evolution is flat.
The lack of signal evolution is confirmed at every coordinate with the unique DAS coming from the global
fitting with a characteristic time much longer than experiment’s range. An analysis on the residuals of the
global fitting shows the presence of structured oscillations in the signal(c). The FFT (green) and LPZ (red)
transforms27 applied to residuals highlight the presence of an oscillation at 750 cm-1. The same frequency
component appears in the resonant (blue) raman spectrum, while it is less evident in the non-resonant
(pink) one (633 and 514 nm laser excitation, respectively) of chlorophyll a in ethanol, suggesting this
component comes from vibrational coherences of the molecule. The 750 cm-1components is retrieved
also from the global fitting with oscillating functions, returning a CAS map (on the right) with intensity
distributed similarly to the DAS one.
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Analysis of the oscillatory behavior of rephasing and non-rephasing signals individually,
reveals signatures of coherent dynamics. Applying Fourier transform to the residuals of
the fittings along t2, reveals a prominent peak with a frequency around 750 cm-1 (Figure
3c, left), suggesting the presence of coherent behavior. To verify it, the global fit has been
applied, also including an oscillating component, and the same frequency component is
retrieved. The amplitudes associated to this coherence component are represented by the
2D-CAS depicted in Figure 3d, and its distribution is similar to the peak intensity, slightly
redshifted. It is then centered at the chlorophyll transition energy and does not show the
typical off-diagonal pattern expected for vibrational coherences58. However, we noted
the overlap of a 750 cm-1 mode between the FFT or LPZ transform59 on residuals (picked
at ω1= ω3=14500 cm-1) with resonant Raman spectra (Figure 3b) of chlorophyll a (the
main chromophore in PSI-LHCI complex). The resonant condition of Raman reveals an
enhancement of Raman scattering at 750 cm-1, suggesting the coupling of a vibrational
mode with such energy to the visible transition. It is thus likely that the oscillation we
detect in the 2DES is the same nuclear mode enhanced in resonant Raman.

5 Discussion

The overlap between the photoelectrochemical detected linear spectrum and the
absorption spectrum (Figure 2d) demonstrates that the detected electrons are
photogenerated by PSI-LHCI complexes. Moreover, the vibrational coherence found in
the PEC2DES counterpart is a typical feature of time-resolved spectra of chlorophyll a
and, in addition to our resonant Raman spectra, it was found in 2DES experiments
of PSII22 and free chlorophyll60 samples. These observations confirm that the
photoelectrochemical current detected 2DES is sensitive to both linear and non-linear
spectroscopic features of PSI-LHCI samples and provide experimental access to a
physiologically meaningful observable that was not available previously. This has
been achieved by maximizing the photoelectrochemical current output of PSI-LHCI
complexes specifically bound to the electrode with a peptide, and by the choice of redox
mediators’ and their concentrations.

The PEC2DES results obtained exhibit neither population dynamics nor spectral diffusion
between within our experimental range, as no evolution of PEC2DES maps has
been detected. This behavior is in contrast to the sub-picosecond kinetics obtained
from the non-linear optical response of plant PSI-LHCI samples reported without
photoelectrochemical readout. Global analysis of 2DES revealed a ~250 fs component
associated with excited state equilibration and transfer to the bulk chlorophylls61 in
PSI-LHCI extracted from spinach leaves while Akthar et al. reported an exciton
relaxation time in the core antenna of 500 fs62. Similar 2DES experiments (non
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photoelectrochemical) in algae63 and cyanobacteria64 reveal sub-picosecond exciton
equilibration and trapping kinetics ranging from 1 to 20 ps.

The absence of ultrafast dynamics in our measurementsis is indeed surprising. However,
the different nature of the excitation and dectection of PEC2DES with respect to standard
2DES may explain these observations. In particular, the differences of 4-pulses compared
to 3-pulses excitation, and electrochemical photocurrent with respect to optical detection
are discussed below and illustrated in figure 4.

Figure 6.4: A pictorial view of the possible interpretation for the lack of dynamics in PEC2DES due to
differences in excitation scheme (a) in left side and electrochemical detection (b) in right side of the panel .
a) 4-pulses excitation. Feynman paths describing 4-pulses excitation are ESA I (red),ESA II (blue), SE
(magenta) and GSB (aquamarine). Even if ESA II would generate 2 excitons in the same protein after the
4-pulses interaction, annihilations or quenching will reduce the detection to one CS, as much as ESA I.
Having the opposite sign, the two contibutions will cancel out, and the non-linear signal will be generated
only by SE and GSB contributions. SE signal signal is associated to chlorophylls that are excited by both
first pulse pair (black) and second pulse pair (magenta) while GSB signal is associated to non-previously
excited chlorophylls (aquamarine). GSB signal decays in ms time scale, in experimental window (zoom
for ~500 fs) only coherences are expected from GSB contribution. b) Electrochemical detection. CS might
take place in outer chlorophylls other than P700 transferring charge to MV,Oosbipy or O2 resulting in
ultrafast dynamics of single or few chlorophylls instead of PSI-LHCI complex. Recombination of charges
in the electrochemical solution before the detection and signal cancelation in the electrode could give rise
to the so called “incoherent mixing” where part of the linear signal will leak into the non-linear counterpart.

Population detected 2DES observables are known to differ from optical detected ones.
The differences are related to the 3rd and 4th order feynman pathways (figure 4a) and their
mutual weigths65,66. The generation of a second exciton in one single PSI-LHCI leads
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to its annihilation, decay or quenching because the lifetime of an exciton in the protein
is much shorter than the protein turnover. Therefore, only one CS per protein per pulse
quartet is possible. To estimate the experimental observables, the sample wavefunction is
represented as the product of the wavefunctions of the chlorophylls in a single PSI-LHCI
complex. In this product, the excited state absorption (ESA) is cancelled out, limiting
the non linear signal to the sum of stimulated emission (SE) and ground state bleaching
(GSB) components. GSB signal decays with the turnover cycle of the protein in ms time
scale, and therefore is likely constant in our experimental window. The weight of SE, the
only non-linear component exhibithing population evolution along t2, is expected to be
significatively smaller than GSB because SE path is simply less probable than GSB at
experimental excitation density. In these conditions and assuming all chlorophylls in a
protein equivalents, the average number of excitations per PSI-LHCI is ~1 after the first
pair of pulses. The second pair will more likely interact with a chlorophyll in the ground
state (~ 160 chlorophylls) rather than exciting the single or few chlorophylls excited by
the first pulse pair. The ratio of this probabilities is related to the ratio between GSB
and SE signals. This hypothesis is further supported by the presence of the 750 cm-1

oscillation as ground state vibrational coherences are present in the GSB pathways.

Regarding detection there are at least other two processes that may distinct
electrochemical from optical detection. Population detected 2DES assume that the
detected observable has to be proportional to the population of the excited state
after the pulse quartet. This is not always the case, especially in an electrochemical
detection technique that exploit free charges concentration in solution. Indeed the charge
recombination of mediators in the solution and the cancelation leading to transient
signal (figure 4b), are non-linear by definition. How this non-linearity interferes in the
2DES is actually matter of debate, but recent papers suggest that it foster the so-called
incoherent mixing67,68, where part of the linear signal, which is more intense and does not
evolve along t2, ends in the non-linear counterpart. On the other hand, redox mediators
employed to drain charges from the terminal electron donor/acceptor cofactors could
partially penetrate in the PSI-LHCI protein matrix and directly drain charges from outer
chlorophylls charge transfer states, preventing migration to RC (figure 4b). This would
provide an alternative pathway wherein exciton transfer to the RC does not occur. Indeed,
the Rao group has suggested that such charge scavenging can occur between outer
chlorophylls and a quinone mediator for the cyanobacterial photosystem69. Furthermore,
both denaturized PSI complexes and chlorophyll molecules reduce O2 producing H2O2
upon irradiation70. However, despite inactivated PSI or chlorophyll molecules being
embedded in an osbipy polymer with MV in solution, they yield no photocurrent.70

These results69, 70 and ours, suggest alternative CS paths from outer chlorophylls could
lead to a dynamic that does not follow the usual relaxation and trapping in the RC and
thus may have different timescales.
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To exclude or confirm the cited hypotesis, future developments in the
photoelectrochemical setup are necessaries. These include the use of larger,
physiologically relevant redox carriers of PSI like its cognate proteins (plastocyanin,
cytochromes, ferredoxin) that exchange charges selectively with PSI redox cofactors
and thus exclude the possibility of unspecificic charge draining. Moreover, to further
investigate the SE and GSB ratio, it would be reasonable the use of light harvesting
proteins with different amount of chlorophylls per unit. Furthermore, simultaneous
PEC2DES and fluorescence detections would allow quantifying both the productive and
loss exciton signals, offering direct access to their distinct relaxation pathways in a wide
diversity of quasi-physiological conditions (e.g. light fluence, presence of biochemical
regulators, different PSI subunits, and cofactors). This could be particularly relevant for
studying uphill excitonic paths of the red forms present in PSI-LHCI complexes. Finally,
measuring longer population time (t2) would allow to have a more comprehensive picture
and help to unravel the exciton dynamics from the overall non-linear signal.

