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ARTICLE INFO ABSTRACT

Accepted 31 July 2020 The Met80Ala and Met80Ala/Tyr67Ala variants of S. cerevisiae iso-1 cytochrome c (ycc) and their adducts

with cardiolipin immobilized onto a gold electrode coated with a hydrophobic self-assembled monolayer
(SAM) of decane-1-thiol were studied through cyclic voltammetry and surface-enhanced resonance
Raman spectroscopy (SERRS). The electroactive species - containing a six-coordinate His/His axially
ligated heme and a five-coordinate His/- heme stable in the oxidized and reduced state, respectively -
and the pseudoperoxidase activity match those found previously for the wt species and are only slightly

Keywords: affected by CL binding. Most importantly, the reduced His/- ligated form of these variants is able to cat-
Cytochrome ¢ . e s . . - . . .
Cardiolipin alytically reduce the nitrite ion, while electrode-immobilized wt ycc and other His/Met heme ligated vari-

ants under a variety of conditions are not. Besides the pseudoperoxidase and nitrite reductase functions,
which are the most physiologically relevant abilities of these constructs, also axial heme ligation and the
equilibria between conformers are strongly affected by the nature - hydrophobic vs. electrostatic - of the
non-covalent interactions determining protein immobilization. Also affected are the catalytic activity
changes induced by a given mutation as well as those due to partial unfolding due to CL binding. It fol-
lows that under the same solution conditions the structural and functional properties of immobilized ycc
are surface-specific and therefore cannot be transferred from an immobilized system to another involving
different interfacial protein-SAM interactions.

Surface immobilization
Pseudoperoxidase
Nitrite reductase

1. Introduction swapping following cytc peroxidation [12] and adsorption onto a

structured molecular assembly. This happens under physiological

Surface immobilization can impart cytochrome c (cytc) with
diverse functional abilities in vivo and in vitro besides that of shut-
tling electrons which was thought to be the only role until about
15 years ago [1-11]. Key to this belief was the presence of the six-
coordinate heme center featuring an His/Met axial ligation that
would render the iron unavailable for substrate binding and
thereby unable to carry out any catalytic action. Yet, cytc is involved
in the regulation of oxidative stress, eliminating of H,0O, due to its
peroxidase-like activity [12-14]. It has been eventually demon-
strated that the “sixth” axial Met ligation is subjected to lifting or
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conditions, as the binding to cardiolipin (CL), a negatively charged
phospholipid of the inner mitochondrial membrane (IMM), that
eventually leads to the apoptosis cascade [1-4,6,9,14-22], and upon
tyrosine nitration and Met80 oxidation that induce cytc transloca-
tion from the mitochondrion to the cytoplasm and nucleus in non-
apoptotic cells [14,23-28]. (Met)S-Fe bond breaking occurs also for
cytc subjected to a non-covalent immobilization on surface-
functionalized electrodes [29-34]. In both cases, cytc binding to
the surface and the consequent motional restriction leads to the
onset of a significant peroxidase and nitrite reductase activity that
has important consequences for the programmed cell death and for
applications in sensing interfaces and devices, respectively
[6,9,17,18,30,33-37]. A great amount of work has been done on
the physico-chemical behavior - including structural aspects,
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reactivity and catalysis - of cytochromes c from various sources
immobilized on different surfaces under a variety of conditions
[11,17,18,30-34,38-43].

Here, we focus on the role of the nature of the non-covalent
interactions determining protein immobilization on the pseu-
doperoxidase and nitrite reductase functions, which are the most
physiologically relevant abilities. It is conceivable that the adsorb-
ing surface is not innocent, as the interfacial interactions may
induce different effects on cytc conformation and orientation
toward the solution which impact reactivity. To clarify this point
it is important to measure such effects for given systems under
controlled conditions and try to make considerations of general
validity. To do so, in this work we focused on the Met80Ala and
Met80Ala/Tyr67Ala variants of yeast iso-1 cytochrome c (ycc)
which possess pseudoperoxidase and nitrite reductase activity
when electrostatically immobilized on a negatively charged SAM-
coated electrode [34,38,42,43] and studied if and how the structure
of the heme center and the catalytic behavior change upon adsorp-
tion onto an hydrophobic SAM under the same conditions. We find
that remarkable changes do occur indeed. It follows that the
behavior of immobilized cytc is strongly affected by the properties
of the adsorbing surface and that results cannot be transferred
from an immobilized system to another. In addition, we found that
the both mutations have a significant impact on the interaction of
CL with ycc in the immobilized state.

2. Materials and methods
2.1. Materials

The Met80Ala and Met80Ala/Tyr67Ala mutants of recombinant
S. cerevisiae iso-1 cytochrome ¢ (M80A and M80A/Y67A hereafter)
were expressed and isolated as described previously
[34,38,39,42-44]. The variants are nontrimethylated and carry
the C102T mutation to prevent protein dimerization
[34,38,39,42-44]. Protein solutions were made up in 5 mM Tris-
HCl and NaCl at pH 7.5 for storage at —20 °C. Solid decane-1-
thiol (DT) and bovine cardiolipin (CL) in ethanolic solution were
purchased from Sigma-Aldrich (catalog number 705233-1G and
C1649, respectively). All chemicals were reagent grade. Doubly dis-
tilled water was used throughout.

