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Abstract

The chemistry of electrochemically-driven myoglobin-catalyzed oxidation of styrene was investigated in films of
DNA or Eastman AQ ionomer on optically transparent electrodes. Conversion of styrene to styrene oxide proceeded
via a ferrylmyoglobin radical intermediate. Ferrylmyoglobins were clearly detected by spectroelectrochemistry in
films of 1-4 mm thick. The ferrylmyoglobin radical is produced by reaction of metmyoglobin (Mb) in the films with
hydrogen peroxide formed by electrochemical catalytic reduction of oxygen catalyzed by Mb. Thus, electrochemically-
driven styrene oxidation with these films proceeds by a ‘doubly catalytic’ electrode-driven reduction—oxidation
pathway. Ferrylmyoglobin formation during electrolysis of Mb—DNA films in aerobic solutions was much faster, and
styrene oxidation occurred with less Mb decomposition compared to the Mb—AQ films. The better performance of
Mb-DNA films is correlated with a larger fraction of electroactive Mb and better stability than for the Mb-AQ
films. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction oxidations of organic molecules [1-8] The active

oxidant in these processes can be formed by re-

While the main function of myoglobin (Mb) in acting metmyoglobin [X-MbFe(III)] with hydro-
mammals is to transport oxygen, it also catalyzes gen peroxide [Eq. (1)][9-12]
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Here, *X-MbFe(IV)=0 represents the active
ferrylmyoglobin radical which oxidizes olefins by
oxygen transfer. One oxygen from H,O, becomes
bound to the iron of X-MbFe(IIl), while the
second oxidizing equivalent creates a free radical
on an amino acid residue (X) near the protein
surface [1-4,8,13,14]. Low spin Fe(IV)=0 heme
in ferrylmyoglobin was clearly identified by Ra-
man, X-ray absorption, Mossbauer, and NMR
spectroscopies [15-19]. Ferrylmyoglobin radical
has a lifetime of 30 s at pH 7 and room tempera-
ture [4,11,20]. This radical decays via Eq. (2) and
other possible pathways [10-12] to the relatively
stable HX-MbFe(IV)=0, a non-radical ferryl-
myoglobin, which we will also refer to as Mb-
Fe(IV)=0.

2*X-MbFe(IV)=0 + H,0, - 2HX-MbFe(IV)
=0+0, 2)

Ferrylmyoglobin radical may be involved in dis-
ease-causing chemical events and has been impli-
cated in oxidative cellular damage in coronary
heart disease [5,20-23].

Catalytic reactions of Mb have some similari-
ties to those of human liver cytochrome P450s
(cyt P450), which are thought to catalyze oxidative
carcinogenic activation of lipohilic drugs and pol-
lutants [24,25]. As proposed for cyt P450, Mb
employs a high valent heme iron-oxo complex to
oxidize substrates. While the active intermediate
is highly unstable for cyt P450s, ferrylmyoglobin
and ferrylmyoglobin radical can be detected by
visible absorption spectroscopy [22,23].

Using spectroelectrochemistry of Mb dissolved
in solutions and microemulsions containing oxy-
gen, we previously showed that ferrylmyoglobin
radical can be generated by electrolytic reduction
[26]. Thus, electrolysis could also be used to drive
Mb-mediated oxidation of styrene to styrene ox-
ide. These oxidations are ‘doubly catalytic’, fea-
turing catalytic electrochemical reduction of Mb-
bound dioxygen to hydrogen peroxide, followed
by peroxide-initiated ferrylmyoglobin radical for-
mation and catalytic oxidation of the olefinic bond.

We recently showed that Mb and cyt P450cam
in ultrathin films of polyions on electrodes [27]

were much more active than the proteins in solu-
tion for aerobic electrochemically driven styrene
oxidation. These films were formed layer by layer
and typically contain two layers of electroactive
protein. Positively charged Mb binds to polyan-
ionic layers by coulombic interactions. However,
the film thickness of 10-12 nm is too small to
obtain sufficient optical absorbance for spectro-
electrochemical studies of the Mb intermediates.

