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Protein-film voltammetry is established as an effective tool that provides insight to the redox features of
various lipophilic proteins by using a simple methodology. Although the protein-film experimental set up is
relatively simple, the redox mechanisms of many proteins are quite complicated, and very often they cannot
be resolved without having support from adequate mathematical models. In this work we continue our
contribution to modeling relevant redox mechanisms in protein-film voltammetry. We present results from
the theoretical simulations of catalytic mechanism at the two-step successive surface redox reaction under
conditions of square-wave voltammetry. This mechanism is assigned as a surface EEC’, and it can be presented
by the following simplified scheme: A(ads) +ne— =B(ads) 4+ ne— = C(ads) + Substrate BLLESY B(ads). Our
attention is focused on several phenomena of this complex protein-film mechanism, while we give set of
qualitative criteria to distinguish this mechanism from similar ones studied under voltammetric conditions.
Moreover, we also provide hints to use methodologies for the determination of thermodynamic and kinetic
parameters relevant to the protein-film EEC’ mechanism. The considered protein-film EEC’ mechanism is
applicable to all lipophilic redox proteins that undergo electrochemical transformations in more than one
successive electron steps. Such examples exist by proteins containing quinone moiety and some polyvalent
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ions of transition metals as redox active sites.
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1. Introduction

Since the establishment of the basic principles of protein film
voltammetry (PFV) more than a decade ago [1], this technique
became a valuable tool for studying redox enzymes of different
natures by using a rather simple approach [1-12]. The PFV
methodology provides access to a number of information related to
the physiological activities of redox-active proteins from experiments
commonly performed in the standard three-electrode voltammetric
set-up [1-3,7,11,12]. The basic principles of this technique consider
adsorption of a given protein on an electrode surface, mainly by self-
assembling from aqueous electrolytes [1-3]. By making a solid
electrode modified with adsorbed enzyme, we make a sort of
surrogate partner that mimics the physiological redox processes of a
chosen protein. When controlled bias is applied to such protein-
modified electrode, then we can monitor the redox features of the
adsorbed protein by using suitable voltammetric technique. Hitherto,
by applying a cyclic voltammetry, lots of valuable experimental data
have been obtained related to the protein redox chemistry [1-12]. The
obtained results from the PFV experiments are commonly analyzed in
terms of plots of peak potentials, peak currents or half-peak widths
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against the applied scan rates [1-4,7,12]. In this way we get important
thermodynamic and kinetic information related to the physiological
activities coupled to protein redox activity [1-3,7,9,12]. Protein film
voltammetry can be used to study the electron transfer processes
between the electrode and the redox site of given proteins, but it can
be also explored to provide insight into the coupled chemical
reactions between the considered protein and a given substrate
[3,7,10,12]. The chemical reaction between an electrochemically
reduced/oxidized protein and a defined substrate, which leads to
regeneration of the initial electroactive reactant, is commonly
described as a catalytic EC’ mechanism [13,14]. In this electrochemical
mechanism, the initial redox form of the protein regenerates during
the time-scale of the voltammetric experiment, and that phenomenon
is portrayed in a very typical catalytic current-potential profile
[13-17]. Usually, the chemical step by such systems is considered to
be an irreversible reaction of first-order. Hitherto, several theoretical
works have been already dedicated to the catalytic mechanism in
protein-film methodology in various voltammetric techniques, and
different aspects of the theoretical features of this reaction can be
found elsewhere [13-25]. The mentioned theoretical models in Refs.
[13-25] are suitable to proteins containing a redox center that
undergoes a single-step electrochemical transformation. However,
there are many classes of proteins containing redox centers that can
undergo redox transformations in several successive electron steps
[7,8,26]. Of these, the most present are proteins with quinone moiety,
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or polyvalent ions of transition metals like Mo, Mn, W, or Co as redox
centers [26]. The redox transformations of the aforementioned
proteins can only be described by theoretical models considering
successive two-step electron transfer. In the last few years, we started
theoretical considerations of various redox mechanisms relevant to
protein-film voltammetry, and we published scores of theoretical and
experimental works in the past decade [17,21,22,25,27-34]. In this
paper we consider the surface catalytic mechanism that follows the
two-step surface EE (electron-electron) redox reaction, which can be
described by the following reaction scheme:

Electrochemical step #1 : A(ads) + ne— = B(ads)
Electrochemical step #2 : B(ads) + ne— = C(ads)

Kear
Catalytic step : C(ads) + Substrate s B(ads).