2.2. Electrochemical measurements

A potentiostat/galvanostat mod. 273A (EG&G PAR, Oak Ridge,
USA) was used to perform cyclic voltammetry (CV). Experiments
were carried out using a cell for small volume samples (0.5 mL)
under argon. A 1 mm-diameter polycrystalline gold wire, a Pt
sheet, and a saturated calomel electrode (SCE) were used as work-
ing, counter, and reference electrode, respectively. The electrical
contact between the SCE and the working solution was achieved
with a Vycor® (from PAR) set. Reduction potentials were calibrated
against the MVZ*/MV* (MV = methyl viologen) and ferrocene/fer-
rocenium couples under all experimental conditions employed in
this work to make sure that the effects of liquid junction potentials
were negligible. All the reduction potentials reported here are
referred to the standard hydrogen electrode (SHE), unless other-
wise specified. The working gold electrode was cleaned as reported
elsewhere [45]. The Vycor® set was treated in an ultrasonic pool for
about 5 min. SAM coating on the gold electrode was obtained by
dipping the polished electrode into a 1 mM ethanol solution of
DT for 12 h and then rinsing it with water [17,46]. The functional-
ized electrode was then subjected to five voltammetric scans
from +0.2to —0.3V,0to —0.4V, 0 to —0.6 V in 5 mM HEPES buffer,
pH 7.2, to achieve SAM alignment [46]. Protein solutions were

freshly prepared before use in 10 mM HEPES buffer at pH 7.2
and their concentration (typically 10 pM) was carefully checked
spectrophotometrically (Jasco mod. V-570 spectrophotometer).
Protein adsorption on the DT SAM-coated Au electrode was
achieved by dipping the functionalized electrode into a 10 uM pro-
tein solution at 4 °C for 1 h. ycc-CL adducts were obtained by mix-
ing cytochrome c and CL to obtain a 10 uM protein and 300 pM CL
solution (ycc/CL molar ratio 1:30) in 10 mM HEPES at pH 7.2,
which was allowed to stand for 30 min [17]. In these conditions,
ycc is fully bound to CL as confirmed by the fluorescence spectra
[17,18,47,48]. Adduct adsorption on the DT-coated electrode was
achieved by dipping the functionalized electrode into the above
solution for 1 h at 4 °C. The CV measurements were carried out
using a working solution containing 10 mM sodium perchlorate
and 10 mM HEPES buffer at pH 7.2. The electrochemical measure-
ments were carried out avoiding the use of phosphate buffer.
Indeed, phosphate ions at pH 7 are known to bind specifically to
cytochrome c at the clustered surface lysines, thereby altering
the interaction with CL and the properties of the resulting adduct
[7,15,16,20,49-55]. 10 mM NacClO4 was chosen as support elec-
trolyte, since perchlorate features a single low-affinity interaction
site on the surface of mitochondrial cyt, which is different from
those proposed for phosphate [51] and the concentration used
herein is much lower than that needed for specific binding [56].

From 5 to 35 °C, the voltammetric signals are reproducible and
persist for several cycles, indicating a stable protein layer. The for-
mal potentials E°* were calculated from the average of the anodic
and cathodic peak potentials. CV measurements were performed
at different scan rates v (from 0.02 to 40 V s~!) and all the exper-
iments were repeated at least five times. The reduction potentials
were found reproducible within + 0.001 V. Currents increase lin-
early with increasing the scan rate (not shown) and their ratio is
almost unit throughout the temperature range studied, as expected
for an adsorbed protein [57]. Surface coverage I'y values for all spe-
cies and their CL adducts were determined as reported previously
[33,38]. Variable-temperature CV experiments were carried out
with a cell in a “non-isothermal” setting, namely in which the ref-
erence electrode was kept at constant temperature (21 + 0.1 °C)
whereas the half-cell containing the working electrode and the
Vycor® junction to the reference electrode was under thermostatic
control with a water bath [58-63]. The temperature was varied
from 5 to 30 °C. With this experimental configuration, the standard
entropy change for heme Fe(III) to Fe(Il) reduction in ycc (AS®’..) is
given by [58-60]:

v y dE”
AS rc:S red*s ux:nF<dT> (1)

Thus, AS°’;. was determined from the slope of the plot of E°’ ver-
sus temperature which turns out to be linear under the assumption
that AS°. is constant over the limited temperature range investi-
gated. With the same assumption, the enthalpy change (AH® )
was obtained from the Gibbs-Helmholtz equation, namely as the
negative slope of the E°’/T versus 1/T plot [61-64]. Repeated cycling
does not affect the voltammograms from 5 to 30 °C, indicating that
the protein monolayer is stable. The nonisothermal behavior of the
cell was carefully checked by determining the AH*",. and AS®’, val-
ues of the ferricyanide/ferrocyanide couple [60-63].

Cyclic voltammograms at variable scan rate were recorded to
determine the rate constant ks for the interfacial electrochemical
ET process for the adsorbed protein, according to Laviron [65].
Effects of uncompensated cell resistance were minimized using
the positive-feedback iR compensation function of the potentiostat,
set at a value slightly below that at which current oscillations
emerge [66]. The ks values were averaged over five measurements
and found to be reproducible within 6%, which was taken as the



associate error. ks values were also measured between 5 and 30 °C
to determine the activation enthalpies (AH*) using the Arrhenius
equation, namely from the slope of the plot of In ks versus 1/T
[17,29,32-34,38,40,43,45,46,49]. The electrocatalytic reduction of
hydrogen peroxide and nitrite by immobilized ycc was studied
by gradually adding aliquots of H,O, and sodium nitrite solutions
to the O,-free cell solution at 5 °C [30,33,34,38,42]. The catalytic
currents were measured as the difference between the cathodic
peak current in the presence and in the absence of a given sub-
strate concentration [30,42]. The catalytic current density (j) was
calculated as the ratio of the electrocatalytic current i and the elec-
trochemically determined area of the electrode. The area of the
immersed portion of the gold wire was carefully calculated after
each CV session by dipping the bare electrode at exactly the same
depth into a solution of an electrochemical standard, ferrocenium
tetrafluoborate, recording the CV signal for the standard, and then
applying the Randles-Sevcik relationship [30,42].

