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Long-Distance Charge Transport between Cytochrome c and
Complex III is Mediated by Protons and Reactive Oxygen
Species

Anna Lagunas, Alexandre M. J. Gomila, Alba Nin-Hill, Alejandra Guerra-Castellano,
Gonzalo Pérez-Mejías, Josep Samitier, Carme Rovira, Miguel A. De la Rosa,
Irene Díaz-Moreno, and Pau Gorostiza*

Electron transfer (ET) between redox proteins is an essential process in the
respiratory and photosynthetic transport chains. While intra-protein ET is well
characterized, the experimental methods to investigate inter-protein ET are
limited by the presence of the solvent and by the transient nature of the protein–
protein interaction and ET event, which are averaged in protein ensembles.
Wiring precisely oriented redox protein partners to the nanoscale electrodes
of an electrochemical scanning tunneling microscope allows recording the
time- and distance-dependence of the current flowing between them. These
methods have revealed that the current flowing between individual protein
pairs extends beyond tunneling distances and that it is electrochemically
gated. However, the corresponding mechanism and the identity of the charge
carriers in aqueous solution remain to be elucidated. To determine the species
involved in long-distance charge transport between the redox partner proteins
Cc and Cc1 of the respiratory chain, recordings are performed as a function
of pH, in heavy water solutions, and in degassed solutions. It is observed
that the spatial span and electrochemical gating of long-distance currents
are reduced at high pH, in heavy water, and at low oxygen concentration,
showing that the currents are assisted by superoxide anions and by protons.
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1. Introduction

Charge transport in biological systems in-
volves consecutive electron transfer (ET)
events through redox proteins, resulting
in a tightly regulated flow of electrons.
These processes are essential for the res-
piratory and photosynthetic electron trans-
port chains that sustain life.
Intra-protein ET between redox sites at

fixed positions within the protein is well
studied and has been characterized by
cyclic voltammetry on metal electrodes,
laser flash photolysis with covalently con-
jugated photoinduced redox labels, tran-
sient optical absorption studies, or nu-
clear magnetic resonance spectroscopy. Ex-
perimental and theoretical methods have
shown that intra-protein ET between re-
dox sites within a protein complex (e.g., be-
tween c1 and FeS sites in the respiratory
complex III, i.e., cytochrome bc1, Figure
S1a, Supporting Information) proceeds by a

A. Lagunas, J. Samitier
Nanobioengineering Group, Institute for Bioengineering
of Catalonia (IBEC)
The Barcelona Institute for Science and Technology (BIST)
Barcelona 08028, Spain
A. M. J. Gomila[+], P. Gorostiza
Nanoprobes and Nanoswitches Group, Institute for Bioengineering of
Catalonia (IBEC)
The Barcelona Institute for Science and Technology (BIST)
Barcelona 08028, Spain
A. Nin-Hill[++], C. Rovira
Department of Inorganic and Organic Chemistry (Orgaic Chemistry
Section) & Institute of Theoretical and Computational Chemistry
(IQTCUB)
University of Barcelona
Barcelona 08028, Spain
A. Guerra-Castellano, G. Pérez-Mejías, M. A. D. la Rosa, I. Díaz-Moreno
Institute for Chemical Research–cicCartuja, Universidad de Sevilla
Consejo Superior de Investigaciones Científicas (CSIC)
Sevilla 41092, Spain

Small 2025, 21, e01286 © 2025 The Author(s). Small published by Wiley-VCH GmbHe01286 (1 of 11)

http://www.small-journal.com
mailto:pau@icrea.cat
https://doi.org/10.1002/smll.202501286
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202501286&domain=pdf&date_stamp=2025-09-12


www.advancedsciencenews.com www.small-journal.com

Figure 1. Effect of proton concentration in the current-distance decay between Cc1-Cc. a) Scheme of the current-distance (I-z) measurement between
Cc and Cc1 with EC-STM showing Cc (orange) bound to the EC-STM probe and Cc1 (green) bound to the surface of Au(111) electrode. b) Ensemble
of semi-logarithmic I-z curves (left) obtained in 50 mm phosphate buffer at pH 6.6 (red), pH 7.4 (blue), and pH 8.0 (purple), and the corresponding
histograms of distance decay factors (𝛽) quantified from individual curves (right). c) Comparison of the averaged 𝛽 values for Cc-Cc1, 𝛽 = 0.6 ± 0.3 nm−1

at pH = 6.6 (n = 123 curves, N = 2, red) and 𝛽 = 1.5 ± 0.4 nm−1 at pH = 7.4 (n = 109 curves, N = 2, blue), respectively, showing significant differences
(Mann Whitney test, U = 748, two-tailed, ****p < 0.0001).

combination of electron tunneling steps and conduction
through covalent and hydrogen bonds in the protein matrix,
each having an associated electronic coupling factor.[1]