6 Conclusions

We demonstrated that photoelectrochemical current can be used as readout signal of
2DES. The combination of 2DES and electrochemical detection in PEC2DES is suitable
to study the non-linear response of PSI-LHCI from higher plants, and its non-linear output
differs from optical detection methods. The requirements of PEC2DES (high turnover
rate to open state and high signal-to-noise ratio) have been fulfilled by optimizing the
photoelectrochemical current output. In particular, the unidirectional orientation of a
PSI-LHCI monolayer on a transparent metal electrode, the choice of redox mediators,
and their concentration yield sub-millisecond transient photoelectrochemical currents of
magnitude in the range of 100 µA·cm-2 that are stable for hours and allow the long-term
signal integration required by 2DES experiments.

The overlap between the linear component of PEC2DES data and the visible absorption
spectra of the sample manifests that PSI-LHCI complexes are responsible for PEC2DES
results. In addition, global analysis yields an oscillatory component along delay time
(t2) depicted in the 2D-CAS map. We associate this coherence around 750 cm-1 with
a vibrational mode coupled to the optical transition of chlorophyll a chromophores.
Population dynamics is not observed within a delay time of 450 fs, in contrast to previous
2DES experiments of plant PSI-LHCI complexes solely based on optical detection.

We have validated the proof of concept of a novel photoelectrochemical technique
(PEC2DES) with a biological multichromophoric system, PSI-LHCI protein complex
of plants. This operando technique provides direct access to the physiological
charge separation and can capture linear and notably non-linear features in the
excitation-detection axis.
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(65) Kühn, O.; Mančal, T.; Pullerits, T. Interpreting Fluorescence Detected
Two-Dimensional Electronic Spectroscopy. J Phys Chem Lett 2020, 11 (3), 838–842.
https://doi.org/10.1021/acs.jpclett.9b03851.

(66) Kunsel, T.; Tiwari, V.; Acosta Matutes, Y.; T. Gardiner, A.; J. Cogdell, R.; P. Ogilvie,
J.; L. C. Jansen, T. Simulating Fluorescence-Detected Two-Dimensional Electronic
Spectroscopy of Multichromophoric Systems. J Phys Chem B 2018, 123 (2), 394–406.
https://doi.org/10.1021/acs.jpcb.8b10176.

176 Chapter 6



Photoelectrochemical two-dimensional electronic spectroscopy (PEC2DES) of photosystem I to
study charge separation dynamics in photosynthesis

(67) Grégoire, P.; Srimath Kandada, A. R.; Vella, E.; Tao, C.; Leonelli, R.; Silva, C.
Incoherent Population Mixing Contributions to Phase-Modulation Two-Dimensional
Coherent Excitation Spectra. Journal of Chemical Physics 2017, 147 (11).
https://doi.org/10.1063/1.4994987.

(68) Kalaee, A. A. S.; Damtie, F.; Karki, K. J. Differentiation of True
Nonlinear and Incoherent Mixing of Linear Signals in Action-Detected 2D
Spectroscopy. Journal of Physical Chemistry A 2019, 123 (19), 4119–4124.
https://doi.org/10.1021/acs.jpca.9b01129.

(69) Baikie, T. K.; Wey, L. T.; Medipally, H.; Reisner, E.; Nowaczyk, M. M.; Friend, R.
H.; Howe, C. J.; Schnedermann, C.; Rao, A.; Zhang, J. Z. Photosynthesis Re-Wired on
the Pico-Second Timescale. 2022.

(70) Zhao, F.; Hardt, S.; Hartmann, V.; Zhang, H.; Nowaczyk, M. M.; Rögner, M.;
Plumeré, N.; Schuhmann, W.; Conzuelo, F. Light-Induced Formation of Partially
Reduced Oxygen Species Limits the Lifetime of Photosystem 1-Based Biocathodes.
Nat Commun 2018, 9 (1), 1–9. https://doi.org/10.1038/s41467-018-04433-z.

(71) Nelson, N.; Junge, W. Structure and Energy Transfer in Photosystems of
Oxygenic Photosynthesis. Annu Rev Biochem 2015, 84 (February), 659–683.
https://doi.org/10.1146/annurev-biochem-092914-041942.

(72) Croce, R.; van Amerongen, H. Light Harvesting in Oxygenic Photosynthesis:
Structural Biology Meets Spectroscopy. Science 2020, 369 (6506), eaay2058.
https://doi.org/10.1126/science.aay2058.

177 Chapter 6



The modulation is based on evolving individual phases of the 4 pulses at every laser repetition with 
a different step. Different combinations of modulation frequencies (fn) are linked to different 
combination of phases of the response of the system, that in torn is connected to the response 
frequencies combinations : ±𝑓1 ± 𝑓2 ± 𝑓3 ± 𝑓4 → ±𝜑1 ± 𝜑2 ± 𝜑3 ± 𝜑4 → ±𝜔1 ± 𝜔2 ± 𝜔3 ± 𝜔4 . 
The table below summarize the different combination and frequencies.  
 

component divisors Frequency (Hz) 
linear 

f21 6-0 250 
f31 8-0 333.33 
f41 9-0 375 
f32 8-6 83.33 
f42 9-6 125 
f43 9-8 41.66 

4th order 
freph -0+6+8-9 208.33 

fnon-reph -0+6-8+9 291.66 
f2Q -0-6+8+9 458.33 

 
SO, rephaseing and non rephasing signals are extracted at 208.33 and 291.66 Hz respectively and the 
linear signal shown in the main text at 250 Hz. 
 

SI6. Dazzler intensity artifact 

It has been reported that Dazzler generates artifacts in population detected 2DES especially in the 
rephasing signal2. This artifact affects the shape of the rephasing spectrum maps in time domain 
displaying a constant signal on the diagonal (t1=t3) and has shown to be constant also along the 
delay time t2. Potential artifacts have been limited comparing PEC2DES with a control signal 
measuring excitation intensity simultaneously acquired with a linear detector (see below). Uneven 
excitation is not responsible for the overall PEC2DES signal as photo-diode signal has a different 
shape with respect to photo-current response.   

The Dazzler has limited capabilities in keeping costant intensity while changing phases of a quartet of pulse. 
This give rise to nonlinearities that are not dependent on the response of the sample but on the fluctuant 
intensity of excitation. This effect, mainly present in the rephasing signal, has already been reported in the 
PhD thesis of Roeding S. from the group of Brixner2. They correct this effect by iteratively searching for 
intensity correction factor at any collection point, until a linear response sample gives no non-linear effect. 

We adopted instead a aposteriori approach where we detect the linear response of a photodiode 

simultaneously with the experiment and making a properly normalized subtraction of the photodiode 

generated feature. 
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Figure SI6-1 Signal coming from sample  and photodiode at different t2. The time-dependent photodiode rephasing signal shows a 
costant feature along the diagonal that does not decrease increasing coherence times. Ths lead to a frequency dependent signal 
distributed along the diagonal that will depend on the coherence time range used. In the sample signal the photodiode collected 
artifact is removed, and the remaining signal decays showing the typical shape in the frequency domain. Moreover, note that in the 
time dependent non-rephasing the artifact disappears when t2 is larger than coherence time range. In the frequency dependent non-
rephasing the peak is shift with respect of the sample confirming that the signal from the sample is not due to dazzler artifact. 
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S7. Incoherent mixing, linear reconstruction 

Incoherent mixing is an effect that takes place when the detected signal is not proportional to the population 
generated by the quartet of pulses which is the first principle of population detected 2DES. This 
proportionality will not hold if excitons, or eventually charges, interact and annihilate between each other 
before being detected. In the latter case, part of the linear signal falls into the modulated detection 
frequencies of rephasing and non-rephasing signals. This contribution is constant along t2 and thus would fit 
well our situation. The reconstructed linear signal into the 2D maps (see Supplementary below) has similar 
shape to rephasing and non-rephasing maps but is expected to have opposite sign. Moreover, the presence of 
the vibrational coherence and the different intensity of rephasing and non-rephasing signals suggest that, at 
least in part, non-linear signal is present in the detected frequencies. A way to evaluate the amount of 
coherent mixing is to compare the non-linear spectrum with the reconstructed linear on the t1-t3 map using 
equations 28 and 29 found in Gregoire et al. paper3

 

Figure SI7-1 Linear signal reconstruction (top row) and actual acquired signal at t2 = 60 fs (bottom row). 

The comparison between the reconstructed linear signal and the acquired ones. The shapes of rephasing 

and non-rephasing are very similar in between each other. However, the intensity ratio between rephasing 

and non-rephasing is different (as expected for a non-linear response, because of the slower decay along 

coherence time of the rephasing signal) giving rise to different absorptive maps. The non-linear is indeed 

elongated along the diagonal. 
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Supplementary Figures  

Supplementary Figure SF1:  Custom electrochemical cell design 

 

 

Figure SF1 Blueprint of electrochemical cell and screen-printed electrode holder adapted to spectro-electrochemical set-up.  

