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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 ¢ 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 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
‘i.‘emperature and pH may be very important to establish whether
an adsorbed protein can be successfully used as a component
of electronic biodevices.

Iso-1-cytochrome from Saccharomyces cersiae (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 protéfi* Such a feature

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 an
other biomolecular electronic devicEs The stable binding of
redox proteins to electrode surfaces with retention of electron
transfer (ET) activity has been reported for several protein-
electrode combinatiorfs’> For example, this is the case of
cytochromes adsorbed on I¥@nd modified metal electrodés’
blue copper proteins immobilized on both bare and function-
alized surface$?!! and cytochrome P450 bound to SAMs.
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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 proteinRecently,
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 functionalit{? Here, we have studied the
redox behavior of native and mutated cytochrarmnectorially
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®') to be partitioned into its enthalpic and
entropic contribution&®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=sf in metallo-
proteins!® Chemisorption of YCC onto an electrode surface also
allows insights to be gained into the atibdase equilibria
affecting the redox properties of cytochromat low pH. It is
well-known that cytochrome undergoes conformational transi-
tions as a function of pH in both redox stat€Jhe transitions
of the ferri form at alkaline pH values were extensively
characterized electrochemicaf§?! 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 cytochromn@?=24
thus hampering proteirelectrode 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 switdf'of
and biocatalytic constituents, respectively, for use in bio-
molecular electronic and sensing devices.

Experimental Section

Materials. Iso-1-cytochromec from the yeastS. cereisiae was
purchased from Sigma. The samples feature®avalue Rz= A41d
Azgo) greater than 4.5 and were used without further purificatfeh26
The N62C mutant was produced using the QuikChange XL site-directed
mutagenesis kit (Stratagene) starting from two synthetic oligonucleotide
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Figure 1. 3D representations of the structures of native (top) and the
C102T/N62C mutant (bottom) . cereisiae iso-1-cytochrome. 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.

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-cytochrome 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? 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 MYMV* couplé! (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 iata 1 mM solution of 4-mercaptopyridine
for 120 s and then rinsing it with MILLIQ water. Protein solutions
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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-workets. particular,
protein monolayers were obtained through incubation of the polycrys-
talline gold wire in a 10* M solution of reduced cytochronein 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 Raré&s/cik relation-
ship. Apparent standard potentials*() were calculated aB® = (Epa
+ Epg)/2.1627 This is appropriate since is found to be approximately
0.5 andE®' is almost independent of the scan rate in the range 20
500 mV s1.26733 Cyclic voltammograms at variable scan rate were
also recorded to determine the electron-transfer rate corigtiamtthe
adsorbed proteirks values were averaged over five measurements and
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Figure 2. Cyclic voltammograms for native (A) and the C102T/N62C
mutant (B) of S. cereisiae iso-1-cytochromec immobilized on bare
polycrystalline gold electrode through the (Cys)ysu bond in 0.01 M
phosphate buffer, 0.2 M NaCl, pH 7. Sweep rate, 10 m¥ § = 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.

found to be reproducible within 10%, which was taken as the associate least five times, and the reduction potentials were found to be

error. The peak current rati@nodgidicanodic for the neutral form is
approximately 1 down to pH 4. At lower pH values, the current ratio
decreases. For the acid and intermediate formsiath&/icatodic 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 th@didicanodgicratio increases with
decreasing scan rate.

Variable temperature experiments were performed with a noniso-
thermal electrochemical cétt*°> 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 6%. With this experimental
configuration, the reaction entropy for reduction of the oxidized protein
(AS™'r) is given by3435

AS"\ =S 1oq— S = NF(DE/dT) (1)

Thus,AS” . was determined from the slope of the plot5f versus

reproducible withint=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 conditionsH260 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 61 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

temperature, which turns out to be linear under the assumption thatthe gold via the Au-S(Cys) bond. The rate constaky for

AS’ ¢ is constant over the limited temperature range investigated. With
the same assumption, the enthalpy chamge®(,c) was obtained from
the Gibbs-Helmholtz equation, namely as the negative slope of the
E®'/T versus 1T plot. The nonisothermal behavior of the cell was
carefully checked by determining theH*' .. and AS”' ¢ values of the
ferricyanide/ferrocyanide coupfé3°The pH titrations were performed
at constant temperature (200.1°C). The pH was changed by adding
small amounts of concentrated NaOH or HCI under fast stirring.