In comparison, inter-protein ET is less understood overall,[2–4]

owing to the presence of the solvent and to the dynamic and
transient nature of the protein–protein interaction and ET event.
These features are averaged in space and time over protein en-
sembles in bulk measurements because of the intrinsic changes
in relative position and mutual orientation between the redox
protein partners. These experimental limitations prevent vali-
dating the diverse models of inter-protein ET that have been
developed.[5] The current view is largely based on available co-
crystal structures that show the bound mode and intimate (tun-
neling scale) contacts between the redox partners. These crystals
are often obtained in conditions that favor binding and crystal-
lization, like high molar ratio and ionic strength.[6] While these
adjustmentsmay be required to solve their atomic structure, they
overlook the questions of whether that bound state represents
the only possible ET-active configuration, and which are its asso-
ciated dynamic processes. Other unanswered questions include:
Can physiological ET between partners occur within the tunnel-
ing range at longer separations than required for binding? What
is the energetic cost and kinetic delay of unbinding the active
complex after ET?
Several laboratories have devised methods to accurately mea-

sure and model the charge transport properties of proteins (in-
cluding not electroactive) in thick and monolayer films,[7,8] and
as single entities.[9–12] Theoretical studies have shown the rel-
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evance of interfacial amino acids and bound water molecules
in both the final protein–protein interaction orientation and in-
terprotein ET coupling strength.[13,14] Experiments using solid-
state molecular junctions of cytochrome c (Cc) proteins and self-
assembled peptide monolayers mimicking the protein–protein
interface confirmed that interfacial amino acids regulate the ori-
entation and the energy barrier of interprotein ET.[15] Yet, com-
pelling questions remain: Why non-redox proteins display high
single-protein conductance?[9] What is the efficient mechanism
that supports charge transport through tens of nanometers of
protein layers in macroscopic experiments?[16–18] How can redox
partners exchange current at long distances (>10 nm, rate 𝛽 ≪ 5
nm−1) at the single protein level,[16,17] even in the absence of the
metal cofactor?.[11]

The distance dependence of ET between the metal active site
of a redox protein and an external probe has been studied using
diverse approaches. They include cyclic voltammetry on metal-
lic electrodes coated with self-assembled alkyl monolayers of
controlled thickness,[19–21] and photoinduced ET with a ruthe-
nium group that is chemically conjugated at specific protein
residues.[22] However, these methods respectively measure ET
through a non-aqueous medium and intra-protein ET, often con-
strained to tunnelable distances. Thus, although informative,
they are not accurate models to study long-distance interprotein
ET in aqueous physiological conditions. New insights have been
obtained by wiring precisely oriented redox protein partners to
the nanoscale electrodes of an electrochemical scanning tunnel-
ing microscope (EC-STM) via specific residues (cysteine) and
measuring the current passage between them in aqueous solu-
tions (Figure 1a; Figure S1bc, Supporting Information).[16–18,21]

This setup differs from the biological scenario but gives unique
control over the redox potential of the partners and their relative
position and orientation at the single protein level and under ad-
justable quasi-physiological conditions.
Current-distance (I-z) recordings obtained in this way with

electrochemical tunneling spectroscopy (ECTS) of Cc and its
redox partner Cc1 (the soluble fraction of cytochrome bc1)
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provided experimental evidence of long-distance charge trans-
port extending beyond 10 nm through the aqueous solution at
pH = 6.6 (b ≈ 0.5 nm−1).[16] Van der Waals interactions and elec-
tron tunneling cannot occur at these distances. I-z recordings
depend on the electrochemical potential (gating)[16,23,24] and dis-
play maximum span around the partners’ redox potentials. The
long-distance currents are disrupted upon phosphorylation of a
Cc residue near the active site that is involved in biological regu-
lation (Tyr48).[17] Both observations highlight the physiological
relevance of the long-distance current observations. Molecular
dynamics (MD) simulations in an explicit water model indicate
that cations are depleted in the nanoscale gap between the part-
ner proteins, thus preventing ionic charge screening and creating
a local electric field in this region, described as Gouy-Chapman
conduit (GCC).[16] These results can explain only in part the
mechanism of long-distance charge transport through water. Al-
though the establishment of a GCC follows classical electrostat-
ics and agrees with basic physical chemistry notions, it does not
suffice to explain long-distance currents. The major open ques-
tion is the identity of the charge carriers being exchanged by the
partners through this conduit and its associated electric field.
Hydrated electrons are exotic species in the biological context

due to their short life and high energy.[25] Instead, candidate carri-
ers must be stable in water, able to accept and donate electrons at
moderate potentials, available in physiological media, and must
be charged to drift in the GCC electric field. Here, we considered
the involvement of protons and reactive oxygen species (ROS)
in the charge exchange process between Cc and Cc1 and stud-
ied them with ECTS. We specifically tested whether I-z record-
ings are altered by the concentration of protons (pH), by chang-
ing their mass (using deuterons from heavy water, D2O), and by
the abundance of oxygen dissolved in the medium, which is the
precursor of ROS.
We observe that the spatial span and electrochemical gating

of long-distance currents are reduced at high pH. Currents are
also less extended in D2O and at low O2 concentration. Based on
the electrochemical processes that can be potentially mediated by
ROS and protons in Cc and Cc1, we attribute these results to su-
peroxide and tomolecular hydrogen reactions assisted by proton-
coupled electron transfer (PCET).

