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Imidazole facilitates electron transfer from organic reductants
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Abstract

In cyclic voltammetry studies at pH 8, imidazole facilitates oxidation of organic compounds that normally lose hydrogen atoms. High
concentrations of imidazole shift the oxidizing wave of ascorbic acid, 2,3-dimethoxy-5-methyl-1,4-hydroquinone, and the vitamin E
analogue Trolox toward lower potentials. By contrast, imidazole has no effect on the cyclic voltammogram of methyl viologen, which
undergoes electron rather than hydrogen-atom transfer. The effect of imidazole is observed at pH 8.0 but only to a lesser extent at pH 5.5
indicating that imidazole must be unprotonated to facilitate oxidation. Digital simulation shows that these results are consistent with a
mechanism in which imidazole acts as a proton acceptor permitting concerted proton/electron transfer by the organic reductant.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The role of metal ions in catalyzing the oxidation of
organic compounds has received considerable attention, but
the possibility that other organic compounds may also
catalyze these reactions has been less widely considered.
In biological systems, where metal ions are almost always
sequestered, the role of organic groups in adventitious
catalysis of pathological redox reactions may be especially
significant.

In studies of cytochrome bs4;, we [1] found evidence that
a histidine residue facilitates oxidation of ascorbic acid. The
imidazole side chain of the histidine residue appears to act
as a proton acceptor, permitting ascorbic acid to lose a
hydrogen atom by transferring an electron to the cytochro-
me’s heme and a proton to the imidazole. It is, therefore, of
interest to see whether imidazole might promote oxidation
of ascorbic acid non-enzymatically. Moreover, because
reduced organic compounds typically lose hydrogen atoms
upon oxidation, it is of interest to see whether imidazole
might also facilitate oxidation of other such compounds. We
have explored the effect of imidazole on the redox proper-
ties of ascorbic acid, quinone, and the vitamin E analogue
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Trolox. We report here on the electrochemical behavior of
these compounds as analyzed by cyclic voltammetry.

2. Materials and methods
2.1. Cyclic voltammetry

Cyclic voltammograms were recorded on a BAS 100 W
electrochemical analyzer equipped with a glassy carbon
working electrode, a Ag/AgCl reference electrode and a
platinum wire auxiliary electrode. Sweep rates were 0.1 V/s
unless specified otherwise. The glassy carbon electrode was
polished with alumina and cleaned by sonication between
each recording. Prior to recording, argon was bubbled
through the solution to purge dissolved O,. Cyclic voltam-
mograms were also recorded in the buffer solution alone,
and this background current was subtracted from all traces
shown. Potentials are expressed relative to the Ag/AgCl
reference electrode.

2.2. Simulation

Digital simulations of cyclic voltammograms were car-
ried out using Digisim v. 3.0 (BioAnalytical Systems). The
simulations were done using an expanding space factor of
0.5 and a potential interval of 5 mV. The glassy carbon
electrode was assumed to be a planar surface with an area of
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Table 1
Reactions used for digital simulation of ascorbic acid

Reaction Equilibrium Rate constant Literature
(1) AH"+e—=AH — 0.774 V 1 cm/s dependent
Q) A—"+e—=A" 0.076 V 1 cm/s 0.076 V [12]
(3) AHI* +e —=AHI—  0.500 V 0.3 cm/s -

(4) AH'H,0+e—= 0.350 V 0.03 cm/s -
AH-H,0
(5) AH, +H,0= 1.66x107°  1x10° pK 4.04 [6]
AH - +H;0" M5!
(6) AH—+H,0= 83x10" "  0.001 pK 11.34 [6]
A" +H;0" M ls!
(7) AH® +H,0= 0.0512 1x10° pK — 0.45 [13]
A—*+H;0" M s !
(8) AH*H,0= 354x107°M 1x10°s™ " dependent
A—"+H;0"
(9) AHI—=AH —+1 03 M 551 -
(10) AHI*=A— *+IH" 253 M 1x10%s™ " dependent
(11) AH-H,0= 1000 M 1x10"s™!
AH — +H,0
(12) A—*+A—"= 780 M~ ! 7.8 x 107 1x10°M~!
2A—° M It 2]
(13) 2A — *+H;0" = 3.6x10™ 3.8x10° 1.5x 10" [2]
AH — +AH,O M5!
(14) 2A — " +H,0= 29.88 0.5M 's™ ' dependent
A”+AH,0

