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Abstract: Cyclic voltammetry experiments were carried out on native Saccharomyces cerevisiae iso-1-
cytochrome c and its C102T/N62C variant immobilized on bare polycrystalline gold electrode through the
S-Au bond formed by a surface cysteine. Experiments were carried out at different temperatures (5-65
°C) and pH values (1.5-7). The E°′ value at pH 7 (+370 mV vs SHE) is approximately 100 mV higher than
that for the protein in solution. This difference is enthalpic in origin and is proposed to be the result of the
electrostatic repulsion among the densely packed molecules onto the electrode surface. Two additional
electrochemical waves are observed upon lowering the pH below 5 (E°′ ) +182 mV) and 3 (E°′ ) +71
mV), which are attributed to two conformers (referred to as “intermediate” and “acidic”, respectively) featuring
an altered heme axial ligation. This is the first determination of the reduction potential for low-pH conformers
of cytochrome c in the absence of denaturants. Since the native form of cytochrome c can be restored,
bringing back the pH to neutrality, the possibility offered by this transition to reversibly modulate the redox
potential of cytochrome c is appealing for bioelectronic applications. The immobilized C102T/N62C variant,
which differs from the native protein in the orientation of the heme group with respect to the electrode,
shows very similar reduction thermodynamics. For both species, the rate constant for electron transfer
between the heme and the electrode increases for the acidic conformer, which is also found to act as a
biocatalytic interface for dioxygen reduction.

Introduction

Electron-transfer proteins and redox enzymes should be
immobilized on either bare or modified electrode surfaces in
order to be used as active constituents in chemical sensors and
other biomolecular electronic devices.1-3 The stable binding of
redox proteins to electrode surfaces with retention of electron
transfer (ET) activity has been reported for several protein-
electrode combinations.4,5 For example, this is the case of
cytochromes adsorbed on ITO6 and modified metal electrodes,7-9

blue copper proteins immobilized on both bare and function-
alized surfaces,10,11 and cytochrome P450 bound to SAMs.12

Even though many binding approaches have been developed,
the stability of these protein (sub)monolayers toward temperature
and pH is still poorly characterized. However, verifying the
retention of electron transfer efficiency at extreme values of
temperature and pH may be very important to establish whether
an adsorbed protein can be successfully used as a component
of electronic biodevices.

Iso-1-cytochromec from Saccharomyces cereVisiae (YCC)
is generally considered to be a suitable candidate for bioelec-
tronic applications since it contains a single surface cysteine
residue (Cys102) that can be exploited for specific tethering,
ensuring unique orientation of the protein.13,14 Such a feature
becomes particularly important for the design of protein-
electrode interfaces, since it has been demonstrated that the
current flowing through bioelectronic devices can be consider-
ably larger if the conductive molecular carpet is made of
uniformly rather than randomly oriented proteins.1 Recently,
YCC has been covalently bound on bare gold surfaces via
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Cys102, obtaining a fast and reversible electron transfer with
retention of protein functionality.15 Here, we have studied the
redox behavior of native and mutated cytochromec vectorially
immobilized on unmodified gold electrodes at varying temper-
atures and pH values.

Variable temperature direct electrochemistry experiments are
informative on protein thermal stability but also allow the
reduction potential (E°′) to be partitioned into its enthalpic and
entropic contributions.16,17 This approach helps understanding
how surface interactions affect the bonding features and the
electrostatics at the prosthetic metal center and the conforma-
tional and solvation properties in the two redox states of the
protein, which are the ultimate determinants ofE°′ in metallo-
proteins.18 Chemisorption of YCC onto an electrode surface also
allows insights to be gained into the acid-base equilibria
affecting the redox properties of cytochromec at low pH. It is
well-known that cytochromec undergoes conformational transi-
tions as a function of pH in both redox states.19 The transitions
of the ferri form at alkaline pH values were extensively
characterized electrochemically.20,21 However, much less is
known about those occurring in acidic conditions. This is
because low pH values induce protonation and detachment from
the electrode surface of the SAM of “promoters” used in the
direct electrochemistry of freely diffusing cytochromec,22-24

thus hampering protein-electrode communication. Diffusionless
electrochemistry of YCC on bare gold, which does not require
electrode functionalization, thus offers a valuable tool for the
investigation of the redox behavior of YCC at low pH. In this
respect, the results obtained in this work are unprecedented.

Here, we have also investigated the N62C/C102T mutant of
YCC (N62C thereafter), which contains a single cysteine in a
different position with respect to the native form (Figure 1),
with the aim to comprehend how protein orientation toward the
electrode affects the properties of the immobilized biomolecule.
The low-pH transition(s) and the resulting conformers were
found to be interesting candidates as a molecular switch ofE°′
and biocatalytic constituents, respectively, for use in bio-
molecular electronic and sensing devices.