The common designation of this complex protein-film redox
mechanism in the electrochemical terminology is a surface EEC’, or
surface EECat [13,14]. We describe in this paper for the first time the
theoretical features of this complex redox mechanism under condi-
tions of square-wave voltammetry. We use the square-wave
voltammetry (SWV) as a working technique since it is one of the
most popular and most exploited in the family of the pulse
voltammetric techniques [13,14,17,21-25]. In the present time, the
SWV is considered as “electrochemical spectroscopy” due to its ability
to provide closer insight into various redox mechanisms [13,17,21].
The considered theoretical model is relevant to all lipophilic redox
proteins that can undergo redox transformations in more than one
successive electron steps, as those containing quinone moiety or
polyvalent ions of some transition metals as redox active sites [26].

2. Mathematical model

The considered catalytic two-step protein-film mechanism (in the
further text designated as protein-film EEC’) is described by the
following reaction scheme:

Electrochemical step #1 : A(ads) 4+ ne— = B(ads)
Electrochemical step #2 : B(ads) + ne— = C(ads) 0!

Catalyticstep : C(ads) + Sub e B(ads).

At the beginning of the experiment, there is only compound A present
in the system, and it is firmly adsorbed at the electrode surface. The
compound Cis generated electrochemically via redox transformation of B.
The compound B is generated via electrochemical transformation of
compound A, but also via catalytic regeneration reaction of the
electrochemically generated product C with the substrate Sub. The term
“catalytic” stands to show that the chemical reaction regenerates B from C.
The prime (/) on the C in the abbreviation EEC’ represents a catalytic
process. We consider that all redox active participants in the electrode
mechanism (I) (A, B,and C) are strongly adsorbed on the electrode surface
following a Langmuir isotherm, and there are no interactions between the
adsorbed species. In addition, we assume that the adsorption constants of
all adsorbed species are identical. By Sub we assign the electrochemically
inactive substrate (or catalytic reagent), whose bulk concentration in
solution is much higher than the initial concentration of all adsorbed
electroactive species. Therefore, the chemical step in the reaction
mechanism (1) is considered to be of pseudo-first order. ke (s~ 1) is a
pseudo first order catalytic rate constant defined as ke, = kear'c(Sub),
where ke’ is the real chemical (catalytic) rate constant or Michaelis—
Menten constant (mol~! cm® s~'), while c(Sub) is the molar
concentration of the substrate Sub. During the voltammetric experiment,
the mass transport of all species is neglected. The electrode mechanism (I)
is mathematically represented by the following set of equations:

dr(A) /dt = —I, / (nFS) (1)

dr(B)/dt = I / (NFS)—L, / (nFS) + keuT(C) )

dr(C)/ dt = I / (NFS)—key [(C) 3)

with the following initial and boundary conditions
t=0;T(A)=T*TB)=T(C)=0 (4)
t>0; I'(A) + I'(B) + I'(C) = TI'*. (5)

With I'(A), I'(B), and I'(C) we assign the surface concentrations of the
species A, B, and C, respectively, while I'* is the total surface
concentration of all species. I' is a symbol of the surface concentration
of particular specie that is a function of time t. By I we assign the current,
S is the electrode surface area, F is the Faraday's constant, while n is a
number of exchanged electrons in an elementary act of electrochemical
transformation. The analytical solutions of Eqs. (1)-(3) were obtained
with the help of Laplace transformations. The solutions for the surface
concentrations of the electroactive species A, B, and C in their integral
forms read:

ES (6)

I'(B) = bf %dr—_g % exp[—ke, (t—7)dT (7)
1O = [ 2T expl—keyt—rdr. )
0

If the Buttler-Volmer formalism applies at the electrode surface,
then the following conditions hold:

% = ks,] exp(—oabl)[l"(A)_ exp(d>1)I"(B)} 9)
% = ks exp(—au,)[['(B)— exp(¢,)I(C)]. (10)

In Eqs. (9) and (10), with ke; (s~ ') and ks, (s~ ') we assign the
heterogeneous electron exchange rate constant corresponding to the
standard redox potential of first Ef , and second Ef . electron transfer
steps of the electrode reaction (I), respectively, a is the cathodic
electron transfer coefficient, while ¢, = §f(E—Ef ;) and
¢, = L (E— E[?/c are the dimensionless relative electrode potentlals
By substituting Eqs. (6) and (7) into Eq. (9), and Egs. (7) and (8) into
Eq. (10) one gets:

t

% = ky; exp(— 0L¢1)[F*—Ei; %dr— exp(¢y) (11)

t
(f (—S f %) exp[— kcat(t—r)]drﬂ
0 0

t

f —keat (t—T)]dT— exp(hy)