(15) BH'+H,0=B+H;0" 1.82x 10" 10M 's*! pK 8.0
(16) IH +H,0=1+H;0" 1.44x10"° 100M 's™' pK 7.1

B and I denote buffer and imidazole. Reactions (12)—(14) describe
disproportionation of the semidehydroascorbate radical anion; the mecha-
nism and rate constants are from Bielski et al. [2]. Observed values for
equilibrium constants are listed in the “Literature” column. Equilibrium
constants that are defined when values for other reactions are chosen are
identified as “dependent.” Reduction potentials in reactions (1)—(4) are
relative to the standard hydrogen electrode. A value of 0.5 was used for o in
all electron transfer reactions except reaction 4 in which o= 0.65.

0.07 cm?. Reactions and parameters used are listed in Tables
1 and 2. All simulations included a buffer with a pK, equal
to the desired pH and a concentration of 0.1 M. In order to
model the role of H,O as a proton acceptor, dissociation
constants were divided by 55 M to explicitly include H,O,
and H" was assumed to be entirely hydrated (H;O"). For
comparison with observed cyclic voltammograms (Fig. 8),
reduction potentials were reduced by 0.197 V to express
them relative to the Ag/AgCl electrode.

2.3. Materials

(R)-(+)-6-Hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid (Trolox) was purchased from Aldrich. Methyl
viologen (1,1’-dimethyl-4,4’-bipyridinium dichloride), 2,3-
dimethoxy-5-methyl-1,4-benzoquinone (coenzyme Q) and
imidazole were obtained from Sigma. Ascorbic acid was
from Fisher.

3. Results

The redox properties of a compound are readily charac-
terized by cyclic voltammetry. For ascorbic acid, the posi-

tive potential sweep produces a single wave of oxidizing
current (Fig. 1). Because the oxidized product, semidehy-
droascorbate, disproportionates quickly [2] and essentially
irreversibly, the reverse sweep does not elicit a cor-
responding reducing current.

Cyclic voltammetry was repeated in the presence of
imidazole to assess its effect on ascorbate oxidation. Be-
cause the interaction between ascorbate and free imidazole
is expected to be weak, high concentrations of imidazole
were used to maximize the concentration of any ascorbate/
imidazole complex. In the presence of 50—200 mM imid-
azole, the oxidizing current of ascorbic acid shifts progres-
sively toward lower potentials, indicating that ascorbate is
oxidized more readily in the presence of imidazole (Fig. 1).
A similar shift is observed using histidine in place of
imidazole (data not shown). Cyclic voltammograms of the
medium lacking ascorbate showed no electrochemical ac-
tivity whether imidazole was present or not. Also, including
ethylenediamine tetraacetic acid (EDTA) in the medium had

Table 2
Reactions used for digital simulation of 2,3-dimethoxy-5-methyl-1,
4-benzoquinone