Experimental Section

Materials. Iso-1-cytochromec from the yeastS. cereVisiae was
purchased from Sigma. The samples featured anRzvalue (Rz) A410/
A280) greater than 4.5 and were used without further purification.20,25,26

The N62C mutant was produced using the QuikChange XL site-directed
mutagenesis kit (Stratagene) starting from two synthetic oligonucleotide

primers carrying the desired mutation and using as DNA template the
plasmid pMSV1, which was kindly donated by Prof. M. S. Viezzoli of
the University of Florence. This plasmid expresses the C102T variant
of yeast iso-1-cytochromec from the pTrc promotor and confers
ampicillin resistance. Therefore, the N62C variant carries a cysteine
residue in position 62 and a threonine in place of the native Cys102.
Protein expression and purification were carried out as described
elsewhere.25 All chemicals were reagent grade. Nanopure water was
used throughout.

Electrochemistry. Cyclic voltammetry experiments were carried out
with a potentiostat/galvanostat PAR model 273A under argon. A
polycrystalline gold wire was used as a working electrode and a Pt
wire and a satured calomel electrode (SCE) were used as counter and
reference electrode, respectively. The electrical contact between the
SCE and the working solution was obtained with a Vycor set. Potentials
were calibrated against the MV2+/MV + couple21 (MV ) methyl
viologen). All the redox potentials reported here are referred to standard
hydrogen electrode (SHE). All the electrochemical measurements
involving YCC both adsorbed and in solution were carried out in 0.01
M phosphate buffer in the presence of 0.2 M sodium chloride.

Diffusion-controlled electrochemical measurements were performed
after modification of the electrode surface by dipping a previously
polished gold electrode into a 1 mM solution of 4-mercaptopyridine
for 120 s and then rinsing it with MILLIQ water. Protein solutions
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Figure 1. 3D representations of the structures of native (top) and the
C102T/N62C mutant (bottom) ofS. cereVisiae iso-1-cytochromec. Muta-
tions C102T and N62C shown in the figure were produced using the
software package QUANTA 2000 (Molecular Simulation Inc, Waltham,
MA). Heme is represented in red, and native Cys102 and mutated residues
are represented in yellow.
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(0.1 mM) were freshly prepared before use in 0.01 M phosphate buffer,
0.2 M NaCl, pH 7.0, and their concentration was checked spectropho-
tometrically.

YCC was adsorbed on bare gold following a slight modification of
the procedure described by Heering and co-workers.15 In particular,
protein monolayers were obtained through incubation of the polycrys-
talline gold wire in a 10-4 M solution of reduced cytochromec in 0.01
M phosphate buffer, pH 8.2, for 24 h. To estimate the % surface
coverage, the area of the immersed portion of the wire was carefully
calculated after each cyclic voltammetry (CV) session by dipping the
bare electrode at exactly the same depth into a solution of an
electrochemical standard, ferricinium tetrafluoborate, recording the CV
signal for the standard and then applying the Randles-Sevcik relation-
ship. Apparent standard potentials (E°′) were calculated asE°′ ) (Epa

+ Epc)/2.16,27 This is appropriate sinceR is found to be approximately
0.5 andE°′ is almost independent of the scan rate in the range 20-
500 mV s-1.28-33 Cyclic voltammograms at variable scan rate were
also recorded to determine the electron-transfer rate constantks for the
adsorbed protein.ks values were averaged over five measurements and
found to be reproducible within 10%, which was taken as the associate
error. The peak current ratioianodic/icathodic for the neutral form is
approximately 1 down to pH 4. At lower pH values, the current ratio
decreases. For the acid and intermediate forms, theianodic/icathodic ratio
is close to 0.5. Temperature does not affect appreciably the peak current
ratios. The nonunit current ratios may be related to the different ET
rate constants for the two redox states of immobilized YCC or to a
change of the protein or the protein film induced by reduction, which
concur to make reoxidation of the reduced form slower. This is
supported by the observation that theianodic/icathodicratio increases with
decreasing scan rate.

Variable temperature experiments were performed with a noniso-
thermal electrochemical cell.34,35 The reference electrode was kept at
constant temperature (20( 0.1 °C), while the half cell containing the
working electrode and the Vycor junction to the reference electrode
were kept under thermostatic control with a water bath and its
temperature was varied from 5 to 65°C. With this experimental
configuration, the reaction entropy for reduction of the oxidized protein
(∆S°′rc) is given by:34,35

Thus,∆S°′rc was determined from the slope of the plot ofE°′ versus
temperature, which turns out to be linear under the assumption that
∆S°′rc is constant over the limited temperature range investigated. With
the same assumption, the enthalpy change (∆H°′rc) was obtained from
the Gibbs-Helmholtz equation, namely as the negative slope of the
E°′/T versus 1/T plot. The nonisothermal behavior of the cell was
carefully checked by determining the∆H°′rc and∆S°′rc values of the
ferricyanide/ferrocyanide couple.34,35The pH titrations were performed
at constant temperature (20( 0.1°C). The pH was changed by adding
small amounts of concentrated NaOH or HCl under fast stirring.