 

Supplementary Figure SF2: Pulse compression 

Pulse duration (~10 fs) was measured by exploiting standard sum frequency signal (FROG) generated on a 
10 μm BBO crystal. 
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1 Abstract

Photosynthetic reactions in plants, algae, and cyanobacteria are driven by photosystem
I and photosystem II complexes, which specifically reduce or oxidize partner redox
biomolecules. Photosynthetic complexes can also bind synthetic organic molecules,
which inhibit their photoactivity and can be used both to study the electron transport
chain and as herbicides and algicides. Thus, their development, characterization,
and sensing bears fundamental and applied interest. Substantial efforts have been
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devoted to developing photosensors based on photosystem II to detect compounds
that bind to the plastoquinone sites of this complex. In comparison, photosystem
I based sensors have received less attention and could be used to identify novel
substances displaying phytotoxic effects, including those obtained from natural
product extracts. We have developed a robust procedure to functionalize gold
electrodes with photo- and redox-active photosystem I complexes based on transparent
gold and a thiolate self-assembled monolayer, and we have obtained reproducible
electrochemical photoresponses. Chronoamperometric recordings have allowed us
to measure photocurrents in the presence of the viologen derivative paraquat at
concentrations below 100 nM under lock-in operation and a sensor dynamic range
spanning six orders of magnitude up to 100 mM. We have modeled their time course to
identify the main electrochemical processes and limiting steps in the electron transport
chain. Our results allow us to isolate the contributions from photosystem I and the
redox mediator, and evaluate photocurrent features (spectral and power dependence, fast
transient kinetics) that could be used as a sensing signal to detect other inhibitors and
modulators of photosystem I activity.

2 Introduction

In nature, photosynthetic reactions are driven by two multiprotein complexes:
Photosystem I (PSI) and Photosystem II (PSII). Both photosynthetic complexes
have oxidoreductase functions capable of specifically reducing or oxidizing partner
biomolecules. Despite their high specificity toward natural redox biomolecules like
cytochromes, plastocyanin, and plastoquinone, both PSI and PSII can also bind synthetic
organic molecules, which inhibit their photoactivity.1 These compounds can be used both
to dissect the photosynthetic electron transport chain and as herbicides and algicides,
and thus their development, characterization, and sensing bear fundamental and applied
interest. In the case of PSII, most herbicides compete for the binding sites of the
plastoquinone (QA and QB). The binding of compounds such as triazine, triazinone,
pyridazinone, benzothiadiazinone, nitrile, phenylpyridazine, and phenol derivatives at the
QB site inhibits the electron transfer between primary quinone site QA (D2 subunit) and
QB site in the D1 subunit.2 Due to the affinity between PSII and this type of herbicide,
many studies have been focused on developing PSII-based photosensors for the detection
of these compounds. Alternatively, the structural similarity between plastoquinone
binding sites of PSII and bacterial reaction center (RC)3 allows replacement of PSII with
the more robust bacterial RC, in order to study herbicide performance. RC biosensor
based strategies include RC absorption band bleaching4 and photoelectrochemical (PEC)
sensing. In RC PEC bionsensors, the decrease in photocurrent due to herbicide binding
to RC is used to quantify analyte concentration.3 Synthetic compounds that interact with
PSI have also been developed and used as herbicides. They are generally referred to as
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PSI electron diverters. These molecules bind at the PsaC subunit of PSI, competing with
the physiological redox partner ferredoxin (Fd) to uptake the photogenerated electrons
from the FB cluster, thereby preventing the generation of reducing power (NADPH) that
is necessary to maintain normal cell function. Bipyridillium compounds of the Quat
family (Paraquat, PQ; Diquat, DQ, and Ciperquat CQ) are viologen derivatives that can
interact with PSI and prevent its normal oxidation via Fd.5,6 In particular, PQ (methyl
viologen) has been extensively used in bioelectrochemical studies and in biohybrid
devices as an artificial electron acceptor (redox mediator) of PSI photoactivated electrons.
In contrast to PSII/ RC PEC biosensors where analyte concentration inhibits protein
photoactivity, we propose a model system where PQ act as a redox mediator; therefore,
in PSI based biosensor the photocurrent readout increases with analyte concentration.
In PSI, the structural basis of photogeneration and separation of electron-hole pairs is
relatively well understood. 7,8 It acts as a photodiode that upon illumination shuttles
electrons in one direction through its embedding membrane. Photoexcited electrons
occupy high energy states at the chlorophyll special pair site (P700), where the separation
from the vacancy states (holes) is initiated by means of a fast (10-8-10-7 s) electron
transfer (ET) cascade.9 The process involves an electron transport chain of several
protein cofactors, from P700 located at the luminal side of the complex toward the
terminal iron sulfur cluster FB at the stromal surface, which is the electron donor site
to Fd and PQ (Figure 1A). Upon excitation of one of the pigments associated with
PSI, the energy is quickly transferred to the reaction center, where it drives charge
separation. The charge separated state, P700+/ FB

- has a recombination rate orders of
magnitude smaller than charge transfer rates through the protein’s electron transport
chain. These two factors make PSI a very efficient photoconversion system with a
quantum yield near 100%.10 As such, the PSI photoconversion capacity can be exploited
as photoactive material in a PEC sensors if proper electrode functionalization can be
achieved.11 Increasingly efficient PSI biohybrid photoanodes have been developed by
improving protein complex functionalization12 and stability,13 enhancing ET between
electrode and PSI with mediators, and avoiding short-circuiting recombination processes.
14 These achievements have led to a 105-fold increase of photocurrent output from the
first reported photocurrents15 of 0.1 nA·cm-2 and 10 µA·cm-2.16,17 However, despite
these achievements and notwithstanding that PSI has better protein stability, quantum
yield, and more direct electronic coupling with electrodes than PSII, to our knowledge
the use of PSI as a photoactive material for PEC bionsensing has not been reported. In
order to explore this possibility, we based our design on screen-printed gold transparent
electrodes (AUTR10 MetrohmDropsens), which can be customized and coupled to
a variety of measurement setups. In particular, we functionalized trasparent gold
electrodes with a thiolated self-assembled monolayer of 6-mercapto hexanol (MHO)
prior to depositing the purified PSI protein complexes following the protocol described
previously.18,19 The hydroxyl-terminated film interacts preferentially with the positively
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charged luminal side of PSI and enables orientation of a PSI monolayer with a biased
orientation with the P700 side pointing toward the electrode. This orientation facilitates
direct electron transfer to P70015,18,20,21 and exposes the FB site to the bulk solution.22

This arrangement allows transfer of electrons from FB
- to acceptors in solution like the

PQ2+/PQ+ couple, which acts as a redox mediator. Under aerobic conditions, reduced
PQ+ rapidly transfer electrons to O2 which plays the role of a sacrificial electron acceptor.
Since the mediator does not have to be regenerated by the electrode, photocurrents can
be achieved at fairly low potentials. However, the production of reactive superoxide O2

-

and hydrogen peroxide H2O2 species compromises biosensor durability due to damage
by these reactive oxygen species (ROS).23 In anaerobic systems, PQ regeneration at the
electrode eventually short-circuits photogenerated charges back to the electrode, giving
rise to a transient photocurrent characteristic of PSI-PQ-electrode ET processes.24,25 The
photoelectrochemical behavior of PQ in solid PSI-based biohybrid systems has only been
characterized with a temporal resolution in the range of seconds. However, recording
transient photoresponses with submillisecond resolution (in well-defined PSI monolayer
arrangements) and modeling the underlying photoelectrochemical processes are essential
steps to understand their mechanisms, and to determine the necessary conditions for
using PSI as a biophotosensor device, as well as to improve its performance. Thus,
the aims of this work are (1) setting up a reproducible method to functionalize gold
electrodes with photo- and redox-active PSI complexes to evaluate the feasibility of a PSI
based biosensor under aerobic conditions, (2) using fast chronoamperometric recordings
to measure photocurrent responses in anaerobic conditions with PQ2+/PQ+ as the only
electron mediator, and (3) modeling the time course of the photoresponses as a means
to identify the leading electrochemical processes and limiting steps in the ET chain.
Our results allow evaluation of photocurrent features (spectral and power dependence,
fast transient kinetics) that could be used as a sensing signal to detect inhibitors and
modulators of PSI activity, including viologen-derived herbicides. We also modeled
photocurrent transient signal to deconvolute contributions from PSI and redox mediator.

2.1 Sample Characterization: AFM and Spectral Dependence.
To evaluate our functionalization strategy, MHO-PSI gold electrodes were scanned with
an atomic force microscope (AFM). AFM images were performed on an ultrathin gold
substrate using an MFP-3D atomic force microscope (Asylum Research, Santa Barbara,
CA) using V-shaped Si3N4 cantilevers with sharp silicon tips and having a nominal
spring constant of 0.12 N·m-1 (SNL, Bruker AFM Probes, Camarillo, CA). The AFM was
operated in tapping mode in liquid, covering the sample with phosphate buffered saline
(PBS, 50 mM). Scan of gold-MHO-PSI electrodes (Figure 1B) shows submonolayer
substrate functionalization of approximatively 6 nm thickness (Figure 1C) in agreement
with previously reported gold- MHO-PSI assemblies.18,26 Surface coverage is estimated
around 40%. Chronoamperometric measurements of PSI functionalized screenprinted
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gold electrodes immersed in PBS buffer containing PQ 125 µM were performed in
aerobic conditions in a Autolab (PGSTAT302N) potentiostat. Upon irradiation, PSI
functionalized electrodes generate photocurrent. Photocurrent excitation spectra (Figure
1D) were recorded controlling the sample irradiation wavelength through acousto-optic
tunable filtering of a broadband fiberlaser. The similarity between the photoconversion
response of the sample and the PSI visible absorption spectrum measured in the bulk
confirm that PSI molecules are responsible for the photoconversion ability of the
electrode.