In this paper, we report electrochemical and
spectroelectrochemical studies in 1-4-pm thick
Mb-polyion films on transparent electrodes.
Characteristic spectra of ferrylmyoglobin were
found during electrochemically-driven catalytic
styrene oxidation using these films.

2. Experimental
2.1. Materials and solutions

Lyophilized horse heart myoglobin from Sigma
was dissolved in buffer and filtered through
30000-MW cutoff Amicon filters to remove higher
MW impurities. The effectiveness of purification
was confirmed by PAGE [28]. Poly(ester sulfonic
acid) sodium ionomer, Eastman AQ 38 (MW =
14000, 7, = 38°C, 11% sulfonates per monomer)
was a gift from Eastman Chemical Co.

Optically transparent electrodes were 3 X 0.5-
cm glass slides coated with indium tin oxide (ITO,
resistance 10 ) cm ™!, CG-80IN-CUV from Delta
Technologies, Stillwater, MI). Water was purified
to specific resistance 18 M{-cm using a Barn-
stead Nanopure water purification system.
Quantofix peroxide 100 test sticks from Macherey-
Nagel GMBH & Co., Germany were used to
estimate hydrogen peroxide concentrations in so-
lution.

Highly polymerized DNA (MW approx. 1 X 108,
Sigma) was purified as follows: 10 mM DNA in 10
mM TRIS-HCI buffer, pH 7.4, containing 1 mM
EDTA was precipitated with 2 volumes ethanol
(—20°0), collected by centrifugation, then re-dis-
solved in the pH 7.4 TRIS/EDTA buffer. This
solution was passed through a 0.2-um Sep-Pak
cartridge, then dialyzed with 12000 MW cutoff
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tubing against 400 volumes water for 48 h. Final
DNA concentration was 1 mg ml~!, determined
from optical absorbance at 260 nm assuming 50
g DNA yields A, of 1.0 in 1.0-ml buffer with a
1-cm light path [29].

2.2. Apparatus and procedures

Films were prepared by evenly spreading known
volumes of appropriate mixtures of Mb and DNA
or AQ polymer in buffer on an electrode of
choice, and drying in air in a covered container.
Film thicknesses were estimated from amounts
and densities of materials deposited. Mb—DNA
films on conducting ITO glass slides were made
from 30 pwl 1 mg ml~' Mb and 20 pl 1 mg ml™!
DNA, giving layers approximately 0.3 pm thick.
Additional layers were deposited on electrodes to
obtain sufficient optical absorbance for a particu-
lar experiment. Final film thicknesses were
between 0.6 and 1.2 pm.

Before coating with AQ ionomer, ITO elec-
trodes were washed successively with ethanol, wa-
ter and 1% acetic acid. The last step introduces
positive charge on the ITO surface and improves
adhesion of the negative AQ polymer. Electrodes
were then rinsed with water and dried. Eastman
AQ 38 at 1 mg ml™! in water was sonicated
overnight to provide a uniform translucent disper-
sion. A 1:1 (v/v) mixture of AQ dispersion and
0.12 mM Mb (2 mg ml~') in pH 7 TRIS buffer
was deposited onto the ITO electrodes at 100 .l
cm 2. Coated electrodes were covered and al-
lowed to evaporate to near dryness, after which
two more coatings were applied. Final film thick-
ness was estimated at 3.5 mm. These films were
made thicker than the Mb—DNA films to insure
sufficient electroactivity, since previous work
showed that only 10% of the Mb deposited was
electroactive [30]. Furthermore, approximately
40% of the Mb deposited is leached into solution
during initial equilibration, after which the films
are stable. Thus, Mb—AQ films were first equili-
brated with buffer solution, then removed and
placed in fresh buffer before the start of an
experiment.