The electrocatalytic reduction of O2 by immobilized YCC at pH 2
was studied by gradually adding air to the O2-free solution at normal
atmospheric pressure at 20°C.

All the electrochemical measurements were performed for both native
YCC and the N62C mutant. All the experiments were performed at

least five times, and the reduction potentials were found to be
reproducible within(2 mV.

Results

Electrochemistry of Covalently Immobilized Native Yeast
Iso-1-cytochromec. A typical cyclic voltammogram for native
YCC immobilized on a bare polycrystalline gold electrode at
neutral pH is shown in Figure 2A.

The quasi-reversible cyclic voltammogram originates from
the one-electron reduction/oxidation of the YCC in its “neutral”
(His,Met-ligated) form. TheE°′ value of +370 mV at pH 7
and 20°C is 110 mV more positive than that for freely diffusing
YCC under identical conditions (+260 mV) (Table 1).

The linear increase of the cathodic peak current with
increasing scan rate shows that YCC is immobilized onto the
electrode (Figure 3).

This binding does not originate from electrostatic interactions
since the electrochemical response is not significantly altered
upon addition of 1 M NaCl. Moreover, the absence of any signal
for the C102T variant (which does not contain any cysteine) in
the same conditions confirms that YCC is covalently bound to
the gold via the Au-S(Cys) bond. The rate constantks for
electron transfer between the heme and the electrode can be
estimated from the scan rate dependence of peak potentials using
the model proposed by Laviron for diffusionless electrochemical
systems (for peak to peak separations greater than 200 mV; see
Supporting Information).36 The estimatedks value for native
YCC is 0.20( 0.02 s-1 (Table 2).

The surface coverage of YCC, calculated from the area of
the (baseline-corrected) anodic or cathodic peaks, is from 80 to
90% of that expected for a full densely packed monolayer, which
would amount to 19 pmol/cm2, as estimated from the crystal-
lographic dimensions of the protein.15

The temperature dependence ofE°′ for immobilized native
YCC at pH 7.0 is shown in Figure 4A. The electrochemical
response is found to be robust and reversible up to 65°C. The
immobilized protein thus results to be much more stable37

toward temperature than the freely diffusing protein whose CV
signal deteriorates above 35°C.21 The E°′ values show a
monotonic linear decrease with increasing temperature from 5
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∆S°′rc ) S°′red - S°′ox ) nF(dE°′/dT) (1)

Figure 2. Cyclic voltammograms for native (A) and the C102T/N62C
mutant (B) of S. cereVisiae iso-1-cytochromec immobilized on bare
polycrystalline gold electrode through the (Cys)S-Au bond in 0.01 M
phosphate buffer, 0.2 M NaCl, pH 7. Sweep rate, 10 mV s-1. T ) 20 °C.
The different current intensities in A and B are due to differences in the
(protein-coated) surface area of the gold electrode put in contact with the
working solution in the electrochemical cell.
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to 65°C. The thermodynamic parameters for reduction are listed
in Table 1 along with those obtained under diffusion-controlled
conditions.

The current intensity of the cathodic peak for immobilized
YCC decreases with decreasing pH, and a new wave attributable
to an “acidic” conformer appears at more negative potentials
(E°′ ) +71 mV at pH 2 and 20°C) and reaches its maximum
intensity at pH 1.5 (Figure 5). The conversion of immobilized
neutral YCC into the “acidic” form is reversible (namely, an
increase in pH back to neutrality leads to the disappearance of
the low-potential signal and to the complete recovery of that of
the neutral form).

The pH titration of the intensity (measured as the area) of
the baseline-corrected cathodic peak for the neutral form is
shown in Figure 6A. It is worth noting that, at the lowest pH
investigated (1.5), conversion of the immobilized molecules into
the acidic form is not complete. At pH values below 1.5, no

voltammetric signal is detected, probably because of irreversible
protein denaturation or formation of an electrochemically silent
form. The reduction thermodynamics for immobilized acidic
YCC at pH 2 are listed in Table 1. The electron-transfer constant
ks for this conformer (2.2( 0.2 s-1) is 1 order of magnitude
higher than that for neutral YCC (Table 2). A third electro-
chemical signal at intermediate potentials (E°′ ) +182 at 20
°C) is detected between pH 3 and 5 (Figure 5). The reduction
thermodynamics determined for this “intermediate” form of
YCC are also listed in Table 1. The pH titrations of the intensity
(measured as the area) of the baseline-corrected cathodic peaks
for the “acidic” and “intermediate” conformers are shown in
Figure 6A.

