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Yeast cytochrome peroxidase (€P)! catalyzes the reduction
of hydrogen peroxide to water by cytochroro@) in a cycle

of processes that have attracted intense and varied interest

directed toward developing an understanding of biological
electron transfet. As depicted in Scheme 1, the mechanism
involves two-electron oxidation of the Fe(lll) “resting” form
of the enzyme to a form known ascE compound | (or “ES”),
which contains oxyferryl heme (Fe=0) and a radical located
on the indole ring of Trp-19%. The resting form is regenerated
by two sequential one-electron reactions via a form known as
CcP compound Il. Compound Il can exist in at least two forms,
[Fe(IV): Trp% and [Fe(lll): Trp"] depending upon pH, ionic
strength, and the presence of ligands that favor Fedll).
However, only [Fe(IV): Trf] has been isolated and character-
ized in detail.

In view of the importance of understanding the mechanism
and associated energetics of this system, it is surprising tha
little information has emerged on the reduction potentials of
the catalytically relevant states shown in Scheme 1, and then
only via indirect method8. From kinetic data and Marcus
theory, the reduction potential of compound Il was calculated
to be+1.09 V7 For the couple Trp?, a value of 0.65 V was
estimated by electrostatic calculations of the degree by which
the radical is stabilized in the protein compared to being free
in solution®

Cytochromec peroxidase adsorbs at a pyrolytic graphite
“edge” (PGE) electrode to produce an extremely active surface
for reduction of hydrogen peroxidelt was found that, for low
concentrations of peroxide, a peak-4af50 mV was obtained
for reduction at stationary electrod®sUsing a microelectrode
array model for electrocatalysis by adsorbed enzymes, it was
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Potential vs S. H. E.
Figure 1. (a) Cyclic voltammogram obtained several cycles after
introducing a freshly polished PGE electrode to a M solution of
CcP in 20 mM phosphate buffer, pH 6.1 at°€: electrode surface
area, 0.03 cfy scan rate, 20 mV3. The voltammogram appears over
the course of several scans after a potential hold for 36+680 mV.
The signal remains unchanged upon rotation of the electrode at 500
rpm. The broken line (B) represents the voltammetric response at the
same CP-adsorbed rotating-disk PGE electrode upon addition of 20

M H,O; at 400 rpm. Scan rate was 20 mVts The noticeable ridge

in the catalytic reduction current at ca. 710 mV stems from the very
high rate of turnover of the adsorbed enzyme, which for low substrate
concentrations prevents the steady state from being reached, even at
high rotation rates.
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concluded that a dense layer of active catalysts must be present

to account for the sharp, peak-like catalytic wavef@fnSince

such a high coverage should be detectable by voltammetry

without amplification from turnover, we searched for conditions

under which a rapid and reproducible response could be elicited.
Figure 1 shows the result obtained when a freshly polished

PGE electrode is introduced to a Q¥ solution of GP in 20

mM phosphate buffer, at4C.10 Symmetrical peak-like signals,

with reduction potentiat-740 mV, appear over the course of

several cycles and are unchanged when the electrode is rotated

(10) Bakers’ yeast cytochromeperoxidase was isolated according to
the method of English et al. (English, A. M.; Laberge, M.; Walsh Jizbrg.
Chim Acta 1986 123 113-116) and then crystallized and stored under
liguid N2. The enzyme gave a turnover number of 2810 (@verage of
five assays) at 28C, and pH 7.0, and 1xM cytochromec (Il) and
saturating levels of bD,. For comparison, at pH 6.0 and 23, Yonetani
and Ray obtained a turnover number of 2500 &/ onetani, T.; Ray, G. S.

J. Biol. Chem 1965 240, 4503-4508). The electrochemical cell and
electrodes have been described previously (see ref 16). Voltammetry was
performed using an Autolab Electrochemical Analyzer (EcoChemie, Utrecht,
Netherlands).
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transfer of more than one electron. We conclude that the
reaction observed is the reversible two-electron interconversion
between resting € and compoundwithout the need for bO,,

and (as indeed suggested by others) that this system behaves
as acooperatbe redox couple, in which oxidations of Trp-191
and the heme group are mutually supporfit&>

The significance of this result is reinforced by a kinetic
analysis of the electrocatalytic reduction of®3, which shows
the species involved to be extremely active even at this
temperature. After generation of the peak-type signals, varying
concentrations of kD, were added, and the limiting catalytic
currents were measured at different rotation rates. Results are
shown in Figure 2. Data were analyzed according to the model
used by Sucheta et #. The coverage of enzyme molecules
115 pM | was determined as 6:2 10-22mol cnm? by base-line-corrected
integration of peaks, assuming a two-electron reaction. This
value equates to an area equivalent to a square 5158 A
for each enzyme molecule, consistent with a coverage that is
‘ ‘ . probably close to an idealized monolayer. From the turnover
0.0 04 o8 data and coverage, the kinetic constafs= 92 uM and kca

Potential vs S. H. E. = 268 st were obtained. Therefol@a/Ky = 2.9 x 106 M1
Figure 2. Variation of the catalytic currentpotential response atthe — g-117

CcP-adsorbed rotating-disk PGE electrode as a function gd,H : ; ; ;
concentration:  rotation rate, 400 rpm: scan rate, 20 mY sther The catalytically relevant, macroscopic reduction potentials

conditions as for Figure 1. Inset A shows the Kouteekgvich plot at pH 6.1o<,’;1nd_4’C ar(i thus partially quantified @ < 74(.)

