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ABSTRACT: The enzyme cytochrome c peroxidase from Pseudomonas aeruginosa and its catalytic
mechanism were investigated using protein film voltammetry. Monolayers of the diheme bacterial enzyme
were immobilized on both pyrolytic graphite edge and alkanethiol-modified Au electrodes. The redox
couple associated with the low potential heme could be detected on both electrode surfaces at a reduction
potential of -234 mV vs SHE. The midpoint potential displays a distinct pH dependence at acidic pH
values, indicative of proton-coupled electron transfer. The nonturnover signal of the LP heme can be
transformed into sigmoidal waves upon the addition of substrate. The midpoint potentials of the turnover
signals were used to calculate Michaelis-Menten kinetics with a Km ) 25 µM. Catalysis was inhibited
with addition of cyanide (Ki ) 50 µM). These kinetic parameters are in good agreement with previously
reported solution-based studies, indicating that the activity of the enzyme is unaffected by the immobilization
on the electrode surface. The reduction potential of the catalytic wave clearly shows that the rate-limiting
species during electrocatalysis differs from those previously reported for peroxidases, indicating that PFV
may be used in the future to distinguish the requirement for reductive activation in bacterial cytochrome
c peroxidases.

Bacterial cytochrome c peroxidases (BCcPs)1 are respon-
sible for catalyzing the two-electron reduction of hydrogen
peroxide to water, a key function within the cellular
detoxification pathway of reactive oxygen species in mi-
crobes (1). Bacterial peroxidases distinguish themselves from
members of the well-known plant and fungal peroxidase
superfamily (e.g., horseradish peroxidase, yeast cytochrome
c peroxidase), as they are dimeric proteins, with each
monomer divided into two domains, which both contain a
covalently bound c-type cytochrome and a Ca2+ ion bound
between the two domains (2-6).

Early spectroscopic studies demonstrated that the two
hemes were nonequivalent, each with a specific role within
the enzyme (7, 8). In the fully oxidized form the high-
potential (HP) heme is found to have His/Met axial ligation.
The HP is presumed to act as an electron transfer center,
accepting electrons from an exogenous electron donor and
shuttling them to the second, low-potential (LP) heme. In the enzyme from Pseudomonas aeruginosa (Psa) the LP

heme is bis-His ligated in the fully oxidized as isolated state,
yet binds substrate in the course of catalysis.

The majority of bacterial peroxidases are inactive in the
fully oxidized state due to the saturation of the LP heme
coordination environment, depicted in Figure 1 for the Psa
CcP. Reduction of the HP heme causes a chemical shift of
the peptide backbone, designated the L-loop, which removes
the distal axial histidine on LP heme (2-4, 6, 9). In addition
to the removal of the axial histidine two important active
site residues are affected by the change in HP heme oxidation
state. Glutamic acid 114 has been proposed to act as an
acid-base catalyst required for cleavage of the peroxide
bond (2, 6). In the oxidized form Glu114 is oriented away
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FIGURE 1: Active site structure in both the as-isolated oxidized state
(blue) and the semireduced active state (gray). The change in
oxidation state has significant effects on residues responsible for
substrate binding (His71) and peroxide bond cleavage (Gln104 and
Glu114). (Figure of the oxidized and semireduced forms was
prepared with Protein Data Bank files 1eb7 and 2hvd, respectively.)
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from the peroxide binding site, as shown in Figure 1. After
reduction this catalytically important residue rotates into the
heme binding pocket. A similar shift is observed with
Gln104, which is proposed to stabilize the heterolytic
cleavage of the peroxide bond. The now pentacoordinated,
high-spin peroxidatic heme can bind peroxide and enter the
catalytic cycle. This prereduction of the HP heme is a
requirement for activity for the majority of studied bacterial
peroxidases, shown in Table 1.

One of the most notable exceptions is the enzyme from
Nitrosomonas europaea. The crystal structure shows that in
the diferric state the LP heme is already in the “open”
pentacoordinated form (6). Crystal structures of the well-
studied diheme bacterial peroxidases from Paracoccus pan-
totrophus (9), Pseudomonas nautica (3), and most recently
Psa (9) have revealed a series of loop movements initiated
by reduction of the HP heme that eventually remove the distal
histidine ligand of the LP.