Table 1. Thermodynamic Parameters for Reduction of S. cerevisiae Iso-1-ferricytochrome c (YCC) in Solution and Covalently Bound to a
Polycrystalline Gold Electrode through a (Cys)S-Au Bonda

E°′ b (mV) ∆H°′rc
b,c (kJ mol-1) ∆S°′rc

c (J mol-1 K-1)

species native N62C native N62C native N62C

freely diffusing neutrald +260 +263 -37 -38 -44 -45
immobilized neutrale +370 +378 -45 -50 -31 -45
immobilized intermediatef +182 +175 -26 -24 -28 -25
immobilized acidicg +71 +60 -12 -13 -18 -23

a Average errors on∆H°′rc and∆S°′rc values are(2 kJ mol-1 and(6 J mol-1 K-1, respectively.b At 20 °C. c The sum (-∆H°′rc/F + T∆S°′rc/F) often
does not exactly matchE°′ since the∆H°′rc and∆S°′rc values are rounded to the closest integer, as a result of experimental error.d Phosphate buffer (0.01
M), NaCl (0.2 M), pH 7. “Neutral” conformer stands for the His,Met-ligated heme protein.e Phosphate buffer (0.01 M), NaCl (0.2 M), pH 7.f At pH 4.5.
For “intermediate” conformer, we refer to a species in which probably the heme iron is axially bound by the proximal histidine and a water molecule and
experiences a greater exposure to solvent as compared to the neutral conformer (see text).g At pH 2. The “acidic” conformer likely features a heme iron with
two water molecules as axial ligands and the largest solvent accessibility among the conformers considered here.

Figure 3. Scan rate dependence of the cathodic peak current of adsorbed
native S. cereVisiae iso-1-cytochromec on bare gold. Measurements at
variable scan rates were performed in 0.01 M phosphate buffer, 0.2 M NaCl,
pH 7, T ) 20 °C.

Table 2. Rate Constant for Electron Transfer between the Heme
and the Electrode for the Neutral and Acidic Conformers of S.
cerevisiae Iso-1-ferricytochrome c (YCC) and Its N62C Mutant
Covalently Bound to a Polycrystalline Gold Electrode through a
(Cys)S-Au Bonda

ks
b (s-1)

species native N62C

neutral conformerc 0.20 0.46
acidic conformerd 2.2 50

a Measured from the scan rate dependence of peak potentials using the
model proposed by Laviron for diffusionless electrochemical systems.36 b At
20 °C; the error affecting theks values is(10%. c At pH 7. “Neutral”
conformer stands for the His,Met-ligated heme protein.d At pH 2. The
“acidic” conformer likely features a heme iron with two water molecules
as axial ligands and the largest solvent accessibility among the conformers
considered here.

Figure 4. E°′ vs T plots for native (A) and the C102T/N62C mutant (B)
of S. cereVisiae iso-1-cytochromec immobilized on bare polycrystalline
gold electrode. (b) Neutral conformer, pH 7.0,R2 ) 0.985 (A),R2 ) 0.989
(B). (O) “Intermediate” conformer, pH 4,R2 ) 0.993 (A),R2 ) 0.992 (B).
(1) “Acidic” conformer, pH 2.2,R2 ) 0.915 (A),R2 ) 0.970 (B). Solid
lines are least-square fits to the data points.

Figure 5. Cyclic voltammograms for nativeS. cereVisiaeiso-1-cytochrome
c immobilized on bare polycrystalline gold electrode through the (Cys102)S-
Au bond at pH 2.2 (full line) and pH 4 (dashed line). For sake of clarity,
the rest of the voltammogram at pH 4, including the peaks due to the neutral
conformer, was erased and only the peaks due to the intermediate conformer
were represented. Sweep rate, 20 mV s-1. T ) 20 °C.
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Electrochemistry of the Covalently Immobilized N62C
Mutant of Yeast Iso-1-cytochromec. Residue 62 was mutated
into a cysteine to obtain a covalent immobilization of the protein
with a different orientation of the heme toward the gold surface
as compared to the native species, yet with a comparable
distance between the iron center and the electrode. The edge-
to-edge distances between the heme iron atom and the CR
carbon of Cys102 and Asn62, calculated from the 3D structure
of native yeast cytochromec (PDB code: 1YCC), are 13.9 and
16.1 Å, respectively. Mutation at position 62 was chosen after
careful investigation of the three-dimensional structure of native
YCC. Asn62 is located at the end of anR helix. Therefore,
mutation in this position is likely not to affect the secondary
and tertiary structures of the protein. Consistently, the electronic
spectra of the mutant coincide with those for native YCC (data
not shown). In solution, the N62C variant yields a well-behaved
diffusion-controlled electrochemical response as the native form.
A typical cyclic voltammogram for chemisorbed N62C on a
polycrystalline gold electrode (obtained with the same procedure
used for native YCC, which yielded a very similar surface
coverage) is shown in Figure 2B. TheE°′ value of+378 mV
at pH 7 and 20°C and the reduction thermodynamics are very
similar to those for the native protein. The same holds for the
intermediate and acidic forms (Figure 4B and Table 1). Also,
the pH titration of the intensity of the cathodic peaks due to
the “neutral” His,Met-ligated form and to the low-pH conform-
ers parallels that for native YCC (Figure 6B). The main
differences with respect to the native protein involve the ET
rate constantks, which is approximately two and 20 times larger
for the neutral and acid conformer, respectively (Table 2).

