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We report a spectroscopic, electrochemical and spectroelectrochemical characterization of the soluble
cytochrome c domain (Cyt-D) from the Rhodothermus marinus caa3 terminal oxygen reductase and its putative
electron donor, a high potential [4Fe–4S] protein (HiPIP). Cyt-D exhibits superior stability, particularly at the
level of the heme pocket, compared to archetypical cytochromes in terms of thermal and chemical denaturation,
alkaline transition and oxidative bleaching of the heme, which is further increased upon adsorption on biomi-
metic electrodes. Therefore, this protein is proposed as a suitable building block for electrochemical biosensing.
As a proof of concept, we show that the immobilized Cyt-D exhibits good electrocatalytic activity towards
H2O2 reduction. Relevant thermodynamic and kinetic electron transfer parameters for Cyt-D and HiPIP are also
reported, including reorganization energies of 0.33 eV and 0.42 eV, respectively.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

C-type monoheme cytochromes are mostly small soluble proteins
involved in respiratory and photosynthetic electron transport chains
[1–3]. In eukaryotes cytochrome c (Cyt-c) shuttles electrons from the
bc1 complex to the terminal respiratory enzyme in the inner mitochon-
drial membrane, a heme–copper oxygen reductase and, in addition, it
plays a crucial role in apoptosis [4–6].

A common feature to all cytochromes c is that the heme prosthetic
group is covalently attached to the protein via two thioether bonds to
cysteine residues that usually present a CXXCHmotif, with the histidine
residue acting as one of the axial ligands of the heme iron. The other
axial position is most often occupied by a methionyl ligand, leading to
a six-coordinated low spin complex, but can also remain either vacant
or coordinated by other amino acids such as histidine, cysteine or lysine
[1,3,7].

Class I cytochromes represent a large group of single domain low-
spin C-type heme proteins that, according to sequence, phylogeny and
function, have been classified into 16 subclasses. All members of
the family present a fold that includes a minimum of three α helices
arranged around the heme group, and further less conserved structural
elements [7,8].
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In addition to the soluble electron shuttles, C-type cytochromesmay
also be part of larger redox enzymes and, moreover, heme c containing
protein domains can also be found fused to other domains. This is the
case of the caa3 terminal oxygen reductase from Rhodothermus marinus,
a Gram-negative strict aerobe thermophile bacterium [9–14]. This
enzyme belongs to the A2 subfamily of oxygen reductases. As in the
mammalian counterparts, the catalytic site of the R. marinus enzyme is
constituted by a binuclear heme a3–CuB center located in the subunit
I. The main difference refers to subunit II which, in addition to the
canonical CuA site, contains a cytochrome c domain (Cyt-D) in the
C-terminus that has been suggested as the primary acceptor of electrons
transported by the putative donor, a periplasmic high-potential
iron–sulfur protein (HiPIP) [9–14]. Cyt-D has been overexpressed in
Escherichia coli, yielding a well folded and stable soluble protein that
retains the spectroscopic and redox properties of the domain in the
holoenzyme [15–17].

The structure of Cyt-D has been solved at 1.3 Å resolution, revealing
a heme group covalently linked to cysteines 16 and 19 and buried into
the protein matrix, exposing only partially the substituent of ring C to
the solvent. Methionine 74 and histidine 20 are the axial ligands of the
six-coordinated low spin heme iron. The secondary structure comprises
three relatively long and two shortα-helices, two antiparallel β-strands
that are connected by random coil segments forming a small β-sheet,
and two extended loops. A comparison of the amino acid sequences of
Cyt-D and other monoheme cytochromes from all known families
shows similarities onlywith the C-fragments of caa3 oxygen reductases,
thus revealing a new subfamily of cytochromes distinct from the arche-
typical C-type proteins [15].
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In recent work we have investigated the electron transfer (ET)
dynamics of Cyt-D in biomimetic complexes by employing a novel com-
bination of experimental and computational methods that allowed for
the identification of the most likely electron entry and exit points of
Cyt-D, as well as for the interaction domains with the redox partner
proteins [17].

Here we report crucial thermodynamic and kinetic redox parame-
ters of Cyt-D and its putative electron donor HiPIP [18]. We also assess
the stability of Cyt-D towards thermal and chemical denaturation, alka-
line transitions and bleaching by reactive oxygen species. It is shown
that, in general terms, this protein is characterized by higher stability
than canonical counterparts such as horse heart Cyt-c and, therefore,
it appears as a promising building block for the construction of bioelec-
tronics devices. As a proof of concept, we tested the electrocatalytic
activity of Cyt-D immobilized on biocompatible electrodes towards hy-
drogen peroxide reduction (pseudoperoxidase activity).

2. Experimental section

2.1. Chemicals

4-Mercapto-1-butanol (C4-OH), 1-butanethiol (C3-CH3), 6-mercapto-
1-hexanol (C6-OH), 1-hexanethiol (C5-CH3), 8-mercapto-1-octanol
(C8-OH), 1-octanethiol (C7-CH3), 11-mercapto-1-undecanol (C11-OH),
1-undecanethiol (C10-CH3), 16-mercapto-1-hexadecanol (C16-OH),
1-hexadecanethiol (C15-CH3), 16-mercaptohexadecanoic acid (C15-
COOH), N-cyclohexyl-N′-(2-morpholinoethyl) carbodiimide metho-p-
toluenesulfonate (CMC) and N-hydroxysuccinimide (NHS) were
purchased from Sigma-Aldrich. Eicosane-1-thiol (C19-CH3) and 20-
mercaptoeicosan-1-ol (C20-OH) were synthesized and purified as
described before [17]. Hydrogen peroxide was purchased from
Mallinckrodt Baker Inc. All reagents were of the highest available pu-
rity and used without further purification. Solutions were prepared
with deionized water (R ≥ 18 MΩ; Millipore).