In the Pseudomonas and Paracoccus enzymes, once the
HP heme is reduced and the LP heme possesses an open
coordination site, the enzyme is proposed to enter the
catalytic cycle shown in Figure 2 (top leftmost arrow).
Heterolytic cleavage of the O-O bond causes the generation
of a compound I-like intermediate, where one oxidizing
equivalent is stored in the LP heme as an FeIVdO. Unlike
the monoheme peroxidases which generate either a stable
cation radical located on the porphyrin ring or an active
site residue (10, 11), the second oxidizing equivalent for
the bacterial peroxidases is found on the HP heme. An
electron is then transferred from a donor through the HP
heme, and the LP heme is reduced to the ferric state. The
transfer of this electron and two protons results in the
generation of the second molecule of H2O. Thus, at least
two diferric states can exist in the catalytic cycle: one is
generated during turnover with a pentacoordinate LP heme,
and the other is the as-isolated, inactive form. The timing of
the inactivation of the LP heme (Figure 2, dotted arrows)
versus the donation of a second reducing equivalent to the
enzyme to the half-reduced state is still an open question in
bacterial CcP biochemistry.

We have utilized direct electrochemistry to investigate the
redox chemistry and catalytic activity of cytochrome c
peroxidase from P. aeruginosa, one of the first bacterial
diheme peroxidase to be studied. Early solution-based optical
spectropotentiometric titration experiments showed a large
reduction potential difference between the two hemes of
+320 mV and -330 mV for the HP and LP hemes,
respectively (10). The evidence for nonequivalence of the
hemes led to the proposed catalytic mechanism shown in
Figure 2, but it is unclear as to the rate-limiting step involved
in catalysis. Electrochemistry has been shown to be a useful
technique to investigate the catalytic mechanism in cyto-

chrome c peroxidases (12-14). Protein film voltammetry
(PFV) allows for direct investigation of the redox active
center as well as the catalytic chemistry during catalysis.
The catalytic cycle of Psa CcP shows several proton-coupled
steps in addition to simple electron transfer from the HP. At
this point there have been no biochemical studies into the
coupling of these steps within the catalytic mechanism. We
describe here the electrochemical investigation of recombi-
nant Psa cytochrome c peroxidase expressed in Escherichia
coli. Using protein film voltammetry under both nonturnover
and catalytic modes to elucidate the extent of coupled
electron transfer, we can better understand the mechanism
of peroxide reduction by this prototypical bacterial diheme
peroxidase.

MATERIALS AND METHODS

Protein Expression and Purification. Recombinant P.
aeruginosa cytochrome c peroxidase was expressed in E.
coli JM109(DE3) with pETCCP coexpressed with pEC86,
as previously reported (15). Enzyme was harvested from
whole cells using osmotic shock and initially purified by
ammonium sulfate precipitation (30-55%). The cell pellet
was resuspended and then dialyzed in 10 mM Tris, pH 8.5,
and 2 mM CaCl2 to remove ammonium sulfate. Psa CcP
was then further purified by DEAE-Sepharose followed by
S-100 size exclusion chromatography. Purity of the final
enzyme was verified using SDS-PAGE and electronic
absorption spectroscopy with a 408/280 nm ratio of 4.8
typically.

UV-Vis Spectroscopy. Optical spectra of purified Psa CcP
were collected on a Varian Cary 50 UV-vis spectropho-
tometer. Half-reduced samples were prepared using 20 mM
sodium ascorbate. Protein/ascorbate solutions were allowed
to incubate for 1 h at room temperature before being
analyzed.

Electrochemistry. Protein film voltammetry experiments
were all carried out using a PGSTAT 12 AutoLab (Ecoche-
mie) potentiostat, equipped with FRA and ECD modules. A
three-electrode configuration was used with a water-jacketed
glass cell. All experiments were done at 1 °C with temper-
ature maintained using a refrigerated circulator. A platinum
wire counter electrode was used along with a saturated
calomel reference electrode. Potentials were reported vs
hydrogen electrode (SHE) and corrected by +242 mV. A
cell solution of 5 mM MES, HEPES, TAPS, and CHES with
0.1 M NaCl (and optional 2-10 mM Ca2+) allowed for a
broad pH range to be investigated. The working electrode
was rotated with a EG&G electrode rotator as described
below.

Protein films were generated on both pyrolytic graphite
edge (PGE) and alkanethiol-modified Au electrodes. PGE

Table 1: Comparison of Activity Requirements for Bacterial
Cytochrome c Peroxidases

organism prereduction ref

Pseudomonas aeruginosa yes 1, 10
Paracoccus denitificans yes 28
Pseudomonas stutzeri yes 29
Rhodobacter capsulatus yes 2
Nitrosomonas europaea no 13
Methylococcus capsulatus no 36

FIGURE 2: Proposed scheme of activation of resting state Psa CcP
and the catalytic cycle for the reduction of hydrogen peroxide to
two molecules of water. Proposed step associated with inactivation
is shown in the dotted arrows.

