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Abstract

When a redox enzyme or synthetic catalyst is interfaced with an electrode, the electrochemical
response depends on the details of the catalytic cycle. Here we focus on the steady-state catalytic
waveshape of enzymes such as formate dehydrogenase (2e/1H*), hydrogenases (2e/2H*) and other
bidirectional molecular catalysts that can be adsorbed on, and undergo direct electron transfer with
an electrode. We seek to examine the relations between the dependence on pH of the waveshape,
the sequence of events in the catalytic cycle, and the properties of the catalytic intermediates (their
reduction potentials and pK.,'s). Discussing the interpretation of the dependence on pH of the
limiting currents and catalytic potentials in various simple situations leads us to introduce the
concept of "catalytic pK.". The reasoning is general and could be used in relation to any bidirectional
two-electron catalytic cycle. Understanding what defines and tunes the catalytic potentials will be
crucial for the design of reversible catalysts, which operate at a fast rate in either direction in
response to even a small overpotential.

Keywords

e Dbidirectional catalysis
e electrochemical kinetics
e protein film voltammetry

Highlights

e We discuss the shape of bidirectional catalytic voltammograms for molecular catalysts
® Emphasis is on the dependence on pH of catalytic potentials and limiting currents
e This analysis provides a distinct picture from those based on thermodynamics only
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1. Introduction

When a redox enzyme or a synthetic redox molecular catalyst transfers electrons to/from an
electrode, the catalytic process shows up as a catalytic current in a certain potential window. The
properties of the catalytic intermediates and the details of the catalytic cycle determine this
electrochemical response. Conversely, the magnitude and shape of the catalytic response can be
interpreted to gain information about the catalytic cycle [1,2].

In this paper we examine the relation between the mechanism, the thermodynamic and kinetic
properties of the catalytic intermediates and the steady-state catalytic response of a two-electron
redox catalyst that bidirectionally interconverts substrate and product, under conditions where
electron transfer between the catalyst and the electrode is direct. Examples of such catalysts are the
enzyme formate dehydrogenase [3] or the [Pt(depe),]* catalyst (depe =
1,2-bis(diethylphosphino)ethane) [4] of the two-electron one-proton conversion between HCOO and
CO,, or the enzyme hydrogenase [5] and some of the so-called "Dubois" bioinspired Ni complexes
that catalyze the two-electron two-proton oxidation and evolution of H, [6,7].

The theoretical work about two-electron bidirectional catalysis (here and previously in refs [8—11])
contrasts with most of the literature on molecular redox catalysis, which has focussed on
one-electron models of unidirectional catalysis [2,12], with only a few papers describing one-electron
models of bidirectional catalysis [11,13-17].

We have shown [9] that if the two-electron, bidirectional catalytic mechanism is "ordered" (that is,
using the enzymology terminology, the bidirectional catalytic cycle follows a unique sequence of
chemical steps clockwise and counterclockwise in the two directions of the reaction), then
irrespective of the exact sequence of events in the catalytic cycle, the ideal steady-state response has
a simple, sigmoidal shape, as shown in figure 1.

T T T Figure 1. The definition of the catalytic
potentials and limiting currents, in the
generic, ideal catalytic response. The
waveshape is plotted here for E_,>>E_,",
and therefore consists of two
"one-electron" sigmoids. When E_,,> <
E...* the signal is a unique "two-electron"
sigmoid, see e.g. figs 1B and 1C in ref [9].
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The current goes from a negative, limiting value at low potential, to a positive, limiting value at high
potential. We do not consider any limitation by the transport of substrate towards the electrode, and
therefore by assumption, these plateau currents relate to the maximal turnover frequencies in either
direction, which are achieved when the rates of oxidation or reduction of the catalyst at the
electrode are infinitely fast. The ratio of these two plateau currents is sometimes called the "catalytic
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bias". Its value tells whether the catalyst is more active in one direction of the reaction or the other;
it is not a thermodynamic quantity [18—20].

The current is zero when the electrode potential equals the equilibrium (Nernst) reduction potential
of the substrate/product couple [18]. This equilibrium potential is not a property of the catalyst, and
it is a thermodynamic quantity. E.g. for H*/H, conversion [21]:
RT &= [H*]?
Eeq:E0+—1n[ ]
2F P (1)

We define the overpotential n in reference to this equilibrium potential: n = E-E,. The direction of
the reaction only depends on the sign of the overpotential. Note that in contrast, when catalysis is
considered unidirectional, either because of the intrinsic properties of the catalyst or because the
product of the reaction is not present in the reaction medium, the overpotential is defined in
reference to the standard reduction potential of the catalyst [2].

e positions of the steady-state oxidative and reductive sigmoidal waves define two "catalytic
Th iti f the steady-state oxidati d reductive si idal define two "catalyti
potentials", E_,.> and E_,," (figure 1) [8,9], whose interpretation is the main subject of this paper.