Lo_ (h() 4
nFS =k, exp(—aud,) L)[ —S 0

,,X<

Integral Eqs. (11) and (12) are seen as general mathematical solutions
of the protein-film EEC’ electrode mechanism under chronoamperometric
conditions. The numerical solutions of Egs. (11) and (12) in SWV
conditions were obtained by using the method of Nicholson and Olmstead

L(7)

TS exp|—ke (t—T)]

ot—

[ EE—

(12)
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[35]. The time increment d was defined as d = 1/(50f), where f is the
frequency of the potential SW steps. This means that each SW half-period
7/2 is divided into 25 increments. The square-wave signal is a train
of cathodic and anodic pulses superimposed on a staircase potential
ramp. The height of each cathodic and anodic pulse is equal and
designated as the square-wave amplitude E,. Additionally, the SW
potential signal features a staircase potential step AE. In Refs. [34,36] we
offered free files containing all details in respect to the definition of the
potential signal in SWV, as well as facts about the calculation procedure
in MATHCAD.

The features of the calculated voltammograms of the considered
protein-film EEC’ mechanism depend mainly on three dimensionless
parameters: K;, K, and 7. K; and K, are designated as the electron
transfer kinetic parameters for the first and the second redox steps,
respectively. These dimensionless kinetic parameters are defined as
Ki=ks1/f, and K, =ks>/f, where f is the SW signal frequency. The
effect of the catalytic reaction is portrayed via the dimensionless
catalytic parameter 7y that is defined as y= kc,¢/f. The dimensionless
currents of the first and the second electron transfer steps are defined
as ¥, =1,/[nFSfT*] and W,=1,/[nFSfT*], respectively. The overall
dimensionless current for the reaction mechanism (I) is defined as
V=y+V,.

In order to check the accuracy and correctness of the model, we
compared the results of the surface EEC’ mechanism with those of a
simple two-step surface redox reaction (i.e. surface EE reaction) [30]
described by reaction scheme (II):

Apds) + ne = Blgs) + ne = Clads)- (11

If the value of the catalytic parameter -y in the EEC’ mathematical
model was set to be very small (i.e. y<0.00001), then the theoretical
voltammograms of the protein-film EEC’ reaction (I) and that of two
step surface EE redox reaction (II) were identical, thus confirming the
correctness of the developed theoretical protein-film EEC’ mecha-
nism. The procedure for the numerical simulations of the reaction (II)
is described elsewhere [30]. In addition to the kinetic parameters vy, K;
and K, the features of the calculated SW voltammograms of the
protein-film EEC’ mechanisms depend also on the number of
exchanged electrons in both steps n; and n,, the electron transfer
coefficients oy and «, (for the sake of simplicity, it is assumed in the
model thatn=n; =n,=1,and o= a; =, = 0.5), the temperature T,
and the potential modulation parameters (frequency—f, amplitude—
Esw, and potential step AE). Similarly as by the simple surface EC’
mechanism [14,16,17,20,22,23,25,32], the features of the calculated
SW voltammograms obtained for this specific surface EEC’ system
strongly depend on the magnitude of the chemical (or catalytic) rate
constant. Besides the rate of the catalytic reaction and kinetics of both
electron transfer steps, the features of the theoretical SWV voltam-
mograms of the surface EEC’ mechanism are strongly affected by one
“virtual” thermodynamic parameter (Ef) defined as a potential
difference in the standard redox potentials between both electron
transfer steps, i.e. Ef:El?/c —Ef/B. Because of the specificity of this
redox mechanism, we show by most of the calculated voltammo-
grams not only the net current, but also the forward and the backward
current components. In the mathematical model, we defined the
forward (reduction) current as positive, while the backward (reox-
idation) current is negative. The net current is simply defined as a
difference between the forward and the backward currents (it is
always assigned by bold line at calculated voltammograms). All the
potentials at the simulated voltammograms are referred vs. the
standard redox potential EYp of the first electrochemical step. All
theoretical calculations have been performed by using the MATHCAD
software. A detailed description of the simulation procedure of some
representative redox mechanisms in MATHCAD program is provided
in our previous works [34,36], and one can use those files for free.