2. Results

We started by characterizing whether the ECTS current-distance
relationship[24] between Cc and Cc1 depends on proton concen-
tration. We used the cross complex between human Cc (hCc)
and the soluble domain of plant cytochrome c1 (pCc1), as pre-
viously described.[16,17] The experiments were conducted in 50
mm phosphate buffer within the pH range 6.6–8.0, which pro-
vides a 25-fold change in the proton concentration without in-
troducing changes in the proteins’ conformation and heme axial
coordination.[26,27]

As depicted in Figure 1a, Cc and Cc1 were selectively immo-
bilized on the probe and sample electrodes of the ECSTM, re-
spectively. I-z recordings were obtained by placing the probe elec-
trode on top of the sample at a fixed current set point (0.4 nA
at constant bias of 200 mV), disconnecting the EC-STM feed-
back loop, and measuring the current decay at the probe while
the piezoelectric scanner holding the probe was retracted at con-

stant speed (12 nm·s−1). The feedback loop was restored after
eachmeasurement, and the probe reapproached, allowing subse-
quent recordings at different sample locations. Faradaic leakage
current wasmaintained below a few pA through probe insulation
with apiezon wax.[28]

I-z plots were recorded at different probe (UP) and sample (US)
potentials versus a silver–silver chloride electrode (SSC), main-
taining a constant bias of 200 mV. Distance decay rates (𝛽, nm−1)
were quantified from the exponential region by fitting individ-
ual semilogarithmic I-z curves. For Cc-Cc1 in 50 mm phosphate
buffer at pH = 6.5, we have reported that 𝛽 values depend on the
potential applied to the proteins (electrochemical gating), show-
ing a minimum of 𝛽 = 0.6 ± 0.3 nm−1 at US = 0.25 V versus SCC
(corresponding to a local work function F < 50 meV, in contrast
to 𝛽 ≈ 10 nm−1, F ≈ 0.8 eV between Au sample and Au probe in
the same solution).[16,29,30] The minimum of 𝛽 lies between the
midpoint redox potentials of Cc1 (0.28 V vs SSC) and Cc (0.35 V
vs SSC), thereby indicating 1) that the metal centers participate
in the electron transport process when the Fermi energy of the
electrodes is aligned with them, and 2) that this electrochemi-
cal gating[21] effect is relevant for the biological function of the
proteins.[16,17]

Similar experiments at pH between 6.6 and 8.0 showed that
the electrochemical potential gating of 𝛽 is weaker upon increas-
ing pH (lower proton concentration), leveling off progressively at
1–2 nm−1 (Figures S2–S5, Supporting Information). The 𝛽 dis-
tributions at different potentials are multimodal at pH = 7.4,
whereas they are single modal and do not depend on the ap-
plied potential at pH = 8.0. Although long-distance currents are
observed at US = 0.25 V versus SCC in all conditions, 𝛽 is sig-
nificantly higher at higher pH values, thus implying less effi-
cient electron transport (Figure 1b,c).[31] The 𝛽 at pH = 6.6 is
2.5 times smaller than at higher pH, while no significant differ-
ences are observed between 𝛽 at pH = 7.4 and pH = 8.0. These
results cannot be explained by a direct electron tunneling process
and suggest that protons participate in the transport between Cc1
and Cc.
To further investigate this dependence, we studied the role of

the proton mass in ECTS I-z measurements by using deuterated
water (deuterons) at similar pH and pD values, set with dehy-
drated phosphate buffer salts. A correction of +0.41 was applied
to the pH of buffer solutions in heavy water measured with con-
ventional glass electrode, to convert them into pD values.[32,33]

We recorded I-z curves at different probe and sample potentials
in D2O at pD = 6.9 (Figure S6, Supporting Information). At US
= 0.25 V versus SSC, UP = 0.45 V versus SSC (bias 200 mV, 0.4
nA initial setpoint), the current is reduced more steeply with the
distance in D2O than in H2O, and the distribution of 𝛽 values is
significantly broader (Figure 2a) showing a main peak at 0.9 ±
0.3 nm−1 and two new components at 2.4 ± 0.4 nm−1 and at 6 ±
2 nm−1 (Figure 2b). The shift of themain peak to higher values of
𝛽 indicates that D2O increases the energy toll of the Cc-Cc1 inter-
action and hence the probability of alternative electron transport
pathways (e.g., through the protein and through the solution),
which would account for the appearance of the new high-𝛽 com-
ponents. Similar results have been obtained with another redox
protein in D2O using bulk measurements.[21] The different 𝛽 val-
ues obtained in H2O and D2O cannot be explained by a tunnel-
ing mechanism and confirm the role of protons in the process.
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Figure 2. Current-distance electrochemical tunneling spectroscopy of Cc-Cc1 in deuterated water (D2O). a) (Left) Ensemble of semi-logarithmic I-z
curves obtained for Cc-Cc1 in 50 mm phosphate D2O buffer solution of pD = 6.9 (green), and in 50 mm phosphate buffer aqueous solution pH 6.6 (red).
Sample and probe electrodes are represented by a square and a triangle with bound Cc1 and Cc, respectively. (Right) The corresponding 𝛽 histograms
quantified from individual I-z curves. b) Comparison of 𝛽 distributions (one-way ANOVA with Tukey’s multiple comparisons post hoc test, 𝛼 = 0.05, *p
< 0.05; ****p < 0.0001). c) Averaged 𝛽 values (mean ± s.d. of nH2O at least 57, nD2O at least 61, N = 2) versus the electrochemical gate potential.[34]

The gray area corresponds to the region comprised between the midpoint redox potentials of Cc1 at the sample (0.28 V vs SSC) and of Cc at the probe
(0.35 V vs SSC), respectively.