The electrocatalytic reduction of My immobilized YCC at pH 2
was studied by gradually adding air to the-ftee solution at normal
atmospheric pressure at 2G.

All the electrochemical measurements were performed for both native
YCC and the N62C mutant. All the experiments were performed at
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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§® The estimatedks value for native
YCC is 0.20+ 0.02 st (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/ctpas estimated from the crystal-
lographic dimensions of the protetp.

The temperature dependenceksf for immobilized native
YCC at pH 7.0 is shown in Figure 4A. The electrochemical
response is found to be robust and reversible up t&&5The
immobilized protein thus results to be much more stible
toward temperature than the freely diffusing protein whose CV
signal deteriorates above 3% The E* values show a
monotonic linear decrease with increasing temperature from 5

(36) Laviron, E.J. Electroanal. Chem1979 101, 19-28.
(37) Nicolini, C.; Erokhin V.; Antolini, F.; Catasti, P.; Facci, Biochim. Biophys.
Acta1993 1158 273-278.
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Table 1. Thermodynamic Parameters for Reduction of S. cerevisiae Iso-1-ferricytochrome ¢ (YCC) in Solution and Covalently Bound to a
Polycrystalline Gold Electrode through a (Cys)S—Au Bond?

E>' b (mV) AH" 5 (kJ mol~Y) AS*'¢(I mol~L K1)
species native N62C native N62C native N62C
freely diffusing neutral +260 +263 —-37 —38 —44 —45
immobilized neutral +370 +378 —45 —50 -31 —45
immobilized intermediafe +182 +175 —26 —24 -28 —25
immobilized acidi€ +71 +60 -12 -13 —18 —23

a Average errors oH®'c and AS™¢ values aret2 kJ moft and+6 J molt K1, respectively? At 20 °C. ¢ The sum AH® /JF + TAS”/F) often
does not exactly matcE®' since theAH*' ;. and AS”' values are rounded to the closest integer, as a result of experimentaFéhasphate buffer (0.01
M), NaCl (0.2 M), pH 7. “Neutral” conformer stands for the His,Met-ligated heme protédhosphate buffer (0.01 M), NaCl (0.2 M), pH 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 (seattpkt)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.
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0.5 0.0 00
280 290 300 310 320 330 340 350 280 290 300 310 320 330 340 350
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) ’ st-:an raté IVS'_1 ' ' Figure 4. E°' vsT plots for native (A) and the C102T/N62C mutant (B)

. of S. cereisiae iso-1-cytochromec immobilized on bare polycrystalline
Figure 3. Scan rate dependence of the cathodic peak current of adsorbedgolq electrode.®) Neutral conformer, pH 7.032 = 0.985 (A),R? = 0.989
native S. cereisiae iso-1-cytochromec on bare gold. Measurements at  (B). () “Intermediate” conformer, pH 4R2 = 0.993 (A),R2 = 0.992 (B).
variable scan rates were performed in 0.01 M phosphate buffer, 0.2 M NaCl, () “Acidic” conformer, pH 2.2,R2 = 0.915 (A), R2 = 0.970 (B). Solid

pH7,T=20°C. lines are least-square fits to the data points.