3. Results and discussion

Shown in Fig. 1 are three calculated SW voltammograms for
quasireversible protein-film EEC’ reactions, by which the second
electrochemical step is coupled with a catalytic regenerative reaction.
The voltammograms have been calculated for three various potential
differences (Eg)c —Ef)) between the first and the second electro-
chemical steps, while the catalytic parameter y was set to be very
small (y— 0). Obviously, the shape of the calculated voltammograms
is strong function of the difference between the standard redox
potentials of the two electron transfer reactions. In the first boundary
condition a single voltammetric response is observed, if the standard
redox potential of the second reduction step is more positive or the
same as that of the first reduction step (Fig. 1A). The second limiting
situation exists when the standard redox potential of the second
electron transfer step Ef. in reaction scheme (I) is at least 100 mV
more negative than that of the first reduction step E 5. Under such
circumstances, two well-separated voltammetric processes are
observed (Fig. 1C). The intermediate situation is most complicated
since it results in highly overlapped voltammograms, if the value of
the standard redox potential of the second reduction step E?/c is
20 mV to 90 mV more negative then the value of standard redox
potential of the first reduction step Ef/B, (Fig. 1B). Correspondingly, it
is quite useful to elaborate the features of the considered protein-film
EEC’ mechanisms via the two limiting situations in respect to the
differences of the standard redox potentials of the two electron
transfer steps:

Case A The energy of the second electron transfer step is smaller or
equal to that of the first electron transfer step, or Eg, > EY p;
and

Case B The energy of the electron transfer for the second electrochem-

ical step is more negative for at least — 100 mV or more than
that of the first electrochemical step, or El?/c - E/?/ p<—
100 mV.

3.1. Case A. Features of calculated voltammograms of the protein-film
EEC’ mechanism for E[?/c > E/?/B

If the standard redox potential of the second reduction step Eg’/c by
the considered protein-film EEC’ mechanism is more positive (or
equal) than that of the first reduction step E,?/B, then (mainly) a single
SW voltammogram is observed. This is because the second reduction
step will occur at the very same potential required for the first
reduction step. Such scenario exists by some proteins and other
biomolecules containing quinone-moieties as redox active centers
[7,37]. By these proteins, the redox conversion of quinone to
hydroquinone usually goes via formation of a semiquinone radical
as an intermediate. Under certain circumstances (in strong acidic pH
regions), the conversion of semiquinone to hydroquinone commonly
requires less (or identical) energy than the conversion of quinone to
semiquinone [7], so both steps will be portrayed in a single
voltammetric process. Although the consecutive electron-transfer
steps in such scenario can be coupled by protonation steps, when the
protonation step is very fast, it can be approximated that the
mechanism of redox sequence quinone-semiquinone-hydroquinone
complies with the two-step surface EE mechanism [37]. The features
of the calculated SW voltammograms in such situation depend mainly
on the value of the dimensionless catalytic parameter -y, but they are
also affected by the values of the electron transfer kinetic parameters
K7 and K>. Generally, if the dimensionless catalytic parameter is quite
small (y— 0), then the kinetic of the entire EEC’ reaction is governed
by the kinetic of the first electron transfer step. As a result, the
voltammetric response of EEC’ protein-film mechanism converges to
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Fig. 1. Square-wave voltammograms of the protein-film EEC’ mechanism calculated for E

5c=Exp (A); Eyc—Efp=—70mV (B) and E5,c —ER 3= —150mV (C). Number of

electrons was n; =n, =1, electron transfer coefficient was a=a; =, = 0.5, temperature T=298K, amplitude Eqw=40 mV, and potential step of AE =10 mV. The values of the
dimensionless kinetic parameters were K; =1 and K, =1, while the value of the dimensionless catalytic parameter was set to y=0.000001.

that of a two-step surface EE reaction. The features of the protein-film
EE reaction under conditions of SWV are described in more details
elsewhere [17,30,34,38].

At the beginning of the discussion in this chapter, it is important to
give hints for distinguishing the successive two-step EE reac-
tion [30,38] from the simple two-electrons one-step surface redox
reaction [14,16,17,24]. In our previous publication [30] we have
shown that the features of the half-peak widths of net square-wave
voltammograms can give relevant information to solve this problem.
For both, the successive two-step EE reaction and for simple two-
electron one-step surface redox reaction, the half-peak widths
decrease with decreasing of the SW frequency. However, the values
of the half-peak widths of the SW voltammograms for the successive
two-step EE reaction are on average 40 mV broader than that of the
one-step two-electron reaction [29,30]. This information can be of
help to resolve (qualitatively) the doubts whether a given voltammo-
gram is due to successive two-step EE reaction, or it is the result of a
simple one-step reaction.