Measuring these catalytic potentials requires the analysis of the steady-state catalytic waveshape
under conditions where mass transport is not influential. As is the case for non-catalytic
voltammetry [22] the two catalytic potentials can only be measured on condition that they are not
very crossed (i.e. when E_,” and E_,"" is not too negative), else, the wave shape is essentially a
two-electron sigmoid centered on the average value (E_+E,")/2. If interfacial electron transfer is
very fast, the two values may be estimated from the inflection points of the oxidative and reductive
catalytic waves; if electron transfer is slow and or distributed, the voltammogram is broader and may
take an "ohmic" shape, with a linear change in potential against current [8,23] ; fitting a model to the
wave shape is then required to measure the catalytic potentials, and whether or not the parameters
of the models are actually well-defined by the data should be assessed carefully. We have published
before programs and procedures that are useful in this context [8,22,24,25].

For an ordered two-electron mechanism, the ratio of limiting currents, the average value of the two
catalytic potentials and the equilibrium potential are related by the equation [8,9,24]

Ui 2F (E% + El
_ _E.
ied — P {RT ( 2 V12

By our definition of "reversible catalysis" [18], the further apart the two catalytic potentials (the
larger the catalytic overpotentials), the less reversible the response. If E_,” is much greater than
E...*, there is a window of electrode potential around E,, where no catalysis is observed and the
response is termed "irreversible" [25]. If the catalytic potentials are close to one another or even
crossed (E_,»<E_""), the response shows a single catalytic wave and is termed "reversible", with a
current that sharply crosses the X-axis at £ = E,, and that is significantly negative or positive on either
side of E,, (see e.g. ref [18] or Box 1 in ref [26]).

The concepts of "catalytic potential" and "catalytic overpotential” (N = E.-E.,) are only useful when
the catalytic cycle includes non-redox chemical steps (as it is often considered in the modeling of
molecular catalysts), and thus the catalytic current tends to a plateau at high or low potential, as
shown in figure 1. (By "non-redox", we mean that no electron is exchanged with the electrode, and
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therefore the rate constants of these transformations are independent of electrode potential.) On
the contrary if the catalytic cycle only consists of steps whose rate constants depend on potential (as
is often considered in the modeling of surface catalysts), then the current keeps increasing
exponentially at high overpotential until mass transport sets a limit, and one is lead to characterize
the catalyst by the values of "onset potentials", above which the current becomes greater than a
certain arbitrary threshold. Onset potentials cannot be used to evaluate molecular catalysts, because
unlike catalytic potentials, their value would depend on the magnitude of the current and therefore
on the amount of catalyst (adsorbed on the electrode or added to the solution that bathes the
electrode); we do not consider onset potentials further in this paper.

Reversible catalysts are desirable, because they minimize the energy that is dissipated (and wasted)
to achieve a fast rate of transformation [18]. It is therefore crucial to understand what defines the
catalytic potentials and what makes E_,,™ close to or lower than E_,".

In a previous work [9] we have given the mathematical expressions of the catalytic potentials for
various catalytic mechanisms (defined by different orders of the redox and non redox steps). Here we
reverse the problem by trying to answer the question of what can be learned about the catalytic
cycle by examining the shape and magnitude of voltammograms. Of course very little information
can be obtained from a single voltammogram, but here we focus on the variations in waveshape that
result from changing the pH. We examine the meaning and pH-dependence of the two catalytic
potentials and limiting currents, under various assumptions about the participation of protons in the
different steps of the 2e’/1H" and 2e/2H" catalytic cycles. Catalytic potentials depart from the
equilibrium reduction potentials of the active site [9], and we show here that the change in E_,,

against pH also defines "catalytic pK,'s" that are distinct from the true acidity constants defined
under equilibrium conditions. We discuss the relations between the Pourbaix diagram of E_,, against

pH, the changes in j,,,, against pH, and the sequence of protonation events in the catalytic cycle.