2.2. Proteins

The protocols for protein expression and purification have been
described in detail elsewhere. Briefly, Cyt-D and HiPIP were obtained
by expression in E. coli cells, followed by cell breaking in a French
press, ultracentrifugation and thorough chromatographic purification
[15,18].

2.3. Raman experiments

Resonance Raman (RR) spectra were acquired employing a confocal
microscope coupled to a single stage spectrograph (Jobin Yvon XY)
equipped with a 1800 L/mm grating and liquid nitrogen cooled back
illuminated CCD detector. Elastic scattering was rejected with Notch
filters. The 413 nm line of a cw. krypton ion laser (Spectra Physics
BeamLok 2060) was focused onto the surface of a quartz rotating
cuvette containing the sample by means of a long working distance
objective (20×; N.A. 0.35). Typically, experiments were performed
with laser powers of ca. 2 mW at the sample and acquisition times
between 2 and 10 s.

Silver ring working electrodes for surface-enhanced resonance
Raman (SERR) spectroelectrochemistry were polished and subjected
to oxidation–reduction cycles to create a SERR-active surface, as pre-
viously described [19]. The electrodes were incubated into ethanolic
solutions of the corresponding alkanethiol mixtures (ca. 1 mM total
concentration) overnight to produce self-assembled monolayers
(SAMs), rinsed and transferred to the spectroelectrochemical cell. The
SERR spectroelectrochemical cell has been described before [19]. It
contains a Pt wire and a Ag/AgCl (3.5 M KCl) electrode as counter and
reference electrodes, respectively. During SERR measurements the
working electrodewas rotated at ca. 5 Hz to avoid laser-induced sample
degradation. The electrolyte solution was 12.5 mM phosphate buffer
(PBS), pH 7.0; 12.5 mM K2SO4. Protein adsorption was achieved by
15minute incubation of the SAM-coated electrode in the SERR cell con-
taining approximately 0.1 μM Cyt-D in the working electrolyte, at
−400 mV. SERR spectra were measured in back-scattering geometry.

For time-resolved (TR-SERR) experiments, potential jumps of vari-
able height and duration were applied to trigger the reaction. The
SERR spectra were measured at variable delay times after each jump
[20]. Synchronization of potential jumps and measuring laser pulses
was achieved with a four channel pulse-delay generator (BNC-565)
and a home-made pulse amplifier. Themeasuring pulses were generat-
ed bypassing the cw laser beam through two consecutive laser intensity
modulators (Linos Photonics). After background subtraction the spectra
were treated by component analysis inwhich the spectra of the individ-
ual species were fitted to the measured spectra using home-made
analysis software. The time resolution of the set-up is determined by
the time constant of the electrochemical cell, which has been deter-
mined ca. 100 μs for the typical experimental conditions reported
throughout this work.

2.4. Electrochemical measurements

Cyclic voltammetry (CV) and chronoamperometric experiments
were performed either with a potentiostat/galvanostat PAR model
263A or with a Gamry REF600 electrochemical workstation, using
a jacketed single compartment electrochemical cell (Dr. Bob's cell,
Gamry) under Ar and contained inside a Faraday cage (Vista Shield,
Gamry). As working electrodes we employed either home-made gold
bead electrodes (1 mm diameter) or 3 mm diameter alumina-polished
Au disk electrodes (Gamry). The system is completed with a Pt wire
counter electrode and an Ag/AgCl (3.5 M KCl) reference electrode
to which all potentials reported in this work are referred. The home-
made working electrodes were cleaned by first annealing, then
performing an oxidation at 2 V in 1 M HClO4 and were finally treated
in an ultrasonic pool for about 30 min. To remove residual adsorbed
impurities, all electrodes were subjected to 30 voltammetric cycles
between −0.2 and 1.6 V at 0.3 V/s in 1 M HClO4. The surfaces of the
clean electrodes were modified by overnight incubation into 1 mM
ethanolic solutions of the desired alkanethiols. The SAM-coated elec-
trodes were thoroughly washed with ethanol and water, subjected to
20 voltammetric cycles between −0.3 and 0.3 V at 0.3 V/s in PBS pH 7
and then incubated overnight into 200 μMsolutions of Cyt-D for protein
adsorption (PBS pH 7).

2.5. UV–vis absorption

UV–visible absorbance spectrawere recorded on a Thermo Scientific
Evolution Array spectrophotometer using 1.0 nm spectral bandwidth.
Unless stated otherwise, Cyt-c and Cyt-D solutions were prepared in
10 mM PBS, pH 7.0, at 25 °C.

2.6. Circular dichroism

CD spectra measurements were conducted with a Jasco J-815 spec-
tropolarimeter and were collected in the far-UV (260–200 nm) region.
The experiments were performed on Cyt-D samples prepared in
20 mM Tris/HCl buffer, and placed in a 1 mm cell at 25 °C.