By given kinetics of both redox steps of a protein-film EEC’ reaction
(for El?/c ZEE/B). it is quite useful to study the effect of the catalytic
parameter to the features of calculated SW voltammograms. Shown in
Fig. 2 is the effect of the catalytic parameter y to the features of
calculated voltammograms in situation of E[?/c = E?/B. if both K; and K>
fall within the quasireversible region of electron transfer. By
increasing the value of catalytic parameter y one observes a linear
increase of the net peak-currents of calculated SW voltammograms. A
quite distinctive feature that is typical for all catalytic mechanisms
studied under voltammetric conditions is the notable rising of both
branches of the forward and backward currents at more negative
potentials. This phenomenon is due to the unremitting effect of the
catalytic reaction that supplies permanently electroactive material B
during the whole measuring time in SWV [30,34]. Another remarkable
feature by this mechanism is seen in the backward branch of the
current, which gets the same sign as the forward current in the
potential regions after the faradaic voltammetric response appears
(see the features of the branches of both forward and backward
currents at the left-side of the voltammograms in Fig. 2). If the
catalytic parameter 'y gets values higher than ~1.0, then the backward
(reoxidation) component of the SWV response gets the same shape
and sign as the forward (reduction) component. Under such
circumstances, the rate of the catalytic reaction is very large, hence
causing immediate transformation of entire amount of the reduced
species C back to the oxidized form B. Consequently, during the time
scale of the voltammetric experiment the reoxidation process is
significantly hindered (Fig. 2D). Nevertheless, though the shapes of
the forward and backward components suffer big changes, this
phenomenon exhibits no influence on the profile of the net-SW

voltammogram. Whatever the value of the catalytic parameter is, the
net-SWV response gets always a well-defined shape (see the net-
voltammogram in Fig. 2D). The origin for this effect is found in the
very specific manner of the current sampling in square-wave
voltammetry [17]. From an analytical point of view, this feature is
quite an important advantage of the SWV over the other voltammetric
techniques, because the parameters of the net-SW voltammograms
get easily measurable even at very pronounced catalytic effects. This is
not the case by catalytic mechanism studied with other voltammetric
techniques [32]. More detailed elaboration of the effects of catalytic
parameter 7y to the features of calculated SW voltammograms can be
found elsewhere [17,25,32].

At this point we want to stress that the pace of rising of the net-peak
currents by the EEC’ protein-film mechanism (for El?/c :EE/B) is
somewhat higher than that by the simple one-step surface EC’
mechanism. The reason for this is due to the additional supply of B
during the measuring time of the experiment (a sort of “pseudo-
catalytic” effect). Under such circumstances, the compound B is
generated not only via the catalytic regeneration from C, but also
additionally via the electrochemical conversion of A that also occurs at
EE’/C = EE/B. This effect is likely responsible to higher pace of the catalytic
currents measured by considered EEC’ vs. the one-step EC’ protein-film
mechanism [25]. In order to get better understanding of the effect of the
catalytic reaction to the calculated voltammetric curves, we remark that
any variations from reversible behavior are related not to the absolute
value of the pseudo-first order rate constant for the catalytic reaction
(kcat), but to the value of k., relative to the time scale of the experiment.
For example, if the time-scale of the experiment is decreased (i.e. by
increasing the SW frequency or the scan rate), there will be also less
time available for the catalytic reaction to take place, so the effect of the
catalytic reaction will be minimized.

An inherent feature of all protein-film reactions studied in SWV is
the “splitting” of the net-voltammetric response [16,17,24,39]. The
“splitting” phenomenon is typical for all surface redox systems
exhibiting a fast and chemically reversible electron transfer step
[17,39]. Commonly, the net SW voltammogram splits into two peaks
as a result of the large separation between the cathodic and anodic
components of the SW voltammograms [39]. The potential separation
between the split SW peaks is sensitive to the redox kinetics, and it
might be explored for estimating the standard rate constants of the
electron transfer steps according to the procedure elaborated
elsewhere [17,30,39]. By the considered case (for El?/CZE,?/B) of the
catalytic protein-film EEC’ mechanism, the splitting of the calculated
net SW voltammograms occurs only if the kinetics of the first electron
transfer step is fast. Under such circumstances, the calculated net SW
voltammograms split into two peaks that are symmetrically located
around the value of the standard redox potential E/?/B (Fig. 3A).
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Fig. 2. Case A: Eg/c =Eg 5. Effect of the catalytic parameter y to the features of calculated SW voltammograms of protein-film EEC’ mechanism. The values of the kinetic parameters were set
to Ky = K> = 0.6, while the values of the dimensionless catalytic parameters were y=0.075 (A), 0.5 (B), 1 (C) and 3 (D). The other simulation parameters were the same as those in Fig. 1.