2. Results

We focus on the "EECC" mechanism defined earlier [9], The catalytic cycle consists of two redox steps
"E" and two reversible chemical steps "C", as shown in Fig. 2. The active site "A" exists in three redox
states (fully oxidized, "O", intermediate, "I", and fully reduced, "R") and the transitions are
characterized by two equilibrium reduction potentials £°, and E°, (for the O/l and I/R couples,
respectively). The two bidirectional chemical steps have pseudo first order rate constants k,, k4, k,
k, (the positive subscripts correspond to the direction of reductive catalysis, e.g. H, evolution). These
two steps may correspond to substrate/product binding and release, or to intramolecular
transformations (e.g. H, splitting, intramolecular proton or hydride transfers etc.). In this paper we
assume that the redox steps are infinitely fast (this is the "Nernstian limit"), so that O, | and R
equilibrate with the electrode even under conditions of turnover. However, the model does not
assume that the "E" steps are pure electron transfers, they may be coupled to chemical reactions
that are fast on the time scale of catalysis.
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Figure 2 The scheme of the catalytic mechanism EECC’. Ao, A, and A are the oxidized,
intermediate, and reduced forms of the active site. X is a catalytic intermediate. All steps
are reversible.

In ref [9], we gave the expressions of the limiting currents and of the catalytic potentials defined in
fig. 1 as a function of the parameters of the model in fig. 2 (%, E°,, ki, k4, k,, k) without making any
assumption about the protonation pattern and the pH dependence of these parameters:

RT  ky+k_1+k_
EZ = E) — —-1
cat 1 F n kQ 4 kfl (3)

RT = ky+k_1+ kK
B = E)+ ——In
t 2 F ky 4+ k_4 (4)

Egs 3 and 4 are only valid for an heterogenized molecular catalyst. Different equations apply if the
catalyst diffuses in solution to/from the electrode [9]. The catalytic potentials depart from the
reduction potentials of the active site, and the larger k,k,/k .k, (that is, the more stable the
intermediate "X" between the two C steps), the closer the two catalytic potentials and the more
reversible the response [9].

At high or low potential, the redox steps are infinitely fast, and the catalytic current tends to limiting
values which only depend on the values of the rate constants of the C-steps. Again for an
heterogenized catalyst:

. k_1k_s

i = 2FAD

fim ka4 k1 +k_s (5)
kik

jed — _opAp— 172

tim k‘l + kz + k,1 (6)

These equations remain valid for a unidirectional reaction, which occurs when at least one of the rate
constants of the chemical steps is zero.

To discuss the variations of the catalytic response (catalytic potentials, limiting currents) with pH, we
need to explicitly designate which steps of the EECC cycle are or include the (de)protonations
(intermolecular proton transfers). This leads us to define various cases below. We may for example
assume that a particular redox step is coupled to a protonation that is so fast that it remains at
equilibrium even on the catalytic time scale. (The expression "coupling" here, as in "proton coupled
electron transfer", implies that under equilibrium conditions, a protonation occurs upon reduction,
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without assuming that the mechanism is stepwise (either proton first or electron first) or concerted
[27,28]). The effect of this fast proton transfer is to make the reduction potentials £°; or E°, depend
on pH, but the rate constants of (de)protonation do not appear in the model. We may also assume
that one particular C step includes a protonation by explicitly assuming a pH dependence of the
forward and backward pseudo-first-order rate constants.

For the sake of simplicity, we shall assume that the slow intermolecular protonation steps occur with
a pseudo-first order rate constant proportional to [H’], whereas deprotonation rate constants are
independent of pH. Different results would have been obtained under the assumption that the
deprotonation rate constant is proportional to [OH], or if we considered the kinetics of proton
transfer to/from a weak acid in solution or a proton transfer relay in the enzyme. The latter, more
general hypothesis is discussed at the end of this paper. However, the simple assumptions used here
are useful to introduce important and general concepts that remain valid irrespective of the details
of the (de)protonation kinetics.

2.1 Two-electron one-proton

We first discuss two-electron one-proton catalytic cycles, like that for the conversion of formate and
Co,.

1 2 3

\ A

2 X 4

E / A"\Eg
AO AR
N4
k, X k,

=

k»,\i >
NS

0 R
k k

2 X f

E°,

N

N

~ ~

k, H*

k, H*

Table 1: Five possible manners to include 1 intermolecular protonation event into the
four-step EECC catalytic cycle. When the protonation step is fast, it is shown in the table as
a slanting line, to represent the -60 mV/pH dependence of the reduction potential. An "H™"
in the rows labeled k, or k, means that a bimolecular protonation occurs in the first or the
second chemical step, respectively.

For the sake of completeness, we consider the 5 possible protonation patterns depicted in Table 1,
where each line corresponds to one of the 4 steps in the EECC catalytic cycle. The implication of
protons in certain steps is indicated by symbols (a slanted line or a "H+") in each cell of the table, and
by colors in the round schemes in each column.
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We consider the cases where the protonation is fast (at equilibrium) and coupled to the 1* (case 1)
or 2™ (case 2) reduction of the active site, or to the 1% reduction when pH<pK and to the second
reduction when pH>pK (case 3), or the protonation occurs in the 1% (case 4) or 2™ (case 5) chemical
step.