Similar procedures were used to prepare films
of Mb and DNA or AQ on pyrolytic graphite and

carbon cloth electrodes. These electrodes were
used in comparative electrolysis studies of the
Mb-mediated electrochemical oxidation of
styrene. Gas chromatographic analysis of product
mixtures was done with a procedure described
previously [26,27].

A Bioanalytical Systems BAS-100B/W elec-
trochemical analyzer was used for cyclic vol-
tammetry (CV). The three electrode ther-
mostated cells employed a saturated calomel ref-
erence electrode (SCE) and a Pt wire counter
electrode. Working electrodes were ITO or basal
plane pyrolytic graphite (PG), with electrodes
prepared as described previously [26]. CV peak
currents were obtained by the conventional
method of linearly extrapolating the baseline be-
fore the peak and subtracting. The buffer for
voltammetry and spectroelectrochemistry was pH
7, 10 mM TRIS-HCI + 50 mM NaBr. Solutions
were purged with gentle streams of nitrogen, ar-
gon, or oxygen as required. Ohmic drop of cells
was > 95% compensated.

The cell potential in spectroelectrochemistry
was controlled by the BAS-100B/W, or by a
Princeton Applied Research PARC M273 poten-
tiostat. The spectroelectrochemical cell was a
conventional 1-cm quartz cuvette in which coated
transparent ITO electrodes were inserted perpen-
dicular to the light path. Pt wire counter and
micro reference (SCE or saturated Ag/AgCl
electrodes were placed in the cell solution, but
out of the light path [26]. Absorbance spectra
were collected at fixed applied potentials by using
an SM-210 CCD spectrophotometer (CVI Spec-
tral Instruments, Putnam, CT, USA) or a Perkin-
Elmer Lambda-6 spectrophotometer. Spectra
were recorded against AQ- or DNA-coated ITO
electrodes as references.

3. Results
3.1. Cyclic voltammetry

The heme Fe(ITD) /Fe(ID) redox couple of Mb
was previously shown to give reversible vol-
tammetry in AQ films on pyrolytic graphite (PG)
electrodes [30]. Fig. 1 shows chemically reversible
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Fig. 1. Cyclic voltammograms at 1.5 V s™! in anaerobic pH 7
TRIS buffer: (a) Mb—AQ film on ITO electrode; (b) 0.3 mM
MD in solution at bare ITO electrode; (c) ITO electrode in
buffer without Mb. (In all CV, reduction currents are positive
and oxidation currents are negative).

oxidation—reduction peaks for Mb heme
Fe(IID) /Fe(Il) in a Mb—AQ film on an ITO elec-
trode. Peaks in the AQ film are larger and better
defined than for Mb in solution on a bare ITO
electrode. Oxidation and reduction peak currents
are nearly equal, and are directly proportional to
scan rate (Fig. 2). These CV results are character-
istic [31] of reversible electrochemical intercon-
version of Fe(II1) and Fe(ID) forms of the protein
in the thin Mb—AQ film on the electrode.

We previously showed that Mb in films of dou-
ble stranded (ds) calf thymus (CT) DNA of av.
MW 10° gave chemically reversible heme
Fe(ID) /Fe(ID) electrochemistry on PG electrodes
[32], with similar voltammetric characteristics to
those described above for Mb—AQ. In this work,
we found that ds CT DNA with av. MW 10® gave
somewhat more stable films (> 1 week in buffer)
than the lower MW DNA, with similar chemically
reversible thin-layer electrochemical characteris-
tics of Mb on PG and ITO electrodes.