(see ref 16). The lines shown are the best fits to data obtained atvarioui“.l = Ev®, with Ejn* for the overall two-electron reaction

rotation rates and represent experiments at 20, 35, 65, 115, 170, an eing 740°,mV. lot, Shou'q be noted that the equal POten“a'

2424M H0,. The currents due to intrinsic catalytic properties of the SituationE,® ~ E,*" also yields & value below 83 mV if the

enzyme are determined from the inverse intercepts of these lines. InsefWO electron transfers are tightly coupled (an extreme example

B shows the double reciprocal plot of the catalytic currents (obtained D€ing electrons adding to a single centér)However, the

from the intercepts) at various,B, concentrations. The line drawn  individual E*' values cannot be determined reliably from the

is the best fit to the data points givitg, = 92 uM andkea = 268 s1. data, since the levels of nonideality (dispersion or interactions)

which might increas@ from the limiting 2e value of 42 mV

at 500 rpm, thus showing that the species responsible is boundhave not been assesséaor can the partitioning of compound

to the electrode surfadé. The small peak separatior 20 mV ] between_ its tWO. alternative forrhisbe defined from the

at 20 mV s'1) shows that interfacial electron transfer is facile. Vvoltammetric experiment.

Continuing rotation and introducing even just a low level of The experiments that we have conducted are rapid, economi-

H.O, causes the peaks to convert to sigmoidal waveforms cal, and sensitive, and have the capability of bridging the

characteristic of steady-state catalysis. Thus effectively all of complicated divisions existing between thermodynamics, tran-

the redox species contributing to the reversible signals are sient kinetics, and steady-state kinetics. Detailed studies of the

catalytically active. reversible active-site transformations and the correlation with
That the peak-like signals arise fromcaoperatve two- catalytic activity are now underway.

electroncouple is clear from the half-height widtlds which

lie between 50 and 60 mV. Theory predicts that a one-electron  Acknowledgment. This work was supported by the UK Engineering

reaction of a surface-confined population of non-interacting and Physical Sciences Research Council. We thank Judy Hirst and

molecules should havé = 85 mV at 4°C.12 Nonidealities Dirk Heering for experimental assistance and helpful discussions.

such as intermolecular Coulombic interactions or dispersion of JA952489F

species over a spectrum of reduction potentials would cause
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to increase, not decreake.Thus, ruling out intermolecular (14) Electron-transfer cooperativity accounts for the prominence of the
cooperativity between the redox centers in these large moleculesvoltammetric waves, since current is proportionainfo(see refs 12 and
(MW 34 000), the decrease in(toward the two-electron value (15) Liu, R-Q.; Miller, M. A.; Han, G. W.: Hahm, S.; Geren, L.; Hibdon,

of 42 mV) for both peaks must be associated with cooperative S.; Kraut, J.; Durham, B.; Millett, FBiochemistryl994 33, 8678-8685.
(16) Sucheta, A.; Cammack, R.; Weiner, J.; Armstrong, FBiaichem-
(11) No signals were observed in the absence of cytochogreeoxidase. istry 1993 32, 5455-5465.

As the peaks developed, there was a small but noticeable decrease in the (17) Experiments conducted at pH 5 showed that the non-catalytic
background capacitance, consistent with adsorption of the enzyme. Thereduction potential increases to approximately80 mV and the wave
coated electrode could be transferred to a cell containing buffer solution remains sharp, while at pH 7, the potential decreases to approxireaey
devoid of enzyme, whereupon the peaks diminished in intensity but remained mV and the waves appear slightly broader. Introduction dHn either
visible for at least 20 min. Peak currents were proportional to scan rate up case induced turnover with potentials shifted in respective directions but

to at least 250 mV §. with slightly lower currents than observed with the same concentration of
(12) Laviron, E. InElectroanalytical ChemistrpyVol. 12. Bard, A. J., H20, at pH 6.1.

Ed.; Marcel Dekker: New York, 1982; pp 5357. Laviron, E.J. (18) Plichon, V.; Laviron, EJ. Electroanal Chem 1976 71, 143-156.

Electroanal Chem 1979 97, 135-149. (19) There is substantial evidence against disproportionation of compound
(13) Laviron, E.J. Electroanal Chem 1974 52, 395-402. Matsuda, Il. See refs 5 and 15: Thus it is unlikely the;®' is very much higher

H.; Aoki, K.; Tokuda, K.J. Electroanal Chem 1987, 217, 1—13. thanE'.