Figure 7.1: Au-MHO-PSI electrode characterization: (A) Scheme of gold functionalized with MHO-PSI
protein complexes (PDB4XK8)27. Redoxcofactors chlorophyll special pair, P700 and iron sulfur cluster,
and FB are shown in green wireframe and yelloworange spheres, respectively. (B) 4 µm scan of
Au-6MHO-PSI samples, z-color scale 20 nm. (C) AFM profile height corresponding to the scan line marked
with a dashed cyan line in (B). (D) Photocurrent-excitation (left axis, black dots) and absorption (right
axis, cyan line) spectra of Au-MHO-PSI samples. Photocurrent data is issued from chronoamperometric
measurements performed at a sample potential 50 mV w.r.t. the silver pseudo reference electrode.

3 results and disscussion

3.1 Proof of Concept: Power Dependence and Sensing
Performance. Photocurrent features a transient response with a sharp peak of tens of
nA·cm-2 followed by a steady photocurrent in the nA·cm-2 range (Figure 2A). In the
investigated power range, we observe a linear photocurrent response with monochromatic
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light power (Figure 2C). The maximum slope is observed at 690 nm and corresponds to
a sensitivity of 0.2 nA·mW-1. Increasing PQ concentration increases the magnitude of
the photocurrent, a property that can be exploited to probe the PQ concentration. To this
end, in order to improve signal-to-noise ratio and simplify data analysis, the photocurrent
signal was treated with a lock-in amplifier (Stanford Research instruments SR530) fed
with the light source excitation frequency (Figure 2B). In the calibration curve (Figure
2C), no photocurrent saturation is observed up to 125 mM. Concentrations below the
µM range are not detectable for direct chronoamperometic measurements, while lock-in
detection allows one to probe PQ concentrations below 0.1 µM. Concerning stability,
the signal is reduced by 20% after 1 h of continuous operation in a 125 mM PQ solution
in aerobic conditions.

Figure 7.2: PSI-based PQ biosensor proof of concept. (A) Chronoamperometric data of Au-MHO-PSI
samples at electrode potential 50 mV in PBS buffer 50 mM pH 7.4. Red background indicates irradiation
with a 690 nm wavelength 375 mW LED. PQ concentration (125 mM, 50 mM, 20 mM, 2 mM, 200 µM,
20 µM, 2 µM, and PQ free) are indicated for each trace. (B) Measurement setup of lock-in detection
strategy used to test biophotocahode PQ sensing performance (D). (C) Photocurrent response to light
irradiated power in the sample. Broadband fiber laser is modulated to center excitation wavelength ar 490
nm (blue), 550 nm (green), 640 nm (red), and 690 nm (brown). (D) PQ concentration calibration curve.
Peak photocurrent (right axis, red) extracted from data in (A) and lock-in signal (left axis, black) response
to LED excitation at 70 Hz.
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3.2 Chopped Light Voltammetry: Transient Photocurrent
Dependence with Sample Potential. To get further insights into the photocurrent, samples
were purged with Ar to remove O2, leaving PQ as the only electron acceptor in the system.
In the cyclic voltammetry performed in the MHO functionalized electrode without PSI
shown in Figure 3A (black trace), the reduction peak (PQ2+ → PQ+) can be observed at
-900 mV/Ag and the corresponding oxidation peak (PQ+ → PQ2+) at -815 mV/Ag. PSI
incubation shifts the PQ’s redox peaks to -765 and -700 mV/Ag, respectively, indicating
an enhanced ET with the electrode (Figure 3A, blue trace). The widening of the CV
for PQ in MHO-PSI compared to MHO microelectrode indicates an increased electrode
capacity that can be attributed to the absorption of PSI complexes. Sample irradiation
cycles give rise to photocurrent peaks. The photocurrent magnitude increases as sample
potential approaches PQ redox potentials (Figure 3A, red trace). Remarkably, O2 removal
wipes out observed photocurrents at -50 mV/Ag in aerobic conditions. To recover the
photocurrent signal, sample electrode must be polarized at least to -500 mV/Ag. In
anaerobic conditions, observed photocurrents are significatively larger than in ambient
conditions. In Figure 3B, we display chopped light linear voltammetry ranging from
-450 mV/Ag to -900 mV/Ag, where sample irradiation has been indicated with red
marker. A sudden increase in current is observed upon illumination accompanied by a
negative peak that follows the end of the illumination cycle. Transient current amplitude
and characteristic decay time are remarkably affected by sample electrode potential.
Photocurrent vanish around the redox midpoint of PQ in the sample VPQ ≈ - 650 mV.
Below the redox midpoint the sign of the light switching current transients is inverted.

Figure 7.3: PSI photocurrent responses as a function of electrode potential. (A) Cyclic voltammetry of
Au-SAM transparent electrodes prior to (gray trace) and after incubation (cyan trace) in PSI complex
solution and wash (potential scan rate 50 mV/s). Au-SAM-PSI irradiated LED (690 nm, 340 mW
photoswitch rate 50 ms, red trace). (B) Linear scan voltammetry of Au-SAM-PSI irradiated LED (690
nm, 340 mW photoswitch rate 300 ms). Illumination and dark conditions are indicated with red and black
markers, respectively.
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3.3 Fast Chronoamperometry: Empirical Characterization with
Double Exponential Function.

To further quantify the PSI-PQ system’s photocurrent transient behavior, we performed
chrono-amperometry experiments for a set of fixed sample potentials (Figure 4A). This
operation mode allowed a higher sampling rate (100 kHz) than cyclic voltammetry. As
expected from chopped light CV, we observed a remarkable dependence with the applied
sample potential in the magnitude, sign, and time course of the photoresponses, upon
turning the LED on and off. Transient photocurrents were empirically fit using two
exponential functions of opposite sign, yielding four fitted parameters for off-on (AON+ ,
AON− , τON+ , τON−) and four for on-off transitions (AOFF+ , AOFF−-, τOFF+ , τOFF−).

j(t) = A+e
−t
τ+ −A−e

−t
τ−

An example fit is presented in Figure 4B, and the obtained parameters are shown in
Figure 4C as a function of the electrode potential. The time constant of the positive
component of the off-on transition (τON+) shows a fast response with 1/τ+ 5 ms-1 for V <
VPQ that switches to slower process with 1/τ+ 1 ms-1 as potential is increased above PQ
redox midpoint. On the other hand, the negative component describes a slow process for
V < VPQ that switches to a faster process 1/τ - 2 ms-1 for V > VPQ (Figure 4C top, left).
On- off transients display a similar behavior with opposite signs (Figure 4C top, right).
Regarding A+ and A- amplitudes, transitions have similar magnitude ranging between 1
and 8 µA with opposite signs. We observe that on-off transition amplitudes are smaller
for the on-off transition compared to the switching on transient (Figure 4C bottom).

3.4 Kinetic Model: Describe Mediator and PSI Cofactors
Concentration.

The two-component fit of the photocurrent indicates that ET to and from the electrode take
place simultaneously with PQ2+/PQ+ and PSI redox cofactors. To further elucidate the
role of the PQ in the photocurrent generation, we have build a kinetic model describing
the concentration of the redox actives species, namely: the redox cofactors in PSI
P700/P700+ and FB/FB

- and with the mediator PQ2+/PQ+. The concentration of the
species changes due to (i) photoexcitation, (ii) recombination, (iii) ET from FB

- to PQ2+,
(iv) direct ET from the electrode to P700+, and (v) oxidation of PQ+ and reduction of
PQ2+ at the electrode. The ET rate with the electrode (iv and v) allow us to estimate
the current. Modeled current is fitted to the experimental data adjusting the reaction
constants of processes (i-v). The ET rate between PQ2+/PQ+ and the electrode depends
on the electrode potential.
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Figure 7.4: PSI photoresponse kinetics and empirical fits. (A) Fast photochronoamperometry traces
of PSI-SAM-Au functionalized electrodes at different potentials (between 400 and 900 mV versus Ag
electrode) and sampled at 100 kHz (or 10 µs resolution). Red box indicates the period of illumination with
a 690 nm LED. (B) Each photocurrent trace could be fit (nonlinear least-squares method) with the sum of
two exponential decay functions having different amplitudes and decay times (AON+, AON-, τON+, τON-,
AOFF+, AOFF-, τOFF+, τOFF-). (C) Parameters obtained from fitting the traces of panel (A) as a function of
the potential applied to the PSI-SAM electrode.