Table 2. Rate Constant for Electron Transfer between the Heme
and the Electrode for the Neutral and Acidic Conformers of S.
cerevisiae |so-1-ferricytochrome ¢ (YCC) and Its N62C Mutant
Covalently Bound to a Polycrystalline Gold Electrode through a 1.0
(Cys)S—Au Bond?

k(s 05
species native N62C 3
neutral conformer 0.20 0.46 T 00
acidic conformet 2.2 50
] ) -05
aMeasured from the scan rate dependence of peak potentials using the
model proposed by Laviron for diffusionless electrochemical systéaat
20 °C; the error affecting thé values is+10%.°¢ At pH 7. “Neutral” -1.0 " T T " "
conformer stands for the His,Met-ligated heme protéiat pH 2. The 08 06 04 02 00 -02 -04

“acidic” conformer likely features a heme iron with two water molecules
S e E/V

as axial ligands and the largest solvent accessibility among the conformers

considered here. Figure 5. Cyclic voltammograms for nativ8. cereisiaeiso-1-cytochrome

R . . . cimmobilized on bare polycrystalline gold electrode through the (Cys102)S
to 65°C. The thermodynamic parameters for reduction are listed Ay bond at pH 2.2 (full line) and pH 4 (dashed line). For sake of clarity,

in Table 1 along with those obtained under diffusion-controlled the rest of the voltammogram at pH 4, including the peaks due to the neutral
conditions. conformer, was erased and only the peaks due to the intermediate conformer
The current intensity of the cathodic peak for immobilized were represented. Sweep rate, 20 mv. § = 20 °C.
YCC decreases with decreasing pH, and a new wave attributablevoltammetric signal is detected, probably because of irreversible
to an “acidic” conformer appears at more negative potentials protein denaturation or formation of an electrochemically silent
(E° =+71 mV at pH 2 and 20C) and reaches its maximum  form. The reduction thermodynamics for immobilized acidic
intensity at pH 1.5 (Figure 5). The conversion of immobilized YCC at pH 2 are listed in Table 1. The electron-transfer constant
neutral YCC into the “acidic” form is reversible (namely, an ks for this conformer (2.2 0.2 s'1) is 1 order of magnitude
increase in pH back to neutrality leads to the disappearance ofhigher than that for neutral YCC (Table 2). A third electro-
the low-potential signal and to the complete recovery of that of chemical signal at intermediate potentials’'(= +182 at 20
the neutral form). °C) is detected between pH 3 and 5 (Figure 5). The reduction
The pH titration of the intensity (measured as the area) of thermodynamics determined for this “intermediate” form of
the baseline-corrected cathodic peak for the neutral form is YCC are also listed in Table 1. The pH titrations of the intensity
shown in Figure 6A. It is worth noting that, at the lowest pH (measured as the area) of the baseline-corrected cathodic peaks
investigated (1.5), conversion of the immobilized molecules into for the “acidic” and “intermediate” conformers are shown in
the acidic form is not complete. At pH values below 1.5, no Figure 6A.
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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. cereisiaeiso-1-cytochrome immobilized on

bare polycrystalline gold electrode through the (Cys)& bond. @)
Neutral (His,Met-ligated) conformerQ) “Intermediate” conformer.¥)
“Acidic” conformer. T = 20 °C.

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 C
carbon of Cys102 and Asn62, calculated from the 3D structure
of native yeast cytochrome(PDB code: 1YCC), are 13.9 and
16.1 A, 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 anhelix. 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. TE&' value of +378 mV
at pH 7 and 20C 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 constarits, which is approximately two and 20 times larger
for the neutral and acid conformer, respectively (Table 2).

Electrocatalytic Reduction of O,. 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,©@oncentration in the electrochemical
cell, as previously reported for cytochrome P45@n electro-
catalytic Q-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-

(38) Fleming, B. D.; Tian, Y.; Bell, S. G.; Wong, L. L.; Urlacher, V.; Hill, H.
A. O. Eur. J. Biochem2003 270, 4082-4088.
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Figure 7. Cyclic voltammograms for the acidic conformer of natiSe
cerevisiae iso-1-cytochromec immobilized on bare polycrystalline gold
electrode through the (Cys102)8u 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 myE= 20 °C.