3. Results and discussion

3.1. Cyt-D stability

R. marinus is a thermophile bacterium with ca. 65–70 °C optimal
growth temperature; hence implying that its terminal caa3 oxygen re-
ductase complex is thermally stable within this temperature range in
the native environment. Cyt-D, however, is only a soluble domain



Fig. 2. Cyt-D denaturation by GuHCl asmonitored by: (A) the position of the Soret absorp-
tion band (Cm(1) = 0.1 M and Cm(2) = 4.7 M); (B) UV-CD at 220 nm (Cm = 2.9 M) and
(C) component analysis of the resonance Raman spectra (Cm = 3.0 M). XNative Cyt-D is
the mole fraction of Cyt-D that retains the native conformation.
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fragment of subunit II and, thus, lacks native contacts with the remain-
ing enzyme complex that may be essential to attain high stability.
Therefore we investigated the stability of Cyt-D towards thermal and
chemical denaturation employing different spectroscopic methods
that provide complementary structural information at the levels of the
heme active site and surrounding protein matrix, respectively.

The UV-CD spectrum of ferric Cyt-D recorded at room temperature
and neutral pH displays the typical features of a well folded C-type pro-
tein mainly composed of α-helical secondary structural elements, with
two negative bands at 208 and 220 nm(Fig. 1) [21]. Upon increasing the
temperature from 20 to 90 °C the intensity of these features is gradually
lost, particularly at 220 nm, exhibiting a single transition with apparent
melting temperature Tm = 59 ± 2 °C. Thus, the thermal stability of
Cyt-D is comparable to soluble C-type cytochromes from mesophiles,
which usually present Tm values between 60 and 80 °C [3,8], but lower
than for other proteins from thermophilic organisms such as the soluble
cytochrome c from R. marinus, for which the reported Tm value is 106 °C
[22].

These results indicate that indeed, in spite of being a stable and well
folded protein, the isolated Cyt-D domain lacks essential contacts re-
sponsible for providing exceptionally high thermal stability. Consistent
with this interpretation, when the protein is cross-linked to electrodes
coated with mixed self-assembled monolayers (SAMs) of C15-CH3

and C15-COOH employing CMC and NHS, the SERR spectrum of the
immobilized Cyt-D remains essentially unaltered up to 75 °C (the
highest temperature achievable with the experimental set-up), thus
suggesting that protein–SAM interactions mimic to a certain extent
the native protein–protein contacts that provide extended thermal sta-
bility (Fig. S1). The stabilization of Cyt-D upon immobilization on SAM-
coated electrodes hints at the potential suitability of this redox protein
for the design of bioelectronics devices.

To further characterize the stability of Cyt-D, we also evaluated its
sensitivity towards a commonly used chemical denaturant agent, guani-
dine hydrochloride (GuHCl). The addition of GuHCl results in a blueshift
of the Soret absorption band (Fig. S2) that is characterized by a low am-
plitude transition at a GuHCl midpoint concentration of ca. Cm(1) =
0.1 M and a second large amplitude and sharp transition at Cm(2) =
4.7 M (Fig. 2A). UV–vis absorption spectra of cytochromes are very sen-
sitive to the oxidation state and ligation of the heme iron, as well as to
the hydration and polarity of the heme pocket [23–26]. Most likely the
first transition corresponds to a minor population of less well folded
protein or to the formation of an intermediate state in the unfolding
pathway that still preserves the axial coordination pattern. For the
Fig. 1. Temperature dependence of the ellipticity of ferric Cyt-D at 220 nm recorded at
neutral pH. Inset: UV-CD spectra of Cyt-D as a function of temperature.
second transition the larger shift of the Soret maximum to 400 nm,
which further shifts to 398 nm upon lowering pH, suggests the replace-
ment of theMet axial ligand [26]. Indeed, resonance Raman (RR) spectra
recorded at high GuHCl concentrations (Fig. S3) are consistent with a
6-coordinated low spin hemewith either Lys/His or H2O/His axial coor-
dination pattern [26]. Moreover, RR spectra of Cyt-D recorded in the
presence of variable concentrations of GuHCl from 0 to 6 M can be con-
sistently simulated by superposition of only two RR spectral compo-
nents, i.e. native Cyt-D and the above mentioned Lys/His or H2O/His
species, using only their relative contributions as adjustable parameters
(Fig. S4). This treatment yields the titration curve shown in Fig. 2C, from
where, in contrast to the UV–vis experiments, a single and broad transi-
tion with Cm = 3.0 M is obtained. Monitoring of the GuHCl titration by
the disappearance of the 220 nm band of the CD spectrum also reveals
a single and relatively broad transitionwith Cm=2.9M, i.e. very similar
to the RR results (Figs. S5 and 2B). Control GuHCl titrations of horse
heart Cyt-c performed under similar conditions afford a single transition
with Cm =2.9M (Fig. S6), in good agreement with previous UV–vis, CD
and RR determinations for this and other soluble cytochromes [27,28].
Thus, the results suggest a different unfolding mechanism for Cyt-D
compared to Cyt-c, although the overall sensitivity to GuHCl appears
to be comparable.

It is well established that the interactions of GuHCl with the peptide
functional groupare crucial for destabilizing theprotein structure [29–31].
A number of studies assign these interactions as H-bonding to the pep-
tide carbonyl [30,32–35], although more recent work points out to
stacking rather than H-bonding [36]. Moreover, it has been proposed
that GuHCl is a particularly effective denaturant of helical peptides
when the stability is strongly influenced by the presence of planar
amino acid side chains [37], and less efficient if stabilization is mainly
due to salt bridges [38].

