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Abstract: Cyclic voltammetry may be efficiently used to investigate the catalysis of glucose oxidation by glucose oxidase using
one-electron redox mediators. Provided that sufficient deviation from the first-order kinetics is created and duly analyzed,
it allows for the simultaneous determination of the rate constants of both the reductive half-reaction and the oxidation of the
reduced enzyme by the one-electron redox mediator. Controlled achievement of the first-order conditions leads to the exact
determination of the oxidation rate constant, thus allowing for the detection of significant variations with pH in contrast with
its reputed insensitivity to this parameter. These variations involve as characteristic pK,s those of the FADH,/FADH" and
FADH"*/FAD*" couples and may be rationalized by a kinetic scheme in which the various protonated forms of the flavins
at the three successive oxidation states are taken into account. Analysis of the catalytic response as a function of the pH and
the driving forces offered by the various one-electon mediators points to the formation of a precursor complex between the
mediator and the enzyme. Enzyme differentiation between the various one-electron mediators then derives from the variations
of the thermodynamics and kinetics of the precursor complex formation.

Flavoprotein glucose oxidase (8-D-glucose:oxygen 1-oxido-
reductase, EC 1.1.3.4)) is certainly one of the most widely used
enzymes in the field of enzyme technology. The fungal enzyme,
usually extracted from Aspergillus niger, is a dimer of ca. 160000
molecular weight, containing two identical and noninteracting
flavin groups.? The gene for 4. niger glucose oxidase has been
isolated and cloned, and the primary structure of the protein was
established recently.’ The three-dimensional structure is not
known at the moment, although the recent successful growths of
crystals of an enzymatically deglycosylated glucose oxidase
amenable to X-ray diffraction analysis* points to an impending
elucidation.

The mechanism of the enzyme catalysis of the oxidation of
B-p-glucose to glucono-é-lactone and the concomitant reduction
of the natural cosubstrate, i.e., molecular oxygen to hydrogen
peroxide, has been investigated by means of spectrometric stop-
flow techniques. At this occasion, the kinetic characteristics
of the “reductive half-reaction”
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(FAD, FADH, = oxidized and reduced forms of the prosthetic
groups of glucose oxidase, respectively; G = 8-p-glucose; GL =
glucono-é-lactone) have been determined.

The principle of the enzymatic catalysis of the electrochemical
oxidation of glucose mediated by redox cosubstrates is sketched
in Scheme I, where P and Q are the reduced and oxidized forms
of the mediator (cosubstrate), respectively. Two types of artificial
redox cosubstrates have been used as mediators: 2¢~ + H* couples,
such as the quinone/hydroquinone couple,” and one-electron redox
couples. In the latter case, substituted ferrocenes have exclusively
been employed either under the form of water-soluble derivatives®
or grafted to the electrode inside a polymer matrix.’

Kinetic measurements using electrochemical techniques are
based on the determination of the catalytic currents obtained in
the presence of the mediator, the enzyme, and glucose. One starts
with the reduced form of the mediator P and produces its oxidized
form Q by appropriate poising or scanning of the electrode po-
tential. For the method to be valid, the introduction of the enzyme
should not affect the stability of Q. Introduction of glucose then
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Scheme 1
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triggers an increase of the anodic current caused by the regen-
eration of P through the catalytic cycle depicted in Scheme I. This
increase of the current potentially contains information concerning
the kinetics of the catalytic reaction.

With quinone mediators,” a steady-state electrochemical
technique was employed that consisted of setting the potential,
in the presence of the hydroquinone and the enzyme, at a suffi-
ciently positive value for the hydroquinone to be entirely converted
into the quinone at the electrode surface. The addition of glucose
then triggers a jump of the steady-state current caused by the
catalytic reaction. It was possible with this technique to determine
the kinetics of the reductive half-reaction as evoked earlier, leading
to values in agreement with previous values derived from stop-flow
experiments in which dioxygen was used as the cosubstrate.

A transient electrochemical technique, cyclic voltammetry, was
used in the studies in which substituted ferrocenes were employed
as mediators.® Since the glucose/gluconolactone and FADH,/
FAD couples are 2¢~ + 2H™ systems, 2 equiv of ferrocene and

ferrocenium are involved in the mediation. This can therefore
be represented globally by

Solution

k3
FADH; +2Q — FAD +2P (€))

Possible mechanisms for reaction 3 will be discussed later. Thus,
eq I (assuming that the steady-state approximation applies to FAD,

olQ] _ Daz[Q] _ 2k;CE[Q]

a' 6x2 1 k—l + kz (I)
L+l o) )@

FADG, and FADH,) governs the time and space distribution of
the oxidized form of the mediator (in the framework of linear
diffusion). (For eq I, ¢ = time; x = distance from the electrode;
D = diffusion coefficient of Q; C} = total concentration of en-
zyme.)

Previous studies involving ferrocenes as mediators® have, un-
fortunately, considered only the limiting “pseudo-first-order” case,
i.e.

2
oQ _ (0]

TRl

thought to be applicable because large concentrations of glucose
where used. This strategy has the advantage of simplifying the
extraction of the kinetic information from the cyclic voltammetric
data but suffers from two serious drawbacks. One is that, as can
be seen from eq I, a large concentration of glucose is not a suf-
ficient condition for the pseudo-first-order approximation to be
valid since, in addition, k;[Q]/k, should be negligible, vis 4 vis
1. The neglect of this additional condition may therefore lead
to erroneous rate data. The other is that such a strategy impedes
the determination of the kinetic parameters of the reductive
half-reaction (reactions I and 2).