When the protonation step is fast, it is shown in the table as a slanting line, to represent the -60
mV/pH dependence of the reduction potential. An "H™" in the rows labeled k, or k, means that a
bimolecular protonation occurs in the first or the second chemical step, respectively. We also use
circular schemes where a red arrow indicates a protonation in a E or C step, and two orange arrows
are used to symbolize the single, fast protonation occurring in the 1st or 2nd step depending on pH
(case 3).

We shall discuss the physical meaning of the observables (the pH dependence of the catalytic

potentials and the catalytic currents in both directions) to derive the rules that can be used to

qualitatively interpret the voltammetry in relation to the series of events that take place in the
catalytic cycle.

Table 2 contains the equations of the catalytic potentials and limiting currents as a function of pH in
each of the 5 cases. These equations are plotted in Fig. 3. All curves are arbitrarily offset along the Y
axis, since only the variations with pH are discussed here.

Cases 1 and 2. In cases 1 and 2 (table 1), the (de)protonation step is assumed to be coupled to the 1%
or 2™ reduction of the active site, respectively (from O to |, or from | to R) and fast on the catalytic
time scale (therefore at equilibrium). The reductive catalytic cycle is completed by two steps that are
neither electron transfers nor intermolecular proton transfers. Therefore either one reduction
potential or the other decreases linearly with pH, while the other is pH-independent:

Incase 1
/ RT
EY = FY —23— x pH
1 1 i Xp 7)
and in case 2
RT

EY = EY - 23— xpH &)
The expressions of the catalytic potentials are given in table 2 and plotted in fig. 3. The
pH-dependences of the two catalytic potentials are merely the same as those of the two reduction
potentials of the active site. The two catalytic potentials are shifted from the two E°s by an amount
that depends on the pH-independent values of the four rate constants k;, k.,, k,, k., (cf eqs 3 and 4).
Reversibility (with £_,,”-E_"* small or even negative) is achieved at high pH in case 1 and low pH in
case 2.

The values of the two limiting currents, which define the magnitude of the low- and high potential
plateau currents, only depend on k;, k,,, k,, k, (table 2, cf eqs 5 and 6) and are thus pH independent,
as shown in fig. 3.

Case 3 is a generalization of cases 1 and 2: we note "pK" the pK, of the half reduced form of the
active site (1), so that case 1 and 2 are recovered when the pH is lower or greater than pK. Again the
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pH dependence of the catalytic potential matches that of the two redox potentials of the active site,
and the two limiting currents are pH independent. The greater reversibility is achieved at pH=pK
(where E_,™E_," takes the smallest value).

In cases 1-3, the dependence on pH of the two catalytic potentials clearly indicates whether or not
the redox steps are coupled to a protonation (which, by assumption, remains at equilibrium). And
the fact that both i, > and i;,*® are pH independent is consistent with both slow, bidirectional
chemical steps being pH-independent.

Case 4. The protonation step follows the 2™ electron transfer step, but in contrast to the fast
coupling case 2, it is now allowed to be slow on the time scale of turnover. This is the putative
mechanism of the Pt(depe)2 complex according to ref [4], with the second, composite step including
a series of pH-independent chemical events (formate binding, hydride transfer and CO, release).

The reduction potentials of the active site are pH independent and we assume that the protonation
in the 1% C-step occurs with a bimolecular rate constant k',
ki =k} x [HT] (9)

whereas k, k, and k, remain pH-independent.

The reductive limiting current is limited by the two C steps, and follows Michaelis-Menten kinetics
(considering that the proton is a substrate), with a maximal rate that is proportional to k,:

k
-red 2
Zfiem = —QFAFﬁ
[H*] (10)
The apparent acidity constant K. departs from the true acidity constant k,/k;"' all the more than k, is
large:
ko + k_
K, = 2 1
k/
1 (12)

This departure between true and apparent acidity constant is typical of the Briggs-Haldane version of
the Michaelis-Menten equation [29,30]. Such "catalytic pK,'s" will appear in many of the equations in
this work.

The oxidative limiting current is pH independent, because under very oxidizing conditions the
forward oxidation of the fully reduced active site (R to 1) is so fast that it outcompetes its backward
protonation (R to X), so that the value of the pH-dependent protonation rate constant k; does not
affect the oxidative limiting current.