Since electrochemical catalytic reduction of
oxygen is essential to activate Mb for catalytic
oxidations [26], we also examined the influence of
oxygen on CVs of the films. The typical reversible
CVs found in anaerobic solutions are significantly
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Fig. 2. Influence of scan rate on Fe(II) reduction peak cur-
rent for Mb—AQ/ITO films in pH 7 buffer.

transformed when oxygen is added to the solu-
tion. Changes include a large increase in the
Fe(III) reduction peak, and a disappearance of
the Fe(IT) oxidation peak (Fig. 3). This is similar
in both DNA and AQ films. The new large reduc-
tion peak is approximately 300 mV more positive
than the direct reduction peak of oxygen using
electrodes coated with films not containing Mb.
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Fig. 3. Cyclic voltammograms at 0.5 V s™! in 5 ml pH 7 buffer
for: (a) Mb—AQ film on ITO electrode, solution purged with
nitrogen; (b) same electrode after injecting 20-ml oxygen into
buffer; (¢) AQ film with no Mb on ITO electrode after
injecting 20-ml oxygen into buffer; (d) AQ film with no Mb on
ITO electrode, buffer purged with nitrogen.
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3.2. Spectroelectrochemistry

Visible absorption spectra of ferrylmyoglobin
have been well characterized and interpreted in
the medium pH range [22,23,26]. Fig. 4 presents
standard solution spectra of species likely to be
involved during electrolysis of Mb films. Metmyo-
globin has an iron heme Soret band at 408 nm,
and smaller bands at 503 and 631 nm. Both
MbFe(ID-0O, and *X-MbFe(IV)=0 have Soret
bands at longer wavelengths than metmyoglobin.
MbFe(IV)=0 and °*X-MbFe(IV)=0 are de-
tected simultaneously by the Soret band at 421
nm and characteristic bands at 548 and 584 nm
after addition of hydrogen peroxide to met-
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Fig. 4. Standard absorbance spectra of various forms of Mb in
aerobic pH 7 buffer: (a) full spectral range including Soret
bands; (b) higher sensitivity to view bands in the 450—700-nm
region. Samples are (1) 30 mm MbFe(IID); (b) MbFe(I)-O,
formed by adding 17 mM ascorbic acid to 30 mm MbFe(III),
and (3) MbFe(IV)=0 formed by adding 0.6 mM hydrogen
peroxide to 30 pm MbFe(III). See Onuoha et al. [26] for
details.

myoglobin (Fig. 4b). MbFe(IV)=0 and
*X-MbFe(IV)=0 cannot be distinguished from
their visible spectra, and *X-MbFe(IV)=0 de-
cays [Eq. (2)] to MbFe(IV)=0 in 30 s [4,11,20].
MbFe(ID-0O, bands at 540 and 580 nm have
smaller band widths than bands of ferrylmyo-
globins in the same wavelength range.

Visible absorbance spectra of Mb—AQ films
(Fig. 5a) were similar to spectra of Mb in solu-
tion. The Soret band appeared at 409 nm. The
bands at 503 and 632 nm are observed for Mb—AQ
(Fig. 5b), but spectral shape in this region was
slightly different than for metmyoglobin in solu-
tion. Electrolysis for 40 min at an applied voltage
negative of the MbFe(IIl) reduction peak in the
presence of oxygen gradually converted the 409-
nm Soret band to 421 nm, characteristic of fer-
rylmyoglobins. The spectrum also developed bands
at 548 and 580 nm.

When Mb-AQ films were electrolyzed in solu-
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Fig. 5. Absorbance spectra of Mb—AQ films on ITO elec-
trodes in aerobic pH 7 buffer: (a) full spectral range including
Soret bands; (b) at higher sensitivity to view bands in the
450-650-nm region. Samples are (1) before electrolysis; (2)
after 20-min electrolysis at —0.6 V vs. SCE; and (3) after
40-min electrolysis at —0.6 V.
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tions saturated in styrene (approx. 10 mM) and
oxygen, the observed spectral changes were much
slower than in the absence of styrene (Fig. 6).
Even after 60 min, the 409 metmyoglobin peak
was still predominant, and 2 h electrolysis was
required to observe the band at 421 nm, accom-
panied by a shoulder at 409 nm. The spectrum in
the 500-600-nm region was indistinct after 2 h
electrolysis, and did not specifically confirm the
presence of ferrylmyoglobins.