We will show in the following section that analysis of the cyclic
voltammetric data by means of the full eq I is a perfectly workable
task, allowing the simultaneous determination of the rate pa-
rameters of the reductive half-reaction and of the overall rate
constant k, under various experimental conditions. k; is indeed
a global rate constant, resulting from a series of elementary steps
in which each of the two electrons and two protons involved in
reaction 3is exchanged. In this connection, it is surprizing that

J. Am. Chem. Soc., Vol. 115, No. 1, 1993 3

Figure 1. Glucose oxidase catalyzed electrochemical oxidation of §-p-
glucose mediated by ferrocenemethanol. Dashed lines are cyclic volt-
ammograms of ferrocenemethanol (0.1 mM) in the absence or presence
of glucose (0.5 M). Full lines are voltammograms obtained upon addition
of glucose oxidase (2.7 uM). Scan rate = 0.08 V 571, temperature = 25
°C,; ionic strength = 0.1 M. (a) acetate buffer, pH = 4.5. (b) phosphate
buffer, pH = 6.5.

no pH dependence of the global rate constant k, has been so far
detected.®2<10 We have investigated systematically this problem
by using a series of differently substituted ferrocenium mediators
of different standard potentials and global charges, and we did
find a clear indication of such a pH dependence. In the inter-
pretation of the pH-dependent rate data, we have made use of
thermodynamic data, standard potentials, and pK,s that have been
previgusly gathered in the case of free!! and enzyme-bound fla-
vins.

The rate data that we have gathered with a series of differently
substituted ferroceniums as well as with another one-electron
mediator from a different family, the promazine cation

Cee

dn,anfimary,a-

(10) (a) A notable exception is the oxidation of the semiquinone form of
FAD by a nitroxide radical (4-hydro-2,2,6,6-tetramethylpiperidine-1-oxyl),
the rate constant of which has been found to decrease upon raising the pH
with a midpoint located at 7.2.1% It should be noted, however, that the
oxidizing system is a le” + H* couple in this case, unlike ferroceniums that
may accept one electron but no proton. (b) Chan, T. W,; Bruice, T. C. J. Am.
Chem. Soc. 1977, 99, 2387.

(11) (a) Williams, R. F.; Bruice, T. C. J. Am. Chem. Soc. 1976, 98, 7752.
(b) Williams, R. F.; Shinkai, S. S.; Bruice, T. C. J. Am. Chem. Soc. 1977,
99, 921. (c) Eberlein, G.; Bruice, T. C. J. Am, Chem. Soc. 1982, 104, 1449,

(12) (a) Stankovich, M. T.; Shopfer, L. M.; Massey, V. J. Biol. Chem.
1978, 253, 4971. (b) Ghisla, S.; Massey, V. Eur. J. Biochem. 1989, 181, 1.



4 J. Am. Chem. Soc., Vol. 115, No. 1, 1993

will also serve as a base for a discussion of the factors that control
the reactivity of the flavin site toward one-electron cosubstrates.
Concerning the question of the steric accessibility of the flavin
center, we have compared the kinetics observed with the native
A. niger enzyme to that observed with a recombinant glucose
oxidase in which the periphery of the enzyme has been extensively
glycosylated through N-linkages (350 000-400000 molecular
weight).>13

Results

Figure 1 shows two typical examples of catalytic currents ob-
served with one of the ferrocenes we have investigated (ferro-
cenemethanol, E° = 0.19 V vs SCE) at two pHs where catalysis
is weak (pH = 4.5) and strong (pH = 6.5), respectively. In the
latter case, the voltammogram exhibits a characteristic polaro-
gram-like shape and the reverse trace is almost superimposable
on the forward trace. This behavior indicates that the rate-de-
termining step of the overall catalytic process is fast as compared
to diffusion and that the consumption of the substrate in the
diffusion-reaction layer is negligible.'* At pH = 4.5, the current
still tends toward a plateau but, nevertheless, exhibits a peak at
less positive potential. At the same time, the reverse trace is clearly
different from the forward trace, indicating a partial chemical
reversibility. This behavior indicates that the consumption of the
substrate within the diffusion-reaction layer is still negligible but
that the catalytic process and diffusion have commensurate rates.

Within the series of experiments we have carried out, the
concentration of the mediator, C%, was varied from 2.5 X 107 to
10* M and the concentration oF glucose, C2, from 5 X 107 to
0.5 M, while the concentration of enzyme, C‘g, was always below
3 x 10 M. C3is the molarity of the catalytically active FAD.
The ensuing values of the ratio C3/C$ (50 at minimum) were thus
sufficiently large to ensure that the consumption of glucose within
the diffusion-reaction layer is negligible. The glucose concentration
could thus be regarded as constant and equal to the bulk con-
centration. The fulfillment of this condition notably simplifies
the extraction of the kinetic information from the cylic voltam-
metric data.!¥® Since the glucose concentration is constant
throughout the reaction-diffusion layer and since the enzyme can
be considered immobile as compared to the mediator (the enzyme
has a diffusion coefficient of ca. 4 X 10~7 cm? s71,!%2 whereas the
ferrocenes have diffusion coefficients around 7 X 1076 cm? s~! 156<),
the only species that are engaged in both diffusional and chemical
processes are the reduced and oxidized forms, P and Q, of the
mediator. The sum of the concentrations of P and Q are equal
to the bulk concentration of P, C$, at any time throughout the
reaction-diffusion layer. The current response may thus be ob-
tained from the resolution of eq I, accompanied by the following

initial and limiting conditions
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(E = electrode potential; E° = standard potential of the mediator
couple). The anodic current / flowing througli the electrode surface
is obtained from the gradient of Q at the electrode surface ac-
cording to
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i= -FSD(ﬂ)
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(S = electrode surface area). The electrode potential is related
to time during the anodic scan through

E = Ei + vt
(E; = starting potential; v = scan rate).