2.3. Surface-enhanced resonance Raman spectroscopy

SERRS measurements on the electrode-immobilized cyto-
chromes and their CL adducts were performed using a linearly
moving spectroelectrochemical cell equipped with a flow system
described elsewhere [32,34]. This configuration allows filling the
cell with Ny-saturated buffer to minimize the presence of O, in
contact with the working electrode. The working electrode was a
2.5-mm-diameter homemade nanostructured Ag electrode
equipped with a removable Ag tip (SMARTIP Electrode, Mechanical
Workshop of the Vrije University, Amsterdam). The counter and
the reference electrode were a Pt plate embedded inside the poly-
meric body of the spectroelectrochemical cell and a SCE (AMEL
Instruments, Milan), respectively. Ag electrodes were polished
and roughened as described previously [67,68]. Spectra were col-
lected in back-scattering geometry, with an InVia Raman micro-
scope (Renishaw plc, Wotton-under-Edge, U.K.) equipped with a
Bluephoton 405 nm diode laser (Omicron GmbH, Rodgau-
Dudenhofen, Germany) delivering 0.5 mW laser power at the sam-
ple and with a spectrograph having a 2400 I/mm grating (spectral
resolution of approximately 4 cm™') and a thermoelectrically
cooled (-70 °C) CCD camera [32,34]. Spectra were collected with
an exposure time of 30 s. The spectrograph was calibrated using
the lines of a Ne lamp. A 60 x water immersion microscope objec-
tive (NA = 1.00) was used to focus the laser on the surface of the
DT-coated roughened Ag electrodes on which the protein had been
adsorbed [32,34]. SAM formation was achieved exposing the
roughened electrode to a 1-mM ethanol solution of DT for 12 h.
The procedure for immobilizing ycc and their CL adducts on the
DT-coated Ag working electrode was identical to that used for
the CV measurements. The reference electrode and the cell were
kept at constant room temperature (20 °C). During each measure-
ment, the electrode was kept moving using a motorized micro-
scope stage (Prior Scientific Instruments Ltd., Cambridge, UK) to
renew the part of the electrode surface illuminated by the laser,
thus avoiding overheating and/or sample photodegradation. SERRS
measurements were performed in three independent replicas (i.e.
on three different electrodes). To facilitate comparison, all spectra
were baseline-subtracted (polynomial baseline) and vector-
normalized.

3. Results and discussion
3.1. Voltammetry and oxidation state-dependent heme coordination

The two variants and their CL-adducts show the same voltam-
metric behavior that matches that of wt ycc and its triple KtoA

variant studied previously under the same conditions [17,18].
These mutations do not alter the redox state-dependent heme iron
axial coordination found for wt, as shown by the SERRS data dis-
cussed below. In particular, two redox-state-dependent electroac-
tive conformers are observed, indicated as LP and HP, which are
most stable in the oxidized and reduced state, respectively. LP cor-
responds to a low-spin (LS) six-coordinate (6c) His/His-ligated
heme containing species in which the OH™ ion, which substitutes
the native Met80 as heme axial ligand in both mutants
[34,38,42-44,69-71], is replaced by a His residue (either His26 or
His33) [1,3,7,15-18,24,53,72-74], while HP contains a high-spin
(HS) five-coordinate (5c¢) His/- ligated heme, in which iron features
an open coordination site due to the detachment of the axial OH™
ligand [17,18]. As for wt, the reduced 6¢ LP and the oxidized 5c HP
conformers convert with time into the stable reduced 5c HP and
oxidized 6¢ LP species, respectively [17]. Indeed, at scan rates ()
lower than 0.1 Vs~!, the voltammograms - run in either cathodic
or anodic direction - contain the peaks LP.(intense)/LP,(weak)
and HP(weak)/HP,(intense) (Fig. 1). Upon increasing ¢, these tran-
sitions have no time to occur, therefore in the anodic (cathodic)
scan the current of LP, (HP.) increase (Fig. 2). At v above 5 V s!
the two redox couples are clearly visible (Fig. 2) and their E°’ values
can be determined safely (Table 1).

Mutations have an impact on the thermodynamic and kinetic
parameters of the redox reaction and species conversion. The E*’
values for the variants and their adducts with CL are quite similar,
as found for wt and its triple KtoA mutant [17,18]. The ratio of
the peak areas Q;pc/Qupc (Where Qup. and Qypc are the charge needed
to reduce the oxidized adsorbed 6c LP and 5c¢ HP protein, respec-
tively) is independent of scan rate, indicating that the surface con-
centration of the two forms is constant. While this ratio does not
change appreciably with temperature for wt, it does for M80A
and M80A/Y67A (Fig. 3). Also the Qupa/Qupa ratio is independent
of scan rate and is strongly affected by temperature. In particular,
peak LP, decreases with increasing temperature while peak HP,
increases (Fig. 3). Thus, interconversion between the ferrous high-
spin 5c¢ His/- (HP) and low-spin 6c His/His (LP) species is affected
by temperature. The Qp,/Qup. ratio can be taken as the ratio
between the corresponding protein surface concentration (I'p,/
T'ypa). Under the hypothesis that the activity of the adsorbed spe-
cies is equal to the corresponding surface concentration (ap; = I'pa,
and ayp, = T'ypa), such current ratio yields the equilibrium constant,
Kup_1p, for the above transition at each temperature (Table 2). The
standard enthalpy and entropy changes, AHyp_,1p and AS°yp_ip,
associated to the HP to LP transition can be calculated from the
vant’Hoff equation (Fig. 4, Table 2) [17]. The same constant for the
oxidized species and the corresponding thermodynamic parameters
could not be measured as above because the cathodic signal of the
HP form is weak and not well resolved. Therefore, a Born-Haber cycle
was used, taking advantage of the AH°.. and AS°,. values for the LP
and HP species discussed below (Scheme 1, Supplementary Informa-
tion). As expected, the Kyp_p values for the oxidized forms are
remarkably higher than the reduced forms, due to the much larger
affinity of the ferric ion for the bis-His axial ligation of the 6¢ LP state.
Bonding interactions (enthalpic term) invariably favor the transition,
particularly for the ferric state, consistent with the formation of an
additional coordination bond in LP. This effect is opposed by relevant
entropic costs, much less oxidation state-dependent, likely con-
tributed by a decrease in the motional degrees of freedom of the pro-
tein, consistent with some structuring effects due to the additional
linkage, but largely due to transition induced changes in the solvation
properties of the heme and the protein as a whole.