Electrocatalytic Reduction of O2. The sensitivity to oxygen
concentration of the acidic form of immobilized native and
N62C YCC at pH 2.0 was studied by recording their CV
response at increasing O2 concentration in the electrochemical
cell, as previously reported for cytochrome P450.38 An electro-
catalytic O2-reduction wave was observed (Figure 7), which
indicated that the acidic YCC layer acts as a biocatalytic
interface for dioxygen reduction.

Discussion

Redox Thermodynamics and Kinetics of ET for Im-
mobilized Native YCC. The reduction potential for im-

mobilized native YCC is approximately 100 mV more positive
than that for the freely diffusing protein in solution. Such an
increase inE°′ could be a consequence of the strong electrostatic
repulsion among the positively charged protein molecules
densely packed on the electrode surface, which selectively
stabilizes the reduced state (bearing a lower charge). This
interpretation is in agreement with the positive shifts inE°′
reported for cytochromec upon binding to functionalized
cationic surfaces (obtained with trimethylammonium-terminated
SAMs39) and with the negativeE°′ shifts detected for the binding
to anionic surfaces (obtained with COOH-terminated SAMs40).
These effects are related to the degree of surface coverage, as
shown by the decrease in the anodic shift for cytochromec
adsorbed on COOH-alkylthiolate SAMs with decreasing
surface coverage.27 This may explain the remarkable difference
between the presentE°′ value for covalently immobilized YCC
(E°′ ) +0.370 V vs SHE with a coverage of 90% of a full
monolayer) and that reported previously (E°′ ) +0.268 V vs
SHE with a coverage of 5-40%).15

Temperature remarkably influences the redox behavior of both
diffusing and adsorbed cytochromec.9,16 Our data indicate that
surface-immobilized YCC is more thermostable than in solution.
This is in line with theoretical predictions41 and experimental
results,42 which show that protein adsorption can either alter
the population of different conformational states, since spatial
confinement may raise the barriers of all dynamic processes in
the protein, or shift the equilibrium between different states.

The temperature dependence ofE°′ allows determination of
the standard entropy (∆S°′rc) and enthalpy (∆H°′rc) changes
associated with reduction of the oxidized protein (Table 1).
Comparison with the corresponding parameters for the freely
diffusing protein shows that the changes in∆H°′rc are the main
responsible for theE°′ increase following protein immobiliza-
tion. This is not unexpected since the enthalpic term also
includes the intermolecular electrostatic interactions, which, as
noted above, disfavor the oxidized state of immobilized YCC.
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2004, 126, 10828-10829.

Figure 6. pH dependence of the intensity (measured as the area) of the
baseline-corrected cathodic peaks for neutral and low-pH conformers of
(A) native and (B) N62CS. cereVisiae iso-1-cytochromec immobilized on
bare polycrystalline gold electrode through the (Cys)S-Au bond. (b)
Neutral (His,Met-ligated) conformer. (O) “Intermediate” conformer. (1)
“Acidic” conformer. T ) 20 °C.

Figure 7. Cyclic voltammograms for the acidic conformer of nativeS.
cereVisiae iso-1-cytochromec immobilized on bare polycrystalline gold
electrode through the (Cys102)S-Au bond at pH 2 recorded at different
exposure times of the electrochemical cell (initially under argon) to air at
normal atmospheric pressure. Sweep rate, 20 mV s-1. T ) 20 °C.
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Changes in intramolecular heme/protein interactions cannot be
excluded, although they are likely to play a more limited role.
These data thus suggest that YCC immobilization does not alter
sensibly the heme moiety and its protein environment.

The modest change in∆S°′rc may reflect immobilization-
induced changes in the reorganization of the hydrogen bonding
among the water molecules within the hydration sphere of the
protein upon reduction, which is the main determinant of the
reduction entropy in cytochromec and in ET metalloproteins
in general.43-48

The electron-transfer rate between the chemisorbed native
YCC and the gold electrode at neutral pH (0.20( 0.02 s-1) is
lower than that found for cytochromec adsorbed on most SAMs
(in particular, up to 3 orders of magnitude lower than that for
COOH-alkylthiolate SAMs on gold).31,49,50This indicates that
covalent immobilization of the protein through the (Cys102)S-
Au bond orientation is not competent for fast ET. However, as
noted elsewhere,15 this protein orientation allows interaction of
the heme group with redox partners in solution. Moreover, some
ET reactions involving adsorbed proteins were found to be rate-
limited by conformational reorganization or reorientation at the
electrode surface.51 Therefore, the lateral confinement imposed
by the almost full monolayer density of molecules on the
electrode could probably affect the electron-transfer rate.