mobilized native YCC is approximately 100 mV more positive
than that for the freely diffusing protein in solution. Such an
increase Ire®’ 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 shiftsBfi
reported for cytochromec upon binding to functionalized
cationic surfaces (obtained with trimethylammonium-terminated
SAMs9) and with the negativE® shifts detected for the binding
to anionic surfaces (obtained with COOH-terminated SAMs
These effects are related to the degree of surface coverage, as
shown by the decrease in the anodic shift for cytochrame
adsorbed on COOHalkylthiolate SAMs with decreasing
surface coverag€.This may explain the remarkable difference
between the preseBf” value for covalently immobilized YCC
(B = +0.370 V vs SHE with a coverage of 90% of a full
monolayer) and that reported previousb’'(= +0.268 V vs
SHE with a coverage of-540%)15

Temperature remarkably influences the redox behavior of both
diffusing and adsorbed cytochroro&16 Our data indicate that
surface-immobilized YCC is more thermostable than in solution.
This is in line with theoretical predictiofsand experimental
results??2 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 dependencelsf allows determination of
the standard entropyAS™'c) and enthalpy AH®',) changes
associated with reduction of the oxidized protein (Table 1).
Comparison with the corresponding parameters for the freely
diffusing protein shows that the changes\H®' . are the main
responsible for th&®' 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.

(39) Chen, X.; Ferrigno, R.; Yang, J.; Whitsides, G. Mangmuir 2002 18,
7009-7015.

(40) Petrovic, J.; Clark, R. A.; Yue, H.; Waldeck, D. H.; Bowden, EL&gmuir
2005 21, 6308-6316.

(41) Zhou, H. X.; Dill, K. A. Biochemistry2001, 40, 11289-11293.

(42) Cheng, Y. Y.; Chang, H. C.; Hoops, G.; Su, M. Z.Am. Chem. Soc.
2004 126, 10828-10829.
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Changes in intramolecular heme/protein interactions cannot bevoltammetric experiments do not allow determination of either
excluded, although they are likely to play a more limited role. the spin state or the identity of the axial ligands for the “acidic”
These data thus suggest that YCC immobilization does not alterconformer, the dramatic change i’ is consistent with the
sensibly the heme moiety and its protein environment. replacement of both the native axial heme ligands (see below).

The modest change iINS',; may reflect immobilization- To our knowledge, this is the first determination of the redox
induced changes in the reorganization of the hydrogen bondingpotential for a low-pH cytochrome conformer with an altered
among the water molecules within the hydration sphere of the axial ligation in the absence of denaturaffts.

protein upon reduction, which is the main determinant of the  Conformational changes occurring at low pH were previously
reduction entropy in cytochrome:and in ET metalloproteins  stydied by!H NMRS5’ and resonance Raman spectrosctpy.

in generaf3~48 Both techniques are extremely sensitive to small changes around
The electron-transfer rate between the chemisorbed nativethe heme that can be hardly detected by other spectroscopic
YCC and the gold electrode at neutral pH (02®.02 s) is methods!H NMR data indicate conversion of the native low-

lower than that found for CytOChrorTlIHidSOI’bed on most SAMs Spin form into a h|gh_sp|n intermediate form at a pH of about

(in particular, up to 3 orders of magnitude lower than that for 457 A further pH decrease to 2.2 leads to the formation of
COOH-alkylthiolate SAMs on goldj*#%This indicates that  another high-spin species in slow exchange with the pH 4
covalentimmobilization of the protein through the (Cys162)S  conformer. Since both low-pH species are high-spin, in both
Au bond orientation is not competent for fast ET. However, as cases at least one of the two protein axial ligands is detached
noted elsewher® this protein orientation allows interaction of  from the iron. It has been proposed that the high-spin form
the heme group with redox partners in solution. Moreover, some gppearing at pH 4 still features the proximal histidine bound to
ET reactions involving adsorbed proteins were found to be rate- he iron and that the transition to the other high-spin form at

limited by conformational reorganization or reorientation at the |5wer pH involves its protonation and detachment from the
electrode surfac#. Therefore, the lateral confinement imposed  yat5157

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
cytochromec in solution as a function of pH has been
extensively investigatet:5253 At least four pH-induced con-
formational transitions have been detected through spectroscopi
and electrochemical techniqu€$35*However, relatively little
is known on the pH-dependent equilibria for electrode-im-
mobilized protein films. Covalent S(CysAu binding ensures
stable immobilization of YCC onto the electrode surface, which
allows electrochemical investigations to be carried out even at

ver idic pH values. . . . . o

eéei(‘t:r?)r?icpabs?):letison SDECirosco erformed on ferricvto- are consistent with the identity of the axial ligands proposed
. orp P by p Y9 on the basis of théH NMR results” We note that the

chromec in solution suggests that a pH decrease to 2 causes.