For all species in both redox states, formation of the CL adducts
decreases the Kyp_p values. In the two mutants the observed
effect has an enthalpic origin, whereas for wt the effect is entirely
entropic in nature. Conceivably, CL stabilizes the 5¢ His/- form and
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Fig. 1. Cyclic voltammograms at low scan rate (0.05 V s~!) for (a) the M80A and (b) the M80A/Y67A variant of Saccharomyces cerevisiae yeast iso-1 cytochrome ¢ immobilized
on a hydrophobic SAM of decane-1-thiol (DT) and (c) and (d) the corresponding adducts with cardiolipin immobilized under the same conditions. Potentials are vs. SCE.
Potential scans started from E = +0.0 V. Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer at pH 7.2. T = 278 K.

obstacles formation of the additional bond, possibly by introducing
some structural constraints to iron coordination of the second axial
His. Overall, mutations significantly affect the interaction of CL
with ycc on the DT SAM. We note that for the proteins and their
CL-adducts in both redox states Kyp_p increases in the order:
wt, M80A, M80A/Y67A. The change due to the M80A mutation is
dominated by a decrease in the entropic cost of the transition most
likely due to solvation effects related to the mutation-induced
increased exposure of the heme center to solvent, while increas-
ingly relevant enthalpic effects are generated by the additional
Y67A mutation (Table 2). The importance of transition-induced
reorganization of the H-bonding network at protein-solution inter-
faces on the thermodynamics of the process is demonstrated by
the characteristic [17,29,34,49,75-90] enthalpy/entropy compen-
sation shown by the AHfp_p and Syp_,p values of each protein
(Fig. S1).

3.2. SERR spectroscopy: Axial heme iron ligation
Surface-enhanced resonance Raman (SERR) spectroscopy yields

structural insight into the coordination features of the heme center
of cytochromes c [91] as certain heme vibrational modes are dis-

tinctive of the iron oxidation state, spin state and coordination
number [92,93]. In particular, the v,, v3 v4 and vq¢ bands, accord-
ing to Abe et al. are usually taken as marker bands [94]. The Raman
shifts and band intensities in the RR spectrum of oxidized M80A in
solution at pH 7 (Fig. S2) are indicative of a low-spin six-coordinate
heme iron axially bound to the proximal His residue and a hydrox-
ide ion (His-Fe-OH) [44]. For the M80A protein, however, a band at
1570 cm™! is suggesting that a fraction of the protein might be
unfolded to yield a high-spin six-coordinate heme iron containing
form, possibly with a H,O/H,0 axial ligation [74]. The same species
immobilized on an anionic SAM of 11-mercapto-1-undecanoic acid
(MUA) and 11-mercapto-1-undecanol (MU) (MUA/MU hereafter)
feature the 6¢ LS heme with a His/OH™ axial coordination observed
in solution, which is almost unaffected upon 7 M urea-induced
unfolding [34]. On the contrary, spectral changes are found in the
SERR spectra for both oxidized M80A and M80A/Y67A adsorbed
on the DT-coated electrode (Fig. 5). In particular, besides the
invariant band v, at 1374 cm™! (consistent with a 6¢c LS state),
the spectra display a shift in the v; bands at 1504 and 1506 cm!
for the M80A and M80/Y67A, respectively. While still characteristic
of a 6¢LS species, such values suggest a change in one of the heme
axial ligand, possibly a His/His or a His/H,O coordination [74]. The
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Fig. 2. Cyclic voltammograms at variable scan rate for (a-c) the M80A and (d-f) the M80A/Y67A variant the recombinant Saccharomyces cerevisiae yeast iso-1 cytochrome ¢
immobilized on a hydrophobic SAM of decane-1-thiol (DT); Scans were started after an oxidizing poise at E = +0.0 V followed by an anodic scan. Potentials are vs. SCE. Scan
rate: (a, d) 0.05 Vs™'; (b, ) 1 Vs™!; (¢, f) 5 Vs~! Very similar responses were obtained from the corresponding adducts with cardiolipin immobilized under the same
conditions. Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer at pH 7.2. T = 278 K.

Table 1

Thermodynamics of reduction and kinetics of heterogeneous electron transfer for wild-type Saccharomyces cerevisiae yeast iso-1-cytochrome c (ycc), its M80A and M80A/Y67A
variants and their cardiolipin adducts (+CL) adsorbed on a gold electrode coated with decane-1-thiol.

E* (V)© AH® AS®'y¢ ks AH* InA
(kJ mol )¢ (J mol~! K~1)¢ (s (kJ mol )2
free +CL free +CL free +CL free +CL free +CL free +CL
MS80A LP -0.182 -0.172 46.2 42.2 95 87 349 69 10.6 12.5 10.2 9.4
HP 0 0 12.3 14.9 43 51 201 44 12.7 13.8 10.5 9.5
MS80A/Y67A LP -0.190 -0.194 55.1 48.5 125 102 189 70 124 15.1 10.3 10.5
HP 0 —0.006 171 23.2 59 77 107 69 14.7 17.1 10.7 11.3
wt ° LP -0.253 -0.226 55.4 48.3 106 90 339 232 7.9 8.3 9.1 8.9
HP —-0.106 -0.101 27.2 239 57 48 127 119 9.8 10.1 8.9 8.9
KtoAP LP -0.270 —-0.248 46.2 48.8 69 85 186 131 8.5 8.8 8.9 8.7
HP -0.111 —-0.106 27.7 26.1 58 54 97 85 9.1 9.5 8.5 8.6

3 LP and HP correspond to the 6¢ His/His-ligated and the 5c His/- ligated heme-containing form, respectively. The average error on E*, AS® ., AH*, ks, AH* and InA
are + 0.001 V, £2 ] K" mol~', 0.8 kJ mol ", +6%, +0.2 k] mol~' and * 0.2, respectively. Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer at pH 7.2.