Shown in Fig. 3B-D is the effect of the dimensionless catalytic
parameter y to the features of the calculated voltammograms, in
situations of fast electron transfers of both electrochemical steps.
Remarkably, a quite pronounced catalytic effect appears at smaller
values of <. This implies that the fast and reversible protein-film
reactions are more sensitive to the catalytic regenerative reaction
than the quasireversible redox systems (compare the 7y values at
Figs. 3B and 2B, for example). An increase of the catalytic parameter y
is followed by a linear increase of the voltammetric peak located at
more negative potentials. When the catalytic parameter 7y reaches
values higher than ~0.8, then the phenomenon of splitting peaks
vanishes (see voltammogram D at Fig. 3). The net-voltammetric
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response now consists of a single peak that further gains in its
intensity by increasing of . This behavior is quite similar to that
described by a one-step surface catalytic mechanism [25], and it can
be used as additional qualitative diagnostic criterion to recognizing
this complex redox mechanism.

3.2. Case B. Features of calculated voltammograms of the protein-film
EEC’ mechanism for Eg)c —Eg 5 < —100 mV

If the standard redox potential of the second electrochemical step
Eg, ¢ is <—100 mV than that of the first electrochemical step EY 5,
then the calculated voltammograms of studied EEC’ mechanism
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Fig. 3. Case A: Ee/,C = E,?/,B. Effect of the kinetics of the catalytic reaction to the features of the calculated SW voltammograms in case of fast kinetics of both electrochemical steps. The
values of K; =K, =5, while the values of the dimensionless catalytic parameter were set to y=0.00001 (A); 0.025 (B); 0.1 (C) and 1 (D). The value of the square-wave amplitude

was Es,, =50 mV. Other simulation parameters were the same as those in Fig. 1.
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parameters were set to Ky =K, =1, while the values of the dimensionless catalytic parameters were 'y =0.00001 (A); 0.05 (B); 0.5 (C) and 1.5 (D). The other simulation parameters

were the same as those in Fig. 1.

feature two, three or even four well-separated SW peaks, which
depends mainly on the electron kinetics of both redox steps. In
general, the features of the second electrochemical step of the
protein-film EEC’ mechanism are largely function of the kinetics of
the first electrochemical step [30,34]. This is because the electro-
chemical transformation of compound A is the key pathway for the
initial supply of compound B.

Shown in Figs. 4 and 5 are calculated SW voltammograms of
protein-film EEC’ mechanism that portray the effect of the catalytic
reaction, for Eg,c — ER 5 =—200 mV. If the kinetics of both electro-
chemical steps falls within the quasireversible region, then two well-
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E/V

separated voltammetric peaks are observed (Fig. 4A). The dimen-
sionless catalytic parameter 7y exhibits influence only to the
voltammetric peak representing the second electrochemical process
(Fig. 4B-D) in a way similar to that explained by the discussion of
Figs. 2 and 3. Expectedly, the features of the first electrochemical step
are not affected by the catalytic parameter . Under such circum-
stances, the behavior of the second electrochemical step of the
protein-film EEC’ mechanism is equivalent to that of a simple surface
catalytic EC’ reaction described elsewhere [17,25,32]. This holds true
only if the kinetics of the first electrochemical step by the EEC’
mechanism is big enough in order to supply initial electroactive
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Fig. 5. Case B: E?/c*E?/B = —200 mV. Effect of the kinetics of the catalytic reaction to the features of calculated SW voltammograms in situation of very fast kinetics of both
electrochemical steps. The value of K; = K, = 10, while the values of the catalytic parameter were set to y=0.00001 (A); 0.005 (B); 0.01 (C) and 0.1 (D). Square-wave amplitude Es,,