The GuHCl-induced loss of helical content in Cyt-D is revealed by CD
spectroscopy as a gradual process characterized by a transition that is
broader than for Cyt-c, in spite of the fact that the Cm values are similar.
This may indicate a different distribution of planar amino acid side
chains as crucial stabilizing elements in Cyt-D. In contrast, the rupture
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of the (Met)S–Fe bond is revealed by UV–vis absorption as a sharp tran-
sition at higher GuHCl concentrations, thereby suggesting a higher sta-
bility of the heme pocket in Cyt-D.

A close inspection of the protein structures shows that the total con-
tent of residues with planar side chains is 15 and 16 for Cyt-D and Cyt-c,
respectively. The number of these residues located in α helices is also
comparable: 6 and 5, respectively. An important difference, however,
is that in the case of Cyt-c one of these residues, Tyr67, is hydrogen
bonded to the axial ligand Met80 and, therefore, has been identified as
a crucial element for stabilizing the native structure [39]. Thus, the per-
turbation of Tyr67 by GuHCl can be expected to trigger the simulta-
neous loss of α-helical content and the rupture of the (Met)S–Fe bond
in Cyt-c. Moreover, perturbation of the nearby Tyr74 in the same helix
is likely to promote similar events. Cyt-D, in contrast, lacks tyrosine res-
idues at hydrogen bonding distances with respect to the axial ligands,
which may explain the observed differences in unfolding behavior
between the two cytochromes.

In summary, we conclude that the thermal stability of isolated Cyt-D
is comparable to canonical cytochromes but, in contrast to Cyt-c [40],
the thermal stability of Cyt-D increases upon immobilization on SAM-
coated electrodes. In addition, the heme active site of Cyt-D exhibits
higher stability towards chemical denaturants such as GuHCl.

3.2. Alkaline transition

Soluble cytochromes c from different organisms exhibit a pH-
dependent structural transition with pKa around 9 from the native
form (or state III) to the alkaline form (or state IV) in which the native
axial ligand methionine is replaced by a lysine residue, thus yielding a
Lys/His axial coordination pattern. Upon further increase of pH a second
transition to the so-called state V is typically observed with pKa ~ 11,
which involves significant protein unfolding and the replacement of
the lysine axial ligand by OH− [3,8].

We investigated this transition for Cyt-D by employing UV–vis ab-
sorption and CD spectroscopy to follow the acid–base titrations. In the
first case we monitored the disappearance of the charge transfer band
at 695 nm as indicative of the rupture of the (Met)S–Fe bond (Fig. S7),
while in the second case the intensity drop at 220 nm was employed to
monitor the loss of alpha-helical content (Fig. S8). As shown in Fig. 3,
both spectroscopic methods yield identical results, i.e. pKa = 11.7.
This value is well above the pKa determined for the first alkaline transi-
tion of Cyt-c (Fig. S9), and close to the pKa of the subsequent IV → V
transition [3,8]. Thus, the high pKa value and the fact that the rupture
Fig. 3. Acid–base titration of Cyt-D as monitored by the drop of the CD band at 220 nm
(A) and of the charge transfer absorption band at 695 nm (B).
of the (Met)S–Fe bond occurs concomitantly with the loss of the sec-
ondary structure elements suggest that protein unfolding occurs before
a conventional alkaline transition (in terms of Met/Lys replacement)
can take place.

In good agreement with this interpretation, RR spectra measured at
various pH values can be consistently simulated by convolution of only
two spectral components: the RR spectrumof native Cyt-D and a second
species with spectral parameters consistent with a low spin iron with
OH−/His axial coordination (Fig. 4A) [26,41]. A plot of the relative inten-
sities of these two spectral components yields pKa= 12.2, i.e. very close
to the values obtained by CD and UV–vis (Fig. 4B).

3.3. Thermodynamic and kinetic redox parameters

The thermodynamic redox properties of Cyt-D were investigated by
cyclic voltammetry and SERR spectroelectrochemistry. For this purpose,
the protein was adsorbed on Au or Ag electrodes, respectively, coated
with SAMs of 1:1 C11-OH/C10-CH3, which have been shown to be suit-
able for efficient adsorption of Cyt-D [17]. SERR measurements as a
function of the applied electrode potential show that the adsorbed pro-
tein can be quantitatively reduced and oxidized in a reversible manner
and, moreover, the spectra of the fully reduced and fully oxidized Cyt-
D are identical to the corresponding RR spectra in solution (Fig. S10).
Note that these spectroelectrochemical measurements were performed
under Soret-band excitation which, in contrast to previous Q-band
experiments [17], allow for the sensitive detection of native and non-
native cytochrome species in both redox states [26,40,41]. As we
do not detect SERR spectral components other than those correspond-
ing to ferrous and ferric native Cyt-D in solution, the present results in-
dicate that more than 95% of the adsorbed protein retains the solution
Fig. 4. (A) Resonance Raman spectra of Cyt-D recorded at neutral and alkaline pH.
(B) Mole fractions of the native (Met/His) and alkaline (OH−/His) Cyt-D conformers de-
termined from the resonance Raman spectral components as a function of pH.
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structure at the level of the heme pocket. The component analysis of
SERR spectra determined as a function of the applied potential allows
for the quantitative determination of relative surface concentrations of
the reduced and oxidized species. This analysis yields nearly ideal
Nernst plots for a one electron reaction with a standard reduction po-
tential of E0=58±3mVvs. Ag/AgCl (Fig. S11), in very good agreement
with previous determinations in solution and in biomimetic complexes
[15,17].