Spectra of Mb—DNA films (Fig. 7a) were nearly
identical to spectra of Mb in solution. Here, the
Soret band appeared at 408 nm, and bands at 503
and 632 nm were clearly observed (Fig. 7b) in the
same shape as in solution (cf. Fig. 4b). Electroly-
sis at —0.6 V converted the 408-nm band to 421
nm within 10 min, and the characteristic fer-
rylmyoglobin bands at 548 and 584 nm were clearly
observed after only 5-min electrolysis.

During electrolysis of Mb—DNA in the pres-
ence of styrene and oxygen, maximum Soret band
absorbance at 409 nm occurred in the early stages
of the experiment. After a few minutes, the 409
nm absorbance is approximately 0.75, and after 20
min decreased to approximately 0.6 (Fig. 8). Peaks
at 503 and 632 nm during the early stages of
electrolysis confirm the main absorbing species as
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Fig. 6. Absorbance spectra of Mb—AQ films on ITO elec-
trodes in aerobic pH 7 buffer saturated with styrene: (a)
before electrolysis; (b) after 60 min-electrolysis at —0.6 V; (¢)
after 120-min electrolysis at —0.6 V.
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Fig. 7. Absorbance spectra of Mb—DNA films on ITO elec-
trodes in aerobic pH 7 buffer: (a) full spectral range including
Soret bands; (b) at higher sensitivity to view bands in the

450-700-nm region. Curves are labeled with minutes of elec-
trolysis at —0.6 V vs. SCE.

metmyoglobin. Between 20 and 60 min, the 409-,
503- and 632-nm peaks are gradually replaced by
peaks at 421, 548, and 584 nm, characteristic of
ferrylmyoglobins. At 60 min, the applied potential
was changed to —0.1 V, where reduction of
metmyoglobin and O, do not occur. Between 60
and 120 min, the peaks at 421, 548, and 584 nm
are slowly replaced by the metmyoglobin peaks at
409, 503 and 632 nm.

3.3. Styrene oxidation

Electrolyses for 1 or 4 h at —0.6 V vs. SCE in
pH 7 buffer solutions containing approximately
10 mM styrene under oxygen using Mb—DNA or
Mb-AQ films produced styrene oxide and ben-
zaldehyde as products. Styrene oxide is the Mb-
catalyzed oxidation product, while benzaldehyde
is produced mainly by reaction of styrene with
hydrogen peroxide [1-4]. These products were
produced with both types of films on carbon cloth,
pyrolytic graphite or ITO electrodes. Yields of
styrene oxide were two to fourfold larger com-
pared to control electrolyses using the same elec-
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Fig. 8. Time-resolved spectra of a Mb—DNA film on an ITO
electrode during electrolysis electrodes in aerobic pH 7 buffer
saturated with styrene. Applied potential was —0.6 V (vs.
SCE) for period T;, 060 min, then the potential was changed
to —0.1 V during 7,, 60—-120 min.

trode material in the same solution with no pro-
tein coating. For example, a Mb—AQ film on
carbon cloth in pH 7 buffer containing oxygen
and 10 mM styrene gave 83 nmol styrene oxide
after 1 h electrolysis, compared to 25 nmol styrene
oxide in the control with no Mb. These typical
results showed that the Mb—polyion films in this
study have qualitatively similar catalytic behavior
to thinner Mb—polyion films grown layer by layer
[27]. Detailed studies of catalytic Mb film activity
and pathways for oxidations for oxidations of
olefins will be reported elsewhere [33].

As for ultrathin, layered Mb—polyion films [27],
significantly more hydrogen peroxide was found
in solutions after 1 h electrolyses with the
Mb—polyion films than in control electrolyses with
uncoated electrodes. In the example given above
for the Mb—AQ film, 0.35 mg ml~' H,0, was
found after 1 h electrolysis, compared to approxi-
mately 0.1 mg ml~! H,0, in the bare electrode
control electrolysis. These results confirm that
Mb is an electrochemical mediator for reduction
of O, to H,0,.