This behavior was modeled as a sigmoidal function of the sample potential centered
at V = VPQ, while the rest of the reaction rate parameters are potential-independent.
Data sets corresponding to 14 different sample potentials ranging from -800 mV to -610
mV were simultaneously adjusted (Figure 5A). Similar kinetics models describing PSI
photocurrents have been published previously.25,28-31 However, in our model we have
not considered the mediator’s diffusion. To assume this simplification, the thickness of
the SAM-PSI monolayer in the system should be less than the typical diffusion length.
This diffusion length can be calculated as L =

√
2DT , where T is a lower bound of the

observed characteristic time of the PSI- PQ system (1 ms). Considering a coefficient of
10-6 cmtextsuperscript2·stextsuperscript-1 for PQ, the diffusion length obtained is 500
nm, which is significatively larger than the 6 nm layer thickness shown in Figure 1C
and the reported Au-SAM-PSI monolayer.32 The major contribution to the current in our
model is the electron exchange of the mediator with the electrode. Electrode potential
determines the generation rates of oxidized/reduced PQ species. After an equilibration
time, PQ2+/PQ+ relative concentration reaches a steady state. As the sample is irradiated,
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this balance is altered by the sudden increase in PQ+ produced by the ET from FB
- to

PQ2+. For V < VPQ where the PQ2+ + e- → PQ+ is the dominant reaction, the transient
current is negative. On the other hand, for V > VPQ, the favored process is PQ+→ PQ2+

+ e- producing positive transient currents. Kinetic modeling output provides access to
the relative concentrations of PQ+/PQ2+ (Figure 5B, top row), excited P700+/P700 and
FB

-/FB (Figure 5B, middle row), and contributions to the current from PQ2+, PQ+, and
P700+ (Figure 5B, bottom row). The PQ+/PQ2+ relatively steady concentration (for t =
0 and t → ∞) decreases as sample potential is increased. We observe that illumination
(starting at t = 0) increases PQ+/PQ2+ relative concentration for all potentials. This is due
to the oxidation of FB

- by PQ2+ producing PQ+. Notably, a light-induced PQ+ increment
with respect to steady concentration is more pronounced for V > VPQ with respect to
V < VPQ. We also note that FB

-/FB relative concentration is higher than P700+/P700
for V < VPQ, indicating that electrons are not efficiently withdrawn from the protein.
This bottleneck effect is due to low PQ2+ concentration for V < VPQ where the main
form of PQ is PQ+. On the other hand, for V > VPQ, where PQ2+ is majority, P700+ and
FB

- concentrations indicate that the electrons are drained from FB
- by the PQ2+ forming

PQ+ as can be seen in the top right panel of Figure 5B. PQ2+ reduction at the electrode
gives rise to a positive current (Figure 5B, red trace in bottom row) that cancels out the
contribution of the current issued from the ET between the electrode and P700+ (Figure
5B, green trace in bottom row).
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Figure 7.5: Kinetic model fit. (A) On (red shaded area) and off kinetic model fit of transient photcurrents.
Applied sample potential (mV/Ag ) is indicated for each trace. (B) PQ+ relative concentration for V =
700 mV/Ag (blue, left), 650 mV/Ag (aquamarine, middle), and 610 mV/Ag (light green, right) (top row).
The same potentials, indicated with color boxes, are applied to the middle and bottom rows. P700+ (green
trace) and FB

- (red trace) are indicated as relative concentrations (middle row). Components of modeled
transient current from PQ+/PQ2+ (red), P700+ (green), total modeled current (blue), and experimental data
(black) (bottom row).

3.5 Considerations for Sensor Design and Optimization.
We have found several key advantages of transparent microelectrodes to sense PSI
mediators like PQ: (1) they can operate with 10-100 µL of sample volume (corresponding
to 1-10 nmol of analyte at 100 mM); (2) they produce faster photocurrent transients
that require shorter integration time to be detected and would lead to faster responding
sensors; (3) they are ready to use and help reduce variability in electrode preparation;
(4) backside illumination is reproducible at the sensing surface, not subject to solution
effects (absorption, scattering), and favors sensor robustness and compatibility with
spectro-electrochemical measurements (UV-vis, Raman, NIR). Current efforts in the
laboratory are directed at overcoming the limitations in the coupling of PSI to the
electrode by improving the orientation and electrical connection of the complex.14,33

The direct ET functionalization strategy, employed in this work to simplify the system
modelisation, can be replaced by a mediated ET strategy including redox polymers12 or
PSI partner proteins34 increasing photocurrent signal and thus detection level. As can be
seen in the photocurrent-power characterization (Figure 2C), photocurrent response does
not saturate with light power in the explored regime, which suggests that photocurrent
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signal can be further increased at higher illumination power. Enhanced detection
sensitivity and faster responses can be achieved with redox polymer components and
nanoscale junction geometries,35 altogether these improvements may provide higher
sensitivity and accuracy, and allow testing smaller analyte concentrations. This will allow
screening a diversity of electron diverter analytes, including synthetic herbicides, analog
compound libraries, redox protein partners and modulators, and, most interestingly,
extracts of natural products to evaluate their use for sustainable weed control. Note that
the use of a natural photosynthetic complex as the sensing element also avoids toxic
components and potentially allows regeneration of the sensing surface, as shown in
biophotovoltaic devices based also on PSI.36

4 Conclusions

We have prepared electrodes functionalized with a SAM and photosystem I that
allow sensing the presence of PQ in physiological conditions using photocurrent as
sensing signal. We have characterized the power and spectral photocurrent response
of the modified electrodes. The photocurrent spectra’s correlation with the PSI
absorption spectrum corroborates that in our biophotoelectrochemical sensor system,
the photoconversion process is mediated by PSI. AFM characterization of the PSI
incubated electrodes also suggests the functionalization of protein complexes on the gold
electrode. The compact sensor setup built is based on transparent gold microelectrodes
coated with fresh SAM, and PSI layers, with the built-in red LED behind a transparent
electrode. Taking advantage of the widely characterized redox interaction between PSI
and the herbicide PQ, our work represents the first systematic study on fast photocurrent
transients in the millisecond range in this type of system. The observed transients can
be fitted with a double exponential function, which indicates that both the PSI-mediated
photoconversion process and the PQ recombination process can be clearly differentiated.
We observe a change of behavior near the PQ redox potential. The characterization of the
transients generated by PSI and PQ is relevant to design sensors with shorter integration
times for electrochemical determinations. The kinetic model introduced in this work
allows the identification and electrochemical evaluation of the different species involved
in the detection process. This is an essential step to improve the performance of the
photosystem I based sensor and to use it for the identification of other relevant inhibitors.
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1. Kinetic Model 

The model describes the concentration of the reaction kinetics of the involved species, namely PSI 

redox cofactors: chlorophyll special pair P700-P700+ , iron sulfur cluster FB-FB
- and the paraquat 

analyte/redox mediator PQ+-PQ2+. The reactions, with rate kx, are described below:  

kexc, photo-excitation rate of P700-FB couple: 

(1)  

 kreco, recombination rate of P700+-FB
-
 couple:   

(2)  

kFB-PQ2+, reduction rate of PQ2+ by FB
-:  

(3)  

kePSI , electron transfer rate between electrode and P700+ : 

(4)  

 kPQ2+PQ+, PQ reduction rate at the electrode: 

(5)  

kPQ+PQ2+, PQ oxidation rate at the electrode:  

(6)  
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For the last two rates (PQ electron transfer rate with the electrode) the dependence with the 

applied potential has been modeled empirically using sigmoidal functions (equations 7-8), where  kPQ 

is an effective rate; V is the applied voltage w.r.t. Ag electrode; VPQ is the measured redox mid-point 

VPQ ~ – 650 mV/Ag; and α, β, are two fitting parameters with 1/V units. 

 (7)  

 

 (8)   

  

The kinetic equations describe the rate of change in the concentrations of the species due to 

reactions (1-6):  

 (9) 

 (10) 

 (11) 

 (12) 

 (13) 

 (14) 

In the absence of diffusion, the current flowing through the electrode is due to the charge exchange 

of the electrode with the redox species described by reactions (equations 4-6). To compute current 

density j the rates of charges flowing from (positive sign, equation 4 and 6) and to (negative sign, 

equation 5) are summed (equation 15) where e denotes electron charge, V cell volume, and S the 

electrode surface.  

 (15)  

The differential equation system (7-14) is solved numerically using MATLAB© ode23tb solver, an 

implicit Runge-Kutta algorithm suitable for stiff problems.  All the reaction rates and α, β parameters 

are fit to minimize the square error between modeled and experimental current density with a non-

linear least square algorithm (trust region reflective).  
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Chapter 8

Summary of the obtained results

The core of this dissertation deals with interprotein electron transfer (ET), that is
canonically described by diffusion, binding, and actual charge exchange stages. For my
thesis, I have focused on the binding and charge exchange steps. I consider that the most
relevant contribution within the manuscript is the study of the charge exchange stage.
Interprotein ET is key for two essential cell process, cell respiration and photosynthesis.
In this thesis, I have exploited photosystem I (PSI) as model system while plastocyanin
(Pc) is employed as cognate redox partner for ET. For the PSI-Pc pair, I have studied the
distance- and potential-dependence of the interprotein charge exchange, the conductance
of the PSI-Pc complex, and their binding process. Additionally, taking advantage of
the acquired know-how studying ET in PSI, I have developed a biohybrid herbicide
biosensor and, in collaboration with the institute of photonic sciences (ICFO), we have
developed a set-up for photo-electrochemical current (PEC) detected two-dimensional
spectroscopy (2DES), that we have named PEC2DES.