. . . intermediate pH conformer, which should possess a five-
the detachment of the two strong axial heme iron ligands coordinate heme aroun lacking the Met ligand. shows a much
(His18 and Met80) and their replacement by water moled&iles. group 9 gand,

The observation of a new CV signal at lower potenttfl' (= greater E* value thap tha}t of othgr specigs featuring an
+71 mV vs SHE) that gradually increases in intensity upon analogous heme configuration, as microperoxidase-11 (MP-11)

or — __ 4 or — __ 44 H
decreasing pH to the detriment of that of the neutral form (E . 13.4 mV)f‘ and HRP E .3(.)6 mV).* This can b.e .
suggests that YCC undergoes acid-induced conformational PUt iN relation with several factors: (i) the present species is

changes also when covalently bound on a surface. Altho hcovalently attached to the electrode,vyher_eafma'al_ues for
g W v y bou . ug MP-11 and HRP refer to freely diffusing species (YCC

(43) Battistuzzi, G.; D'Onofrio, M.; Borsari, M.; Sola, M.; Macero, A. L.; Moura, immobilization, as discussed above, tends to incré&iSe (ii)

The present electrochemical experiments, in agreement with
the above NMR data, show the formation of an “intermediate”
form in the pH range 35, 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.
“he 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 aclithse equilibria. The reduc-
tion potential for the intermediate forr-(82 mV) falls between
those for the neutral and acidic form$370 and+71 mV,
respectively). TheE®' values of the two low-pH conformers

J. J. G.; Rodrigues, R. Biol. Inorg. Chem2000 5, 748-760. in HRP the proximal His features a pronounced anionic
(44) Battistuzzi, G.; Borsari, M.; Cowan, J. A.; Ranieri, A.; Sola, M.Am. . or ey - .
Chem. So0c2002 124, 5315-5324. character, which lower&®’, and (iii) in MP-11 the heme is

(45) Battistuzzi, G.; Bellei, M.; Borsari, M.; Canters, G. W.; de Waal, E.; Jeuken,
o0 G Rameri. A+ Sola. MBiochemisty003 42, 92149520, largely exposed to the solvent, reasonably to a larger extent

(46) Battistuzzi, G.; Borsari, M.; Di Rocco, G.; Ranieri, A.; Sola, 31.Biol. than in this “intermediate” YCC conformer (see below).
Inorg. Chem.2004 9, 23—26. h h f th . . fthe i . f th
(47) Battistuzzi, G.; Borsari, M.; Ranieri, A.; Sola, N.. Biol. Inorg. Chem. The shape of the pH titration curve of the intensity of the
2004 9, 781-787. cathodic peak of the neutral form confirms that at low pH YCC
(48) Battistuzzi, G.; Borsari, M.; Canters, G. W.; Di Rocco, G.; de Waal, E.; P . p
Arendsen, Y.; Leonardi, A.; Ranieri, A.; Sola, Biochemistry2005 44, undergoes a complex proton-mediated redox chemistry that
9944-9949. . ]
(49) Feng, Z. Q.; Imbayashi, S.; Kakiuchi, T.; Niki, K. Electroanal. Chem. mvolve_s more _thz_;m Ogneg proton and a number of conformational
1995 394, 149154, states in equilibriund?5

(50) Avila, A.; Gregory, B. W.; Niki, K.; Cotton, T. MJ. Phys. Chem. B00Q
104, 2759-2766.