was 50 mV, while other parameters were the same as those in Fig. 1.
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material of B. If the electron transfers of both electrochemical steps are
very fast, then the calculated voltammograms feature four distin-
guished SW peaks, due to the splitting phenomenon by both redox
steps (Fig. 5A) [17,30,39]. The effect of the catalytic parameter 7y to the
features of split and well-separated SW peaks is shown in Fig. 5B-D.
As previously noticed, the fast electrochemical reactions are much
more susceptible to the effect of regenerative catalytic reaction. While
the catalytic effect by the protein-film EEC’ mechanism featuring slow
second electron transfer step starts to be more pronounced by values
of y~0.05, this effect by the same mechanism featuring fast second
electron transfer step is obviously pronounced by much smaller
values of v, i.e. by y~0.005. Recall that higher values of the
dimensionless catalytic parameter will produce disturbing of the
splitting phenomenon, which will result in single and intensive net
SW peak at more negative potentials (Fig. 5D). The intensity of this
single peak almost completely covers the split peaks originating from
the first electrochemical process positioned at more positive
potentials.

If the difference between the standard redox potentials of the two
electron transfer steps of the protein-film EEC’ reaction falls within
the region —20 mV<E§/c — E/?/B< —100 mV, then a rather complex
intermediate situation is observed. Under these circumstances, the
voltammetric peaks of both electron transfer steps will be highly
overlapped, which will result in a complex voltammetric response
that is rather difficult to be analyzed (see Fig. 6A). The response can be
even further complicated if splitting or catalytic effect is associated to
the second electrochemical step (Fig. 6B-C). If such experimental case
is met, it is recommendable to use a very small potential step (0.1 to
1 mV), or some types of derivative voltammetric methods in order to
obtain nicely resolved voltammetric peaks that will be suitable for
analyzing.

4. Conclusions

Although the considered protein-film EEC’ mechanism is one of
the most complicated elaborated so far, it is always useful to provide
some qualitative hints for recognizing this complex mechanism, and
to recommend quantitative criteria that will enable estimation of
relevant thermodynamic and kinetic parameters. A reliable indicator

that helps in distinguishing between the catalytic mechanisms and
other electrochemical systems coupled with chemical reactions is
found in the features of intensive increase of both current branches by
increasing the concentration of the substrate (or the catalytic
reagent). This effect always exists in potential regions after the
faradaic process occurs [14-17,21-25,32]. This phenomenon is typical
for all catalytic mechanisms (EC’, or EEC’), while it does not exist by
EC or CE systems [14,17,22-24,33,40-42]. When both electrochemical
steps of the protein-film EEC’ mechanism are separated for 100 mV or
more at the potential scale, then the kinetic and thermodynamic
parameters of both redox steps, as well the rate constant of the
catalytic reaction (i.e. the Michaelis-Menten constant) can be
estimated by exploring the methodologies elaborated and described
in more details in our previous papers [17,30,39,41,42]. For the
determination of the standard rate constants of electron transfer one
can use the features of “quasireversible maximum” or “split SW
peaks” [17,30,39]. The phenomenon of quasireversible maximum can
be used to estimate not only the electron transfer rate constant of the
first redox step, but also that of the second redox step, even in the
presence of catalytic effect. This is because the dimensionless catalytic
parameter vy does not influence the position of the “quasireversible
maximum” (see Fig. 7) [25]. Alternatively, the electron transfer kinetic
parameters can be estimated from the frequency dependence analysis
of the half-peak widths of square-wave voltammograms, by using the
analytical equations provided in our recent theoretical work [29]. For
the determination of the electron transfer coefficients «, one can also
use the methodology elaborated in our recent work [28]. In order to
calculate the Michaelis-Menten rate constant of catalytic reaction,
one can take advantage of the methodology and analytical equations
explained in our initial work concerning the surface EC’ mechanism
[17,25]. Alternatively, one can use the equations corresponding to the
regression lines corresponding to the linear dependence of the net-
peak current of the second redox step vs. the catalytic parameter y
[see Fig. 8]. Note that the equations at Fig. 8 can be used only if the
electron transfer coefficient o, and the standard rate constant of
electron transfer of the second redox step ks, are previously
estimated.