The potential dependence (gating) is also reduced in D2O
(Figure 2c; Figure S6, Supporting Information). Since the EC-
STM probe is grounded in our EC-STM configuration, the poten-
tial of the reference electrode is adjusted to modulate the sample
potential (US), in an analogous way to the gate electrode in a field
effect transistor. Therefore, here -US can be taken as the gate volt-
age at any given bias.[34]

The results of Figure 2 allow calculating the kinetic isotope
effect (KIE, i.e., the ratio of reaction rates in the lighter over the
heavier solvent)[19,20,35–37] using the electron rates given by the EC-
STM current,[24] which are proportional to e–𝛽·z. Taking the 𝛽 peak
values at pH= 6.6 and pD= 6.9 (Figures 1 and 2) and considering
IH2O / ID2O = e(𝛽(D2O) – 𝛽(H2O)·z, the kinetic isotope effect yields 1.3,
4.5, and 20 at arbitrary distances 1, 5, and 10 nm, respectively, in
agreement with previous reports using other methods.[34–37]

We also conducted current-time (I-t) “blinking” measure-
ments to account for the spontaneous interaction between Cc1-
Cc (Figure 3). In I-t recordings, the probe of the ECSTM is po-
sitioned above the sample at the current set point (0.3 nA), the
feedback loop is transiently disconnected, and the probe current
is recorded versus time at a constant bias (Ubias = 800 mV, US =
−0.2 V vs SCC, UP = 0.6 V vs SSC, Figure 3a).[17,34,38,39] Spon-
taneous interaction between the probe-Cc and the sample-Cc1

resulted in transient current jumps (blinks), which can be at-
tributed to the net conductance established during the protein
partners’ interaction (Figure 3b). The collected blink currents
(current at each blinking event) were set to a common time origin
(initial blinking time = 0), and after subtracting the baseline cur-
rent, they were plotted in 2D-histograms with the blinking life-
times (time duration of the blinks). 2D-blinking maps show the
most probable conductance (G = Iblink / Ubias) and lifetime values
for Cc1-Cc in H2O and D2O (Figure 3c). The Cc-Cc1 conductance
distribution measured in D2O shows two equiprobable popula-
tions peaking at 2.4·10−6 G0 and 8.9·10−6 G0, in contrast to the
most probable conductance at 4.3·10−6 G0 obtained in H2O. D2O
also displayed longer lifetime values, indicating the formation of
more stable junctions (40 ms vs 30 ms in D2O and H2O, respec-
tively). These resultsmay be related to the fact that replacingH2O
by D2O reduces the protein backbone flexibility,[10] and increases
the propensity to form hydrogen bonds between residues instead
of between water and the protein.[40–42] This could allow pro-
tein partners to get closer and charge transport to occur mainly
through protein backbones leading to a higher conductance in-
teraction, as previously observed for the phosphomimetic Cc.[17]

To get further insights into the role of protons in the elec-
tron transport between Cc and Cc1, we examined the pKa of their
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Figure 3. Current-time measurements in water and deuterated water. a) Scheme of the current-time (I-t) measurement between Cc and Cc1 in the EC-
STM showing Cc (orange) bound to the EC-STM probe and Cc1 (green) bound to the Au(111) electrode surface. b) Representative I-t recording for Cc-Cc1
in 50 mm phosphate D2O buffer solution of pD 6.9 (green), and in 50 mm phosphate buffer aqueous solution pH 6.6 (red). c) 2D histograms of blink
current and blink lifetime (nD2O = 166 095 and nH2O = 100 980 conductance values included). Counts are normalized and represented on a color scale.
G0 = 2e2/h = 77.5 μS, with h the Planck constant and e the electron charge.

amino acid side chains, i.e., their ability to undergo proton ex-
change reactions with the solution. Calculating the pKa of pro-
tein residues is a necessary step to assign charges and prepare
proteins for molecular dynamics studies.[43–45] We used H++[46]

and PropKa3.5[47] to predict the pKa values of the reduced and
oxidized Cc[48] (Protein Data Bank accession numbers 2N9I and
2N9J, respectively; pH= 6.8). Several residues display differences
with respect to the protein redox state that are larger than one
pH unit, which is generally regarded to be significant in these
calculations.[47] These results are shown in Figure 4a,b for H++.
Although the agreement between H++ and PropKa3.5 predic-
tions is only partial (see Spreadsheet S1, Supporting Informa-
tion), they reach a consensus set of four residues, which are la-
beled in green in the oxidized structure of Figure 4c (Lys13, Tyr46,
Lys79, Asp93; see also Tables S1 and S2, Supporting Informa-
tion). Thus, we identify a network of ionizable sites whose pro-
tonation state is linked to the protein redox state, which means
that they can switch their availability to form hydrogen bonds
with water and/or to mediate proton-coupled electron transfer
(PCET) reactions.[37,49–52] Coupling of the Cc redox reaction with
proton-transfer steps has been observed by surface-enhanced Ra-
man spectroscopy and attributed to the rearrangement of the
hydrogen-bonding network of the protein.[20] The residues of
Figure 4c are located around or near the solvent-exposed heme