> From ref. [17,18].

¢ T=278K.

4 AH°': standard enthalpy change for Fe(Ill) to Fe(Il) ycc reduction.

¢ AS®: standard entropy change for Fe(IIl) to Fe(Il) ycc reduction;

ks: rate constant for the heterogeneous electrode-ycc electron transfer. T = 278
& AH*: activation enthalpy for the heterogeneous electrode-ycc electron transfer.

f

v3 band of the M80A on DT, moreover, displays a shoulder at lower
wavenumbers, compatible with the occurrence of a 5cHS species.
In the presence of CL, however, the spectrum of M80A remains
almost unchanged (if not by a decrease of the 5cHS vs shoulder),
whereas that of M80A/Y67A shows a clear band at 1494 cm™!,
indicating the conversion of a fraction of the protein to a 5cHS
species.

These results indicate that a) heme axial ligation in M80A and
M80/Y67A immobilized on a hydrophobic surface, either free or

K.

bound to CL, differs from that of the same species in solution and
electrostatically immobilized on MUA/MU and b) CL binding does
not affect appreciably the coordination of the heme center for
MB8O0A (while it affects M80A/Y67A), in full agreement with the
electrochemical data discussed above. Therefore, while immobi-
lization on anionic SAM does not affect the heme iron binding
set of the solution species, even in the presence of high concentra-
tions of an unfolding agent such as urea, immobilization on a
hydrophobic DT SAM does. Both DT-immobilized ferric ycc vari-
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Fig. 3. Cyclic voltammograms at variable temperature for (a) the M80A and (b) the
MB80A/Y67A variant the recombinant Saccharomyces cerevisiae yeast iso-1 cyto-
chrome ¢ immobilized on a hydrophobic SAM of decane-1-thiol (DT). The arrows
indicate the changes observed with increasing temperature from 278 to 298 K.
Black: T =278 K; red: T = 283 K; green: T = 288 K; magenta: T = 293 K; light blue:
T = 298 K. Scans were started after an oxidizing poise at E = + 0.0 V followed by an
anodic scan. Potentials are vs. SCE. Scan rate, 10 Vs~'. The corresponding adducts
with cardiolipin immobilized under the same conditions yielded very similar
responses. Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer
at pH 7.2.

ants and their CL adducts appear, as wt ycc, as a mixture of a pre-
vailing form with a 6¢ LS His/His ligated heme and another less
abundant form featuring a high-spin heme in which the sixth
ligand is lacking. A His/His axial heme ligand set was found previ-
ously also for ferricytochrome c in a hydrophobic micellar environ-
ment [72,73]. His26 and His33 were suggested as candidates to
serve as sixth ligand [16,53,72,95,96]. These residues are distant
from the heme iron in the native structure, but their binding could
be the result of protein unfolding due to the hydrophobic immobi-
lization, eventually modulated by the presence of CL.

From the above, the LP and HP forms should contain a 6¢ His/
His and a 5c His/- center, respectively. The presence of a His resi-

due as the sixth axial heme iron ligand in the ycc-CL adducts - that
experience a motional restriction as that due to the binding to IMM
- would be consistent with the peroxidase activity of CL-bound
cytc. In fact, the His/His ligated cytc shows both pseudo peroxidase
[15-17,24,30,31,33,97,98] and nitrite-reductase activities [34,96]
and catalyzes the reduction of dioxygen to superoxide anion
[18,99]. All activities are functional to the peroxidation of CL by
cytc at the onset of the apoptotic cascade [14,35,100]. Overall,
these data provide compelling evidence that axial heme iron coor-
dination in ycc, regardless of mutations in the heme crevice and CL
binding, is responsive to the electrostatic or hydrophobic nature of
the noncovalent protein-SAM interactions.

3.3. Redox thermodynamics of the adsorbed species

The E°’ values for the HP and LP forms of both variants and their
CL adducts increase linearly with increasing temperature (Fig-
ure S3). The reduction thermodynamics are listed in Table 1. The
two variants show E°’ values higher than wt by approximately
0.07 and 0.11 V for the LP and HP form, respectively. Hence, stabi-
lization of the reduced heme is somewhat larger for the 5c His/-
form, which is that poised for reductive catalysis. In general, the
E° increase upon CL complexation is small; the only significant
effect being that for the LP form of wt (+0.027 V). For the CL
adducts, mutation-induced stabilization of the ferrous HP form is
the same as above, while it is lower for the LP form. As wt and
the variants all feature a His/His axial heme coordination, stabiliza-
tion of the reduced state due to mutations, which turns out to be
mostly enthalpic in nature for M80A and entropic for the double
variant, regardless of CL complexation, can be assigned to the
increase in hydrophobicity of the heme environment, enhanced
in the CL adducts by insertion of the CL hydrophobic chain inside
the heme pocket. This would stabilize the ferrous heme that bears
a lower charge (0 vs. + 1 of the ferric form). Concomitant solvent
reorganization effects most likely occur, which are particularly rel-
evant in the double variant due to the dominant entropic contribu-
tions to the E° changes.

3.4. Kinetics of protein-electrode electron transfer

The heterogeneous rate constants (ks) for the electron transfer
process for M80A and M80A/Y67A are listed in Table 1. As shown
by Bowden et al., the ks values obtained with the Laviron method
can be assumed to correspond to the kinetic constant for ET at zero
driving force [33,101-103]. Therefore, ks can be written as [104]:

ks = g - elF=Tol . g=AGT/RT (2)
namely:
ks = 0o - el-#-=ro)l eAs#/R . e—AH#/RT (3)

Hence, we can discuss the effects of point mutations and CL
binding on k, AH* and the pre-exponential factor A
(=vg - el-Fr=ro)l . @AS*/RY (Table 1, Fig. S4). Previous studies on wt
and mutated ycc immobilized of different SAMs [17,29,33,34,87]
indicated that the activation enthalpy mainly depends on the
polarizability and solvent accessibility of the heme crevice. The
pre-exponential factor A is mainly controlled by protein-SAM
interactions including surface-specific entropic contributions to
the reorganization energy and/or changes in the tunneling factor
p and in the distance r of the heterogeneous ET between the heme
and the electrode [29,32,33,38,43,45,46,87].