88 Biochemistry, Vol. 48, No. 1, 2009 Becker et al.

D
ow

nl
oa

de
d 

by
 1

94
.4

4.
31

.3
0 

on
 N

ov
em

be
r 

3,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
10

, 2
00

8 
| d

oi
: 1

0.
10

21
/b

i8
01

69
9m



electrodes were polished with 1 µm of alumina. The alumina
was removed by sonication and the electrode rinsed with
clean water. Au electrodes were polished with 1 µm of
alumina, followed by 0.3 and 0.05 µm of alumina. The
electrodes were then electrochemically cleaned in 0.1 M
H2SO4 by cycling over a range of 0.2-1.35 V (vs SCE).
Electrochemically polished Au electrodes were then modified
by soaking overnight in 2 mM 1-octanethiol in ethanol.
Excess alkanethiol was removed by rinsing with ethanol and
then distilled H2O. Protein films were grown on both
electrode materials by soaking overnight in a protein solution
g40 µM CcP with 10 mM Ca2+. Excess protein was removed
from the working electrode by rinsing with distilled water.

Nonturnover electrochemical signals were generated on
the benchtop with the electrochemical cell housed in a
Faraday cage to minimize noise. Argon was bubbled through
the cell solution to remove oxygen. Catalytic electrochemical
analyses were all performed in an MBraun Labmaster
glovebox to exclude the presence of oxygen; all catalytic
experiments were performed upon PGE-based electrodes due
to adventitious H2O2 reduction on gold electrodes. Data were
collected with the GPES software package (Ecochemie).
Nonturnover signals were analyzed by subtraction of baseline
electrochemical response of the electrode surface from the
raw data using the SOAS package, courtesy of Dr. Christophe
Léger. A similar treatment was used for analysis of limiting
current values and catalytic midpoint potentials of the
turnover signals. A linear baseline was subtracted from the
cathodic scan of raw data.

RESULTS

Protein Purification. Recombinant cytochrome c peroxi-
dase from P. aeruginosa was prepared according to literature
methods (9, 15). Optical spectra of the purified enzyme were
taken to ensure proper heme incorporation. Figure 3 shows
the air-oxidized and ascorbate-reduced forms of Psa CcP
achieved by redox poising, which are similar to previously
reported spectra. As-isolated enzyme was purified in the
diferric form exclusively. Treatment with 20 mM ascorbate
results in the reduction of the HP heme to the ferrous form,
while the LP heme remains in the Fe3+ state, corresponding
to the Soret shoulder displayed in the half-reduced form
demonstrating the presence of both the HP and LP heme in

the ferrous and ferric form, respectively. (Reduction with
dithionite results in fully reduced, diferrous protein, in accord
with previous studies (22).)

Direct Electrochemistry. We have carried out a series of
electrochemical experiments to further characterize the
diheme peroxidase from P. aeruginosa. Psa CcP was
investigated with PFV on both 1-octanethiol-modified gold
and PGE electrodes, over a wide pH range. Films generated
on both electrode materials display stable, electroactive
voltammograms at pH 7, as shown in Figure 4. Subtraction
of the nonfarradaic component of the voltammograms
apparently reveals a single quasi-reversible feature with
midpoint potential (Em) ) -234 mV vs SHE at pH 7,
regardless of electrode material. This represents the equi-
librium between the FeII/III states of the peroxidatic heme.
At this time, PFV has not revealed features at higher potential
that would indicate the HP heme; thus, the HP center may
be electronically isolated in the PFV experiment (see below).
While the linear scan-rate dependence of the peak height
indicates that the observed feature is adsorbed at the electrode
interface, the responsible redox couple appears to be one-
electron in nature, as the peak width at half-height (δ) is
100 mV, consistent with a one-electron process. Regardless
of the material used in the PFV studies, the midpoint potential
for the LP heme determined using PFV is approximately 100
mV higher in potential than previously reported using optical
spectroscopy (10). Figure 4 also illustrates that at slower scan
rates (100 mV/s vs 2 V/s) a second feature is clearly observed
(Figure 4B) at higher potential that is undetected at faster
scan rates.

pH Dependence. While preliminary analyses of the non-
turnover voltammetry of Psa CcP suggested a single redox
couple was present, unforeseen changes were observed as
the pH was altered through the course of subsequent PFV
experiments. Protein films of the Psa CcP were found to be
stable over a wide range of pH values, allowing for analyses
from pH 3 to pH 10. The effect of pH on the midpoint
potential of the Psa CcP LP heme is shown in Figure 5,
spanning a pH range of 7 (solid line) to 4 (dotted line). By
using the maximum current in the cathodic and anodic half-
scans, it was observed that, in the course of altering the pH,
a shift in potential was observed, but more importantly, the
data show a second feature becoming greatly prominent at
lower values of pH. The baseline-subtracted data (Figure 5,

FIGURE 3: Optical spectra of Psa CcP for the oxidized (solid) and
half-reduced (dash) forms of the enzyme. Oxidized Psa CcP (4
µM) was diluted in 20 mM Hepes and 50 mM NaCl, pH 7.5. The
half-reduced state was achieved by incubation in the presence of
20 mM ascorbate with 10 mM CaCl2 for 1 h at room temperature.