active site and all residues in Cc are located at <2 nm (i.e., tun-
neling distance) from the iron ion in the heme group (Spread-
sheet S1, Supporting Information). The amino acids of Figure 4
are partially conserved across prokaryotic and eukaryotic organ-
isms, which indicates the importance of their function (Figure
S7, Supporting Information). These simple calculations based
on high-resolution experimental structures suggest that the re-
dox and protonation states of Cc are coupled, i.e., that electron
exchange facilitates hydrogen bonding and/or proton exchange
with water, and vice versa. Near the extended electric field of the
GCC, these processes might lead to long-distance charge trans-
port between the redox partners through the aqueous solution.
Next, we examined the effect of oxygen (O2) dissolved in the

aqueous solution, which can participate in redox reactions and
give rise to ROS.[53] ECTS experiments do not allow simultane-
ous degassing of the solution by argon bubbling due to the gener-
ation ofmechanical vibrations. They also require an antivibration
system that is complex to combine with a glove box for continu-
ous operation at lowO2 concentration. As an alternative, we filled
themicroscope chamber with a previously degassed solution and
used solution conductance measurements to determine that at-
mospheric dissolved O2 levels are restored in ≈20 min in the
closed, non-hermetic, argon-filled EC-STM chamber (see Experi-
mental Section). Thus, we performed I-z recordings as a function
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Figure 4. Residues displaying redox-dependent pKa in Cc. Front view of the Cc active site displaying the heme group in yellow. The pKa values of each
residue were calculated using H++ in reduced (a) and oxidized (b) Cc structures[48] and represented using a color code (see Spreadsheet S1, Supporting
Information). Twelve residues out of 103 display a difference in pKa higher than one pH unit between the reduced and oxidized forms (see Spreadsheet
S1, Supporting Information). Four of them agree with the predictions of PropKa3.5 (green in panel c). Since all Cc residues are at tunneling distance from
the heme site, this network of redox-dependent (de)protonating sites can switch its availability to form hydrogen bonds with water and/or to mediate
PCET reactions, leading to long-distance charge transport between the redox partners along the extended electric field of the GCC.

of time and compared those obtained in the first and in the last 10
min as corresponding to low and high O2 concentration, respec-
tively. They are plotted in grey and black, respectively, in Figure 5
and show that the spatial span of I-z plots is lower at low O2 con-
ditions (initial setpoint 0.4 nA, constant bias 200 mV, US = 0.25
V vs SSC, UP = 0.45 V vs SSC). We observe that 𝛽 values sig-
nificantly increase in the degassed solution (𝛽 = 1.9 ± 0.8 nm−1;
n = 119 for <10 min, and n = 130 for >10 min, N = 2, Mann
Whitney test, U = 5400, two-tailed, ****p < 0.0001) and are pro-
gressively reduced after 10 min of recording. Thus, O2 or its ROS
byproducts are also involved in long-distance charge transport be-
tween Cc and Cc1.

3. Discussion

Using ECTS at different pH values, in D2O, and in ambient and
deoxygenated conditions, we identify protons and oxygen species
as carriers and/or mediators of interprotein long distance charge
transport between Cc and Cc1 through the aqueous solution.
Cc is known to display oxygen-dependent redox activity,[53,54]

and it has been used as an electrochemical ROS sensor, most
notably of superoxide anions (O2

−·).[54] Superoxide is formed by
direct reduction of oxygen at moderate redox potentials (O2 +
e− → O2

−·, −0.54 V vs SSC).[55] Oxygen can also yield H2O2
and HO2

− (notably by Cc at pH < 4 and in the presence of

Figure 5. Effect of O2 concentration in the current-distance decay between Cc1-Cc. Ensemble of semi-logarithmic I-z curves (left), and the correspond-
ing 𝛽 histograms (right) of Cc-Cc1 in 50 mm phosphate buffer at pH 6.6, obtained during the first 10 min of recording (grey, n = 119, N = 2) and
after 10 min (black, n = 130, N = 2). The buffer was degassed with nitrogen for >1 h before the measurements, and the experiment was conducted
under argon atmosphere in the closed EC-STM chamber (non-hermetic). Comparison of the 𝛽 distributions leads to statistically significant differences
(Mann–Whitney test, U = 5400, two-tailed, ****p < 0.0001).