It is convenient to render the above formulation dimensionless
by means of the following changes in variables and parameters

F
£= H(E -E)
Thus: 7 = § + u, with

=_F & _ oy
u= RT(E' EY

- x(fz)"’ _Q
y RT q a
2k, CY
\= 2t RT )
v F
k,C8 k., +k,
=—)01+ III
=% e (I
Thus
] 3 A
%9_99__M (Iv)
ar gy l+oag
with7r=0,y20andy=o,720 qg=0 V)
1
= > - — v
y=0720 g=qro VD)
The current is obtained from the gradient of g at the electrode
surface
) DFv\\/3{ 8q
i= FSC%( RT) (6y )y=° (vin)

The resulting anodic current-potential curves all exhibit a
plateau. For small values of A they also exhibit a peak, whereas
for large values of A the peak vanishes. At the level of the plateau,
dq/dr = 0, and simple integration of the system of eqs IV-VII
leads to the following close-form expression of the plateau current

ip AV2 |2 1 1/2
3 = 0.446[0’[1 5 In(1+o0) (VIID)

where i, is the catalytic plateau current and i3 is the peak current
of the reversible wave of the mediator in the absence of glucose,
i is proportional to the square root of the scan rate!®

DFv)‘/z
RT

and, thus, i, is independent of the scan rate. The computation
of the peak current when there is a peak is also useful for treating
the case in which catalysis is weak. The ratio i,/i5 (where i, is
now the peak current when there is a peak or the plateau current
when the peak has disappeared) was calculated as a function of
the parameters A and o by means of the Crank-Nicholson finite
difference method!” using previously described procedures.!4

The working curves relating the ratio i,/ij to the two param-
eters A and o are represented in Figure 2. For each value of o,
the i, /ip ratio tends toward unity as A — 0 and toward the values
given by the close-form eq VIII when A — «. Provided catalysis

f= 0.446Fsc?,(

(17) Crank, J. Mathematics of Diffusion; Oxford University Press: Lon-
don, 1964.
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Figure 2. Theoretical dependence of the peak and plateau current ratio,
ip/#, with the parameters A = (2k;C}/v) and o = (k;CY/ k{1 + [(k.,
+ ky)k;C%]}. The number of each curve is the value of o.

Table I. One-Electron Mediators

standard potential

mediator (reduced form) (V vs SCE)
ferrocenemethanol 0.190
ferrocenecarboxylate 0.290
((N,N-dimethylamino)methyl)ferrocene 0.370
(ammonium form)
promazine (ammonium form) 0.530

is not too strong, these two limiting behaviors can be reached by
increasing and decreasing the scan rate, respectively () is inversely
proportional to v). The first-order behavior we have evoked earlier
corresponds to ¢ — 0, i.e., to the upper curve in Figure 2. A
convenient manner for reaching this limit is to decrease the bulk
concentration of the reduced form of the mediator, C?, (o is
proportional to C3).

With the native enzyme, we have investigated the kinetics of
the catalytic reaction as a function of pH with the one-electron
mediators listed in Table I. Catalysis by the recombinant enzyme
was investigated with ferrocenemethanol as the mediator.

For each value of the concentrations of glucose, enzyme, and
mediator and each pH, the catalytic wave was examined as a
function of the scan rate. For each concentration of glucose and
mediator, the concentration of enzyme was adjusted so as to be
small enough for complete reversibility of the cyclic voltammogram
to be obtained easily upon raising the scan rate and large enough
for the catalytic increase of the current to be sufficient for au-
thorizing an accurate determination of the overall rate constant.
Moreover, the ratio C3/C3 was always made larger than 50 in
order to ensure the applicability of the steady-state approximation
to all the possible enzyme forms in the detailed analysis of the
catalysis kinetics.

Figure 3 shows a first example of the variations of the peak
current with the scan rate, obtained at high glucose concentration
with the ferrocene methanol mediator for a series of pH and, at
each pH, for several values of the concentration of mediator (the
stability of both forms of the mediator couple in the whole pH
range is attested by the reversibility of the cyclic voltammetric
wave and the constancy of the standard potential). In all cases,
the ratio /,/v'/? tends toward a limit as v increases, corresponding
to i3 (reversibility of the mediator wave). The vertical axis in
Figure 3 has been thus normalized toward the value of $ in each
case. As the horizontal axis for each curve we have taken
(C%/v)!/? in order to compare the experimental data with the i, /75
vs A!/2 theoretical curves (Figure 2), A being proportional to C§/v
(eq II). At the highest pH, it is apparent that the experimental
i,/i vs (C/v)"/? curves tend toward the behavior expected for
o — 0, i.e., featuring first-order conditions, as C is made smaller
and smaller. The values of C$ at which the first-order behavior
is reached are larger and larger as the pH is decreased. Since
the parameter ¢ is proportional to k;C3 (eq II), this is consistent
with the observation that the overall rate constant k; decreases
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Figure 3. Catalysis of the electrochemical oxidation of glucose by native
glucose oxidase mediated by ferrocenemethanol. Variations of the anodic
cyclic voltammetric peak or plateau current with the scan rate, the me-
diator concentration, and the pH. Ionic strength = 0.1 M; temperature
= 25 °C; mediator concentrations in uM: 2.5 (O), 5 (db), 10 (&), 100
(0). The experimental data (points) are fitted with the working curves
(full lines) by adjusting the experimental abscissa axis (C}/v)!/? to the
theoretical abscissa axis A2 (eq II) with the following values of k; (X
1075 M1 571)

pH 42, 44 45 47, 56 60 70 8.0 8.4

ky 07 09 12 15 6.0 11.5 60 110 120

with the pH. From the fitting of the experimental curves cor-
responding to the first-order conditions by the o = 0 theoretical
curves, one immediately obtains the value of k; at each pH.