Reaction Equilibrium Rate Literature
1 Q+e—=Q—" —0.035V 10 cm/s —0.112V
[14]
2)Q—"+e—=Q" —0.172V 10 cm/s —0.172V
(2)
[14]
(3)QH' +e—= +0.185 V 10 cm/s +0.185 V
QH — [14]
@) QH,I™*+e—=  +0255V 10 cm/s -
QH,I
5)QH'H;0'e—= +0.330V 1 cm/s -
(5) QH'H;
QHszO
(6) QH,+H,0 = 229%10 2 005M st pK 9.9 [15]
QH — +H;0
(7 QH—+H+20: 229x 10~ 0.001M 's™'  pK11.9[15]
Q +H;0
@®) QH'+H20:+ 247%x10 8 1x10*° M~ 's™ ! pK 59 [16]
Q- *+H;0
(9) QHI=QH,+1  0.15M 551 -
(10) QH,I* = 0.00364 M 1x107 s ! dependent
QH" +IH"
(11) QH,H,0 = 2000 M 1x10%s! -
QH, +H,0
H 'H;0" = 29xX100°M 1Ix s~ ependent
12) QH*H;0" 129x10°° 108! depend
QH* +H;0"
(13) QH*+QH* = 5.64x 10’ 8 x 107 dependent
QH,+Q
(14) BH"+H,0= 1.82x107 1 oM !
B+H;0"
(15) IH +H,0= 1.44 x10°° 100 M 's7! pK 7.1
I+H;0"

B and I denote buffer and imidazole. Reaction (13) describes dispropor-
tionation of the semiquinone. The rate constant is from Yamazaki and
Ohnishi [17]. Observed values for equilibrium constants are listed in the
“Literature” column. Equilibrium constants that are defined when values
for other reactions are chosen are identified as “dependent.” Reduction
potentials in reactions (1)—(5) are relative to the standard hydrogen
electrode. A value of 0.5 was used for « in all electron transfer reactions
except reaction (4) in which «=0.65.
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Fig. 1. Cyclic voltammetry of ascorbate. Cyclic voltammograms of ascorbic
acid (1 mM) were recorded in 0.1 M KCI, 0.1 M KH,PO,, pH 8.0 in the
presence of (1) 0, (2) 50 mM, (3) 100 mM or (4) 200 mM imidazole. At
least five separate recordings were averaged to obtain each trace shown.

no effect excluding the possibility that the shift in the
oxidizing wave is caused by trace amounts of metal ions
or imidazole-metal complexes.

2,3-Dimethoxy-5-methyl-1,4-benzoquinone differs from
ascorbic acid in that it exhibits a more typical reversible
oxidation/reduction cycle. Cyclic voltammetry elicits a
reducing current on the negative sweep and an oxidizing
current on the positive sweep (Fig. 2). As with ascorbate,
however, the oxidizing peak shifts toward lower potentials
in the presence of 50-200 mM imidazole. The reducing
peak also shifts in the presence of imidazole, although the
observed shifts are much smaller. This indicates that imid-
azole facilitates reduction as well as oxidation.

The water-soluble vitamin E analogue Trolox also exhib-
its a well defined peak on oxidation, but the radical can be
further oxidized to a number of species [3,4]. Consequently,
the reducing sweep exhibits a more complex pattern (Fig.

50
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Potential (V)

Fig. 2. Cyclic voltammetry of 2,3-dimethoxy-5-methyl-1,4-benzoquinone.
Cyclic voltammograms of the quinone (1 mM) were recorded in 0.1 M KCl,
0.1 M K H,POy, pH 8.0 in the presence of (1) 0, (2) 50 mM, (3) 100 mM,
or (4) 200 mM imidazole. At least five separate recordings were averaged to
obtain each trace shown.
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Fig. 3. Cyclic voltammetry of Trolox. Cyclic voltammograms of Trolox (1
mM) were recorded in 0.1 M KCI, 0.1 M K,H,PO,, pH 8.0 in the presence
of 0 (thin line) or 200 mM imidazole (heavy line). At least five separate
recordings were averaged to obtain each trace shown.

3). Significantly, however, addition of imidazole shifts the
oxidizing current to lower potentials, as is the case with
ascorbate and the quinone.