In summary, throughout this thesis I have studied different facets of the PSI complex:
the ET within PSI, the inter-protein ET with Pc, the binding regulation with Pc and
the light absorption and EET within the photosystem. In addition, an application
perspective is explored in chapter 7. In the following, I will highlight and summarize the
results and achievements obtained throughout my thesis. For the sake of clarity, I have
expressed them in a bullet list format indicating the experimental observations (oi) and
the interpretation of these observations (ii).
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Chapter 3: Distance and Potential Dependence of Charge Transport Through the
Reaction Centre of Individual Photosynthetic Complexes

In Chapter 3, I developed a molecular strategy to functionalize gold electrodes with
plant PSI complexes. Unidirectional robust functionalization of PSI complexes was the
requisite for single protein experiments in chapters 3-5 and for PEC2DES experiments
in chapter 6.

To test this functionalization strategy, the samples were characterized with bulk photo-
electrochemistry and nanoscale imaging:

oi PSI complexes remain fully functional in [-200, 300] mV/SSC window.

oii Individual PSI complexes show lateral sizes in agreement with the
crystallographic dimensions of PSI.

oiii PSI complexes are bound via their stromal side and expose the luminal
side (P700, Pc binding site) to the solution.

With this set up, I evaluated the PSI apparent height and the current-distance decay
constant β .

oiv The apparent height is electrochemically gated for ECSTM probe
potentials, with a maximum value around 400 mV/SSC.

ov The β -values depend on the probe potential and display a minimal value
at 400 mV/SSC.

ovi The β dependence with the probe potential is observed only if the
PSI electrode is in a potential range able to generate photocurrent in bulk
experiments.

Given the bias sign, the studied process corresponds to hole injection into an electronic
state that is available in the absence of illumination.

iI I propose that a pair of tryptophan residues (Trp625, Trp658) located near
P700 and known to integrate the hydrophobic recognition site for Pc may
have an additional role as hole exchange mediator.

Chapter 4: The protein matrix of plastocyanin supports long-distance charge
transport with photosystem I and the copper ion regulates its spatial span and
conductance.

I have characterized the ETp between PSI and Pc, both forming a complex or located at
a distance. I have measured the distance dependence and conductance of the interprotein
charge exchange between suitably oriented PSI and Pc using current-distance and
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blinking techniques. I assessed the spatial span of the protein charge exchange and
the formation of spontaneous protein junctions. In particular, I consider the following
observations are relevant for discussion:

oi Charge exchange between a bare electrode and either individual PSI or
Pc spans for several nm. This observation agrees with previous results of
the group with Az,87 PSI complexes,222 and cytochrome subunits from the
respiratory chain223, 224

oii When Pc faces a non-homologous peptide sequence, the presence of the
Cu ion in Pcholo increases the charge exchange distance, as it occurs with
Cu-Az with respect to redox inactive Zn-Az.87

oiii For the PSI/Pc cognate pair, charge-exchange is longer for Pcapo than for
Pcholo when the electron flow is biased in the physiological direction (from
Pc to PSI). If the electrons flow from PSI to Pc, the β value is similar for
Pcapo and Pcholo.

oiv The conductance of the PSI-Pc transient complex is higher for Pcapo with
respect to Pcholo

ov The high conductance peak of PSI-Pcapo for negative bias has the same
value as PSI-Pcholo for positive bias.

ovi In blinking experiments, we have identified a short lifetime (ms scale)
associated with low conductance value compatible with the conductance of
water molecules trapped in the tunnelling junction.

Based on these observations, I suggest four interpretations (ii-iiv):

ii The redox centre is not essential for remote or complex bound interprotein
charge exchange provided that charges are supplied by the electrodes.
(oii-ov). We suggest that the lower conductance and spatial span of PSI/Pcholo
(oiii,ov) is due to charge localization in Cu atom reducing extension of the
electronic coupling between cognate protein structures. This implies that
protein structures play an active role in the interprotein electronic coupling
and would not be restricted to the redox centres. We tentatively associate the
protein induced electronic coupling to the residues responsible for long-range
electrostatic interactions.

iii Localized electronic states associated to water molecules (ovi) play the
role of bridge states in long-range charge exchange (oi).

iiii We suggest that voltage induced charge delocalization of the bridge
states184 (iii) is responsible for the observed long-range charge exchange (oi).
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This voltage-induced extension of the bridge-mediated electronic coupling
would be facilitated by the Gouy-Chapman conduit formed upon cation
depletion of the interprotein domain.

iiv If the observed charge-exchange distances in the ECSTM set-up were
held under physiological conditions, cognate protein binding would not be
essential for ET (oi). We thus envisage binding as a regulatory mechanism
for ET rates rather than a necessary condition for ET. In this sense, we
interpret the shorter range of PSI/Pcholo charge exchange vs PSI/Pcapo (oiii)
as a regulatory function of the Cu atom that favours specific and short-range
interactions vs unspecific and long -range interactions, in addition to its
charge carrying function.

Chapter 5: Light- and redox-dependent force spectroscopy reveals that the
interaction between plastocyanin and plant photosystem I is favored when one
partner is ready for electron transfer.

In Chapter 5, the binding of individual PSI/Pc complexes has been evaluated by means
of SMFS. The binding probability was estimated as the ratio of SMFS curves displaying
adhesion events. The redox states of PSI and Pc were orthogonally controlled by
illumination and a reducing agent preferential for Pc. Our results indicate that the
binding frequency between PSI and Pc is related to their respective redox states.

oi The frequency of interaction between PSI and Pc is higher when at least
one of the partners is in an ET-ready redox state, and the post-ET situation
(PSIRed-PcOx) leads to disfavoured binding.

oii The binding of ET-ready PcRed to PSI can be regulated externally by
Mg2+ ions in solution.

Chapter 6: Photoelectrochemical two-dimensional electronic spectroscopy
(PEC2DES) of photosystem I to study charge separation dynamics in photosynthesis.

In this chapter, we have developed a photoelectrochemical current 2d-electronic
spectroscopy set-up for photosynthetic light-harvesting proteins, using PSI as model
system. Our contribution to this collaboration has been the photoelectrochemical
detection and the biohybrid electrode preparation as well as photocurrent output
characterization.

oi PSI complexes tethered to gold electrodes yield transient
photo-electrochemical currents with 10 µA·cm-2 amplitude in ms
pulses making this signal suitable for kHz spectroscopic experiments.
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oii Photo-electrochemical current amplitude is stable for several hours under
experimental conditions.

oiii We estimate that ~40 % of PSI complexes deliver charge for each pulsed
irradiation.

The PEC2DES maps in the accessible experimental delay time (t2 max = 450 fs) yield
two observations.

oiv Coherent associated spectra (CAS) maps reveal a coherence centered at
750 cm-1.

ov No features of decay of the signal in DAS maps are observed within 450
fs.

These results disagree with previously reported 2DES spectra of PSI complexes. However,
there are two significant differences between PEC2DES and conventional 2DES. First,
PEC2DES exploits 4 pulses population detection scheme while standard 2DES makes use
of 3-pulses scheme detecting 3rd order polarization. Secondly, PEC2DES is exclusively
sensitive to de-excitation pathways leading to effective charge separation (CS). We thus
interpret:

ii 4-pulse collinear configuration leads to signal cancelation of excited states
absorption (ESA) I and ESA II pathways, leaving ground state bleaching
(GSB) and stimulated emission (SE) channel as the sole non-linear effect
detectable within 450 fs. However due to PSI architecture with hundreds of
chlorophylls and a single CS site, the SE path is very unlikely. On the other
hand, GSB signal decays with turn-over rate in ms timescale and is thus not
observable in the experimental window (450 fs).

iii It has been recently suggested that charge transfer states of chlorophylls
located near the PSI complex surface might quench excitations.? However, in
absence of the electron transport chain draining separated charges from P700,
recombination rates of outer chlorophyll CS might outcompete direct ET
making this de-excitation pathway undetectable by photo-electrochemical
current.

Chapter 7: Fast Photo-Chrono-Amperometry of Photosynthetic Complexes for
Biosensors and Electron Transport Studies

In this chapter, I presented a proof-of-concept PSI-based herbicide biosensor that detects
the concentration of the electro diverter herbicide paraquat (PQ). The detection is based
on the electrochemical photocurrent output of the device. The transient photocurrent
signal at different electrode potentials was characterized and modelled.
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oi PQ concentrations on the µM range are detectable in the raw photocurrent
signal. Making use of the lock-in detection strategy, concentrations down to
10 nM are detected.

oii In the absence of other redox mediators (anaerobic conditions), the
transient photocurrent sign is inverted for sample potentials below and above
the PQ redox mid-point.

205 Chapter 8



Chapter 9

Discussion

The common ground holding the experimental work presented throughout this
dissertation is the PSI complex from higher plants. All experiments have been performed
on PSI samples extracted from Arabidopsis Thaliana leaves and purified from thylakoid
extracts by my colleague Chen Hu working in Biophysics of Photosynthesis group lead
by Roberta Croce in the Vrije Universiteit in Amsterdam.