CV determinations of Cyt-D adsorbed on SAM-coated electrodes at
neutral pH and room temperature (Fig. S12) reveal a linear dependence
of E0 with the ionic strength of the solution (Fig. 5A) that can be treated
in terms of the extended Debye–Hückel model:

E0 ¼ E�−0:059A Z2
ox−Z2

red

� �
f Ið Þ ð1Þ

where f Ið Þ ¼
ffiffi
I

p
= 1þ Ba

ffiffi
I

p� �
; E⁎ is the standard reduction potential at

zero ionic strength, Zox and Zred are the charges of the oxidized and re-
duced species; I is the solution ionic strength; A depends on the relative
permittivity and temperature and has a value of 0.509 (L/mol)1/2/cm at
25 °C; B=0.329 × 108 (L/mol)1/2/cm at 25 °C and a=18 Ǻ is the effec-
tive radius [42].

The results shown in Fig. 5A yield a protein charge of Zred = +1.6.
Considering that pKa values of individual amino acids may be affected
by the specific environment, this experimental value is very close to
the zero order estimate, Zred = +1, obtained by simply computing the
formal charges of the heme group and of the surface residues from
their pKa values in solution at neutral pH.

The thermodynamic parameters for the redox reaction of Cyt-D
were determined by CV from the temperature-dependence of the
Fig. 5. Variation of the formal reduction potential of Cyt-D with ionic strength function

f Ið Þ ¼
ffiffi
I

p
= 1þ Ba

ffiffi
I

p� �
at room temperature and neutral pH (A), with temperature at neu-

tral pH (B), and with pH at room temperature (C). The working electrodes were coated
with SAMs of 1:1 C11-OH/C10-CH3. All potentials are quoted versus the Ag/AgCl (3.5 M
KCl) reference electrode.
formal redox potential at neutral pH (Figs. 5B and S13). Within the ex-
perimental temperature range 5–35 °C the electrochemical cell behaves
as perfectly non-isothermal. Thus, entropy and enthalpy changes associ-
ated to the redox reaction can be extracted from the slope of the plot in
Fig. 5B according to:

ΔS ¼ nF
∂E
∂T

� �
ð2Þ

ΔH ¼ nF T
∂E
∂T

� �
−E

� �
: ð3Þ

This treatment yields ΔS = −135 kJ mol-1, which suggests that the
oxidized form of Cyt-D is entropically favored with respect to the
reduced species. Most likely such stabilization arises from increased
protein rigidity in the reduced state determined due to differences in
the hydrogen bonding network rather than due to solvation effects, as
the heme redox center is only marginally exposed to the solvent. At
physiologically relevant temperatures, the entropic term is compensat-
ed by a negative enthalpic term,ΔH=−45 kJ mol−1, that can be ratio-
nalized in terms of stabilization of the ferrous form by ligand binding
interactions and by the hydrophobicity of the heme pocket. Negative
ΔS values have been found for all C-type cytochromes studied so far
with values ranging from ca. −15 to −150 J K−1 mol−1, while ΔH
values commonly encountered are between −30 and −80 kJ mol−1

[43]. So, enthalpy–entropy compensation in protein ET is not a peculiar-
ity of Cyt-D.

The reduction potential shows only a slight and gradual decrease
with increasing pH that represents only 50 mV over 6 pH units, with
an apparent pKa value well above 10 (Fig. 5C). This behavior is not con-
sistentwith aMet/Lys exchange of the iron axial ligand, as this process is
expected to produce ca. 300 to 500mV downshifts of the E0 values [43].
Instead, the small and gradual decrease of E0 suggests only partial
unfolding of the protein without disruption of the (Met)S–Fe bond
within the experimentally accessible pH range, in agreement with the
results presented in the previous sections.

To determine the ET reorganization energy (λ), we performed TR-
SERR spectroelectrochemical experiments on Cyt-D samples adsorbed
on Ag electrodes coated with SAMs of C20-OH/C19-CH3 in 3:1 ratio. In
this technique the redox protein equilibrated at a given initial electrode
potential is perturbed by applyingpotential jumpsof variable amplitude
that corresponds to varying overpotentials (η) and, therefore, different
ET driving forces. The heterogeneous ET kinetics ismonitored by record-
ing SERR spectra at various delay times with respect to the triggering
potential jump event. Therefore, the election of thicker SAMs for the
kinetic experiments aims to warrant that the determined reaction
rates correspond to a process limited by electron tunneling probability
through the SAM [44].

Representative TR-SERR spectra are shown in Fig. S14. The complete
spectral data set could be quantitatively simulated by using only the
spectral components of native ferrous and ferric Cyt-D in variable
proportions. This analysis yields in all cases monoexponential con-
centration profiles, from where the ET rate constants at the various
overpotentials, kET(η), were obtained. The determined rate constants
exhibit the sigmoidal dependencewith η predicted byMarcus semiclas-
sical expression properly integrated to account for all the electronic
levels of themetal (Fig. 6) [45]. This equation can be cast in amore con-
ventional form by approximating the Fermi–Dirac distribution law as a
step function:

kET ηð Þ≈ π
ℏ

HDAj j2erfc λþ eηffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4λkBT

p
 !

: ð4Þ

Here |HDA| is the magnitude of the electronic coupling, erfc(z) is the
reciprocal error function and the rest of the parameters have the usual



Fig. 6.Rate constants of heterogeneous electron transfer of adsorbed Cyt-D as a function of
the applied overpotential in the time-resolved surface-enhanced resonance Raman (TR-
SERR) experiments. The line represents the best fit to Eq. (4), yielding λ = 0.33 eV and
kET(max) = 17.7 s−1. All the experiments were performed at neutral pH and room tem-
perature. The working electrodes were coated with SAMs of 1:1 C20–OH/C19–CH3.