E..> is pH-independent and the pH dependence of £, reveals the protonation that follows the 2"
reduction (I to R), in the 1* C step. Under equilibrium conditions, this protonation would occur at pH

red

< -logye(k.1/k,'), but under steady-state catalytic conditions, the dependence of E_,,® on pH defines an
apparent acidity constant K. that is the same as that derived from the michaelian change in i;;,"
against [H']:

RT [HY]
Ed=FE)4+ " In(1
cat 2 + F n ( + KC ) (12)

Despite the fact that in the reductive catalytic cycle, the 2™ reduction is immediately followed by a
protonation, only at low pH does the pH dependence of E_," reveal that protonation. At pH above
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pK,, this protonation becomes slow (compared to k, + k;, and indeed, the reductive limiting current
decreases one decade per pH-unit), and E_,*® becomes pH independent.

Case 5. The protonation occurs in the second C-step, so that k; is pH-independent, and
+
ko = K5y[H™] (13)

The change in i;,,"® with pH is Michaelian, like in cases 4, but with a maximal value proportional to k;,
and an apparent acidity constant that is not related to any acidity constant:

k_1+ ky

K. =
Ky (14)

In contrast to case 4, i, is pH dependent:

k_1k—_2o
iy, = 2FPAT =2
1+ % (15)

i decreases at low pH when the backward protonation step 2 (X to O) outcompetes the forward
step -1 (X to R). This results in product inhibition of oxidative catalysis, with an inhibition constant K,
which departs from the true acidity constant k,/k',:

k_y+k_o

K, =
ks (16)

The values of pK_ and pK, also influence E_,,* and E_,,". At pH < pK, (that is, k',[H*] > k,+k_,), where
protons inhibit oxidative catalysis by preventing the forward deprotonation step "-2" (O to X), E_,> is
pH-independent like E°;. At higher pH (pK.> pH > pK,; with K.=k,/k', as defined in Table 2), the
deprotonation in step -2 makes the pH dependence of £_,** 60mV/pH more negative than that of £%
(-60mV/pH) on condition that pK, > pK, (that is k., > k). In contrast, if k, < k; (pK. = pK,), the
deprotonation in step -2 at pH > pK, does not affect the pH dependence of E_,* because the "X"
intermediate is not stable, and the fully reduced state R accumulates. Similarly, £_.,** depends on pH
only if pK. > pK_ (thatis k; > k). It increases with pH to reach the value E°,+RT/F log(1+k,/k,) at pH >
pK.. This high-pH limit reflects the equilibrium between A, Az and X. Instead, if pK, = pK_ (that is

ki < k), E..;®® is pH independent.

Note that Case 5 illustrates a situation where E_,*® may increase as the pH increases, but the
average two electron potential (E_,+E_,*%)/2 necessarily decreases as the pH increases, consistent
with catalysis being increasingly biased in the direction of proton reduction (eq 2).

This increase in E_,,*® with pH certainly does not imply that a reduction is followed by a
deprotonation in the catalytic cycle. This shows that the Pourbaix diagram of E_,, cannot be simply
analyzed to obtain the protonation pattern.
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Figure 3. The catalytic potentials and the logarithm of the limiting currents as a function of pH for
all cases described in table 1. £_,* and i, are in green; E_.**and i;,,® in blue. The vertical dash
lines mark the values of each catalytic pK,. In cases 3, 4 and 5 those lines run through the entire
panel when that pK influences both catalytic potentials, whereas they are interrupted if they
influence only one of the two potentials. On top the circular schemes of protonation pathways

used in table 1 are reported per each case.
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Table 2 The pH dependence of the catalytic potentials and the limiting currents for each of the 5

2e/1H" cases described in table 1.
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2.2 Two-electron two-proton

We now consider a two-electron two-proton reaction, like the 2H*/H, conversion. Two of the four
steps of the catalytic cycle must include a (de)protonation. The various possibilities define 8 distinct
protonation patterns, listed in table 3, each of which corresponds to a distinct assumption regarding
which of the 4 steps include a protonation and depend on pH.

Table 4 gives the equations of the catalytic potentials and limiting currents as a function of pH in
each of the 8 cases. The equations are plotted in Fig. 4.

Case 1 corresponds to the situation where each of the two (de)protonation steps is fast on the time

scale of turnover (therefore it remains at equilibrium), and coupled to an electron transfer. Therefore
both standard reduction potentials decrease linearly with pH

p RT
EY = EY —23—— H

1o 23 <l
and

, RT
EY =FEY 23— xpH
2 2 i Xp (18)

The two "C" steps do not include any (de)protonation and therefore the corresponding rate
constants are pH-independent.

case 1 2

w
N
wul

6 7 8

>
>
>

N NI N _
N ~ | ™\ ~ | ™\

Table 3: Eight possible ways to include 2 intermolecular protonation steps into the four-step EECC
catalytic cycle. When the protonation step is fast and coupled to an electron transfer step, it is shown
in the table as a slanting line, to represent the -60 mV/pH dependence of the reduction potential. An

"H™in the rows labeled k, or k, means a protonation occurs in the first or the second chemical step,
respectively.
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Under this assumption, the two catalytic potentials decrease 60 mV per pH unit, like £%,' and E%,', but
are offset from the true reduction potentials (as per eqgs 3 and 4).