Similar experiments were carried out with the three other
mediators and the native enzyme (Figures 4—6), limiting the pH
to values smaller than 7 for the ammonium form of ((N,N-di-
methylamino)methyl)ferrocene so as to keep the amino group
protonated, smaller than 5.5 for promazine for the same reason,
and larger than 5.6 so as to keep the carboxylate group un-
protonated (the E° of each couple remains constant in the pH
range investigated). The same treatment of the i,/i5-(C}/v)"/?
curves and of their variations with C$ allowed for the determination
of k; in all cases.

Turning back to ferrocenemethanol, we have investigated the
possible effect of the concentration of base present in the buffer
at pH = 6. Figure 7 shows the experimental results. Varying
the concentration of HPO,?~ from 2.8 to 11 mM (while keeping
the ionic strength constant and equal to 0.1 M by addition of
Na,S0,) did not result in any noticeable effect of the buffer
concentration on the value of k.

The variations of k, with the pH for each of the four mediators
are summarized in Figure 8.
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Figure 4. Catalysis of the electrochemical oxidation of glucose by native
glucose oxidase mediated by ferrocenecarboxylate. Variations of the
anodic cyclic voltammetric peak or plateau current with the scan rate,
the mediator concentration, and the pH. Ionic strength = 0.1 M; tem-
perature = 25 °C; mediator concentration = 20 uM. The experimental
data (A points) are fitted with the working curves (full lines) by adjusting
the experimental abscissa axis (C%/v)!/2 to the theoretical abscissa axis
A2 (eq II) with the following values of k3 (X 1075 M1 s°1)

pH 5.6 5.8 6.3 7.0 7.8 7.8
ky 0.55 0.65 0.85 1.5 2.1 22

Table II. Rate Constants of the Reductive Half-Reaction for the
Native and Recombinant Glucose Oxidases??

pH kg (M71571) ky (s7)
6.0 1.5 X 10* (1.3 x 109 1050
7.0 1.2 X 10* (1.32 X 104 780
8.0 1.1 X 10* (1.1 X 10% 680
8.0° 0.95 X 10° 770

2 Phosphate buffers; ionic strength = 0.1 M; temperature = 25 °C.
5Between parentheses are values obtained with dioxygen as cosub-
strate.® <Recombinant enzyme.

As seen above, the kinetics tend to deviate from the first-order
conditions upon increasing the mediator concentration, C3. A way
of amplifying this effect is to decrease the glucose concentration,
C3, since, as can be seen from eq III, a decrease of C3 induces
an increase of 6. We have taken advantage of this effect to
determine the kinetic characteristics of the reductive half-reaction.
Figure 9 shows the i,/i3—-(C2/v)'/? curves obtained with a con-
centration of 0.1 mM of the ferrocenemethanol mediator as a
function of glucose concentration in the range of 5-500 mM.

The ensuing variations of the parameter o/k,C$ with the inverse
of glucose concentration are shown in Figure 10. As predicted,
the plots are linear. The intercepts provide the value of 1/k,, and
the slopes give that of (k_; + k,)/k k,. The resulting values of
k, and k.4 = k\k,/(k., + k,) are summarized in Table II.

The same approaches were also used to determine the oxidation
rate constant and the rate constants of the reductive half-reaction
with the recombinant enzyme at pH = 8, using ferrocenemethanol
as a mediator (Figure 1i). The results are shown in Figure 8
and Table II.

Discussion

With the exception of promazine, which may have been in-
vestigated in too narrow a range of pH, the overall rate constant
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Figure 8. Catalysis of the electrochemical oxidation of glucose by native
glucose oxidase mediated by ((dimethylammonio)methyl)ferrocene-
carboxylate. Variations of the anodic cyclic voltammetric peak or plateau
current with the scan rate and the pH. Ionic strength = 0.1 M; tem-
perature = 25 °C; mediator concentrations = 10 uM. The experimental
data (A points) are fitted with the working curves (full lines) by adjusting
the experimental abscissa axis (C2/v)!/? to the theoretical abscissa axis
A2 (eq II) with the following values of ky (X 107> M~ s°1)

pH 50 6.0 7.0
ks 5.5 33 100

k, clearly varies with pH in all cases (Figure 8).

Reaction 3 is, in fact, a multistep reaction during which two
electrons and two protons are exchanged between the reduced form
of the enzyme (FADH,) and two molecules of the mediator (Q)
and two molecules of the base (noted B, whatever its charge)
contained in the buffer. The following reaction scheme is a
representation of the 2¢~ + 2H™* process ultimately leading to the
oxidized form of the enzyme, FAD. In the succession of reactions,
the proton transfers 7 and 10 may be considered as remaining
at equilibrium, since we have observed that the overall kinetics
are independent of the buffer concentration. In Scheme II we
have also allowed for the possibility that the mediator molecules
may form a precursor complex with the enzymatic site.