FIGURE 4: Raw and baseline-subtracted data for Psa CcP at pH 7
on different electrode surfaces. (A) Protein film on a 1-octanethiol-
modified gold electrode; scan rate is 2 V/s. (B) Analogous protein
film studied at a pyrolytic graphite edge electrode; scan rate is
100 mV/s.

PFV Analyses of Psa CcP Biochemistry, Vol. 48, No. 1, 2009 89

D
ow

nl
oa

de
d 

by
 1

94
.4

4.
31

.3
0 

on
 N

ov
em

be
r 

3,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
10

, 2
00

8 
| d

oi
: 1

0.
10

21
/b

i8
01

69
9m



inset) clearly indicate that, at pH 7, a single redox couple
(I) is dominant, but at more acidic pH values, a second
couple (II) is clearly discernible at a more positive value of
potential. Couple II has a midpoint potential of -76 mV vs
SHE at pH 6. As the pH becomes more acidic, the midpoint
potentials of both couples (I and II) shift, but the current
area of each signal changes reciprocally. Couple II becomes
significantly more prominent at acidic pH values, while at
the same time, couple I diminishes, suggesting a change in
the population of the respective electroactive species. The
lower inset of Figure 5 illustrates this behavior: cathodic peak
currents of I (closed circles) and II (open triangles) show
an inverse relationship as a function of pH, such that as the
current of I decreases, the current of II increases. This type
of behavior suggests that at acidic pH a chemical change is
altering the midpoint potential of the LP heme, shifting the
population of couple I into couple II. The baseline-subtracted
voltammograms show that over the investigated pH range
Psa CcP gives stable, reversible signals as LP heme shifts
toward signal II, and no systematic shift in the appearance
of both species seemed to occur as a function of time,
electrode material, or which buffers were used in the variable
pH experiments. At the 100 mV/s scan rate used in these
experiments the peak separation is 40 mV at pH 7, where
the LP heme demonstrates essentially signal I only; the peak
separation is the same at pH 4, where signal II dominates
the voltammogram. It is known that changes or loss of axial
ligation can affect redox potential (16). Therefore, it is
possible that lowering the pH causes movement of the
L-loop, removing the distal histidine ligand, leaving a
pentacoordinate heme. This pH-induced structural change has
been suggested to occur for the fully oxidized Psa enzyme
(31). Therefore, couple I could represent the closed, hexa-
coordinated low-potential heme, while couple II is the open,
pentacoordinated form of the low-potential heme, which are
linked by a dotted arrow in Figure 2.

In addition to the relative populations of I and II, the pH
also perturbs the reduction potential of each species. Figure
6 uses couple I as an example and illustrates the impact of
pH on the midpoint potential: a linear pH dependence is seen
between pH 3 and pH 6, with a slope of -29 mV/pH decade.
The Psa CcP pH dependence is less than the slope associated
with a 1e-:1H+ process (-54 mV/pH decade at 0 °C),
suggesting that additional proton-coupled events are at work

at pH values lower than 6, yet still coupled to a single
electron transfer. Couple II displays a similar linear pH
dependence over this pH range, giving a slope of -34 mV/
pH decade (data not shown). At this time it is only clear
that a single pKa dominates the data shown in Figure 6. Over
the range of pH values from 8 to 10 the midpoint potential
becomes pH independent, and the data over the entire pH
range can be fit to eq 1, a model typical of protonation in
the reduced form (17). Here the electron:proton ratio is taken
to be one-half, simplifying the additional ionization events
at acidic values of pH. We obtained Ealk ) -237 mV and
pKred ) 6.99.

Em )Ealk + 2.303
RT
nF

log(1+ [H+]
Kred

) (1)

Notably, similar behavior is observed for II, though II only
displays a linear pH dependence until it merges with I, after
which it appears to be pH independent.

Ligand Binding. To elucidate whether the higher potential
feature at acidic pH values represents a state where the LP
heme may have lost the distal histidine ligand, we probed
the effect of known heme coordinating ligands to the
voltammetry, by adding bulk ligand to the cell solution.
Exogenous nitrogen donors such as cyanide and azide have
been shown to act as competitive inhibitors for bacterial
peroxidases (12, 13) as well as coordinating ligands to heme
(16). Coordination of these ligands will presumably stabilize
the ferric state, thereby lowering the redox potential. Figure
7 shows that at pH 5, where the LP heme exists in both
conformations, increasing concentrations of cyanide from 0
µM (black) to 10 µM (blue) results in a complex perturbation
of the electrochemical response: couple II shifts to a lower
potential value, closer to couple I, and the apparent magni-
tude of the couple becomes less, with respect to I. The
inclusion of 10 µM cyanide completes the transformation,
and only a single feature is visible in the voltammogram. A
similar trend is seen with the alternative ligand azide,
although the behavior is only observed with a hundredfold
greater concentration (data not shown).