Throughout the dissertation, the same object of study, PSI, is addressed from different
perspectives and experimental approaches. We have paid special attention to the ET
between PSI and its redox cognate Pc. As I outlined previously, canonical ET is
described by protein diffusion, long-range recognition, complex rearrangement, and
“actual” electron transfer. I remark that, to my knowledge, there are no different terms
in the scientific literature vocabulary to precisely distinguish the whole interprotein
charge exchange process from the eventual charge transfer step. I interpret that this
lack of nomenclature is partly due to the limited experimental tools to tell apart the
contribution of the different stages (long-range interactions, encounter complex formation,
reorganization, charge transfer, and unbinding) to the overall process. To fill this gap,
the aim of chapters 4 and 5 was to study the charge exchange and the binding stages,
respectively.

In chapters 3 and 4, I sought to understand how holes are injected into PSI by a bare
ECSTM probe (chapter 3) and how electrons and holes are exchanged with PSI by
a probe decorated with Pc (chapter 4). Specifically, I focused on charge exchange
with the PSI luminal side harbouring the chlorophyll special pair P700/P700+. This
orientation-specific experiment was possible thanks to the peptide pIQAcys, that links
the PSI stromal side and the gold electrode. Peptide-protein assembly and functionality
essays carried out in chapter 3, have been the starting point for PSI experiments
throughout most of the manuscript (chapters 3-7). The hole injection was scrutinized by
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sweeping the Fermi energy of the probe and sample electrodes to match the molecular
energy levels of the interfacing protein cofactors. To interpret our results, I hypothesize
that energy alignment with the aromatic tryptophan residues lying at the Pc-binding
surface of PSI facilitate long distance charge exchange with the ECSTM probe.

Since protein–protein interactions involved in ET (including those in the photosynthetic
electron transfer chain) display weak dissociation constants and are transient in nature
compared to most biochemical interactions, in this Thesis I made special emphasis
in time-resolved methods at the single molecule level that could capture properties of
the interactions that were previously not accessible. ET proteins form highly transient
complexes that are just specific enough to allow electron exchange but prioritize rapid
dissociation and turnover. Thus, they are difficult to follow using bulk methods including
crystallography.

In chapter 4, I have studied PSI charge-exchange with its redox cognate partner Pc at
distance (current-distance spectroscopy experiments) and in bound (blinking experiments)
configurations. In both cases, interprotein charge-exchange is driven by the bias potential
set between the ECSTM electrodes. The charge flow between an electrode pair bridged
by a single protein or a protein monolayer is referred to as Electron Transport (ETp).
This situation differs from physiological interprotein electron transfer (ET) between
diffusible and membrane-tethered proteins which is driven by the free energy reduction
as the electron is transferred between the cognate redox centres. It is unclear whether
the results in ETp configuration in ECSTM experiments can be directly correlated
to the physiological ET process. However, ETp results provide valuable insights to
the ET process, and to our knowledge, it is the only experimental approach allowing
to control interprotein orientation, distance, and redox state while simultaneously
tracking the charge exchange process. Thus, our novel single-molecule interprotein
ETp setup and results have intrinsic and complementary value to bulk intraprotein ET
experiments reported previously using protein film voltammetry of electrodes coated
with self-assembled monolayer spacers,117, 195, 196 flash photolysis rate measurements
in redox proteins modified site-specifically with ruthenium complexes,?, 154, 190–193 and
single-molecule STM experiments based on imaging.173, 186, 187

In addition, ETp configuration allowed to study the charge exchange between PSI and
Cu-free Pcapo, that is in principle impossible in ET configuration. Comparing Pcapo and
Pcholo, I’m able to set apart the role of the redox centre in charge exchange with PSI
partner.

In blinking experiments, PSI and Pc transiently form a complex that bridges the gap
between the electrodes. Picturing the PSI/Pc complex as a protein “wire”, I studied the
ETp process responsible for the conductance of the junction. In this configuration, I
have observed that the conductance of PSI/Pcapo is higher than PSI/Pcholo, leading to
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the conclussion that the redox centre, which is essential for ET, charge storage, and
carriage, is not necessary for ETp, which can still proceed via the protein matrix and
through the aqueous solution.223, 224 This seemingly reasonable result had so far escaped
experimental determination.

In current-distance spectroscopy, proteins are generally separated by the electrolytic
aqueous medium. It is thus unclear whether the underlying mechanisms of reported
ETp results (which are obtained with proteins wired to electrodes, see section 5 in
the introduction) involve electrolyte-mediated charge exchange, especially regarding
the long-range charge exchange observed here. If ET instead of ETp mechanisms
are taking place, I consider two hypotheses that can explain the observed long-range
charge exchange in our experiments. One possibility is that following a tunnelling-based
mechanism (super-exchange, flickering resonance, hopping or non-perturbative models
described in the introduction), electrons are transferred in a single or sequential steps
along several nm through the interprotein medium. This would require the presence
of bridge electronic states in the interprotein medium,184, 185 otherwise the accessible
tunnelling range for a single tunnelling step is limited (< 2.5 nm). Another possibility
is that the molecules present in the solution could facilitate the charge exchange. ET
assisted by protons, dissolved oxygen or reactive oxygen species, or ions in solution
could be responsible for the observed long-range ET. Regarding the role of ions in
solution, decreasing the ionic strength increases the observed charge exchange distances
in bacterial outer membrane multiheme cytochromes,85 and between cytochrome subunits
partners of the respiratory chain,.223 In the latter study, molecular dynamics simulations
revealed a cation depletion zone in the interprotein region. The locally diminished
ionic strength gives rise to a Gouy-Chapman conduit that extends the spatial span of
the electric potential that would otherwise be screened by the ions in the solution.223

Interestingly, this cation depletion is disrupted in phosphomimetic cytochrome mutants
in which the long-range charge exchange is not observed, suggesting a physiological
regulation mechanism for the remote charge exchange.224

In addition, mechanisms underlying ETp could be operating in the interprotein
domain. However, most of ETp models can hardly account for the experimental
observations179, 181, 182, 203 of temperature-independent and long-range (>2 nm) charge
exchange. While this issue remains an open question in the scientific community,180

we hope that the results presented in chapter 4 can contribute to the discussion and
help to elucidate the common and particular mechanisms underlying interprotein ET
and ETp. A recently published non-perturbative model is able to reproduce long-range
temperature-independent ETp processes between electrodes.185 The model describes
explicitly the electron reorganization in the molecules which yields a power law
dependence of the current with distance.
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In vivo,42 and in vitro35 experiments support the view that the redox state of Pc
(inseparable from the metallic cofactor) regulates the binding with PSI. This prompted us
to tell apart the contribution of protein binding to the charge exchange process. In bulk
experiments, transient absorption14, 36–38, 235 or photovoltage39–41 is employed to monitor
PSI redox state by measuring a signal proportional to the population of P700/P700+ after
an actinic flash. Binding/unbinding process and the ET of a pre-formed complex are
associated to the slow and fast phases of the transient signal, respectively.14, 36–38, 235

However, bulk measurements cannot directly probe the binding rates, and neither separate
the binding contribution from the ET process, because they are proportional to the
P700/P700+ population that depends on the ET process.

Therefore, the experimental approach I followed to separate the binding contribution
is single-molecule force spectroscopy (SMFS). In chapter 5, the binding probability of
the transient PSI-Pc has been calculated as the ratio of force-distance curves displaying
specific adhesion events over the total number of recorded force-distance curves. In
chapter 5, the impact of the redox state of the cognate partners on the binding probability
was evaluated. In our setup, the redox state of PSI and Pc were orthogonally controlled by
light and the reducing agent sodium ascorbate, respectively. Since Pc is not photo-active,
and it doesn´t absorb light of the excitation wavelength (690 nm), it can be safely
assumed that red-light excitation does not modify the Pc redox state. The optical power
employed yields a fluence of 2.4 105 photons·s-1 through the surface of a single layer of
PSI complexes. Given the ~1 quantum yield of PSI, and the recombination rate of the
P700+/FB

- state ~100 ms,16 prior to the interaction it is very likely that P700 is reduced
in dark conditions and photo-oxidized (P700+) when are irradiated. In the absence of a
reducing agent, Pc is in oxidized sate. This is because the protein is expressed in the apo
form (without Cu) and after immobilization it is incubated with Cu2+ ions to incorporate
the Cu atom. Sodium ascorbate is employed to reduce Pc, with a reported reduction rate
of ~3 ms,236 that is significatively shorter than the duration of the approach/retraction
cycles (400 ms) in the SMFS experiments. It can be argued that sodium ascorbate might
also reduce the photo-oxidized P700+. However, the reported reduction rate of P700+

by sodium ascorbate (~ 20-30 s)54, 228, 237, 238 is several orders of magnitude higher than
photo-oxidation rates discussed above. Therefore, P700 is very likely in the oxidized
state (P700+) upon irradiation despite the presence of sodium ascorbate in the medium.