The LP and HP conformers of both mutants feature larger AH*
and A values compared to the corresponding forms of wt that par-
tially offset resulting in rather limited changes in ks (Table 1 and
Fig. S5). The mutation-induced increase in the activation enthalpy



Table 2

Thermodynamic parameters for the HP — LP transition occurring for wild-type Saccharomyces cerevisiae yeast iso-1-cytochrome c (ycc), its M80OA and M80A/Y67A variants and
their cardiolipin adducts (+CL) adsorbed on a gold electrode coated with decane-1-thiol.*

Kup-1p (278 k) AHyp_1p AStip_1p
(kJ mol 1) (Jmol 'K
wt b free Fe(Il) 030 + 0.02 ~531+18 ~204+9
Fe(IIl) 212+ 18 -81.6+28 -249 £ 10
+CL Fe(II) 0.13 £ 0.01 -56.8+1.9 221 £ 11
Fe(III) 37+3 -81.2+29 —262 £ 12
MS80A free Fe(II) 412 £0.18 —447 +1.6 -149+8
Fe(III) 4.94 + 0.44x10* ~789+18 ~194 £ 10
+CL Fe(II) 293 +0.12 -295+14 -97+6
Fe(IIl) 1.25 + 0.15x10* -57.1+19 -127 £ 8
MB80A/Y67A free Fe(II) 9.91 £ 043 -50.2 1.7 -162 £ 9
Fe(II) 1.64 + 0.14x10° ~889+27 ~220+ 11
+CL Fe(1I) 495 +0.29 -351+16 -113 £ 12
Fe(IIl) 7.00 + 0.68x10* -60.8 +1.8 -126 £ 15
¢ Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer at pH 7.2.
b From ref. [17,18].
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Fig. 4. van't Hoff plot for the equilibrium constant (Kyp_,1p) for the high spin 5¢ His/- (HP) to low spin 6¢ His/His (LP) transition for a) the reduced M80A and b) the reduced
MB80A/Y67A variant of Saccharomyces cerevisiae yeast iso-1 cytochrome ¢ immobilized on a hydrophobic SAM of decane-1-thiol (DT) and c) and d) the corresponding adducts
with cardiolipin immobilized under the same conditions. Scan rate, 10 Vs~'. Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer at pH 7.2.

is possibly due to an increase in reorganization energy due to a mod-
ified reduction-induced change in the number and structure of
water molecules in the heme crevice. Such an increase is invariably
larger for the double variant compared to M80A. Interestingly, the

LP and HP conformers of both mutants show similar AAH* (=AH*-
mutant - AH? ) values, hence the effects of the mutation-induced
increases of activation enthalpy on the ks of both conformers are
comparable (Table 1). The larger values of the pre-exponential fac-
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Fig. 5. SERRS spectra for the oxidized wt yeast iso-1-cytochrome c (from ref [ 18]) and its M80OA and M80A/Y67A variants in the high-frequency region recorded with a 405 nm
excitation line immobilized on a hydrophobic SAM of decane-1-thiol (DT): free protein (black trace); CL-adduct (blue trace). Measurements were performed in 10 mM sodium
perchlorate and 10 mM HEPES buffer at pH 7.2. T = 293 K. Spectra were corrected by subtracting a linear baseline.

tor A for both mutants compared to wt suggest that the mutations
sensibly alter protein-DT interactions, inducing a lowering of the
tunneling factor and/or a different distribution of the water mole-

cules at the SAM-protein

interface which affects 4AS*.
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CL binding invariably slows down the heterogeneous electron
transfer in a protein-dependent fashion, mostly due to an increase
in the activation enthalpy (Table 1 and Fig. S5). The CL-induced
enhancement of AH* is quite limited for both conformers of wt
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Fig. 6. Cyclic voltammograms for a) the M80A and b) the M80A/Y67A variant of Saccharomyces cerevisiae yeast iso-1 cytochrome ¢ immobilized on a hydrophobic SAM of
decane-1-thiol (DT) and c) and d) the corresponding adducts with cardiolipin immobilized under the same conditions. at increasing H,0, concentration: 0 M (black), 1 M
(red), 2 uM (light green), 3 uM (purple), 4 uM (light blue). Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer at pH 7.2. T = 278 K. Scan rate 0.05 V s~
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but is much more relevant for M80A and M80A/Y67A. Analogously,
CL does not change the pre-exponential factor for wt but modifies
it in both variants (Table 1 and Fig. S5). Hence, CL binding likely has
an impact on both the reduction-induced changes in the hydration
of the heme crevice of both mutants and their interaction with the
DT SAM, while it barely affects wt ycc. This indicates that the
changes in the accessibility and the H-bonding network in the
heme crevice due to the M80A and M80A/Y67A mutations signifi-
cantly modifies CL binding to ycc on the DT-SAM, in line with the
data on the Kyp_,;p values discussed above. These changes are only
slightly affected by the coordination number of the heme iron, as
the CL-induced effect observed for the LP and HP conformers of
the same protein are very similar (Table 1 and Fig. S6).

We note that the ks values for the proteins in the absence of CL
(free protein hereafter) are sensibly higher than those for the same
proteins immobilized of a MUA/MU SAM [17,29,34] as a result of
larger InA values (since the activation enthalpies are conserved).
Therefore protein-SAM interactions have an impact on the tunnel-
ing factor and reorganization of water molecules at the SAM-
protein interface that affect the preexponential factor. This also
tells us that the nature of the SAM may affect the electrocatalytic
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properties of these adsorbed species (discussed below) that involve
protein-electrode ET.