Fig. 7. Surface concentration (Γ) of HiPIP adsorbed on Au electrodes coated with SAMs of
C5-CH3/ C6-OH of variable proportion as a function of themole fraction of the C5-CH3 com-
ponent. The values of Γwere estimated by integration of the cyclic voltammetric peaks and
are presented normalized by the value obtained for a SAM with composition XC5−CH3 =
0.5.

Fig. 8. Temperature-dependence of the heterogeneous electron transfer rate of HiPIP
adsorbed on SAM-coated Au electrodes (1:1 C20-OH/C19-CH3). The values of kET were
determined by CV using Laviron's method [46].
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meaning. By fitting the experimental data in Fig. 6 to Eq. (4) we obtain
λ = 0.33 ± 0.03 eV. Due to the fact that this value was obtained
under Soret band excitation, it is considered to be more precise than
the one reported in an earlier communication [17], where less sensitive
Q-band excitation was employed. Note that the SERR cross section is
significantly smaller for Q-band excitation compared to Soret band,
particularly for the ferric protein.

Reorganization energies reported in the literature for cytochromes c
from different organisms, or even for the very same heme protein,
exhibit a large dispersion. In a recent study this dispersionwas rational-
ized in terms of a crucial structural feature: those cytochromes which
possess a tyrosine residue H-bonded to the axial ligand methionine
have on average λ = 0.6 eV; while in those cases where an equivalent
H-bond is not possible or it is interrupted by electrostatic interactions
the average λ value is only 0.3 eV [39]. The value of λ = 0.33 eV de-
termined here for Cyt-D is fully consistent with this interpretation as
this protein, in contrast tomammalian or yeast Cyt-c, does not have a
Tyr or other appropriate residues in H-bonding distance to the axial
methionine [15].

3.4. Redox properties of the putative electron donor of Cyt-D

Previous studies have identified a 10kDa soluble [4Fe–4S]3+/2+ pro-
tein as themost likely electron shuttle from a bc1 analog complex to the
caa3 oxygen reductase in the aerobic respiratory chain of R. marinus [13,
15,18]. We have investigated this HiPIP protein by direct CV in solution
employing gold electrodes coated with SAMs of C6-OH. The recorded
voltammetries exhibit the characteristic shape and scan rate depen-
dence for a quasi-reversible one electron redox couple in solution
(Fig. S15), yielding E° = 55 ± 3 mV vs. Ag/AgCl at pH 7, in excellent
agreement with previous determinations [18]. The pH-dependence of
E° is only 4 mV/pH unit within the range 4–11, and becomes slightly
more sensitive at even lower pH values (Fig. S16).

HiPIP has been proposed to interact with Cyt-D via complementary
neutral patches defined by hydrophobic and hydrophilic residues
surrounding the partially exposed redox centers, thereby establishing
optimal electron transfer pathways [15,17]. To test this hypothesis we
investigated the adsorption of HiPIP to Au electrodes coated with
mixed SAMs of C5-CH3 and C6-OH in variable proportions. For these ex-
periments the coated electrodes were incubated overnight in 25 μM
protein solutions, then rinsed and transferred to the electrochemical
cell containing fresh PBS, pH 7. The relative surface concentration of
HiPIP was estimated from the integrated voltammetric peaks mea-
sured under identical conditions. As shown in Fig. 7 the protein ad-
sorption reaches a maximum at C5-CH3/C6-OH ratios of ca. 1:1, and
is negligible at SAMs of the single components, thus indicating that
the adsorption requires a balance of hydrophobic and hydrophilic in-
teractions. Interestingly, this behavior is nearly identical to the one
previously reported for Cyt-D [17], thereby confirming the comple-
mentarity of the proposed binding sites.

The reduction potential and its pH-dependence for HiPIP adsorbed
and in solution are very similar (Figs. S16 and S17), thus indicating
that the immobilized protein retains the native structure, at least at
the level of the redox center. Therefore, we determined the heteroge-
neous electron transfer rate constants of HiPIP immobilized on Au
electrodes coated with 1:1 Cn-CH3/Cn + 1-OH SAMs of variable lengths,
i.e. n = 3, 5, 7, 10 and 15, using Laviron's method [46]. As shown in
Fig. S18, shortening the SAM length from n = 15 to n = 10 results in
a ca. 200-fold increase of kET, which is consistent with a redox reaction
kinetically controlled by tunneling probability through the SAM, with
a tunneling decay factor β = 1.0 per methylene group, in excellent
agreement with previous determinations [47,48]. Further decreasing
of the SAM thickness results only in a slight increase of kET, thus reveal-
ing a different ET mechanism at shorter distances, as extensively
discussed in the literature for other redox proteins [44]. Hence, we se-
lected C15-CH3/C16-OH SAMs for obtaining the ET activation parameters
of HiPIP from the temperature-dependence of kET (Fig. 8). These exper-
iments yield the ET activation enthalpyΔH#which, considering that the
entropic contribution in redox proteins is usually very small, can be
approximated to the activation free energy ΔG#. In turn, according to
Marcus theory, ΔG# = λ/4 when ΔG° = 0. Within this approximation,
we obtain λ = 0.42 ± 0.03 eV. This value lies within the range
0.2–0.9 eV of previous experimental and theoretical estimates of
reorganization energies for [4Fe–4S] proteins [49–54].