Reactions 5 and 12 are regarded as irreversible both because
they are down-hill processes (the standard potentials of the
FADH,/FADH,"* and FADH*/FADH" couples can be esti-
mated to be —0.07 and -0.09 V vs SCE,!® whereas the smallest
standard potential in the series of mediators is 0.190 V vs SCE)
and because the FADH,"* and FADH?* cations they generate are
strong acids (pK, = 2 and 0, respectively'®). Reactions 9 and 15
are likewise regarded as irreversible because they are strongly
down-hill (the standard potentials of the FADH-/FADH" and
FAD"E/ FAD couples are —0.330 and -0.520 V vs SCE, respec-
tively'?).

Under these conditions, the kinetic term in eq IV is defined by
means of the following equations

(18) (a) These values, taken or derived from refs | 1a,b and 18b—d, are for
the free flavin. As far as we are dealing with qualitative trends, their use
instead of those of the enzyme-bounded flavin is legitimate: for example, the
FAD'"/FAD couple has a standard potential of 0.445 in the enzyme instead
of 0.520 in the free flavin. (b) Lowe, H. J.; Clark, W. M. J. Biol. Chem. 1956,
221, 993. (c) Hemmerich, P.; Veeger, C.; Wood, H. C. S. Angew. Chem., Int.
Ed. Engl. 1968, 4, 671. (d) Janik, B.; Elving, P. J. Chem. Rev. 1968, 68, 295.
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I
ks
KaJ 1 Ka.lo
[H*] [H*]
kqks Ko7 ksko kykyy Kito  kiskss
ky+ks [HY kg+ky ky+ky [HYkaot ks
(IX)
ky + L kg
kgt ks [H* kst ko
TTEM Thks | Ka kk,
kgt ks [H*) kst ks
kll Ka.lO k14
kai+ky [Hkw+hks 1 k,+k
kiks Ko Kk ka0 Kk G5 | P

ko + ki [HY) ko + ks
where K, ; and K, ,; are the acidity constants of FADH, and
FADH", respectively.

Upon decreasing the pH, these equations tend toward

1 1 1 1 1

—=l—t— )+ =+ —

k, (k4 K4k5) (ku Kuknz)
(Ky=ky/ky Ky =k /kyy)

a=k,q’,(i+L+ L
ks

k—l + kz 1
ki, ks,

+ —=
kik, €

and upon increasing the pH

1 1 1 1 1

—=l-+—)+|—+—

k, (ks K8k9) (ku K14k15)
(Ks = kg/k_g, K1y = k14/k_1a)

1,1 1
o=k —+—+—+
3l’(k9 kls kz

In view of the driving forces of the electron-transfer steps, there
is little doubt that ks, k4, kg, kis > k, and thus that eq X
simplifies to eq III within all the experimental conditions we have
investigated. The validity of this approximation is confirmed by
the quite satisfactory agreement between the values found here
for these parameters and those found before using an entirely
different cosubstrate, dioxygen (see Table II). The use of eq III
for obtaining the kinetic parameters of the reductive half-reaction,
as done in the Results section, is thus entirely justified.

As seen from the variations of k, with the pH'® with ferro-
cenemethanol and ferrocenecarboxylate (Figure 8), the pK,s in-

k—l + kz 1
kik, CY

(19) These results seem to contrast those of previous studies®® in which
the rate constant was concluded to be independent of pH, not only with
ferrocenecarboxylate, where the variation we find is not very ample, but also
with ferrocenemethanol and ((dimethylammonio)methyl)ferrocene, where a
large variation is found. In fact, this discrepancy derives from the fact that
the first-order approximation was used systematically in these previous studies
even under conditions where it does not apply, in particular when k is large
(see eq 11). For the highest values of k; found here with ferrocenemethanol
and ((dimethylammonio)methyl)ferrocene, o reaches values as high as 30,
resulting in an underestimation of k; by a factor of ca. 30 when the data are
analyzed under the first-order approximation. Since k; decreases with the pH,
its first-order approximation estimate is less and less erroneous. The net result
is thus a cancellation of the variation with pH. The first-order approximation
is much closer to the truth with ferrocenecarboxylate where k; is much
smaller. To detect the relatively small variation of k; with pH, represented
in Figure 8, it was necessary to carry out a carefull analysis of the effect of
scan rate under conditions where the catalytic effects are small. It was then
mandatory to treat the experimental data by means of the complete finite
difference simulation analysis we have described.
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Figure 6. Catalysis of the electrochemical oxidation of glucose by native
glucose oxidase mediated by the promazine dication radical. Variations
of the anodic cyclic voltammetric peak or plateau current with the scan
rate and the pH. Ionic strength = 0.1 M; temperature = 25 °C; mediator
concentration = 50 uM. The experimental data (A points) are fitted with
the working curves (full lines) by adjusting the experimental abscissa axis
AVZ (CR/v)V/? to the theoretical abscissa axis A/2 (eq 1) with the fol-
lowing values of k3 (X 1075 M1 s71)

pH 4.4 5.0 5.6
k, 28 30 28
35
] 1
25
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Figure 7. Catalysis of the electrochemical oxidation of glucose by native
glucose oxidase mediated by ferrocenemethanol. Effect of the concen-
tration of base in the buffer: {HPO,>] (mM) = 2.5 (D), 11 (®); pH =
6; ionic strength = 0.1 M (adjusted by addition of Na,SO,); temperature
= 25 °C. The experimental data (points) are fitted with the working
curves (full lines) by adjusting the experimental abscissa axis (C3/v)!/2
to the theoretical abscissa axis A!/2 (eq IT) with the following values of
ks