Catalytic ActiVity. Electrocatalytic reduction of hydrogen
peroxide was investigated by adding the substrate to Psa CcP
immobilized on a rotating disk electrode, and catalytic PFV
data are shown in Figure 8. By adding substrate, the
voltammograms are transformed into reversible, sigmoidal
waves as the electrode provides electrons to the LP heme

FIGURE 5: (A) Raw and baseline-subtracted data for Psa CcP studied
at PGE electrodes as a function of pH. pH values of 7 (black), 6
(blue), 5 (red), and 4 (dotted black) are shown. (B) Maximum values
of the peak current for the cathodic half-scan for features I (b)
and II (∆) as a function of pH.

FIGURE 6: pH dependence of the average peak maximum for Psa
CcP on 1-octanethiol-modified gold electrodes. Data are fit to the
model of a single ionization associated with the reduced state, given
in eq 1.

90 Biochemistry, Vol. 48, No. 1, 2009 Becker et al.
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and subsequently to the substrate. The sigmoidal waves are
described by a midpoint potential of the transition, -69 mV
vs SHE at low peroxide concentration, which is very close
to the Em of couple II, and considerably lower in potential
than electrocatalytic potentials observed for other heme
peroxidases (12-14).

Further useful information can be derived from the
catalytic voltammogram by considering the limiting current
(ilim) as an enzymatic velocity (37, 38). We have found that
the limiting current of Psa CcP increases with increasing
H2O2 concentration and eventually saturates, in accordance
with Michaelis-Menten kinetics. The electrode is rotated
at 2000 rpm to eliminate the effects of diffusion on enzymatic
activity, and the stability of the protein film at this rotation
rate allows for multiple scans to be taken. Using the value
of the current at -400 mV observed in the reductive half-
scan as the true limiting current, ilim was considered as an
enzymatic velocity, and a Km ) 25 µM for H2O2 was
calculated using Lineweaver-Burk analysis (Figure 8B).
This is similar to the Km determined previously in traditional
solution-based assays for hydrogen peroxide reduction using

ferrocytochrome c-551 as an electron donor of 12 µM (18),
showing that immobilization of the electrode does not effect
peroxidase activity adversely.

In addition to the relationship of the observed limiting
current with substrate concentration, increased substrate
concentration was found to alter the general shape of the
oxidative half-scan of the catalytic voltammogram. By
viewing the derivative of the sigmoidal catalytic signatures
(Figure 8C) peak-shaped signals are observed, which can
be used to assess the features of the catalytic wave. As Figure
8C shows, when the substrate concentration is below Km (13
µM), a highly symmetrical catalytic response that is con-
sistent with an n ) 1 electron process (red trace) results,
while the symmetry is lost as the concentration of peroxide
exceeds Km (40 and 60 µM, blue and black traces, respec-
tively). The broadening of the catalytic wave may be
attributedtocoupledphenomena,suchasprotontransfer(19,20).
Intriguingly, the pH dependence of the nonturnover signals
(vide supra) indicates that protons may not be able to access
and exit the active site freely, as revealed by a proton:electron
stoichiometry that is apparently less than unity.

Inhibition. Though broadening of the wave shape at high
substrate concentrations was observed, we turned to the use
of reversible inhibition as a means of probing the activity of
the immobilized Psa enzyme and providing additional
evidence for the intact nature of the CcP active site (12, 13).
While the nonturnover experiments demonstrate the impact
of ligand binding upon the redox characteristics of couple
II, in the presence of substrate, it is presumed that inhibition
will merely deplete the limiting current and potentially
perturb the observed midpoint potential of catalysis. Figure
9A shows that change in ilim with increasing concentration
of cyanide. We can calculate the Ki value for cyanide using
a Dixon plot, displayed in Figure 9B. Using the graphical
analysis of the intersection of the fits for the various hydrogen
peroxide concentrations, we can learn about the mode of
inhibition in addition to Ki. The two linear fits intersect below
the y-axis, in a negative x quandrant, where Ki′ > Ki. This
is indicative of either competitive or mixed-type inhibition
(40). Ki is taken as the negative of the cyanide concentration
at the point of intersection, giving a value of 50 µM. This
value is higher than previously determined (Ki ) 7 µM),
though within an order of magnitude. Both the solution
measurements and the PFV data agree that cyanide acts as
a mixed inhibitor of the Pseudomonas enzyme (21, 22).