The Low-pH YCC Conformers. The behavior of oxidized
cytochrome c in solution as a function of pH has been
extensively investigated.19,52,53At least four pH-induced con-
formational transitions have been detected through spectroscopic
and electrochemical techniques.19,53,54However, relatively little
is known on the pH-dependent equilibria for electrode-im-
mobilized protein films. Covalent S(Cys)-Au binding ensures
stable immobilization of YCC onto the electrode surface, which
allows electrochemical investigations to be carried out even at
very acidic pH values.

Electronic absorption spectroscopy performed on ferricyto-
chromec in solution suggests that a pH decrease to 2 causes
the detachment of the two strong axial heme iron ligands
(His18 and Met80) and their replacement by water molecules.55

The observation of a new CV signal at lower potential (E°′ )
+71 mV vs SHE) that gradually increases in intensity upon
decreasing pH to the detriment of that of the neutral form
suggests that YCC undergoes acid-induced conformational
changes also when covalently bound on a surface. Although

voltammetric experiments do not allow determination of either
the spin state or the identity of the axial ligands for the “acidic”
conformer, the dramatic change inE°′ is consistent with the
replacement of both the native axial heme ligands (see below).
To our knowledge, this is the first determination of the redox
potential for a low-pH cytochromec conformer with an altered
axial ligation in the absence of denaturants.56

Conformational changes occurring at low pH were previously
studied by1H NMR57 and resonance Raman spectroscopy.58

Both techniques are extremely sensitive to small changes around
the heme that can be hardly detected by other spectroscopic
methods.1H NMR data indicate conversion of the native low-
spin form into a high-spin intermediate form at a pH of about
4.57 A further pH decrease to 2.2 leads to the formation of
another high-spin species in slow exchange with the pH 4
conformer. Since both low-pH species are high-spin, in both
cases at least one of the two protein axial ligands is detached
from the iron. It has been proposed that the high-spin form
appearing at pH 4 still features the proximal histidine bound to
the iron and that the transition to the other high-spin form at
lower pH involves its protonation and detachment from the
metal.57

The present electrochemical experiments, in agreement with
the above NMR data, show the formation of an “intermediate”
form in the pH range 3-5, usually appearing as a shoulder of
the more intense signals of the neutral or acidic forms, which
is clearly detectable only when the pH is lowered very gradually.
The presence of such an intermediate species suggests that the
conversion of the neutral form to the low-potential acidic form
occurs through a sequence of acid-base equilibria. The reduc-
tion potential for the intermediate form (+182 mV) falls between
those for the neutral and acidic forms (+370 and+71 mV,
respectively). TheE°′ values of the two low-pH conformers
are consistent with the identity of the axial ligands proposed
on the basis of the1H NMR results.57 We note that the
intermediate pH conformer, which should possess a five-
coordinate heme group lacking the Met ligand, shows a much
greater E°′ value than that of other species featuring an
analogous heme configuration, as microperoxidase-11 (MP-11)
(E°′ ) -134 mV)44 and HRP (E°′ ) -306 mV).44 This can be
put in relation with several factors: (i) the present species is
covalently attached to the electrode, whereas theE°′ values for
MP-11 and HRP refer to freely diffusing species (YCC
immobilization, as discussed above, tends to increaseE°′), (ii)
in HRP the proximal His features a pronounced anionic
character, which lowersE°′, and (iii) in MP-11 the heme is
largely exposed to the solvent, reasonably to a larger extent
than in this “intermediate” YCC conformer (see below).