Small 2025, 21, e01286 © 2025 The Author(s). Small published by Wiley-VCH GmbHe01286 (6 of 11)

 16136829, 2025, 42, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202501286 by Ignasi L
abastida - Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad) , W
iley O

nline L
ibrary on [18/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

cardiolipin), but these reactions involve two electrons, and the
charged product is not stable at neutral and acidic pH.[56] Since
superoxide is stable in neutral and acidic water, charged, and can
exchange electrons with Cc[55] and Cc1,

[57] it could drift along the
interprotein GCC electric field[16] toward Cc and mediate elec-
tron transport between the partners, giving rise to the results ob-
served in Figure 5. Superoxide anion is a common byproduct in
complex I and complex III. In particular, superoxide produced at
the ubiquinol oxidation center (center P, Qo site) of complex III
has additional physiological functions as signaling molecule.[58]

Superoxide in complex III can be released either to themitochon-
drial matrix and intermembrane space, where it could aid ET be-
tween Cc1 and Cc in physiological conditions, thus acting as a
“silent mediator” by means of a futile redox cycle[59] (being oxi-
dized at Cc and reduced at Cc1).
However, protons do not participate in superoxide formation

and cannot account for the observed pH dependence. The pres-
ence of protons favors the span and redox selectivity of long-
distance charge transport (Figures 1–3; Figures S2–S5, Sup-
porting Information). Although cyclic voltammetry of electrode-
bound Cc displays weak pH dependence[60] that does not re-
veal a primary role of protons in ET,[61,62] local pH has not
been studied in nanoscale environments in this system and
could have gone unnoticed. Protons are charged and can ei-
ther drift along the GCC electric field away from Cc or be
effectively transported by a classical Grotthuss mechanism of
proton hopping conduction,[63–66] accounting for the results of
Figures 1–3.
However, the redox reactions of direct proton reduction and hy-

drogen oxidation at neutral pH (−0.63 V vs SSC) involve two elec-
trons and are difficult to attain under physiological conditions.
They might occur indirectly if protonation of a pair of residues
(e.g., near the Fe site) can lower the energy barrier enough for
the reduction reaction to occur, but the reported facilitation of hy-
drogen evolution in electrodes modified with protonating amino
acids is limited, at least in the absence of the heme.[67] In either
case, the hydrogen reactions would involve coupling between the
redox and protonation states of the proteins (PCET), by means
of the ionizable residues discussed in Figure 4. Thus, protons
could act as another silent mediator of electron transport be-
tween Cc and Cc1. Note that, lacking charge, molecular hydro-
gen potentially produced at Cc1 should rely on diffusion to reach
Cc and to close the reaction cycle. Thus, it could also leak away
from the partners and out of mitochondria, partially account-
ing for the intriguing hydrogenase activity that is currently being
investigated.[68]

The effect of pH (Figures 1–3) can also be caused by the
residues identified in Figure 4 switching their availability to form
hydrogen bonds with water as a function of the protein redox
state, thus initiating Grotthuss proton transport.[51,63] This mech-
anism is favored at slightly acidic to neutral pH, where H+ mo-
bility increases due to the combination of proton availability and
stability of hydrogen-bond networks for H+ hopping.[63] How-
ever, the large KIE values obtained suggest a strong coupling
between proton and electron reactions and cannot be attributed
to classical proton transfer. They can be indicative of hydrogen
atom transfer and proton tunneling (much more sensitive to
mass),[69] which are generally associated to short-distance mech-
anisms in membrane transporter proteins.[69–73] In our case,

they could support ET through the solvent at long distances
using structured water confined between Cc1-Cc, which facili-
tates Grotthuss proton hopping while still providing a polarizable
medium for ET.[51] The presence of water near redox cofactors has
been reported to accelerate ET kinetics through the formation of
strongly coupled, constructively interfering ET pathways, influ-
encing electrostatic environments, and dynamically modulating
the ET efficiency.[13,14,16,74,75]

Potential candidates to act as PCET sites are Cys14 (binding
to the heme prosthetic group), His18, and Tyr67 (coordinating
the iron ion as axial ligands), which are predicted by either H++

or PropKa3.5, but not both, and thus are not labeled green in
Figure 4c. Consensus Lys79 is known to replace the axial heme
ligand Met80 above the alkaline transition at pH = 9.5. Due to
the nanometric size of Cc, all its residues are located at tunneling
distances from the heme and could in principle engage in PCET
reactions if they can exchange protons. Indeed, the concept of
PCET via hydrogen-bonding networks is well established.[20,76–78]

In particular, histidine bears an imidazole group whose de-
protonated form has two tautomers and plays important roles
as catalytic site and proton shuttle in enzymes.[79] The redox-
dependent pKa of Tyr46 may facilitate inter-protein charge
transport[15] and PCET like other tyrosine residues undergo-
ing oxidation/reduction reactions in photosystem II and ribonu-
cleotide reductase.[80] Note that the nearby Tyr48 (identified by
H++) is involved in Cc regulation by phosphorylation and is
known to reduce the pKa of Met80 from 9.5 to 7.8.[17,81] The con-
sensus Lys13 is included in the lysine ring that interacts with
complex III and is important for fast ET.[82,83] In contrast, Asp93
is located farther from the heme and its function is currently un-
known.
We noticed that this network of conserved residues displaying

redox-dependent changes in pKa (Figure 4; Figure S7, Supporting
Information) form a streak that might be related to the entry and
exit path of the Cc-complex III interaction and/or to the align-
ment of multiple Cc carriers, as proposed for this system[84,85]

and for the interaction between cytochrome c2 and its molecular
partners.[86–88] The redox-dependent pKa of the heme ligandsmay
also cause the reported opening of the heme crevice in oxidized
Cc[89] that is observed in the structures of Figure 4.
Overall, we propose that the proton donor and acceptor sites

are the ionizable amino acids of Cc and Cc1 respectively, whose
pKa depends on the redox state (Figure 4). All of them are located
over the protein surface at tunneling distances (< 2 nm) from the
metal centers (Figure 4) such that changes in the protein redox
state can be coupled to the exchange of protons with the solu-
tion. The released proton can drift along the electric field of the
GCC betweenCc and Cc1