Here, as shown in fig. 4, panel 1, the dependence on pH of the two catalytic potentials clearly
indicates the coupling of each redox step with a fast protonation (which remains at equilibrium). And
the fact that both i, > and i, are pH independent is consistent with both bidirectional chemical
steps being pH-independent. This situation is similar to the cases 1 to 3 in Fig. 3.

Regarding cases 2, 3 and 4, we assume that the two-electron reduction of the active site is coupled
to only one fast protonation, the second protonation is bimolecular and occurs in the 1* C step, and
only k; is pH dependent:

ki = ki x [H'] (19)

As for 2e’/1H* case 4 above, the 2™ reduction and the 2" protonation are coupled and occur in a
stepwise manner (electron first, proton second).

In case 2, the 1° reduction is coupled to a fast protonation, and the 2™ is pH-independent. The
situation is very similar to the 2e’/1H* case 4 above. The reductive limiting current follows
Michaelis-Menten kinetics with an apparent acidity constant K. that departs from the true acidity
constant, and the oxidative limiting current is pH independent.

E_.> decreases 60mV/pH, like £%', and the pH dependence of £, reveals the protonation in the 1%
C step, after full reduction, and defines an apparent acidity constant K. that is the same as that
observed in the michaelian change in i;,"® against [H*].

Only at low pH does the pH dependence of E_,," reveal the protonation event in the 1% C step. At pH
above pK,, this protonation becomes slow (compared to k, + k;, and indeed, the reductive limiting
current decreases one decade per pH-unit), and E_," becomes pH independent.

In case 3, we assume that the 2™ reduction is coupled to a fast protonation, and the second
protonation still occurs in the 1% C step (with a second order rate constant k';).

The changes in limiting current against pH (or absence thereof) are the same as those in case 2. The
fact that £, is pH-independent reveals the absence of protonation coupled to the 1* redox step.
Like in case 2, the dependence on pH of E_,"" reveals the number of protonation steps that go with
the 2™ reduction and are fast : only one proton at pH > pK. when one of the two protonation steps is
slow (k',[H"] < k,+k_;) and limits reductive turnover (hence the decrease in reductive current at high
pH) ; and two protons at pH < pK,, when the rate of protonation k';,[H*] is fast compared to k,+k ;.

Case 4 is more general than cases 2 and 3: here we assume that the half reduced active site quickly
(de)protonates with a certain equilibrium acidity constant (K). This assumption gives back either case
2 or case 3 if pKis large or small, respectively.

In case 4, the changes in E_,, against pH define two different acidity constants, one is the true pK of
the half reduced active site, and the other, pK, defined above, is dependent on kinetics. In Fig. 4,
panel 4 shows two possible dependences of E_,,*® on pH, depending on whether pK_ < pK (light blue
line) or pK, > pK (dark blue line).
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The pH dependence of the reductive limiting current reveals the presence of a protonation step that
is rate limiting at pH greater than pK_, but the value of pK (the acidity constant of the half reduced

state) does not influence the change in limiting currents against pH. This is because the limiting
currents are determined by the rate constants of the C-steps (egs 5 and 6), and are not affected by

the fast reactions that may be coupled to the E steps.

Table 4. The pH dependence of the catalytic potentials and the limiting currents in each of the 8

2e’/2H" cases described in table 3.
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Figure 4. The catalytic potentials and the logarithm of the limiting currents for all 2e’ /2H" cases
described in table 3. £_,,> and i;,> are in green; E_,,%and i;,,*® in blue. The vertical dash lines mark
the values of each catalytic pK. In panels 5, 6, 7 and 8 those lines run through the entire panel when
that pKinfluences both catalytic potentials, whereas they are interrupted if they influence only one of
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the two potentials. Panel 4 and 7 represent the general cases in which one protonation occurs in the
first or the second chemical step respectively, and the other is coupled to the first or the second
redox step depending on whether the pH is lower or greater than pK, respectively. Different possible
values of that pK are represented with green or blue shades, the darker the lower the value. The
circular schemes of protonation pathways used in table 3 are shown on top.

Cases 5, 6 and 7 mirror cases 2,3 and 4, with the protonation now occurring in the second C-step, so
that k, is pH-independent, and k, = k,' [H']. The situation is similar to the 2e’/1H" case 5, but the pH
dependence of the E° of the 1 or 2" E step adds a pH-dependence to the catalytic potentials. Here
in cases 5 and 6, the 1% or 2" redox steps are coupled to a fast protonation respectively. In case 7,
the half-reduced active site protonates at pH < pK. From case 7, the limiting situations where pKis
large or small give back cases 5 and 6, respectively. As an exemple, we explain in the supplementary
information the derivation of the pH dependence of the catalytic potentials in case 5.