The shape of the pH titration curve of the intensity of the
cathodic peak of the neutral form confirms that at low pH YCC
undergoes a complex proton-mediated redox chemistry that
involves more than one proton and a number of conformational
states in equilibrium.19,59
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The reduction thermodynamic data help characterize the
molecular events occurring at the heme involved in the
transition. The∆H°′rc values increase in this order: neutral<
intermediate< acidic conformer. However, the∆H°′rc values
also contain the contribution from the reduction-induced changes
in the hydrogen-bonding strength accompanying reorganization
of the water molecules within the hydration sphere of the protein.
We have recently shown that, because of solvent-based en-
thalpy-entropy compensation phenomena, the measuredE°′
changes correspond to the enthalpy change due to protein-based
effects without the contribution of solvent reorganization
effects.45-48 The present results are consistent with the hypoth-
esis that the above conformers differ in axial iron coordination.
In particular, the replacement of a methionine with a water
molecule in the intermediate form and the further displacement
of the proximal His by a second water molecule in the acidic
species, both accompanied by an increase in solvent accessibility
of the heme, are expected to stabilize the oxidized heme, thus
resulting in a decrease inE°′. The involvement of a transition-
induced increase in heme exposure to solvent results from the
comparison of the presentE°′ values with those for MP-11
subjected to changes in axial heme ligation.44 In particular, in
MP-11 and its adducts with exogenous axial ligands, the heme
is largely exposed to the solvent (as testified by the much lower
E°′ values of His,Met-ligated MP-11 with respect to native
cytochromec). As a consequence, the increased heme solvation
associated with the removal of one axial ligand is likely not to
affect electrostaticallyE°′ to a large extent. In MP-11, substitu-
tion of an axial Met and an imidazole ligand with a water
molecule induces changes inE°′ of -67 and +55 mV,
respectively, against correspondingE°′ changes of-188 and
-111 mV accompanying the transition from the neutral to the
intermediate form and from the intermediate to the acidic form
of YCC, respectively. The pronounced decrease inE°′ for the
two transitions of YCC can be considered as indicative of an
increase in solvent accessibility of the heme group, which
electrostatically stabilizes the oxidized state. This is also
supported by the increase in reduction entropy on passing from
the neutral to the intermediate and to the acid form (Table 1).
In fact, an increase in solvent accessibility of the heme group
is expected to enhance the effect of the partial disruption of the
ordering of the surrounding water molecules on reduction due
to the decreased electrostatic interaction with the prosthetic
center, which formally bears a formal charge of+1 and 0 in
the oxidized and reduced states, respectively.44,46,47,60The larger
exposure of the heme to solvent in the intermediate and low-
pH conformers could be simply the result of the removal of
axial ligands, although a pH-induced opening of the heme
crevice to solvent cannot be excluded, as suggested previously
for cytochromec in solution.55

The incomplete conversion of immobilized neutral YCC into
the acidic conformer is probably due to multiple factors. Cheng
and co-workers noticed that covalently immobilized cytochrome
c features a UV-vis pH titration curve broader than that in
solution, which was interpreted as the result of an incomplete
conversion of the native into the acid conformer.42 Possibly,
spatial confinement of immobilized cytochromec leads to a
stabilization of the protein in its native conformation. The high

surface coverage probably enhances this effect. As noted above,
the tight packing of the adsorbed molecules could hinder their
conformational freedom and interfere with the proposed increase
in molecular volume associated with the extended conformation
of the acidic conformer, as not all the molecules have enough
room on the surface of the electrode to undergo the transition.
Moreover, it is likely that the pKa of the transition for each
protein is strongly affected by protonation of the surrounding
molecules as a consequence of the remarkable intermolecular
electrostatic repulsions. Therefore, as a consequence of the very
high surface coverage, it is conceivable that: (i) not all the
molecules show the same pKa, which would result in a titration
curve more flattened than that in solution, and (ii) the
electrostatic repulsion for some of the immobilized biomolecules
could be so high as to induce very low pKa values that prevent
protonation (i.e., the acid transition) even at the lowest pH value
investigated.

The ET rate constantks for the acidic form of the adsorbed
native YCC (2.2 ( 0.2 s-1) is approximately 1 order of
magnitude larger than that for the neutral form. Conceivably,
the partial protein unfolding induced by the increased intra-
molecular repulsive forces due to the larger net positive charge
of the molecules at low pH55 alters the ET pathways in the
protein matrix. This could also affect the heme orientation and
distance from the electrode, resulting in a faster electron transfer
process. However, the structural details underlying this effect
are presently not at hand.

Effects of YCC Immobilization through the Au -S(Cys62)
Bond. The E°′ and the reduction thermodynamics for the
chemisorbed neutral N62C variant are similar to those for native
YCC (Table 1). Also, the changes in the reduction thermody-
namics upon protein immobilization onto the electrode are
comparable. However, whereas covalent binding of native YCC
slightly alters the reduction-induced solvent reorganization in
the region surrounding Cys102 [since∆∆S°′rc (∆S°′rc(adsorbed)
- ∆S°′rc(freely diffusing)) ) -12 J K-1 mol-1], binding of
the N62C mutant apparently leaves unaffected that involving
the protein patch containing Cys62 (since∆∆S°′rc is zero). The
2-fold increase inks for N62C (Table 2) indicates that there is
a modest but appreciable effect of protein orientation on the
electron-transfer process. The rate of the electron transfer
between distant centers (10-15 Å or even more) is proportional
to the square of the electronic coupling between donor and
acceptor, HDA, which depends on the properties of intervening
protein medium.61,62 Beratan, Onuchic, and co-workers63-65

developed an empirical model that allows predictions of the
electronic coupling matrix element HDA between donor and
acceptor taking the structural complexity of the protein matrix
into account (the tunneling Pathway model). The structure-
dependent Pathway algorithm searches proteins for the combi-
nation of steps that maximizes HDA and assigns different decay
parameters to bonded, nonbonded, and hydrogen-bonded steps.65