3.5. Pseudo peroxidase and nitrite-reductase activity

The cyclic voltammograms for the immobilized proteins,
recorded in the presence of increasing micromolar concentrations
of hydrogen peroxide and sodium nitrite at pH 7.2, are shown in
Figs. 6 and 7, respectively. For both variants, the cathodic (anodic)
currents increase (decrease) with increasing hydrogen peroxide
and nitrite concentration, with a typical catalytic behavior indicat-
ing that the adsorbed proteins catalyze the reduction of H,0,
(pseudo peroxidase activity) and NO3 (nitrite-reductase activity).
The current of the cathodic peak LP increases with almost no
change in peak potential. This indicates that the catalytically active
form of the proteins, i.e. the form which interacts with H,0, and
NOg3, is the reduced His/His-ligated form state, as previously found
for wt ycc and its CL-adduct on DT versus H,0, while the same
variants subjected to urea unfolding on MUA/MU carry out cataly-
sis using a His/OH™ axial heme iron coordination [17,30,33,34]. The
currents of the cathodic peak HP are barely detectable and there-
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Fig. 7. Cyclic voltammograms for (a) the M80A and (b) the M80A/Y67A variant of Saccharomyces cerevisiae yeast iso-1 cytochrome ¢ immobilized on a hydrophobic SAM of
decane-1-thiol (DT) and c) and d) the corresponding adducts with cardiolipin immobilized under the same conditions at increasing sodium nitrite concentration: 0 pM
(black), 0.25 puM (red), 0.5 uM (light green), 1 uM (purple), 1.5 uM (light blue), 1.75 uM (dark blue). Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer at

pH 7.2. T = 278 K. Scan rate 0.05 V s,



fore were not taken into account in the measurement of the elec-
trocatalytic activity. Immobilized folded wt ycc is catalytically
inactive because the six-coordinate heme iron is not available for
substrate binding as Fe(II) binds strongly to the thioether sulfur
of the Met ligand [30,33,38]. The electrocatalytic effect occurs up
to H,0, and NO; concentrations of about 5 pM and 1.75 pM,
respectively, above which the cathodic currents irreversibly
decrease. Below these substrate concentrations limits, elimination
of hydrogen peroxide or nitrite (obtained by rinsing the electrode
with buffer) restored the CV signal of the protein. Catalytic cur-
rents could then be re-obtained upon hydrogen peroxide or
sodium nitrite addition. Therefore, under these conditions the pro-
tein layer is stable and re-usable. No additional peaks were
detected in the potential range from + 0.6 to —0.8 V (vs. SCE) at
all hydrogen peroxide and sodium nitrite concentrations
investigated.

The catalytic activity of electrode-immobilized proteins can be
estimated from the Michaelis-Menten model expressed in terms
of current density and reported as Lineweaver-Burk plots:
[17,30,33,34,38,42,105,106]

1 1 Ky
Jaat Jmax  Jmax [HZOZ] ( )

1 1 Ky

— =t
Jaat Jmax  Jmax - [NOZ]
where j. is the electrocatalytic current density and jnq is the
maximum current density at substrate saturation. As the protein
coverage of the DT SAM, I, differs for the investigated proteins
(footnote e to Table 3), we have defined the maximum current den-

Sity Jmax Normalized for I'y values, namely Jiax = jmax/I o- Therefore,
Jmax Values should reflect differences in k., among the various spe-

()

Table 3

cies. Hence, the J,4,/Ky ratio correspond to the catalytic efficiency
of the adsorbed species[18,30,33,34,106]. The plots, shown in
Figs. S7 and S8, yield the J;,qx and Ky values listed in Table 3.

As discussed previously for wt ycc on DT, we propose the fol-
lowing mechanism in which the 6th His ligand detaches from the
iron(Il) center [17,30]:

cytFe(Ill)-His + e — cytFe(Il)---His (6)

cytFe(ll) --His + H,0, — cytFe(IV)=0 (His)yncora + H>0 (7)

cytFe(IV)=0 (HiS)uncoora + € + H,O — cytFe(Ill)-His + 2 OH™
(8)
while the mechanism for NO; reduction for can be represented
as [34,42]:

cytFe(Ill)-His + e — cytFe(Il) ---His 9)

cytFe(ll) --His + NO,~ + H,0 — cytFe(Ill)-His + NO + 2 OH—
(10)

The kinetic affinities (Ky;) of H,O, for the heme iron of M80A
and M80A/Y67A and their CL-adducts immobilized on DT are from
one to three orders of magnitude larger [11] than those for immo-
bilized horseradish peroxidase [107,108], hemoglobin variably
immobilized on SAM-coated electrodes [109-111] and
microperoxidase-11 [112,113]. Similarly, the Ky, values for nitrite
are three orders of magnitude greater than those for immobilized
myoglobin [114] and cytochrome P450 [115] and comparable to
that for freely diffusing nitrite reductase (NiR) accepting electrons
from an electrode-immobilized cytochrome css5; [116].

The effects of point mutation(s) and CL binding on the electro-
catalytic activity are reaction-specific. The changes can be better
perceived at a glance thanks to the histograms shown in Fig. 8.