[16] and/or be transported by aGrotthuss
hopping mechanism. In either case, it gives rise to a measurable
current between the probe and sample electrodes that decays over
long distances (low 𝛽 decay rate).
These interpretations of the experimental results should be

taken with caution. First, the identity of the ionizable residues
of Figure 4 could be verified by constant pH molecular dynam-
ics or free energy perturbation calculations in explicit water sol-
vent (possibly including water dissociation), with the heme, and
ideally using mutations that do not compromise protein stabil-
ity and yield simple phenotypes. Some redox-dependent changes
in pKa correspond to relatively acidic and basic pH values
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(Table S1, Supporting Information), which question their rele-
vance under physiological conditions at neutral pH.However, the
ability of these residues to exchange protons may intrinsically al-
ter the local pH around them.[90] The moderate potential that is
locally applied in ECTS experiments could favor proton exchange
and/or ROS reactions with the proteins.
And last, the effects of D2O might be partially due to the

lower hydrogen bonding between these solvent molecules and
Cc side chains (e.g., lysines), which can increase the availabil-
ity of these residues to interact with Cc1, leading to more stable
protein–protein complexes and longer blink events than in H2O
(Figure 3).[42]

Nevertheless, our observations unveil the intrinsic ability of
Cc and Cc1 to carry pH- and oxygen-dependent long-distance
currents through the aqueous solution in the reported experi-
mental conditions. The interpretations of these single molecule
experiments could be tested with specially designed bulk
measurements.
Transporting charge between protein partners at a distance

through the solution can not only reduce the force and duration
of the interaction,[17] but also expose it to the local environment
and render it susceptible to biological regulation by a convenient
diversity of ways. Protons and superoxide anions are important
reactants and byproducts of respiratory chain enzymes. Coupling
their local concentrations to the rate of electron transport be-
tween respiratory complexes offers direct mechanisms of “elec-
trochemical feedback” for homeostatic regulation under relevant
environmental situations in the cell. Interaction with quinones,
flavins, and nicotinamide adenine dinucleotide may also be rele-
vant in vivo. Understanding the detailed mechanisms of proton
exchange and charge transport dynamics in proteins and mate-
rials is fundamental for biochemistry and to develop advanced
protonic devices.[91–95]

4. Conclusion

To identify the charge carriers involved in long distance charge
transport between Cc and Cc1, we have performed ECTS (I-z and
I-t) recordings as a function of pH, in the presence of D2O, and
at reduced O2 concentration in the aqueous solution. We have
observed currents between Cc- and Cc1-functionalized electrodes
spanning over very long (>10 nm) distances that depend on the
proton and oxygen concentrations and that are not compatible
with direct electron tunneling mechanisms. Using experimental
structures of oxidized and reduced Cc and pKa calculations, we
have also identified residues that can switch their availability to
form hydrogen bonds with water and/or engage in PCET reac-
tions. Our results indicate that long distance currents between
Cc and Cc1 through the aqueous solution are assisted by protons
and superoxide anions in the evaluated experimental conditions.
We propose possible molecular mechanisms for these reactions
and discuss their feasibility and biochemical relevance for ET in
respiratory complexes.

5. Experimental Section
Protein Preparation: Escherichia coli BL21 (DE3) cells were trans-

formed with pBTR1-E104C plasmid to express Homo sapiens E104C Cc in

a recombinant way and it was purified as previously described.[96] The
soluble domain of Arabidopsis thaliana Cc1 was expressed and purified
as described,[83] with minor modifications. E. coli BL21 (DE3) cells co-
transformed with the plasmids pET_pCc1 and pEC86 were used to pro-
duce the soluble form of Cc1. E104C Cc and Cc1 samples were dialyzed
against 10 mm sodium phosphate, pH between 6.5 and 7.0.