Imidazole does not shift the cyclic voltammograms of all
compounds, however. In particular, the cyclic voltammo-
gram of methyl viologen is not affected by 200 mM
imidazole (Fig. 4). Methyl viologen differs from the other
compounds in that its oxidation/reduction cycle involves
only electron transfer. It is not a hydrogen-atom carrier (Fig.
5). At sufficiently high pH, even ascorbate and hydroqui-
none should deprotonate and act as electron donors. Con-
sistent with this, the oxidizing wave of the quinone is shifted
toward lower potentials at pH 9.0. At this pH, the mono-
anion fraction (pK,=9.85) is apparently large enough for
oxidation of the monoanion to the semiquinone to be the
dominant oxidation pathway. At this pH, imidazole causes
no further shift in the potential of the oxidation wave as

20
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Fig. 4. Cyclic voltammetry of methyl viologen. Cyclic voltammograms of
methyl viologen (1 mM) were recorded in 0.1 M KCl, 0.1 M K, H,POy4, pH
8.0 in the presence of 0 (thin line) or 200 mM imidazole (heavy line). At
least five separate recordings were averaged to obtain each trace shown.
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Fig. 5. (A) Electron transfer and protonation reactions of ascorbate, quinone, and methyl viologen. Bold-face type indicates the predominant species at pH 8.
Values for reduction potentials and pK,s are from sources cited in Tables 1 and 2. (B) Hypothesized redox complexes formed by hydrogen bonding of

imidazole to ascorbate or hydroquinone.

would be expected if the quinone is acting as an electron
donor.

To quantitate the shift induced by imidazole, we have
used the potential at half-maximum current as an index. This
value can be determined more precisely than the potential at
maximum current. The shift in the potential increases with
imidazole concentration up to the limit of imidazole solu-

300
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oo \i‘\T\A\

,,/_,“_t_—cf—————f’————*

0 100 200 30C
[Imidazole] (mM)

Ew (mV)

-200

Fig. 6. Dependence of ascorbic acid and benzoquinone potential shifts on
imidazole concentration. Half-height potentials from individual traces as
shown in Figs. 1 and 2 were measured and averaged for each imidazole
concentration. (A) Ascorbate; (@) quinone oxidizing sweep; (O) quinone
reducing sweep. Each point is the average (£ SD) of six or more separate
measurements. Lines were calculated from Eq. (1) using a value of 0.1 M
for ECso and AE,,,« values of 175 mV (ascorbate), 120 mV (quinone
oxidizing sweep), and 45 mV (quinone reducing sweep).

bility (Fig. 6). The data can be fit to the following equation
to determine the imidazole concentration required to cause
50% of the maximum shift (ECs):

E(I) — E(0) = AEmax[1]/ (1] + ECsp) ()

E(l) and E(0) are the half-height potentials observed in
the presence and absence of imidazole, respectively. AE, .«
is the maximum potential shift (i.e., the shift that would be
observed at infinite [/]). Data as shown in Fig. 6 were fit to
Eq. (1) by a least-squares method to determine best-fit
values for ECsq and AE,,,. For quinone/imidazole, ECs,
was about 0.1 M for both the oxidation and reduction peaks.
For ascorbate/imidazole, ECsq was about 0.15 M. These
values were obtained by analyzing several experiments of
the type shown in Fig. 6. Results were similar whether the
potential was measured as half-height potential, peak po-
tential, or as E;, from a semi-integral plot [5]. ECsq is a
measure of the effective imidazole concentration, but care
should be exercised in equating it with Kp, the dissociation
constant for the hypothesized imidazole/reductant complex.
Cyclic voltammetry is a kinetic experiment and may not
accurately reflect equilibrium properties such as Kp. Digital
simulation suggests, however, that K, values are close to the
ECso values measured here.

If imidazole facilitates oxidation of H-atom carriers by
acting as a proton acceptor, then it should be less effective
below its pK, of 7.1. To test this, the pH dependence of the
imidazole effect was examined. At pH 5.5, 200 mM
imidazole has very little effect on the cyclic voltammogram
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Fig. 7. Cyclic voltammetry of ascorbic acid at pH 5.5 in the presence and
absence of imidazole. Cyclic voltammograms of ascorbic acid (1 mM) were
recorded in 0.1 M KCl, 0.1 M K,H,PO,, pH 5.5 in the absence of imidazole
(thin line) or in the presence of 200 mM imidazole (heavy line). Duplicate
recordings were averaged to obtain the traces shown.

of ascorbic acid (Fig. 7). A similar lack of effect is observed
for the quinone at pH 5.5 (data not shown).