Electrocatalytic activity toward hydrogen peroxide and nitrite reduction for wild-type Saccharomyces cerevisiae yeast iso-1-cytochrome c (ycc), its M8OA and M80A/Y67A variants
and their cardiolipin adducts (+CL) adsorbed on a gold electrode coated with decane-1-thiol.*

Substrate K ¢ Jinax© Jmax/%m
(uM) (uA pmol ™) (uA pmol~"'uM)
H,0, wt DT’ free 4.10 0.65 0.158
+CL 491 1.06 0.216
MUA/MU* folded n.a.
7 M urea 9.3 0.28 0.030
MB80A DT free 4.72 0.47 0.100
+CL 1.90 0.16 0.084
MUA/MU* folded 3.25 0.51 0.157
7 M urea 1.38 0.30 0.217
MB8O0A/Y67A DT free 2.80 0.50 0.179
+CL 2.01 0.35 0.175
MUA/MU*® folded 8.90 0.05 0.006
7 M urea 5.36 0.25 0.047
NO3 wt DT free n.a.
+CL
MUA/MU*® folded
7 M urea
MBS80A DT free 0.22 0.15 0.682
+CL 0.37 0.17 0.459
MUA/MU* folded 5.1 0.12 0.024
7 M urea 0.64 0.19 0.297
MS8O0A/Y67A DT free 0.43 0.15 0.349
+CL 0.85 0.13 0.153
MUA/MU* folded 5.96 0.15 0.025
7 M urea 4.51 0.22 0.049
2 Working solution: 10 mM sodium perchlorate and 10 mM HEPES buffer at pH 7.2 T = 278 K.
> From ref. [17,18].
¢ From ref. [34].
d

Average errors on Ky and J,q are £ 10% and + 8% (relative error), respectively.

€ Jmax is the maximum catalytic current density normalized versus the Iy values. I’y = 15.6 (17.1), 8.0 (8.8) and 9.45 (10.4) pmoles cm 2 for ycc (CL), M80A (CL) and MSOA/

Y67A (CL).
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7M.

In particular, regarding the pseudoperoxidase reaction, M80A and
MB80A/Y67A show a slightly larger and a lower Ky, value compared
to wt, respectively. It is conceivable that the different hydrogen
bonding network within the heme crevice for the two mutants
(which we proposed above to affect also the kinetic constants for
ET) disfavors H,0, access to the heme iron in the former case
and facilitates it in the latter. Likewise, due to the different struc-
ture and solvation properties of the heme environment, CL binding
induces a Ky increase for wt and an opposite effect for both
mutants. In the case of nitrite reduction, M80OA mutation imparts
the protein with activity (wt is inactive), while the additional
Y67A mutation exerts an effect on Ky which is opposite to that

1"

observed toward H,0, reduction. Analogously, CL-adduct forma-
tion increases Ky, for both variants, opposite to the effect exerted
on the pseudo peroxidase reaction. In this case, the increased
hydrophobicity of the crevice would hinder access of the nega-
tively charged nitrite ion to the heme center.

As we recently made an analogous study on the same species
immobilized electrostatically onto the anionic MUA/MU SAM and
subjected to urea-unfolding (see Table 3) [34], here we may com-
pare the effects that different protein-SAM interactions exert on
the same electrocatalytic reaction focusing on the Jy.x/Ku ratio
(Fig. 8). It appears that wt ycc on DT is active as a catalyst for
H,0, reduction but it is not on MUA/MU [17,31,33,34] and is



unable to catalyze nitrite reduction on both surfaces [17,34,38].
Moreover, both variants are more catalytically active toward nitrite
reduction on DT compared to MUA/MU (both folded and unfolded),
while the pseudoperoxidase activity shows an opposite behavior.

This scenario indicates that the nature of the SAM strongly
affects the ability of ycc to yield H,0, and NO; reductive electro-
catalysis. We have found indeed that the intermolecular protein-
SAM interactions affect heme iron axial coordination for wt (His/
His on DT vs. His/Met on MUA/MU) and for M80A and MS80A/
Y67A (His/- and His/His in the reduced and oxidized state, respec-
tively, on DT vs. His/OH™ on MUA/MU [34] in both redox states).
This could explain the different pseudoperoxidase activity of wt
ycc as the persistence of the Met-Fe(Il) axial bond on MUA/MU
hampers substrate binding, whereas the weaker and more labile
His-Fe(II) bond on DT allows for substrate binding and turnover.
Moreover, the different (most often opposed) nutation-induced
activity changes for the same species immobilized on the two dif-
ferent SAMs subjected to the same point mutation confirm that
protein-SAM interactions affect the H-bonding network, the polar-
ity and the electrostatics of the heme environment besides the
overall protein conformation, with an important role played by
the solvation properties of the molecule.

4. Conclusions

Cytochrome c plays part of its physiological roles under condi-
tions of motional restriction due to adsorption onto molecular con-
structs, as the inner mitochondrial membrane during the early
events of apoptosis. In this and previous work, we have studied
the properties and the reactivity of the heme center contained in
the protein bound onto a SAM-coated surface in an electrochemical
environment. As the cytc surface includes positively charged and
hydrophobic patches, the SAMs of choice yielded a negative charge
layer (MUA/MU) or a hydrophobic surface (DT), respectively. The
present comparative study shows that the SAMs are not innocent
and their action is not restricted to the protein surface but extends
up to the heme center and its coordination and reactivity. The evi-
dence presented here indicates that axial heme iron ligation, pro-
tein conformation, solvation properties, the reduction potentials
for the Fe(III)/Fe(Il) couples in the oxidation state-dependent con-
formers and the pseudoperoxidase and nitrite reductase activity of
immobilized cytochrome c are all affected by the nature of the
adsorbing surface, as well as changes due to point mutations and
partial unfolding. Important effectors of the thermodynamics and
kinetics of electron transfer and the equilibria among conformers
under these conditions are solvent reorganization effects in the
heme crevice and at the protein-SAM interface. We favor the idea
that such response variability in relation to the different properties
of the interacting surface contributes to the functional versatility
and tunability of cytc in physiological conditions. Moreover, this
study also points out that structural and reactivity data obtained
for cytc subjected to a given surfacial adsorption, although defined
as “non-denaturing”, cannot be transferred to another even under
the same conditions of medium composition and pH. This would
also explain why the results in terms of the thermodynamics of
the interaction and the structural changes in cytochrome ¢ upon
binding to different model membrane systems meant to mimic
IMM are often at odds with each other. Hence, much care must
be taken when transferring the information to the natural system.
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