If both electrochemical steps in the protein-film EEC’ mechanism,
however, occur at the same potential (i.e. if El?/CZE?/B), then the
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Fig. 6. Case of Eg/cfEf/B = — 80 mV. Effect of the catalytic parameter to the features of SW voltammograms of protein-film EEC’ mechanism simulated under circumstances where

both voltammetric peaks are overlapping. The values of the dimensionless kinetic parameters were set to K; = K, = 1, while the values of the catalytic parameters were -y = 0.00001
(A); 0.05 (B); 0.5 (C) and 1 (D). The other simulation parameters were the same as those in Fig. 1.
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Fig.7. Case B: g —Eg 5 = — 200 mV. Dimensionless catalytic parameter y does not affect
the position of the quasireversible maximum. The “quasireversible maximums” are
calculated for the second redox step of the EEC’ mechanism. The values of the
dimensionless catalytic parameter were ©y=0.00001 (¢); 0.05 (W) and 0.4 (®). Square-

wave amplitude Eg,, was 45 mV, while other parameters were the same as those in Fig. 1.

initial task is to recognize whether the net-voltammetric peak is due
to the successive two-step EE reaction, or it is due to a single-step
two-electron redox reaction. Practical example exists in recognizing
whether a given voltammetric signal is due to a single-step two-
electron reduction of quinone to hydroquinone, or it is a result of
successive two-steps one-electron reductions of quinone to semi-
quinone and of semiquinone to hydroquinone that sometimes occur
at the same potential [7,37]. This can be recognized only from the
examination of the value of the half-peak width of the square-wave
voltammograms, which is quite different for the successive two-step
surface EE reaction and a single-step two-electron reactions [see Ref.
[30] for more details]. In the real experiment of an EEC’ system, an
increase of the concentration of catalytic reagent will produce a quite
complicated effect, if EE?/CZEE/B. This is because the catalytic reagent
will be able to catalyze not only the regeneration of B from C, but also
the regeneration of A from B. The final output of this effect will be
portrayed in supplementary increasing of the current components
due to the multiplied catalytic effect. Unfortunately, such an effect will
make almost impossible task to determine the Michaelis-Menten
catalytic rate constant in situation of Eg)- >Eg) 5.

All mentioned theoretical features of considered protein-film EEC’
mechanism in this work can be of big practical relevance for studying
the redox features of many proteins containing quinone moiety or
polyvalent ions of transitions metals as Mo, Mn, W, or Co as redox

y=41.46x+0.520

3 =
R?=0.997
swnet,z
2 -
y=10.72x +0.494
R?=0.993
- ‘
y=8.292x+0.096
M',a,,,,.—n/""m =0.992
0 : | . . . .
0 001 002 003 004 005 006
Y

Fig. 8. Case B: E§ —Ef\’/B = —200 mV. Effect of the catalytic parameter 'y to the net-peak
current Vet of the second redox step. The values of the dimensionless parameter of
the second redox step were K, =0.05 (®); 0.5 ([]1) and 2 (#). The value of K; was 0.5,
while the other parameters were the same as those in Fig. 1.

centers [26]. A relevant biological example of the elaborated EEC’
mechanism is found by the processes of water oxidation to oxygen (O,)
by the Photosystem II (PSII or P680) [43,44]. It is well-known that the
dioxygen molecules are derived from water that is oxidized to O, by the
PSII enzyme. In the PSIl redox mechanism, a tetramanganese cluster
(known also as oxygen-evolving complex-OEC) is oxidized to reduce
P680, readying the primary electron donor for another photochemical
charge separation and creating oxidizing equivalents that oxidize water
to O,. The main task of the OEC is to couple successive one-electron
reductions of P680™ to four-electron oxidations of water to O,. During
the water oxidation processes, the OEC is repeatedly oxidized (one
electron at a time) by P680 until, when the OEC is oxidized four times,
it converts water to O, and resets itself to its most reduced state [43]. The
OEC s electrically linked to P680 by a redox-active tyrosine residue. The
oxidized form of tyrosine reside is the radical species, which exists in the
neutral deprotonated form [43,44]. A recent paper revealing the redox
features of PSII in protein-film voltammetric mode [45] describes quite
similar features of PSII-OEC system to those described in this theoretical
work. The work [45] is seen as a most relevant example to the protein-film
EEC’ mechanism. Additional biological systems complying with the
elaborated EEC’ mechanism one finds by the redox transformation of
Rhodobacter capsulatus Xanthine Dehydrogenase [46]. This Mo-containing
enzyme undergoes two-step successive reduction of Mo""Y, Mo"/V by
which the second redox step is catalyzed [46], thus behaving similarly
to described scenario in Case B of the Results and discussion section in
this manuscript.
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