[HPO,*] (mM) 2.5 1

ky X 107 (M™1s1) 12.5 12.5

volved are in the vicinity of 7, as are the pK,s of the FADH,/
FADH™ and FADH*/FADH*~ acid-base couples (6.6 and 7.6,
respectively, as can be derived from the equilibrium data reported
in ref 12a or 7.3 for the FADH*/FAD*" from more direct spectral
studies!?*). This observation indicates that these variations are
not caused by electrostatic interactions between the charge on the
mediator and the global negative charge borne by the enzyme
which has an isoelectric point of ca. 4.0.2° This conclusion falls
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Figure 8. Catalysis of the electrochemical oxidation of glucose by native
and recombinant glucose oxidase mediated by one-electron redox co-
substrates. Variation of the oxidation rate constant k; with pH. Ionic
strength = 0.1 M; temperature = 25 °C; native enzyme + ferrocene-
methanol (O), + ferrocenecarboxylate (©), + ((dimethylammonio)-
methyl)ferrocene (), + promazine dication radical (v). Recombinant
enzyme + ferrocenemethanol (X).
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Figure 9. Catalysis of the electrochemical oxidation of glucose by native
glucose oxidase mediated by ferrocenemethanol. Variations of the anodic
cyclic voltammetric peak or plateau current with the scan rate, the glu-
cose concentration, and the pH. Ionic strength = 0.1 M; temperature
= 25 °C; glucose concentrations in mM: 5 (<b), 6.7 (a), 10 (D), 20 (0),
500 (¥). The experimental data (points) are fitted with the workin
curves (full lines) by adjusting the experimental abscissa axis (C}/v)1/2
to the theoretical abscissa axis A!/? (eq II) with the following values of
ky (X 1075 M1 s1)

pH 6.0 7.0 8.0
k; 11.5 60 110

T T
t T

*

T — 8
s 6

in line with the fact that the ionic strength (0.1 M) appears to
be large enough for the charge on the mediator and the charge
of the enzyme to be almost entirely shielded by the ions present
in the solutjon.?!

Bourdillon et al.
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Figure 10. Catalysis of the electrochemical oxidation of glucose by native
glucose oxidase mediated by ferrocenemethanol. Determination of the
rate constants of the reductive half-reaction. Variation of the parameter
o /ksC% with 1/CY. Ionic strength = 0.1 M; temperature = 25 °C; pH
= 6.0 (m), 7.0 (@), 8.0 (a).
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Figure 11. Catalysis of the electrochemical oxidation of glucose by the
recombinant enzyme mediated by ferrocenemethanol at pH 8.0. Varia-
tions of the anodic cyclic voltammetric peak or plateau current with the
scan rate and the glucose concentration. Ionic strength = 0.1 M; tem-
perature = 25 °C; glucose concentrations in mM: 21.7 (a), 11.6 (@),
5 (m). The experimental data (points) are fitted with the working curves
(full lines) by adjusting the experimental abscissa axis (C%/v)V/2 to the
theoretical abscissa axis A2 (eq II) with k; = 1.1 X 107 M1 571,

Table III. Driving Forces of the Electron-Transfer Reactions (in
meV)?

ferrocene  ferrocene  ((dimethylamino)-
reaction methanol carboxylate methyl)ferrocene  promazine
5 260 360 440 600
12 280 380 460 620
9 520 620 700 860
15 710 (635) 810 (735) 890 (815) 1050 (975)

?From the standard potentials of the free flavin; between par-
entheses values are from the standard potential of the enzyme-bound
flavin.1®

The driving forces of the four electron-transfer steps (5, 12,
9, 15) in the scheme are summarized in Table III. From these
values we may consider that kg = k;, and ky = k5 for each
mediator. The binding and dissociation rate constants to and from
the enzyme site are likely to be close, one to the other, for FADH,,
FADH-, FADH", and FAD*". The pX, of the FADH,/FADH"
and FADH'/FAD"" couples are also close. We may thus fit the
variations of the overall rate constant k; with the pH for ferro-
cenemethanol and ferrocenecarboxylate under these simplifying
assumptions (see Figure 8).

(20) Voet, J. G.; Coe, J.; Epstein, J.; Matossian, V.; Shipley, T. Biochem-
istry 1981, 20, 7182.