Fig. 10. (A) Cyclic voltammetries of Cyt-D adsorbed on Au electrodes coatedwith C10-CH3/
C11-OH, as a function of H2O2 concentration (10 mM PBS, pH 7). The inset is an expanded
viewof the voltammetric peaks of Cyt-D. (B) Electrocatalytic currents recorded at -600mV
as a function of H2O2 concentration from CV experiments with Au electrodes coated with
C10-CH3/C11-OH without (hollow circles) and with (solid circles) adsorbed Cyt-D. The
inset shows typical CVs recorded with protein free SAM-coated electrodes as a function
of H2O2 concentration from 0 to 100 mM. All potentials are quoted versus the Ag/AgCl
(3.5 M KCl) reference electrode.
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3.5. Electrocatalytic activity of Cyt-D

Several pentacoordinated heme proteins, includingmicroperoxidases,
horse radish peroxidases and pointmutant cytochromes c, exhibit elec-
trocatalytic activity towards H2O2 reduction and have, therefore, been
employed for the construction of H2O2 electrode sensors [55–61]. Po-
tential drawbacks of these sensors, however, are the possible oxidative
damage and bleaching of the porphyrin ring, depending on the specific
heme protein and H2O2 concentration [62], as well as partial denatur-
ation upon immobilization [40]. In this respect, the higher stability of
Cyt-D discussed in the previous sections might represent an intrinsic
advantage for the construction of these types of devices. To further as-
sess this potential advantage, we compared the bleaching of the heme
groups of Cyt-D and Cyt-c in solution as a function of H2O2 concentra-
tion. The experiments were performed by adding successive aliquots
of H2O2 to 10 μM solutions of the two proteins in 10 mM PBS pH 7,
and following the progress of the reaction by UV–vis (Fig. S19). As
shown in Fig. 9A, the Soret band of Cyt-c is quantitatively bleached
at H2O2 concentrations around 80 mM, while the intensity drop for
Cyt-D under identical conditions is only 40%.

Moreover, the addition of 1 mM H2O2 to 10 μM Cyt-c produces 50%
bleaching of the heme after 40 min, while the same amount of oxidant
has nearly no effect on the absorption spectrum of Cyt-D even after
7 h, and the addition of 20 mM H2O2 to 10 μM Cyt-D requires around
8 h to produce 50% bleaching (Figs. 9B and S20). Thus, these experi-
ments show a significantly higher stability of Cyt-D towards degrada-
tion by H2O2.

In view of its high thermal and chemical stability, we tested the
pseudoperoxidatic activity of Cyt-D adsorbed on Au electrodes coated
with mixed SAMs of C10-CH3/C11-OH in 1:1 ratio.

The CVs show the characteristic one-electron anodic and cathodic
waves of native Cyt-D with E0 = 48 ± 3mV, along with increasing cat-
alytic currents at negative potentials upon addition of H2O2 (Fig. 10A).
In agreement with previous reports on comparable systems [58,63],
control experiments with protein free SAM-coated electrodes show
only negligible currents upon addition of H2O2 up to ca. 100 mM con-
centration (Fig. 10B), thus indicating that the electrocatalytic currents
arise from the immobilized Cyt-D. The activity, however, cannot be
Fig. 9. Normalized absorbance at 411 nm of 10 μM solutions of Cyt-D (circles) and Cyt-c
(squares) in 10 mM PBS, pH 7.0. (A) Variation as a function of H2O2 concentration deter-
mined immediately after H2O2 addition. (B) Variation as a function of time after addition
of H2O2 to achieve 1 mM (filled symbols) and 20 mM (hollow symbols) final concentra-
tions. All data are presented relative to the initial absorbances recordedbefore the addition
of H2O2.
ascribed to the Met/His-coordinated native Cyt-D given that the onset
of the catalytic currents is significantly downshifted with respect to
the standard potential. Instead, most likely, the catalytic currents arise
from a minor population of adsorbed Cyt-D that lacks the distal Met74
ligand. Such pentacoordinated species are expected to present standard
potentials at around −400 mV or less, and significant
pseudoperoxidase activities, as shown for instance for horse radish per-
oxidase [57] and M80A mutants of Cyt-c [58].

As shown in Fig. 10B, there is a short initial lag phase before catalytic
currents become evident. This is consistent with the requirement of a
H2O2-mediated activation step to generate the enzymatically compe-
tent species. In recent work it has been shown that the addition of
H2O2 to immobilized horse heart Cyt-c leads to the specific sulfoxidation
of Met80 and concomitant gain of pseudoperoxidase activity [55]. Most
likely the same applies to Cyt-D, except that in this latter case the chem-
ical yield of the reaction is very low, in agreement with the differences
in reactivity between Cyt-D and Cyt-c shown in Fig. 9. Thus, we propose
that the catalytic activity corresponds to a minor fraction of adsorbed
Cyt-D that presents a pentacoordinated heme iron due to sulfoxidation
of Met74. These results suggest that Cyt-D may be a suitable building
block for the design of electrochemical biosensors.

4. Conclusions

The soluble cytochrome c domain (Cyt-D) from the R. marinus caa3
terminal oxygen reductase shows a thermal stability comparable to
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C-type soluble cytochromes frommesophiles, but this stability increases
significantly when the protein is immobilized on SAM-coated elec-
trodes. The heme pocket shows superior stability towards chemical
denaturation, alkaline transition and oxidative bleaching compared to
archetypical cytochromes, which is further increased when adsorbed
on biomimetic electrodes. Moreover, the immobilized protein retains
the solution structure and exhibits fast direct heterogeneous electron
transfer characterized by a low reorganization energy, λ= 0.3 eV, con-
sistent with the lack of hydrogen bonding at the level of the iron axial
ligand methionine.