Sample Preparation: Atomically flat Au(111) single-crystal disks of 9
mm diameter and 1 mm thickness (MaTecK) were flame annealed and
electrochemically polished prior to use.[34] They were incubated with Cc1
in sodium phosphate buffer 10 mm, pH = 6.5 at a 56 μm concentration.
ECSTM probes were mechanically cut from a gold wire of 0.25 mm in di-
ameter (GoodFellow) and were insulated with Apiezon wax.[24] The probes
were incubated with a 12.5 μm solution of Cc, in sodium phosphate buffer
10 mm, pH = 6.5. All incubations were conducted overnight and at 4 °C.
Working solutions were phosphate-buffered. They were prepared from 0.2
m solutions of sodium phosphate monobasic (H2NaO4P.H2O, Merck)
and sodium phosphate dibasic (HNa2O4P·2H2O, Merck). The pH and pD
values of buffer solutions were verified on a pH-Meter BASIC 20+ pH me-
ter (Crison) calibrated with two standard buffer solutions. pH readings
were converted to pD by adding 0.4 units.[32,33] All solutions were filtered
through 0.02 μmdiameter sterile membrane (Whatman Anotop syringe fil-
ters, Merck). To study the effect of dissolved O2, solutions were degassed
by bubbling 99.99%N2 and kept in an argon atmosphere without constant
flow, to avoid mechanical vibrations that affect ECSTM performance. The
concentration of O2 was measured with a conductance meter (Crison EC-
Meter Basic 30+) using tabulated values,[97,98] which yield 8mg L−1 under
ambient conditions and <1 mg L−1 after degassing with 99.99% N2 for
1 h.[99,100]

ECSTMMeasurements: All experiments were performed with aMolec-
ular Imaging PicoSPMmicroscope head and a PicoStat bipotentiostat (Ag-
ilent) controlled by Dulcinea electronics (Nanotec Electronica), and data
were acquired usingWSxM 4.0 software. A homemade electrochemical liq-
uid cell with a standard sample plate was used in four-electrode configura-
tion, using a 55 mm length, 0.25 mm diameter Pt80Ir20 wire as a counter
electrode and a miniaturized ultralow leakage membrane Ag/AgCl (SSC)
reference electrode filled with 3 m KCl (WPI, reference DRIREF-2SH). The
potentials of the Au(111) electrode sample (US) and EC-STM probe (UP)
are expressed against this reference. Prior to measurements, the electro-
chemical cell and the counter electrode were cleaned with piranha solution
(3:1 v/v solution of H2SO4 and H2O2). Caution: piranha solution is a strong
oxidizer and a strong acid. It should be handled with extreme care, as it reacts
violently with most organic materials. I-z curves were acquired by setting an
initial current set point of 0.4 nA, turning the feedback loop off, and record-
ing the probe current at 12 nm·s−1 during probe retraction along 15 nm (20
samples per point, 1024 points) at a constant bias (Ubias =UP - US) of 200
mV (US = 0.25 V, UP = 0.45 V vs SSC). Data were treated with the custom-
generated MATLAB code (The Mathworks, Inc.) previously reported.[16]

For static blinking experiments, a NI-DAQmx and BNC-2110 LabVIEW
setup was used for data acquisition. The STM probe was set at a 0.3 nA
current set point, and at a constant bias of 800 mV (US = −0.2 V, UP = 0.6
V vs SSC), and the feedback was turned off after a period of mechanical
stabilization. Current versus time traces were then recorded in captures
of few seconds during several hours. The current was transformed to con-
ductance values using G= Iblink/Ubias. The data was treated with LabVIEW
software.

Statistical Analysis: Data were analyzed with OriginPro 8.5.0 SR1
(OriginLab Corp.). Statistics were performed using Graphpad Prism v.8.
Samples were subjected to a normality test and significant differences
were judged using the corresponding parametric or nonparametric tests.
An 𝛼 of <0.05 was considered statistically significant. At least 2 indepen-
dent experiments were conducted in each case, where “n” indicates the
sample size. Errors are displayed as standard deviation of the mean.

Computational pKa Calculations: The protonation states of Cc residues
in its oxidized and reduced form were predicted using two different ap-
proaches (see the results in Figure 4 and Supplementary Table online).
First, the H++ server (version 4.0)[46,101] was used with the following pa-
rameters: internal and external dielectric constants were set to 10 and 80,
respectively, and the ionic strength was set to 0.05 M. The calculations
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were performed at pH 6.8, consistent with the NMR experimental con-
ditions. The input structures (PDB ID: 2N9I and 2N9J)[48] were prepro-
cessed by mutating Glu104 to Cys to match the experimental system, and
all hydrogen atoms were removed to allow full protonation state predic-
tion. Model 1 from each NMR ensemble was selected for the calculations.
As a complementary approach, PropKa 3.5[47] was employed using the
same structures and conditions (pH 6.8, ionic strength 0.05 m). PropKa
estimates the pKa values of ionizable groups using empirical rules that
consider desolvation effects and intramolecular interactions. Residues
displaying a predicted change in the absolute value of pKa above one unit
by bothH++ and PropKa 3.5 (“consensus”) are shown in green in Figure 4,
Figure S7 (Supporting Information), online Supplementary Table, and dis-
cussed in the text.

Sequence Alignments and Residues Conservation: The protein sequence
from human Cc (PDB: 2N9I) was used as a reference structure to iden-
tify Cc proteins across multiple model organisms by running BLASTP on
the non-redundant protein sequences database.[102] From over one hun-
dred returned sequences (with >90 % sequence similarity), eleven Cc se-
quences representing different species were selected. The alignment anal-
ysis was performed using Clustal Omega[103] and was subsequently plot-
ted and refined with JalView.[104,105]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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