The results, therefore, are consistent with a mechanism
in which unprotonated imidazole accepts a proton from the
reductant, facilitating electron transfer to the electrode.
Digital simulation provides an important validation of the
mechanistic basis for these results. Before addressing the
effect of imidazole, however, it is necessary to account for
the cyclic voltammograms of the organic reductants in
water. Consider the case of ascorbic acid first. Because
ascorbate has pK,s of 4.04 and 11.34 [6], the monoanion is
the predominant species in the pH range examined here.

Deakin et al. [7] showed that the potential of the oxidation
peak of ascorbic acid does not depend on pH over the
range 4.75-7.75, indicating that the ascorbate monoanion
is the species oxidized. Although the ascorbate dianion
oxidizes readily, it does not make an appreciable contri-
bution to the oxidation current at the sweep rate used here,
because the monoanion does not deprotonate quickly
enough.

Oxidation of the ascorbate monoanion to the semidehy-
droascorbate free radical occurs at a relatively high potential
(E°=+0.766 V [8,9]), however, and this is not consistent
with the potential of the observed peak. The low apparent
reduction potential of the ascorbate monoanion appears to
be attributable to water, because replacing water with
methanol shifts the oxidizing peak to higher potentials (data
not shown). A reasonable explanation is that H,O can serve
as a proton acceptor like imidazole, facilitating the oxidation
of the ascorbate monoanion directly to the semidehydroas-
corbate radical anion (Fig. 5). In fact, even a very weak
association (Kp=10° M) provides a path for ascorbate
oxidation that is sufficiently rapid to account for the
observed cyclic voltammogram (Fig. 8A). The H,O/ascor-
bate association must be weak, so the concentration of the
complex will be negligible and will not affect measured
equilibrium constants such as standard reduction potentials
or pK, values. This also means that H,O will not compete
effectively with imidazole or other compounds binding to
ascorbate.

Having modeled the cyclic voltammogram of ascorbic
acid in water, the imidazole effect can be added by intro-
ducing a complex formed between the ascorbate monoanion
and the unprotonated imidazole (Fig. 8B). In this model,

Current (uA)

Current (uA)

0.7 0.2 03
Potential (V)

0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8
Potential (V)

Fig. 8. Observed and simulated cyclic voltammograms of ascorbic acid and quinone. Panels A and B show 1 mM ascorbic acid at pH 8.0. Panels C and D show
1 mM quinone at pH 8.0. Panels B and D show results including 0.2 M imidazole. Digital simulations were performed using reactions and parameters as listed
in Tables 1 and 2. Observed traces are indicated by heavy lines and simulated traces by thin lines.
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imidazole, like H,O, acts as a proton acceptor, facilitating
oxidation of the ascorbate monoanion directly to the radical
anion. Because this mechanism requires imidazole to func-
tion as a proton acceptor, the effect is greatly diminished
when the pH is below the pK, of imidazole.

A similar analysis permits digital simulation of the
electrochemical behavior of 2,3-dimethoxy-5-methyl-1,4-
benzoquinone. As with ascorbic acid, the oxidation peak
of the quinone occurs at too low a potential to be compatible
with oxidation of the hydroquinone to the semiquinone
cation. Again, the oxidizing current can be rationalized by
formation of a weak complex with H,O permitting oxida-
tion of the hydroquinone diagonally to the semiquinone
(Fig. 8C). The water/hydroquinone complex is sufficiently
weak that it does not affect measured reduction potentials or
pK, values, nor does it interfere with binding to imidazole.
Complexing with the unprotonated imidazole then accounts
for the shift caused by imidazole (Fig. 8D).