Cyt-D and its putative electron donor HiPIP exhibit similar affinity
for SAM-coatings containing identical proportions of hydrophobic and
hydrophilic tail groups. As for Cyt-D, the immobilization of HiPIP on
these films preserves the structural integrity of the redox site and allows
for fast direct electron transfer with λ = 0.6 eV, thus suggesting that
Cyt-D and HiPIP contain complementary binding sites capable of estab-
lishing efficient pathways for inter-protein electron transfer.

The high stability and good direct electrochemical communication of
immobilized Cyt-Dmake this protein a suitable candidate for construct-
ing protein-based sensing devices. Indeed, the Cyt-D electrodes show
good electrocatalytic activity towards H2O2 reduction in a broad range
of concentrations.
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  Figure S1. Surface-enhanced resonance Raman spectra of ferrous (left) and ferric (right) Cyt-D 

cross-linked to Ag electrodes coated with mixed SAMs of C15-CH3 / C15-COOH recorded at 

different temperatures. Green: 10 °C. Red: 40°C. Blue: 75 °C. 

 

 



 
 

Figure S2. Soret absorption band of Cyt-D recorded at increasing concentrations of GuHCl, 

from 0 to 6.6 M. 

 

 
 

Figure S3. Resonance Raman spectra of Cyt-D measured at pH 7 under Soret-band excitation 

before (black) and after (red) the addition of 6 M GuHCl.  

 



 
 

Figure S4. Experimental Resonance Raman spectrum of ferric Cyt-D in the presence of 6 M 

GuHCl (black) and the spectral components required to simulate the spectrum: native Cyt-D 

(red), His/Lys or His/H2O ligated species (blue) and GuHCl (green). 

 

 

 

 
 

Figure S5. CD spectra of Cyt-D recorded at pH 7 as a function of GuHCl concentration. 



 
 

Figure S6. Denaturation of horse heart Cyt-c by GuHCl as monitored by the position of the 

Soret absorption band (Cm = 2.9 M).  

 

 



 
 

Figure S7. Acid-base titration of Cyt-D followed by the disappearance of the charge transfer 

band at 695 nm. The arrow indicates increasing pH values from 7 to 13. 

 

 
 

Figure S8. CD spectra of Cyt-D recorded as a function of pH.  

 

 

 



 
 

Figure S9. Acid-base titration of horse heart Cyt-c followed by the disappearance of the charge 

transfer band at 695 nm.  

 

 
 

Figure S10. Resonance Raman (black) and surface-enhanced resonance Raman (red) spectra of 

fully reduced (top) and fully oxidized (bottom) Cyt-D measured at pH 7.0. 

 

 



 
 

Figure S11. Nernst plot for Cyt-D adsorbed on an Ag electrode coated with a SAM of C11-

OH/C10-CH3 obtained from the quantitative component analysis of SERR recorded under Soret 

band excitation as a function of the electrode potential vs Ag/AgCl. 

 

 

 

 
 

Figure S12. Cyclic voltammetry of Cyt-D adsorbed on Au electrodes coated with SAMs of C11-

OH/C10-CH3 measured at pH 7 vs Ag/AgCl and increasing ionic strength: 20 mM (green), 162 

mM (black), 616 mM (red) and 1.6 M (blue). 



 
 

Figure S13. Cyclic voltammetry of Cyt-D adsorbed on Au electrodes coated with SAMs C11-

OH/C10-CH3 measured at pH 7 vs Ag/AgCl at increasing temperatures from 6 °C (black) to 44 

°C (pink). 

 



 
 

Figure S14. Representative time-resolved surface-enhanced resonance Raman spectra of Cyt-D 

adsorbed on Ag electrodes coated with SAMs of C20-OH/C19-CH3 measured at pH 7 and room 

temperature. Spectra were recorded at variable delay times () after applying potential jumps 

from 150 mV to -400 mV. 

 



 
 

Figure S15. Cyclic voltammetry vs Ag/AgCl of HiPIP in solution (red) and control measurement 

of the Au working electrode coated with a SAM of C6-OH in the absence of protein (black). 

  

 

 

 
 

Figure S16. Variation of the formal reduction potential vs Ag/AgCl of HiPIP with pH, measured 

at room temperature by CV in solution using Au electrodes coated with C6-OH SAMs. 

 



 
 

Figure S17. Variation of the formal reduction potential vs Ag/AgCl with pH for HiPIP adsorbed 

on Au electrodes coated with 1:1 C5-CH3 / C6-OH SAMs, as determined by CV at room 

temperature. 

 

 

 

 
 

Figure S18. Heterogeneous electron transfer rate constants of HiPIP adsorbed on Au electrodes 

coated with 1:1 Cn-CH3/Cn+1-OH SAMs, as a function of the chain length (n). 

 



 
 

Figure S19. UV-Vis spectra of Cyt-c (top) and Cyt-D (bottom) recorded immediately after 

adding increasing amount of H2O2. The final concentrations of H2O2 are indicated in the 

corresponding panels. 

 



 
 

Figure S20. UV-Vis spectra measured as a function of time after the addition of H2O2. (A) Cyt-c 

with 1 mM added H2O2. (B) Cyt-D with 1 mM added H2O2. (C) Cyt-D with 20 mM added H2O2. 
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