Mb-DNA films on both ITO and PG elec-
trodes produced much more H,O, than the con-

trols during electrolysis in the absence of styrene
(Fig. 9). Concentrations of hydrogen peroxide in-
creased for approximately 34—40 min. The con-
centration of H,O, remained nearly constant af-
ter reaching a broad plateau, with only slight
decreases afterwards in the absence of styrene.
However, when excess styrene was added after
120-min electrolysis, the concentration of H,0,
decreased to low levels over the next 120 min
(Fig. 9b,0).

4. Discussion

Cyclic voltammetry on ITO electrodes showed
that electrochemical conversion of the heme
Fe(III) to Fe(Il) of Mb was accomplished re-
versibly in both types of films (Figs. 1 and 2).
Chemical reversibility and signal to background
ratio in voltammetry is much improved over that
of Mb in solution on bare ITO electrodes (Fig. 1).
Electrochemical reversibility in the films is similar
to that in ultrathin layered polyion films [27], and
in films of insoluble surfactants and lipids on
electrodes [34]. Possible reasons for the improved
Fe(IID) /Fe(ID) electrochemistry in the films in-
clude the relatively high concentration of Mb
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Fig. 9. Influence of electrolysis time at —0.6 V vs. SCE in
aerobic pH 7 buffer on concentration of hydrogen peroxide
using the following cathodes and conditions: (a) bare PG
(A =0.79 cm?) [bare ITO gave similar results]; (b) Mb—DNA
film on PG; 10 mM styrene added at 120 min; (¢) Mb—DNA
film on ITO, 10 mM styrene added at 120 min; (d) Mb—DNA
film on PG, no styrene; and (¢) Mb—DNA film on ITO, no
styrene.
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close to the electrode, and inhibition of adsorp-
tion and denaturation of proteins on electrodes
by adsorbed ionic film components [28].

Voltammetry of both types of films on ITO
electrodes in anaerobic solutions is fully consis-
tent with that found for similar films on pyrolytic
graphite and gold electrodes [30,32]. These previ-
ous studies showed that Mb—DNA (MW 10°)
films were reasonably stable for up to a week in
buffer, and that approximately 40% of the Mb in
the film was electroactive at pH 7. Mb—AQ films
form hydrogels in water, but only approximately
10% of the Mb deposited was electroactive. Fur-
thermore, when the film is first exposed to water
approximately 40% of the original Mb is leached
from the film in 2 h, after which the films showed
an extended period of stability. That is why
Mb-AQ films in the present work were pre-equi-
librated with water, then removed and placed into
fresh buffer before experiments began.

Voltammetry of Mb films with oxygen in the
solution (Fig. 3) is consistent with reduction of
oxygen mediated by the protein to give hydrogen
peroxide. The increased Fe(IIl) reduction current
in oxygen-containing as opposed to anaerobic so-
lutions, concurrent with the disappearance of the
Fe(Il) oxidation peak, are consistent with the
known rapid reaction of MbFe(IT) with O, to give
MbFe(ID-O, followed by reduction of
MbFe(ID-0, to give H,0,, as documented for
Mb in solutions and microemulsions [26]. Detec-
tion of significantly more H,O, after electrolysis
using either Mb film compared to electrolyses
without Mb (Fig. 9), is also consistent with Mb-
mediated reduction of O,.

Both types of films catalyzed electro-
chemically-driven oxidation of styrene to styrene
oxide. Results are similar to those with Mb in
surfactant and layered polyion films on electrodes
[27,33]. In the latter work, we found that addition
of catalase to destroy H,O, in electrolysis solu-
tions greatly inhibits styrene oxide formation.
Thus, in all these systems, H,O, is necessary for
efficient styrene oxidation.