In these simulations, the observed data could be fit even
more precisely by adding other interactions, such as binding
of H,O and imidazole to other OH groups on ascorbate and
hydroquinone. The objective here is to test the redox
complex mechanism, however, and this test is more robust
if we minimize the number of parameters. For that reason,
consideration was limited to those interactions necessary for
the redox complex mechanism.

4. Discussion

Organic compounds, such as quinone and ascorbate,
typically oxidize by losing H atoms rather than electrons.
We have proposed here that imidazole facilitates electron
transfer from these compounds by acting as a proton accep-
tor. Formation of a complex between the organic reductant
and imidazole allows the hydrogen-atom donor to transfer
electrons to the electrode while the residual proton is
transferred within the complex. This hypothesis is supported
by the observation that imidazole shifts the oxidation current
of hydrogen atom donors (ascorbate, quinone and Trolox) to
lower potentials. By contrast, oxidation of the electron donor
methyl viologen is not affected. In addition, the pH depen-
dence of the effect indicates that imidazole must be in the
unprotonated state. Finally, digital simulation confirms that
the hypothesized mechanism can account for the observed
cyclic voltammograms.

Other possibilities for the effect of imidazole need to be
excluded. An affect of adsorbed imidazole on surface
potential of the electrode is unlikely, because it is the neutral
unprotonated form of imidazole that is effective. Moreover,
the high ionic strength of the medium should minimize any
effect of surface charge. The mechanism by which organic
compounds react with glassy carbon electrodes is presently
obscure and may involve adsorption of the compound to the
electrode [10,11]. If imidazole adsorbs to the glassy carbon
surface, the adsorption would have to be weak. This is

indicated by the high imidazole concentration required and
by the fact that the imidazole effect is readily reversible.
Following an experiment in which the imidazole effect is
observed, the imidazole-free cyclic voltammogram can be
recovered simply by rinsing the electrode with distilled
water and placing it into an imidazole-free solution.

Finally, we have observed that imidazole also catalyzes
the oxidation of ascorbate, the hydroquinone and Trolox in
solution with O, as the electron acceptor (Kipp et al.,
unpublished results). This process can be monitored by
following O, reduction using an oxygen electrode. Given
the rate of the reactions and the solubility of the reactants, it
is most likely that the reactants are free in solution. In any
case, this O, reduction occurs in the absence of surface
effects of the glassy carbon electrode.

These results support the contention that imidazole
facilitates the transfer of electrons to and from organic redox
compounds, consistent with the mechanism we proposed for
cytochrome bsg;. The crux of the mechanism is that imid-
azole acts as a repository for the proton that must be
transferred to or from the substrate in conjunction with the
electron. The models do not specify a mechanism for
imidazole-mediated proton transfer, but we hypothesize that
imidazole associates with the reduced compound by hydro-
gen bonding through the hydrogen atom that is lost in the
electron transfer reaction (Fig. 5). This is a natural mecha-
nism for transferring the residual proton to the imidazole,
and, in the case of ascorbic acid, it is supported by
molecular modeling studies [1].

The fact that imidazole catalyzes electron transfer from
ascorbic acid, the quinone, and Trolox suggests that the
mechanism may be more generally applicable. For biological
systems, this implies that histidine and other proton-transfer-
ring groups may catalyze a slow rate of spontaneous oxida-
tions leading to the continuous formation of low levels of free
radicals. Although the effects reported here require imidazole
concentrations far higher than likely to exist in vivo, physi-
ological relevance is likely in two significant cases. First,
imidazole-containing sites that bind organic reductants with
greater affinity should catalyze reactivity at correspondingly
lower concentrations. This will be the case for enzymes that
bind redox substrates with high affinity, a condition already
analyzed for cytochrome bs¢q; [1]. Second, the effects ob-
served here are recorded on a time scale of seconds. Imidaz-
ole catalyzes O, reduction by these same compounds at the
same concentration on a time scale of minutes. At lower
concentrations, free radical generation will be slower, but
pathological effects caused by damaging effects of free
radicals are likely to be cumulative, so slow catalysis over a
period of years or even decades may be significant.
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