(51) Jeuken, L. J. CBiochim. Biophys. Act2003 1604 67—76. (56) Fedurco, M.; Augustynski, J.; Indiani, C.; Smulevich, G.; Akiay.; Bano,
(52) Theorell, H.; Akesson, AJ. Am. Chem. Sod 941, 63, 1812-1818. M.; Sedl«, E.; Glascock, M. C.; Dawson, J. H. Am. Chem. So2005
(53) Wilson, M. T.; Greenwood, C. II€ytochrome c¢: A Multidisciplinary 127, 7638-7646.
Approach Scott, R. A., Mauk, G. A., Eds.; University Science Books: (57) Banci, L.; Bertini, I.; Bren, K. L.; Gray, H. B.; Turano, Ehem. Biol.
Sausalito, CA, 1996; pp 611634. 1995 2, 377-383
(54) Battistuzzi, G.; Borsari, M.; Loschi, L.; Martinelli, A.; Sola, Biochemistry (58) Lanir, A.; Yu, N. T.; Felton, R. HBiochemistry1979 18, 1656-1660.
1999 38, 7900-7907. (59) Fink, A. L.; Calciano, L. J.; Goto, Y.; Kurotsu, T.; Palleros, D. R.
(55) Babul, J.; Stellwagen, Biochemistry1972 11, 1195-1200. Biochemistry1994 33, 12504-12511.

J. AM. CHEM. SOC. = VOL. 128, NO. 16, 2006 5449



ARTICLES Bortolotti et al.

The reduction thermodynamic data help characterize the surface coverage probably enhances this effect. As noted above,
molecular events occurring at the heme involved in the the tight packing of the adsorbed molecules could hinder their
transition. TheAH®' ¢ values increase in this order: neutral conformational freedom and interfere with the proposed increase
intermediate< acidic conformer. However, thAH®' . values in molecular volume associated with the extended conformation
also contain the contribution from the reduction-induced changes of the acidic conformer, as not all the molecules have enough
in the hydrogen-bonding strength accompanying reorganizationroom on the surface of the electrode to undergo the transition.
of the water molecules within the hydration sphere of the protein. Moreover, it is likely that the K, of the transition for each
We have recently shown that, because of solvent-based en-rotein is strongly affected by protonation of the surrounding
thalpy—entropy compensation phenomena, the measHkféd molecules as a consequence of the remarkable intermolecular
changes correspond to the enthalpy change due to protein-basedlectrostatic repulsions. Therefore, as a consequence of the very
effects without the contribution of solvent reorganization high surface coverage, it is conceivable that: (i) not all the
effects?>-48 The present results are consistent with the hypoth- molecules show the sam&j which would result in a titration
esis that the above conformers differ in axial iron coordination. curve more flattened than that in solution, and (i) the
In particular, the replacement of a methionine with a water electrostatic repulsion for some of the immobilized biomolecules
molecule in the intermediate form and the further displacement could be so high as to induce very lowpvalues that prevent
of the proximal His by a second water molecule in the acidic protonation (i.e., the acid transition) even at the lowest pH value
species, both accompanied by an increase in solvent accessibilitynvestigated.
of the heme, are expected to stabilize the oxidized heme, thus The ET rate constark; for the acidic form of the adsorbed
resulting in a decrease E'. The involvement of a transition-  native YCC (2.2+ 0.2 s1) is approximately 1 order of
induced increase in heme exposure to solvent results from themagnitude larger than that for the neutral form. Conceivably,
comparison of the presei® values with those for MP-11  the partial protein unfolding induced by the increased intra-
subjected to changes in axial heme ligattéin particular, in molecular repulsive forces due to the larger net positive charge
MP-11 and its adducts with exogenous axial ligands, the hemeof the molecules at low p# alters the ET pathways in the
is largely exposed to the solvent (as testified by the much lower protein matrix. This could also affect the heme orientation and
E* values of His,Met-ligated MP-11 with respect to native distance from the electrode, resulting in a faster electron transfer
cytochromer). As a consequence, the increased heme solvation process. However, the structural details underlying this effect
associated with the removal of one axial ligand is likely not to are presently not at hand.