Visible absorbance spectra of MbFe(IIl) in
Mb-DNA films (Fig. 7) were nearly identical to
that of MbFe(III) in solution (Fig. 4). Based on
spectroelectrochemical results in the absence of

styrene, Mb—DNA films cleanly form ferrylmyo-
globins during electrolysis at —0.6 V vs. SCE in
< 10 min. Spectra after 5-10-min electrolysis (Fig.
7) clearly show the characteristic 421-, 548-, and
584-nm bands of ferrylmyoglobins. Relatively
clean isosbestic points at several wavelengths in
the spectrum support metmyoglobin and fer-
rylmyoglobins as the main absorbing species.
Mb-AQ films had a Soret band at 409 nm for
MbFe(III) but the band at 503 nm was only a
shoulder and a band at approximately 540 nm was
also present. The spectra in the 500—650-nm range
were somewhat different from MbFe(IID) in solu-
tion, suggesting the possibility of conformation-
changing interactions between the positively
charged Mb and the anionic AQ. Upon electroly-
sis at —0.6 V, these films showed a 421 nm band
only after 40 min (Fig. 5). While a band at 548 nm
was found, the accompanying ferrylmyoglobin
band at 584 nm was not clearly observed (Fig. 5b),
and a band at approximately 570 was seen. These
results are consistent with ferrylmyoglobins
formed slowly in the Mb—AQ films, with the
possibility of some decomposition resulting from
exposure to H,0, [8], or even the presence of a
small amount of X-MbFe(I)-O,. In the pres-
ence of styrene, 2-h electrolysis was required be-
fore the 421-nm ferrylmyoglobin band was
observed (Fig. 6) because of the reaction with
styrene. This spectrum with a shoulder at 409 nm
suggests that some metmyoglobin remains.
Spectroelectrochemistry of Mb—DNA films (Fig.
8) at —0.6 V in the presence styrene showed that
initially the 409-, 503-, and 632-nm bands for
MbFe(I1I) are predominant, and nearly an hour is
required before the 421-, 548-, 584-nm bands of
ferrylmyoglobins become the main spectral fea-
tures. This conversion is much slower than in the
absence of styrene (cf. Fig. 7) because ferrylmyo-
globin radical is used up by oxidizing styrene,
regenerating MbFe(ITI). The small amount of
H,0, formed initially presumably converts some
MbFe(ID) to *X-MbFe(IV)=0, but this species
disappears quickly as it reacts with styrene. As
H,0, concentration builds up with time (cf. Fig.
9), ferrylmyoglobin formation becomes more rapid
and metmyoglobin peaks begin to decrease as
ferrylmyoglobin peaks increase. After electrolysis
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for 60 min, the majority of the Mb in the film
resides in ferrylmyoglobin forms.

At the 60-min point in this experiment, the
applied potential was changed to —0.1 V, where
MbFe(IID) is not reduced (Fig. 8). H,0, is no
longer being produced at this voltage, and it is
gradually used up in Mb-mediated oxidation of
styrene (cf. Fig. 9). Eventually, the H,O, concen-
tration falls low enough so that MbFe(III) can
again predominate, as shown by characteristic
409-, 503-, 632-nm bands after 120 min (Fig. 8).
Since ferrylmyoglobins are strong oxidants, it is
also possible that their electrochemical reduction
plays a role in this complex reaction process.

A remarkable feature of this experiment in
DNA films at room temperature is that very little
decomposition of Mb seems to have taken place.
The maximum Soret band at 120 min for
MbFe(IID) is about the same as the maximum in
the early stages of the experiment (Fig. 8). In
solution [26] or in ultrathin polyion films [27],
oxidation of styrene for 1 h by aerobic electrolysis
at 4°C results in decomposition of 20% or more
of the protein. Decomposition of Mb from reac-
tion of amino acid residues with H,O, also oc-
curs in solution [8]. The stability of Mb in
Mb-DNA films may suggest a special protective
role for DNA in this reaction.