DISCUSSION

We have found that the Psa CcP displays identical
voltammetric features at both PGE and hydrophobically
modified gold electrodes, which we attribute to the FeII/III

couple of the peroxidatic heme. At this time, our findings
represent the first example of stable nonturnover and catalytic
voltammograms of a bacterial peroxidase on multiple
electrode materials (12, 13, 23, 24). Previous attempts to
resolve catalytic features of the Pseudomonas type of BCcPs
(such as the enzyme from P. pantotrophus) have required
the use of mediating redox partners to shuttle electrons into
the enzyme (24), while here we access the LP active site
of the Psa enzyme directly. As described below, the pH-
dependent behavior of the electrochemical response in the
absence of substrate reveals two distinct states of the LP,

FIGURE 7: Baseline-subtracted data for the addition of cyanide to
Psa CcP studied at a PGE electrode at pH 5. Nonturnover signals
are shown in the presence of 0, 1, 3, and 10 µM potassium cyanide
(black, red, green, and blue traces, respectively).

FIGURE 8: Electrocatalytic reduction of hydrogen peroxide at a PGE
electrode with Psa CcP adsorbed. (Experimental conditions: pH 7,
scan rate ) 10 mV/s, rotation rate ) 2000 rpm.) (A) Voltammo-
grams were collected at 3, 13, 26, and 40 µM hydrogen peroxide
(green, red,blue,andblacktraces, respectively). (B)Lineweaver-Burk
plot of Psa CcP turnover of substrate. (C) Effect of increased
substrate concentration on shape of the catalytic voltammogram.
The first derivative of the catalytic current at 13, 40, and 60 µM
hydrogen peroxide (red, blue, and black traces, respectively).

PFV Analyses of Psa CcP Biochemistry, Vol. 48, No. 1, 2009 91
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while the electrocatalytic response can be studied as a
function of substrate and inhibitor concentration as a means
of verifying that the Psa CcP active site is intact and
functioning like native enzyme.

DeVelopment of an Electrochemical Model. To best
interpret our PFV data, we must note that a PFV signal for
the HP heme FeII/III couple has yet to be observed here or in
the case of any bacterial CcP that also demonstrates
electrocatalysis. This may be due to the exact disposition of
the Psa enzyme upon the electrode, which could preclude
efficient electron transfer to the HP heme, and allows for
electrons to pass directly to the LP heme only. Regardless,
all indications suggest that, upon either electrode, the Psa
CcP is still active and displays several characteristics
anticipated for fully folded, native enzyme: The reversibility
of the LP heme signal over a wide range of scan rates
indicates efficient electron transfer; the quasi-reversible
separation of the cathodic and anodic peak is stable up to a
scan rate of 10 V/s, and the peak shape of oxidative and
reductive features is highly symmetric, indicating efficient
electron transfer between the heme cofactor and the electrode.
In the nonturnover regime, there is no evidence for coupled
reactions that would give rise to gating (26). The relatively
unchanged current ratio of the cathodic and anodic peaks
over a scan range of 0.01 to 10 V/s supports a pure redox
process. Finally, as described below, the catalytic PFV
response indicates that the enzyme is activated at the
electrode readily and yields apparent Km and Ki values that
are indicative of the native enzyme. Similar to solution
measurements that indicate that inclusion of excess Ca2+ is
required for maximal catalytic activity (2-4, 9, 28, 29), we
find that stable films of Psa CcP can only be generated in
the presence of 10 mM Ca2+, though the PFV response does
not depend upon excess Ca2+ in the cell solution once the
enzyme is adsorbed. Thus, the collective evidence discussed
below indicates that the Psa CcP can be interrogated at an
electrode in a manner that reveals events at the active site,
though there is no single clear rationale for the absence of
the voltammetric response of the HP heme. Simplistically,
it would seem that the HP signal should be observed, in a
similar fashion to the stable films of the His/Met-ligated Psa
cytochrome c-551 (Em ) +290 mV vs SHE) that can be

studied at either modified gold (25) or pyrolytic graphite edge
electrodes (39). Yet, the HP center appears to be insulated
in our PFV measurement, such that our data dissect the CcP
mechanism, allowing us to focus on steps of redox chemistry
associated with the LP heme alone.