SMFS experiments revealed that when Pc is reduced, the binding probability with PSI
is independent of the redox state of PSI. However, when Pc is oxidized, the binding
probability is lower in the dark (PSI reduced) compared to irradiated samples (PSI
oxidized), in which case, the binding probability is similar to the Pc reduced condition.
In other words, PSI-Pc binding is favoured when at least one of the two partners is ready
for ET and it is disfavoured when PSI is reduced and Pc is oxidized. I interpret that
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the lower-binding of Pcox/PSIred, that we associate to a post-ET situation, facilities the
electron carrier dissociation from PSI and overall reaction turn-over.

Additionally, we have evaluated the effect of Mg2+ on the PSI/Pc binding and unbinding.
Mg2+ regulates the photosynthetic electron transport chain in vivo. In particular, Mg2+

concentration is higher on the luminal side of the thylakoid membrane with respect to
the stromal side in dark conditions while it decreases under illumination.239–243 It has
been proposed that Mg2+inhibits the binding between Pc the PsaF subunit in PSI.242

The SMFS experiments in this Thesis revealed that upon addition of Mg2+ to the buffer
solution, the binding probability lowered to the level of the post-ET situation, despite the
presence of sodium ascorbate and irradiation of the samples.

Regarding the unbinding forces, the post-ET situation (Pcox/PSIred) exhibits a wider
dispersion in the force values with respect to the three conditions of high binding
frequency, which occur at similar forces. However, the decrease in the binding probability
produced by Mg2+ ions does not disperse the force values as it occurs for Pcox/PSIred.
This suggests that Mg2+ does not alter the type of contacts between PSI and Pc. On
the other hand, Mg2+ might disrupt long-range electrostatic interactions that favour the
formation of the complex, thus diminishing the binding probability. In this view, once
the complex is formed, short range hydrophobic interactions and hence the measured
force distribution remain unaltered.

I propose that the long-range electrostatic interactions driving the complex formation
also control the electronic coupling between cognate proteins and thus the spatial span of
the charge exchange. Based on the learnt lessons from STS and SMFS complementary
studies, I have designed additional STS experiments with PSI-Pc partners in the presence
of Mg2+ to verify this hypothesis.

In chapter 7, I presented a PSI-based biosensor for methyl viologen (MV), measuring
the photocurrent output of the PSI-functionalized electrode under illumination. While in
research MV is employed as redox mediator, MV was originally designed and broadly
employed as herbicide under the name of paraquat. Our approach exploits photocurrent
lock-in detection that enhances the sensitivity with respect to unprocessed photo-current
readout. The results presented are a proof-of-concept rather than an operative device
optimized for field samples, which may contain mixtures of electron diverters herbicides
and as well as other families of herbicide compounds that might alter the activity of PSI
complexes and thus the biosensor readout. Despite being presented in the last chapter,
the experiments and modelling shown in chapter 7 were carried out in the first place.
The puzzling observation of current inversion with bias sign, motivated the detailed
characterization of the photocurrent transients. Thus fast-photo-chrono-amperometry
measurements paved the way for the development of PEC2DES technique, that we
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presented in chapter 6. The results in chapter 6 describe, to our knowledge, the first
characterization of PSI photocurrent with sub-ms resolution.

PEC2DES is the combination of photoelectrochemical current detection with two
dimensional electronic spectroscopy. We evaluated the performance of this technique
with biological samples using PSI as model system. The characterization of the
photocurrent response of PSI-electrodes demonstrated that the current amplitude,
transient signal duration, and sample stability, meet the requirements for non-linear
spectroscopy experiments. A global analysis of PEC2DES data yielded two main results:
a coherence observed at ≈ 750 cm-1 in the coherent associated spectra , and the absence
of changes in decay associated spectra signal within 450 fs. The presence of this
coherence indicates that the PEC2DES technique is sensitive to non-linear phenomena.
The optimization of electrochemical photocurrent signals up to a signal-to-noise ratio
sensitive to non-linear features was thus achieved. However, the lack of excitation
dynamics or spectral diffusion within the first 450 fs is inconsistent with previously
reported experiments of PSI-LHCI complexes based on 3-pulses 2DES. We propose
three hypotheses to explain this observation (discussed in detail in chapter 6):

i) CS by outer Chlorophylls CT states leading to charge recombination.

ii) Incoherent mixing of linear and non-linear spectroscopic signals due to the
non-linear electrochemical response.

iii) Cancellation of excited state absorption pathways (ESA I and ESA II) and low
excitation probability of stimulated emission (SE) pathway. This latter scenario
leaves ground state bleaching (GSB) as the only available Feynman diagram,
however, the latter decays with the turn over cycle (ms time scale) and it is thus
constant in the experimental window of 450 fs.

In the first two hypotheses, photocurrent detection would bring to the fore a de-excitation
pathway that was previously attributed to CS in the RC. in the third scenario, our results
would prove experimentally the signal cancellation of ESA I and ESA II pathways in the
4-pulse configuration.

Due to the complexity of this biological system, it would be naïve and reductionist to
state that the different perspectives from which we have regarded PSI and the distinct
experimental approaches that we have developed lead to a complete understanding
of the system. Nevertheless, the experimental procedures developed in the different
chapters from the complementary study of a single system have helped us to implement
experimental set-ups of increasing complexityt. In this regard, it would not have been
prudent to attempt PSI-Pc single molecule experiments with both AFM and ECSTM
without a proper characterization of oriented PSI complexes at the nanoscale. In the
same line, we would not have embarked on the venture of developing PEC2DES without
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having measured high amplitude and fast transient photocurrents before. Experiments
complementarity has also helped us to avoid (some of) the narrow vision trickery often
associated to high-end time-consuming techniques.

Regarding recent, ongoing and future experiments, the role of pH in the charge-exchange
distance of adsorbed Pc proteins was explored in the frame of the master’s thesis project
of Iñigo Hierro, carried out under my supervision. His preliminary results indicate
that the current-distance constant β is regulated by the pH. In the framework of another
Master’s thesis project, by Judit Donada and Montserrat Sales, we are currently extending
this experimental data. These experiments are at an early stage of development and are
out of the scope of this dissertation.
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Chapter 10

Conclusions

The main conclusions obtained from this thesis are:

1. Introducing a cysteine residue in the cyanobacterial reaction centre orienting
peptide allows to functionalize gold electrodes with plant PSI complexes exposing
their luminal side to the liquid medium.

2. PSI immobilized onto electrodes complexes provide stable photocurrent responses
in a wide sample potential window [-200,300] mV/SSC.

3. In ECSTM current-distance spectroscopy of PSI, the spatial span of the current is
enhanced at sample potential 0 mV/SSC and probe potential 400 mV/SSC.

4. PSI and Pc proteins are capable of exchanging charge over several nm through the
aqueous solution (β values ranging between 0.8 and 1.8 nm-1), either individually
against a gold electrode or facing each other.

5. The protein matrix is sufficient to sustain long distance charge transport through
the aqueous solution between Pcapo and PSI (β value 0.8 nm-1)as well as through
the PSI/Pc complex with a conductance peak at 11 ·10−4G0.

6. The Cu2+ in Pc diminishes the charge exchange distance with the cognate PSI in
ECSTM configuration for negative bias (physiological charge exchange direction).
For positive bias (current flow against physiological charge exchange) β is similar
for PSI-Pcholo and PSI-Pcapo.

7. When PSI and Pc face each other in ECSTM experiments, conductance blinks
typically lasting ≈ 6 ms are observed and associated to the spontaneous formation
of PSI/Pc transient complexes. The conductance change of blinks for PSI/Pcholo (7
·10−4G0) is lower with respect to PSI/Pcapo (11 ·10−4G0).
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8. Low conductance peaks (≈ 2 ·10−4G0) with a lifetime of ≈ 1 ms are observed in
Pcholo and PSI-Pcapo samples. According to previous results, they are attributed to
the transient configuration of water molecules leading to localized electronic states
that could mediate interprotein ET.

9. We suggest an additional role of the redox ion cofactor in Pc, as regulator of the
protein intrinsic conductance and spatial span in ET.

10. The binding frequency between PSI and Pc depends on their respective redox
states. The interaction between PSI and Pc is higher when at least one partner is in
an ET-ready redox state.

11. Mg2+ can modulate the PSI-Pc interaction in individual complexes. An increase in
Mg2+ concentration hinders PSI-Pc interaction, independently of PSI redox state.

12. We have validated a novel photoelectrochemical technique (PEC2DES) with a
biological multichromophoric system, the PSI protein complex of plants.

13. Photoelectrochemical current signal exhibits sub-millisecond transients of ≈ 100
µA·cm-2 and is stable for hours.

14. The overlap between the linear component of PEC2DES data and the visible
absorption spectra of the sample manifests that PSI complexes are responsible for
PEC2DES results.

15. Global analysis yields an oscillatory component coherence centered at 750
cm-1 with a vibrational mode coupled to the optical transition of chlorophyll
a chromophores.

16. Population dynamics is not observed within a delay time of 450 fs, in contrast to
previous 2DES experiments of plant PSI-LHCI complexes solely based on optical
detection.

17. We present a proof-of-concept PSI-based biosensor that probes the concentration
of PQ using photocurrent as sensing signal.

18. Systematically studying photocurrent transients of PSI-PQ system allows to
identify the different contributions giving rise to the transient signal.

19. The corresponding kinetic model allows the identification and electrochemical
evaluation of the different species involved in the detection process.
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