Formation of ferrylmyoglobin and its reaction
with styrene in AQ and DNA films can be ratio-
nalized by the pathway in Scheme 1, similar to
that proposed for Mb in solutions and microemul-
sions [26]:

X-MbFe(IIl) + e~ = X-MbFe(Il)
(at electrode) 3)
X-MbFe(Il) + 0,- X—MbFe(II)—O2 4)

X-MBFe(II) — O, + 2¢~ 4+ 2H" - X-MbFe(II)

+H,0, (at electrode)
(5)

X-MbFe(IIl) + H,0, - * X-MbFe(IV)

=0 + H,0 (1)

*X-MbFe(IV)=0 + ArCH=CH, — X-MbFe(III)

+ArCHOCH,
(6)

To initiate the reaction, an electron from the
electrode first reduces metmyoglobin [Eq. (3)] in
the film to X—-MbFe(II), which reacts rapidly with
oxygen to give X—MbFe(ID-0, [Eq. (4)], a reac-
tion with rate constant 2 X 107 M~' s~ ! [35].

Hydrogen peroxide is formed by electrochemi-
cal reduction of X-MbFe(ID-0O, [Eq. (5)], as
demonstrated in solution [26]. A catalytic cycle
involving Egs. (4) and (5) is suggested by large
reduction currents in the presence of oxygen at
the potentials of MbFe(III) reduction, and also
supported by the finding of significantly more
hydrogen peroxide after electrolysis with elec-
trodes coated with Mb films compared to controls
with no protein present (Fig. 9). Auto-oxidation
of X-MbFe(ID-O, with rate constant [35] 2 X
107% s7! is too slow to be important in catalytic
production of H,0O,.

Ferrylmyoglobin radical *X-MbFe(IV)=0 is
produced by reaction of H,O, formed during
electrolysis with X—MbFe(III) uncoupled to the
electrode reaction. Choe et al. [4] showed that
styrene is oxidized by *X-MbFe(IV)=0, but not
by non-radical MbFe(IV)=0. Thus, *X-MbFe-
(IV)=0 transfers its oxygen to styrene to give
styrene oxide and X-MbFe(IID) [Eq. (6)]. This is
the second catalytic cycle in the ‘doubly catalytic’
pathway, since the X-MbFe(IIl) produced in Eq.
(6) feeds back into Eq. (3) to begin the entire
oxygen reduction/styrene oxidation sequence
over again. Thus, Mb-catalyzed electrochemical
reduction of oxygen results in Mb-catalyzed oxida-
tion of styrene.

There is a second pathway for Mb—H,0, oxi-
dation of olefins that involves reaction of O, with
a radical site on the *X-MbFe(IV)=0 surface,
yielding an amino acid-peroxyl radical that also
can oxidize styrene [1-4]. A surface amino acid
radical is also involved in H,O,-initiated dimer-
ization of Mb [8]. The significance of these radical
pathways in the DNA and AQ films cannot be
ascertained from the present results. However, we
might speculate that the better stability of
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Mb-DNA films during electrolysis could be re-
lated in some way to the relative importance of
the ferrylmyoglobin pathway vs. the radical oxida-
tion pathway.

5. Conclusions

Cast Mb-DNA and Mb-AQ films catalyze
electrochemically-driven styrene oxidation via a
ferrylmyoglobin radical intermediate. Ferrylmyo-
globin formation in Mb—DNA films is much faster
and occurs with less Mb decomposition compared
to Mb—-AQ films. The better performance of
Mb-DNA films is correlated with a larger frac-
tion of electroactive Mb and better stability than
for the Mb—AQ films. While ferrylmyoglobin rad-
ical may be involved in oxidative cell damage
[5,20-23], the significance of interactions with po-
lyelectrolytes in vivo is unknown.
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