In all three cases, the change in i;,"® against pH is Michaelian, with an apparent acidity constant K.,
and j,,,> decreases at low pH, below pK,.

The values of pK_ and pK, influence E_,* and E_,,"" as discussed for the 2e’/1H* case 5, and, again, the
increase in E_,,"*® with pH does not imply that a reduction is coupled to deprotonation in the catalytic
cycle.

Case 8. Last, we consider the situation where the two protonations occur in the C steps, with second
order rate constants k'; and k',. The variations with pH of the limiting currents and catalytic
potentials define 4 apparent acidity constants, K., K., K., K;, none of which is an equilibrium constant.
The meaning of pK, and pK, is the same as before.

It is the only case where the reductive limiting current does not follow Michaelis Menten kinetics
(there is no maximal rate at low pH), and the reductive current may change two decades per pH
unit ; this occurs when pH > pK,, that is [H'] > k,/(k',+k',).

3. Discussion

In an approach based on the thermodynamic modeling of the catalytic cycle, the sequence of events
is deduced from the interpretation of Pourbaix diagrams of the dependence on pH of the redox
reduction potential of the active site of hydrogenase[31]. In ref [32] for example, the reduction
potentials of the active site of C. reinhardtii FeFe hydrogenase were measured as a function of pH,
and discussed under the assumption that they are relevant to the catalytic cycle. In this approach,
the reduction potentials of the active site and the catalytic potentials are implicitly assumed to be
the same. For example,[31] a very efficient (i.e. reversible) enzyme like hydrogenase is said to be
optimized by Nature so that two equilibrium redox potentials of the active site are "as close as
possible" to E.,.

Kinetic modeling gives a different picture.

In ref [9], we have examined various ordered two-electron catalytic mechanisms (each defined by a
particular sequence of redox and chemical steps), we have calculated the steady-state
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electrochemical responses (both for diffusing and adsorbed redox catalysts), and we have shown that
in the general case, the shape of the steady-state catalytic voltammogram defines two "catalytic
potentials", which depart from the reduction potentials of the active site. Just like Michaelis
constants are apparent dissociation constants, the catalytic potentials, whose values define the
(ir)reversibility of the catalytic response, are kinetic parameters.

Here, we have explored and discussed the pH dependence of the steady-state catalytic response of
an adsorbed catalyst in the framework of an "EECC" catalytic cycle, considering 13 distinct options
regarding the possible protonation patterns. We have considered protonation steps fast and coupled
to the redox (E) steps (thus at equilibrium), or occuring in the chemical (C) steps, with second-order
kinetics, and we discussed the effect of pH on magnitude and shape of the catalytic voltammograms.
These considerations apply to any two-electron catalytic transformation between a substrate and a
product, with substrate and product binding/release occurring in any of the four steps. The
calculations could be extended to discuss the effect of changing the concentration of product (e.g.
H,) on the catalytic response, or using different assumptions about the proton transfer kinetics (here
for the sake of simplicity we have assumed bimolecular protonation kinetics).

In the Pt(depe), catalytic cycle of CO,/formate conversion, the cooperative two-electron reduction of
the Ption is followed by a slow protonation, and then by hydride transfer[4]. This can be described
by an EECC mechanism, where the rate constant of the 1* C-step would depend on pH (this is the
2e/1H" case 4). In Bacillus subtilis ForCE 1 formate dehydrogenase, the second reduction of the
active site Mo ion (Mo to Mo") is coupled to a fast protonation [3] (this is case 2). In D. vulgaris
FdhAB formate dehydrogenase, the half-reduced active site (Mo") protonates with a pK, around 6.5
[3] (case 3).

A first goal, reached in the results section, was to deduce the change in waveshape with pH (catalytic
potentials and limiting currents) for each possible mechanism and protonation scenario. In a reverse
engineering approach, the more challenging goal is to understand whether, and how, the details of
the catalytic cycle can be elucidated from the variations with pH of E_,, and i, as exemplified
recently in our voltammetric study of the catalytic mechanism of formate dehydrogenase adsorbed
onto a rotating electrode[3].