NonturnoVer Voltammetry. In the absence of substrate, the
electrochemical response of LP indicates the resting state of
the enzyme. Here, all PFV data are conducted at a potential
where the HP heme should be reduced (though the HP heme
may indeed be electrochemically insulated from the electrode,
Vide supra). Thus, the appearance of broad voltammograms
that contain information about more than one redox couple
(Figure 5) suggests that there are two distinct populations
of molecules upon the electrode surface. Generally, the pH
dependence of the LP peroxidatic heme supports the
importance of the distal active site residues, such as His71,
in determining both the relative population (the intensity of
the electrochemical signal) and Em value displayed by the
two-state LP that can be observed. The fitting of the pH
dependence model generated a pKred of 6.99 (Figure 6),
which is consistent with a histidine residue, and one model
for the nonturnover data poses that, at pH values below
neutral, protonation of one or more distal residues results in
the loss of His71 as a ligand and the appearance of couple
II, an “open” conformation that is chemically ready to bind
substrate. As the pH becomes more acidic, the population
of the LP shifts continually toward the open conformation,
as observed in Figure 5 (inset). Simultaneously, the anodic
peak current from I decreases as the pH is lowered, as the
peak current of II increases. Meanwhile, as both I and II
represent proton-coupled states, the pH-dependent shift of
Em can also be rationalized at pH values below the pKa, and
at values above the pKa, where I is the only state that exists,
and it is no longer pH dependent. The transformation between
I and II also coincides with solution-based catalytic proper-
ties, as it has been shown in solution-based kinetic experi-
ments that peroxidatic turnover is at a maximum at acidic
pH (∼5.5) (18, 28, 31). Here, this is understood in terms of
the requirement for protons in the reduction of hydrogen
peroxide to water but also in terms of favoring the electrode-
based equilibrium state II, which participates in catalysis.
We also note that this model is strongly supported by the

FIGURE 9: Inhibition effects of cyanide on Psa CcP electrocatalysis at pH 7. (A) Raw data of electrocatalytic reduction of 25 µM substrate
(solid line) in the presence of 10 (dashed line), 80 (dot-dashed line), 250 (short dash line), and 500 µM (dotted line) potassium cyanide. (B)
Dixon plot of cyanide addition in the presence of 15 µM (b) and 25 µM (2) hydrogen peroxide.
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monitoring of nonturnover response at pH 5, where both I
and II can be observed (Figure 7). In this experiment,
increasing amounts of the inhibitor cyanide strongly impact
couple II, shifting the potential to lower values and depleting
the population of the open conformation. Upon saturation, a
single new, yet lower potential feature (Figure 7, blue trace)
is indicative of the cyanide-bound form of LP. Thus, we take
it that II indicates one of the catalytically relevant forms of
Psa CcP, which has lost coordinating His71 and is ready to
bind substrate.

The pH dependence of the PFV response of I and II
suggests that the conversion of the “open” and “His-bound”
conformations illustrated in Figure 1 may be in equilibrium
in solution as a function of pH. It is possible that, in our
experiments, such chemistry occurs independent of the redox
status of the HP heme or perhaps as a result of the surface
adsorption (where the HP heme is insulated from redox
activity). The first of these possibilities has been suggested
previously for solution-based experiments, as Soininen and
Kalkkinen have reported pH-dependent visible absorption
and CD spectroscopic data for the fully oxidized form of
Psa CcP, which show that perturbation of the spectra occurs
as a function of pH (31). The data support a model where
the His71-bearing loop may undergo conformation dynamics
due to protonation events, independent of a redox event at
the HP heme. However, the spectroscopic studies did not
give a quantitative assessment of the amount of “open” and
“closed” conformer as a function of pH and may be further
complicated by spectroscopic contributions from the HP,
which also may be pH dependent. Thus, an equilibrium
constant for the “open”/“closed” interconversion cannot be
determined on the basis of these data alone, and if the redox
chemistry associated with I and II can be linked in a square
scheme (26, 41), additional data on the redox-independent,
pH-dependent His71 dissociation are required.

A critical caveat is that the couple associated with II is
assigned as a FeII/III couple, which limits the interpretation
of the electrocatalytic data considered below. As described
above, the general features of the PFV response indicate that
the active site is intact, and there is good agreement between
PFV and solution-based properties. Therefore, while the
catalytic currents are representatiVe of enzymatic chemistry,
the catalytic midpoint potential corresponds to a FeII/III couple,
suggesting that the redox couple by which the catalytic
information is detected does not appear in the formal
mechanism of the Psa catalytic cycle (Figure 2). Due to this
trait the electrocatlytic data can be treated as enzymatic
velocities, but more detailed evaluation of rate constants of
individual fundamental steps (such as described in refs 37
and 41) is not possible at this time.