affect electrostaticalf® to a large extent. In MP-11, substitu- Effects of YCC Immobilization through the Au —S(Cys62)
tion of an axial Met and an imidazole ligand with a water Bond. The E* and the reduction thermodynamics for the
molecule induces changes iB* of —67 and +55 mV, chemisorbed neutral N62C variant are similar to those for native

respectively, against correspondi&§ changes of~188 and YCC (Table 1). Also, the changes in the reduction thermody-
—111 mV accompanying the transition from the neutral to the namics upon protein immobilization onto the electrode are
intermediate form and from the intermediate to the acidic form comparable. However, whereas covalent binding of native YCC
of YCC, respectively. The pronounced decreas&infor the slightly alters the reduction-induced solvent reorganization in
two transitions of YCC can be considered as indicative of an the region surrounding Cys102 [SindAS” ;. (AS” ((adsorbed)
increase in solvent accessibility of the heme group, which — AS”(freely diffusing)) = —12 J K1 mol~1], binding of
electrostatically stabilizes the oxidized state. This is also the N62C mutant apparently leaves unaffected that involving
supported by the increase in reduction entropy on passing fromthe protein patch containing Cys62 (SilkAS' ¢ is zero). The

the neutral to the intermediate and to the acid form (Table 1). 2-fold increase irks for N62C (Table 2) indicates that there is
In fact, an increase in solvent accessibility of the heme group a modest but appreciable effect of protein orientation on the
is expected to enhance the effect of the partial disruption of the electron-transfer process. The rate of the electron transfer
ordering of the surrounding water molecules on reduction due between distant centers (@5 A or even more) is proportional

to the decreased electrostatic interaction with the prostheticto the square of the electronic coupling between donor and
center, which formally bears a formal charge-6f and 0 in acceptor, Ha, which depends on the properties of intervening
the oxidized and reduced states, respectitet§#"-5°The larger protein mediunf162 Beratan, Onuchic, and co-workets®®
exposure of the heme to solvent in the intermediate and low- developed an empirical model that allows predictions of the
pH conformers could be simply the result of the removal of electronic coupling matrix elementdd between donor and
axial ligands, although a pH-induced opening of the heme acceptor taking the structural complexity of the protein matrix
crevice to solvent cannot be excluded, as suggested previouslyinto account (the tunneling Pathway model). The structure-
for cytochromec in solution3° dependent Pathway algorithm searches proteins for the combi-

The incomplete conversion of immobilized neutral YCC into nation of steps that maximizeskland assigns different decay
the acidic conformer is probably due to multiple factors. Cheng parameters to bonded, nonbonded, and hyglrogen-bondeé%teps.
and co-workers noticed that covalently immobilized cytochrome By using this approach, the optimum coupling pathway between
c features a UVvis pH titration curve broader than that in  two redox sites can be determined, and the relative couplings
SOlunon{ which was |nterpreted as th,e result of an |ncpmplete (61) Karpishin, T. B.; Grinstaff, M. W.; Komar-Panicucci, S.; McLendon, G.;
conversion of the native into the acid conformgiPossibly, Gray, H. B.Structure1994 2, 415-422.

: , - i 62) Gray, H. B.; Winkler, J. RQ. Rev. Biophys.2003 36, 341-372.
spatial confinement of immobilized cytochroneeleads to a 2633 Ber;’tan' D N.: Botts. J. N.: 0nuchigy ) Science1001, 255 1285-

stabilization of the protein in its native conformation. The high 1288.
(64) Beratan, D. N.; Betts, J. N.; Onuchic, J.NPhys. Chenil992 96, 2852—
2855