(21) Feinberg, B. A.; Ryan, M. D. J. Org. Biochem. 1981, /5, 187.
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Table IV. Rate Constants of Electron Transfers®
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ferrocene ferrocene ((dimethylamino)-
methanol carboxylate methyl)ferrocene promazine
k4k5 klOkll
log Fat ks =~ log ko + Ko, 5.1 5.0 ~5.7 6.8
k8k9 kl4k15
log etk log K ¥ kys 7.4 5.6 ~1.7
aIn M1 571,
Scheme II described above. The very fact that the observed rate constants
kg are much below the bimolecular diffusion limit? for such large
FADH; +Q <k_-! FADH2Q @ driving forces (Table III) indicates that an energetically unfa-
4 vorable formation of a precursor complex (steps 4, 8, 11, 14)
ks precedes the electron transfer itself (steps 5, 9, 12, 15). Since
FADH;Q — FADHy'*+P C)) the driving forces of the latter reactions are large, it may well be
. . that the formation of the precursor complex is then, or is then
FADHy'*+B —= FADH' + BH* © close to being, the rate-determining step of the overall electron-
transfer reaction. A histidine residue or a thiol group located in
the close vicinity of the flavin would be likely candidates for the
k, bindine site .
FADH, +B === FADH" +BH* %) inding site. It thus appears that the formation of the precursor
k.7 complex is less favorable with ferrocenecarboxylate than with
ferrocenemethanol and the ammonium form of ((dimethyl-
amino)methyl)ferrocene.
kg The oxidation of the protonated forms, FADH, and FADH",
FADH- +Q = FADHQ" ® proceeds with a lesser driving force than that of FADH" and
k.g FAD"" (Table III). There is thus a tendency for the electron-
transfer reactions to be controlled by the electron-transfer step
_ ke . ) itself and thus to follow more closely the driving forces, as appears
FADHQ" —= FADH' +P ) when comparing ferrocenemethanol, ((dimethylammonio)-
methyl)ferrocene, and promazine. In this framework, the almost
K10 equal rate constants found. for ferrocenemethanol and ferroce-
FADH' +B <= FAD'~ + BH* a9 necarboxylate would result in a compensation of the driving force
K.10 advantage of the second mediator over the first by the more
difficult formation of the precursor complex we have already noted
(kg =~ kg~ ki ~ kgand ky/ky =~ ky/kg =~ ky [k =~ kig/k_yq
k11 would be smaller for ferrocenecarboxylate than for ferrocene-
FADH'+Q <= FADHQ' an methanol).
kn The values of the rate constants we have found at pH = 8 with
K1p ferrocenemetlEanol in the case of4the reoombir}ant fnzlyme (k, =
. + 770 vs 680 57}, kg = 0.95 X 104vs 1.1 X 104 Mt s ky =12
FADHQ —= FADH" +P a2 X 107 vs 1.2 X 107 M~! 57!) are practically the same as those with
FADH*+B —= FAD +BH* (3 the native enzyme. The catalytic activity is thus insensitive to
the extensive glycosylation that has taken place in the recombinant
. enzyme, as found with dioxygen as the cosubstrate.* The thick
-~ 14 -~ carbohydrate layer, therefore, appears sufficiently permeable to
FAD"+Q ‘k——’ FADQ a4 both the substrate and the cosubstrate so as not to introduce any
M additional rate limitation in the catalytic process.
k
FADQ'- S FAp+p s Experimental Section

In both cases, we find from the best fitting of the experimental
data a value of 7 for the average of the FADH,/FADH" and
FADH'/FAD'” pK,s. This is in good agreement with previous
spectrophotometric data.!? It is also seen that the variation of
k, with pH in the case of the ammonium form of ((dimethyl-
amino)methyl)ferrocene, although investigated within a narrower
range of pH, is consistent with this pK, value.

We may also derive from these fittings approximate values for
the rate constants of the electron-transfer reactions (Table IV).

It clearly appears (Table IV) that there is no simple correlation
between the rate constants and the driving forces of the corre-
sponding reactions (Table III). Regarding, for example, the
FADH- — FADH*, FAD* — FAD reaction, the ferrocene-
carboxylate mediator is much slower than ferrocenemethanol in
spite of a 100-meV driving force advantage. The ammonium form
of ((dimethylamino)methyl)ferrocene is only twice more reactive
than ferrocenemethanol in spite of a driving force advantage of
180 meV. These observations point to the formation of a precursor
complex between the mediator and the enzyme site, the energetics
and/or kinetics of which may influence the kinetics of the electron
transfer as depicted in the reaction scheme and rate analysis

Materials. The various ferrocenes, promazine, glucose, and glucose
oxidase from A. niger were commercial products from Strem Chemicals,
Sigma, Prolabo, and Boehringer Manheim (grade I), respectively. Ov-
erglycosylated glucose oxidase, produced from Saccharomyces cerevisiae,
was a gift from the International Institute of Cellular Molecular Pa-
thology of Brussels. The carbohydrate content of this recombinant en-
zyme was estimated to be 60-70% of the molecular weight.!* The stock
solutions of glucose were allowed to mutarotate overnight before use.

Instrumentation. The cyclic voltammetry working electrode was a
glassy carbon (from Tokai Corp) disk of 3-mm diameter. It was carefully
polished with diamond pastes (down to | um) and ultrasonically washed
before use. The instrument for cyclic voltammetry was composed of a
function generator (Taccussel GSTP4), a home-built potentiostat,2* and
a chart recorder (Iffelec).

A Hewlett-Packard HP 8452 spectrophotometer was used for the
UV-visible assays of the enzyme concentration.

Spectrophotometric Assay of the Enzyme Concentration. For the stock
solution of enzyme, we proceded as described in ref S, using as the

(22) This should be of the order of 10° M~! 57! in view of the good ac-
cessibility of the flavin site.

(23) Nakanishi, Y.; Ohashi, K.; Tsuge, M. Agric. Biol. Chem. 1984, 48,
2951

(2;1) Garreau, D.; Savéant, J. M. J. Electroanal. Chem. 1972, 35, 309.
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differential extinction coefficient between oxidized and reduced form of
the enzyme a value of 13.1 X 10* M~ cm™! at 450 nm.

Conclusions

The main conclusions emerging from the present study may
be summarized as follows.