Catalytic Voltammetry. Where the nonturnover signals
elucidate the dynamics of the resting, inactive forms of the
LP heme, the addition of substrate results in electrocatalytic
limiting currents. Considering the caveat articulated above,
we can use the limiting currents as enzymatic velocities to
approximate the activity of the Psa active site. Proceeding
with this approximation seems reasonable, as the value of
Km calculated using ilim as a function of substrate reveals
similar substrate binding for Psa CcP (32-34) and within
the range of other studied bacterial peroxidases (6-25
µM) (2, 13, 28, 29). Similar to the kinetic characteristics,
the mode of inhibition determined from ilim values collected

in the presence of cyanide is in good agreement with previous
reports of solution-based studies. Thus, it appears that
adsorption of enzyme on either electrode surface does not
alter the intrinsic characteristics of the bacterial peroxidase
active site. As we describe below, it is the value of Ecat that
truly separates the Psa enzyme.

While the various catalytic experiments discussed suggest
that Ecat represents an active site process, it is clear that the
value of Ecat, -70 mV at pH 7, is very low with respect to
other electrocatalytic midpoint potentials associated with
previously characterized peroxidases. Generally, all previous
studies of bacterial and yeast peroxidase catalytic voltam-
metry have reported Ecat values g+500 mV. In the case of
the monoheme yeast cytochrome c peroxidase Ecat arises from
the cooperative two-electron oxidation to compound I (14),
and both nonturnover and catalytic signals have midpoint
potentials of +740 mV, which have been interpreted in terms
of a FeIVdO:W191 cation-radical state of the enzyme.
Voltammograms of peroxidatic catalytic intermediates have
been shown for the Nitrosomonas CcP as well (13), with
values of Ecat greater than +515 mV, clearly lower than the
catalytic intermediate found for yCcP but which is still
significantly higher in potential than the Psa enzyme. While
inhibitor and pH dependence studies of the Nitrosomonas
enzyme support a model where Ecat corresponds to a proton-
coupled species generated after the formation of FeIVdO:
R+• compound I-like intermediate, here Ecat for Psa CcP is
closer to the reduction potential of a FeII/III couple.

Both yeast and N. europaea cytochrome c peroxidase have
different catalytic mechanisms for the reduction of H2O2 than
P. aeruginosa. Despite also being a diheme bacterial per-
oxidase N. europaea CcP is catalytically active without
prereduction of the high-potential, electron transfer heme
(13). Most diheme BCcP enzymes, such as the Psa CcP,
require prereduction before becoming active, however, and
interaction between the hemes is essential for catalysis. The
HP must be reduced to cause a chemical rearrangement of
the peptide backbone to open up a binding site on the LP
heme and to bring proposed acid/base catalysts into range
to support heterolytic cleavage of the O-O peroxide bond
(2). The HP heme also supplies electrons from an electron
donor to the LP during the catalytic cycle to regenerate the
active form. Thus, one might choose to interpret the Psa
Ecat as representing electron transfer between the hemes.
However, the low potential of Ecat excludes the possibility
of rate-limiting intramolecular electron transfer from the HP
heme to the LP active site, and the HP heme appears to be
electronically isolated in our study. This is further supported
by the pH and substrate dependence of Ecat shown above,
which are consistent with an electrocatalytic feature associ-
ated with the active site, and an intercofactor relay mecha-
nism. The use of inhibitors such as cyanide further helps to
elucidate the step that dictates catalysis. If Ecat was indicative
of interfacial electron transfer, then the binding of inhibitors
would have no perturbation of the catalytic voltammogram.
As we have shown in Figure 9 this is not the case. Addition
of increasing concentrations of cyanide affects both ilim and
Ecat, suggesting that electrochemical data represent chemistry
at the active site of the enzyme. Though discerning the
precise nature of the Ecat associated with the Psa enzyme
will be an ongoing effort, it is clear that the potential is much
lower than that observed for enzymes that do not require
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reductive activation (e.g., the Nitrosomonas CcP). As such,
PFV may be a rapid tool for the discerning of this catalytic
property for other, uncharacterized BCcP enzymes.

CONCLUSION

From the various electrochemical studies performed on
Psa CcP we have begun to better understand the catalytic
mechanism as it relates to this classic bacterial peroxidase.
It is clear that we are examining processes at the active site
and that the rate-determining step in catalysis differs from
those previously reported in electrochemical studies of BCcP
enzymes that do not require reductive activation. Considering
the mechanism in Figure 2, the likely rate-limiting step
involves the proton-coupled release of the second equivalent
of water, followed by reduction. Importantly, studies on the
steady-state kinetics of horseradish peroxidase, a well-studied
monoheme peroxidase, have determined that the reduction
of compound II back to the native enzyme is the slow step
within the catalytic cycle (35). Thus, at either graphite or
gold electrodes, PFV allows us to interrogate new mecha-
nistic peroxidase chemistry as well the dynamics of the active
site resting state. Further, as the observed potential for
catalysis is much lower than previous reports for peroxidases,
one will be able to determine if the low-potential electro-
catalysis is a general trait of bacterial peroxidases that require
reductive activation.
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