As shown in Fig. 3 and Fig. 4, each case that we have considered implies a distinct pH dependence of
the catalytic potentials and the limiting currents. So, at least on paper, it should be possible to
distinguish the mechanism based on the experimental information. However, very different
protonation patterns may give, in a limited pH range, the same pH dependences. Compare for
example the 2e/2H" case 2 and the 2e’/2H" case 6 in the pH range pK, < pH < pK_.. This indicates that
the interpretation of Pourbaix diagrams of E_,. might not always be straightforward. The dependence
of the catalytic potentials on pH alone is not always enough to elucidate the sequence of electron
and proton transfers in the catalytic cycle. Its combination with the pH dependence of the limiting
currents surely helps in the discrimination of different sequences of catalytic steps, even though it
might not be sufficient if the experimental pH range is narrow.
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4. Conclusions and perspectives

We have examined the catalytic response of an adsorbed catalyst of two-electron reactions, in the
framework of an ordered, bidirectional, four-step catalytic cycle. This analysis tells us that the
observed dependence on pH of the catalytic potentials and of the limiting currents reached at very
high and very low electrode potentials define "catalytic pK,'s", which are not true acidity constants,
just like a Michaelis constant is not a true dissociation constant [29]. The deviations from true
equilibrium constant implies that the Pourbaix diagrams of E_,, cannot be used to deduce the acidity
constants of the intermediates, and that the latter, which may be determined under equilibrium
conditions, are not necessarily relevant to catalysis.

Similarly, the "catalytic potentials" defined in figure 1 are not the true reduction potentials of the
active site[9]. In the particular case of hydrogenase, the latter may also be distinct from the
potentials measured in titration experiments, which are unlikely to be conducted under true
equilibrium conditions: the most reduced state of hydrogenase cannot be produced under
equilibrium conditions (unless E=E.,, which, at low potential, would require a ten fold increase in H,
pressure every 30 mV down, see eq 1), because the substrate proton cannot be removed from the
medium, as pointed out early on in the literature [33,34]. The situation is the same, on the opposite
side of the redox scale, for the most oxidized state of the O,-evolving Mn cluster of Photosystem II.

Our ultimate goal is to apply this strategy to hydrogenases experimental data, to find out what
differences between homologous hydrogenases make their catalytic responses distinct, and in
particular what makes some hydrogenases (like Tam HydS) behave "irreversibly" [25], in contrast to
prototypical hydrogenases. In this ongoing work, an additional complication is that the above
assumption of bimolecular protonation kinetics is not appropriate to describe the protonation of a
buried active site. If a residue whose acidity constant is K., serves as a relay to transfer protons to
and from a buried active site, the protonation and deprotonation rate constants k, and k.,
respectively, depend on pH as follows [35]:

max
R

Krelay
L+ (20)

k+:

kmax

B (H*]
1 Krelay (2 1)

The resulting equations of the catalytic potentials and limiting currents are more complex than those
shown in this paper, and the electrochemical data alone can be used to identify the "best" model and
determine all the corresponding parameters. However, the models could be useful on condition that
the information from the electrochemical data is combined with the information obtained from
redox titrations of the hydrogenase active site : the value of K, the acidity constant of the half
reduced form of the active site, has been obtained in the case of various FeFe hydrogenases [32,36]
and will have to be combined with electrochemical data to understand the catalytic properties of
these enzymes.
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Complete derivation of the pH dependence of E_,” for the 2e’/2H" case 5, in which the first redox
step is coupled to fast protonation, while the second protonation occurs coupled to the second
chemical step.

Eq 1 in the main text is here rewritten as:

oy = EY - A
in which E,° depend on pH, and will be therefore £,%, and A is defined as follow:
B = By - A
RT  ky+k_1+k_o
A=— In
F ko + k_q

E,% and k, depend on pH as follows:

/ RT

kQ = ké X [H+]

Substituting k, into A gives:

A RT1 Ky x [HY] + k-1 + k_o
= — n
F b x [H] + k_
Dividing numerator and denominator by k, + k_,, it becomes:
kY x[HT)+k_1+k_o

RT k_14+k_2
A=— 7 In Ko< [H 1k
k_1+k_2

After simplification one can multiply both denominator and numerator by the reciprocal of the
second term of the sum at the denominator:
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The denominator can now be simplified while the second term of the multiplication at the
numerator can become the argument of a second logarithm:

kL x[HT]
= RT n L+ 757 o k_o+k_4
- kL x[HT]
F 1 + QICT k—l
Now, the rate constants that are dependent on proton concentration can be grouped:
HT
F 1+ [I;I(J F kfl
Finally, £,” and A can be substituted into the definition of £_,,> given at the beginning, to obtain:
[HT]
RT RT 1+5— RT. K
ox __ 0 _ VT Ke “te
EZ =Lk} Fln(lo)XpH+Fln1+Uj<J+Fanb
b
where
k_y
K, =—
Ky
k_1+k_o
Ky=—-—-

The same reasoning has been used to calculate £, i, iin"° and for all the other cases described
in the paper.
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