When using one-electron redox cosubstrates, cyclic voltammetry
may be efficiently applied to the simultaneous determination of
the rate constants of both the reductive half-reaction and of the
oxidation of the reduced enzyme. It suffices to create experimental
conditions in which the kinetics of the catalytic reaction signif-
icantly deviate from first-order conditions and to treat the data
accordingly. The determination of the oxidation rate constant
may then be achieved by decreasing the mediator concentration
s0 as to reach the first-order behavior under controlled conditions.

This procedure avoids the danger of significantly underesti-
mating the oxidation rate constant when this is large. From this
application, it is now possible to understand why glucose oxidase
electrodes using positively charged ferrocenium mediators are
insensitive to dioxygen. The oxidation rate constant thus found
at pH = 7 is indeed larger than that observed with dioxygen.

Clear variations of the oxidation rate constants with pH have
been found. They indicate that the pK,s involved are those of

the FADH,/FADH" and FADH*/FAD*" acid-base couples and
may thus be rationalized by a kinetic scheme in which the various
protonated and deprotonated forms present at the three successive
oxidation states of the flavin are taken into account.

Analysis of the catalytic response in the most basic and most
acidic sides of the pH range as a function of the electron-transfer
driving force offered by the various mediators investigated points
to the intermediacy of a precursor complex between the mediator
and a site close to the flavin. The interference of the thermo-
dynamics and kinetics of the formation of this precursor complex
thus allows differentiation of the one-electron redox mediators
by the enzyme.

It is also interesting to note that extensive glycosylation in the
recombinant enzyme we have investigated left practically unaltered
the catalytic activity for what is regarded as both the reductive
half-reaction and the oxidation of the reduced form of the enzyme
by the one-electron redox mediators.
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Abstract: In the reaction of p-nitrophenyl methanesulfonate (1) with alkali-metal ethoxides, it is found that potassium ethoxide
in the presence of excess 2.2.2 cryptand is more reactive than potassium ethoxide alone or in the presence of excess 18-crown-6.
An upward curvature in the plot of k., vs [KOELt], in the presence of 2.2.2 cryptand is interpreted as arising from parallel
reactions of free ethoxide ion and the ion pair of ethoxide ion with cryptated potassium ion ([K C 2.2.2]*EtO"), the latter
being more reactive than the former. It is shown that the ester reacts predominantly by an Elcb-type elimination mechanism,
and the potassium cryptate appears to stabilize the transition state for leaving-group departure by electrostatic interactions

through an 18-membered ring “window” in the cryptand.

Introduction

We have been engaged in systematic studies of the mechanisms
of reaction of alkali-metal ethoxides with carbon-, phosphorus-,
and sulfur-based esters designed to reveal the effect of variation
of both the alkali-metal ion and the nature of the substrate ester
in these reactions. Our studies have revealed a spectrum of
different metal ion effects, ranging from catalysis by all of the
alkali-metal ions to inhibition by all.! Throughout these studies,
crown ethers and cryptands were used to complex the metal ions
in order to access the reactivity of free ethoxide ion. In the course
of this work, we have discovered a system in which the 2.2.2
cryptate of potassium ion (K* C 2.2.2) appears to act as a catalyst.
These results, which concern the reaction of p-nitrophenyl
methanesulfonate (1) with alkali-metal ethoxides, are reported
here and are contrasted to results for other methanesulfonate

(1) (a) Buncel, E.; Dunn, E. J.; Bannard, R. A. B.; Purdon, J. G. J. Chem.
Soc., Chem. Commun. 1984, 162. (b) Dunn, E. J.; Buncel, E. Can. J. Chem.
1989, 67, 1440. (c) Buncel, E.; Pregel, M. J. J. Chem. Soc., Chem. Commun.
1989, 1566. (d) Dunn, E. J.; Moir, R. Y.; Buncel, E.; Purdon, J. G.; Bannard,
R. A. B. Can. J. Chem. 1990, 68, 1837. () Pregel, M. J.; Dunn, E. J.; Buncel,
E. Can. J. Chem. 1990, 68, 1846. (f) Pregel, M. J.; Buncel, E. J. Am. Chem.
Soc. 1991, 113, 3545. (g) Pregel, M. J.; Buncel, E. J. Chem. Soc., Perkin
5T'rans- 21991, 307. (h) Pregel, M. J,; Buncel, E. J. Org. Chem. 1991, 56,
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esters, including the p-trifluoromethylphenyl ester (2).
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Results

Kinetic data for the reaction of p-nitrophenyl methanesulfonate
(1) with various alkali-metal ethoxide species are shown in Figure
1 and Table I. The observed rate constants increase in the order
LiOEt < NaOEt < CsOEt ~ KOEt =~ KOEt + 18C6 < KOEt
+ 2.2.2. A striking result in this system is the fact that potassium
ethoxide in the presence of excess 2.2.2 cryptand is more reactive
than either potassium ethoxide alone or potassium ethoxide in the
presence of excess 18-crown-6 (Figure 1). If the data for KOEt
+ 18C6 are taken to represent free ethoxide ion, as will be argued.
below, it follows that the potassium cryptate catalyzes the reaction
which is inhibited by some uncomplexed alkali-metal ions (Li*,
Na*) and relatively unaffected by others (K*, Cs*).

As seen in Figure 1, the plot of &, vs [MOEt], for KOEt +
2.2.2 shows marked upward curvature, while plots for other
ethoxide species are only slightly curved. In our previous treatment
of ester ethanolysis reactions, curvature in plots of kq, vs [MOEt],

© 1993 American Chemical Society