(60) Battistuzzi, G.; Bellei, M.; Borsari, M.; Di Rocco, G.; Ranieri, A.; Sola,  (65) Joneé, M. L.; Kurnikov, 1. V.; Beratan, D. N. Phys. Chem. 2002 106,
M. J. Biol. Inorg. Chem2005 10, 643-651. 2002-2006.
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between a single center (for example, metalloporphyrin, Cu biosensing devices. The replacement of redox enzymes by
atom, or Fe-S cluster) and any other (nonhydrogen) atom in a modified ET proteins to achieve catalytic reduction of @
protein can be estimatéd.The tunneling pathway model has other substrates at the electrode could be particularly useful,
proved to be one of the most useful methods for estimating since in the former systems direct electrical communication
distant electronic coupling®. The Pathway algorithm was  between redox centers and the electrodes is usually hindered
applied to our system to estimate the coupling matrix element by the insulating properties of the protein mafii¥? Using
Hpa between the heme cofactor and residues 102 and 62,electron transfer proteins as immobilized components of bio-
respectively?® Preliminary calculations seem to agree with our sensors could help to at least partially overcome this problem,
experimental results, sincen®f Asn62 is predicted to be more  since these proteins feature internal electronic pathways that
strongly coupled to the heme thare@f Cys102. Estimated  evolutionarily evolved to allow fast electron exchange between
Hpa values between heme and thet €Carbon of Cys102 and  redox partners. Controlled structural alignment on the electrode
Asn62 are 1.73« 107> and 8.10x 1075, respectively (arbitrary ~ surface could possibly lead to satisfactory electrical contact
units, see Supporting Information for further details). This could between the metalloprotein and electrode. The use of cyto-
account for faster ET when the protein is linked to the surface chromec as a biocatalyst presents further advantd§e#yce
through Cys62 instead of Cys102. the covalent binding of the heme prosthetic group to the protein
The redox behavior of the mutant at different pH values matrix prevents heme detachment in the presence of organic
closely parallels that of native YCC (Table 1). The CV signals solvents and the protein is also remarkably stable over a wide
and the reduction thermodynamics of the intermediate and acidicrange of temperature and pH.
forms, which originate at similar pH values, compare well 0 cqonclusions
those of corresponding conformers of native YCC. Thus, the ) . .
mutant most probably undergoes the same changes in axial heme The 'mmOb'“Ze_d low-pH conformers of both native and the
ligation and exposure to solvent at low pH as native YCC. The ClOZT/NGZC_ variant of yeast_lso-l-cytochromar“e found”to_
shape of the pH titration curve for N62C is slightly different be elt_actroactlve ant_:l to reversibly cc_)nvert to the neutral 'HIS,-
from that of the native protein, suggesting that orientation on Met-ligated form with pH. The pH-induced difference
the electrode surface influences the way in which the protein PY 300 mV between the two conformers, due o the detachment
reacts to the pH change. This could be because some region f both aX|aI_I|gands for the hem_e iron at IOW pH, could make
of the protein are more affected than others by the acid such a pH-mduced _conformat_|onal _transmon _Of_ use as a
transition, according to the finding that 2 protons are involved molecular switch for bioelectronic devices. One limiting factor
in this pH-induced conformational chante. is represented by the slow rate of electron transfer between the

The most remarkable effect induced by the mutation is the protein and the electrode, .Whlc.h’ hqwever, is found to be
increase by more than 100-fold ka for the acidic conformer remarkably affected by protein orientation toward the electrode

with respect to the neutral one (Table 2), which is 10 times itself. Protein orientation can be changed acting on the position

o . of the surface cysteine engineered on the protein surface used
larger than the correspondikgincrease observed for the native . . )

: to tether the protein to the gold electrode. The change in protein
form. Apparently, the pH-induced structural changes of the

mutant in proximity of the S(Cys62)Au bond activate par- orlen.t gt!on affects. qnly slightly the=*" value, Morgover,
. . sensitivity of the acidic conformer toward oxygen, which could
ticularly favorable intramolecular ET pathway(s). Thus, the

increase in ET efficiency at low pH is affected by the orientation be extended also to other substrates, leads to appealing applica-

of the heme toward the electrode. tions of cytochromes in biosensing.
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indicative of a catalytic reduction of dioxygen (Figure 7). This jndividual E> vs T plots (Figure 4) with expandegtaxes, and
result confirms that at least one axial ligand is detached from f,rther details on the prediction of electronic coupling matrix
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