By using this approach, the optimum coupling pathway between
two redox sites can be determined, and the relative couplings
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between a single center (for example, metalloporphyrin, Cu
atom, or Fe-S cluster) and any other (nonhydrogen) atom in a
protein can be estimated.63 The tunneling pathway model has
proved to be one of the most useful methods for estimating
distant electronic couplings.62 The Pathway algorithm was
applied to our system to estimate the coupling matrix element
HDA between the heme cofactor and residues 102 and 62,
respectively.66 Preliminary calculations seem to agree with our
experimental results, since CR of Asn62 is predicted to be more
strongly coupled to the heme than CR of Cys102. Estimated
HDA values between heme and the CR carbon of Cys102 and
Asn62 are 1.73× 10-5 and 8.10× 10-5, respectively (arbitrary
units, see Supporting Information for further details). This could
account for faster ET when the protein is linked to the surface
through Cys62 instead of Cys102.

The redox behavior of the mutant at different pH values
closely parallels that of native YCC (Table 1). The CV signals
and the reduction thermodynamics of the intermediate and acidic
forms, which originate at similar pH values, compare well to
those of corresponding conformers of native YCC. Thus, the
mutant most probably undergoes the same changes in axial heme
ligation and exposure to solvent at low pH as native YCC. The
shape of the pH titration curve for N62C is slightly different
from that of the native protein, suggesting that orientation on
the electrode surface influences the way in which the protein
reacts to the pH change. This could be because some regions
of the protein are more affected than others by the acid
transition, according to the finding that 2-4 protons are involved
in this pH-induced conformational change.19

The most remarkable effect induced by the mutation is the
increase by more than 100-fold inks for the acidic conformer
with respect to the neutral one (Table 2), which is 10 times
larger than the correspondingks increase observed for the native
form. Apparently, the pH-induced structural changes of the
mutant in proximity of the S(Cys62)-Au bond activate par-
ticularly favorable intramolecular ET pathway(s). Thus, the
increase in ET efficiency at low pH is affected by the orientation
of the heme toward the electrode.

Interaction of the Immobilized “Acidic” Cytochrome c
Conformer with Molecular Oxygen. Immobilized cytochrome
c is completely inactive as a biocatalyst for O2 reduction at
neutral pH.67 The conformational changes occurring at low pH
make the axial coordination positions of the heme iron accessible
to molecular oxygen, as previously demonstrated in solution.68

These changes should render the active center of the protein
more similar to that of redox heme enzymes such as catalase
or peroxidase and sensitive to oxygen concentration in solution.
Cyclic voltammograms recorded at pH 2.0 for immobilized
native YCC and its N62C variant at different O2 pressures are
indicative of a catalytic reduction of dioxygen (Figure 7). This
result confirms that at least one axial ligand is detached from
the heme iron and replaced by a solvent molecule. Thus, pH-
induced conformational modifications could possibly lead to
the use of immobilized cytochromec as a component of

biosensing devices. The replacement of redox enzymes by
modified ET proteins to achieve catalytic reduction of O2 or
other substrates at the electrode could be particularly useful,
since in the former systems direct electrical communication
between redox centers and the electrodes is usually hindered
by the insulating properties of the protein matrix.67,69 Using
electron transfer proteins as immobilized components of bio-
sensors could help to at least partially overcome this problem,
since these proteins feature internal electronic pathways that
evolutionarily evolved to allow fast electron exchange between
redox partners. Controlled structural alignment on the electrode
surface could possibly lead to satisfactory electrical contact
between the metalloprotein and electrode. The use of cyto-
chromec as a biocatalyst presents further advantages,70 since
the covalent binding of the heme prosthetic group to the protein
matrix prevents heme detachment in the presence of organic
solvents and the protein is also remarkably stable over a wide
range of temperature and pH.

Conclusions

The immobilized low-pH conformers of both native and the
C102T/N62C variant of yeast iso-1-cytochromec are found to
be electroactive and to reversibly convert to the “neutral” His,-
Met-ligated form with pH. The pH-induced difference inE°′
by 300 mV between the two conformers, due to the detachment
of both axial ligands for the heme iron at low pH, could make
such a pH-induced conformational transition of use as a
molecular switch for bioelectronic devices. One limiting factor
is represented by the slow rate of electron transfer between the
protein and the electrode, which, however, is found to be
remarkably affected by protein orientation toward the electrode
itself. Protein orientation can be changed acting on the position
of the surface cysteine engineered on the protein surface used
to tether the protein to the gold electrode. The change in protein
orientation affects only slightly theE°′ value. Moreover,
sensitivity of the acidic conformer toward oxygen, which could
be extended also to other substrates, leads to appealing applica-
tions of cytochromec in biosensing.
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