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ABSTRACT: Bacterial cytochrome c peroxidase (CcP) enzymes are
diheme redox proteins that reduce hydrogen peroxide to water.
They are canonically characterized by a peroxidatic (called L, for
“low reduction potential”) active site heme and a secondary heme
(H, for “high reduction potential”) associated with electron transfer,
and an enzymatic activity that exists only when the H-heme is
prereduced to the Fe'"" oxidation state. The prereduction step results
in a conformational change at the active site itself, where a histidine-
bearing loop will adopt an “olpen” conformation allowing hydrogen
peroxide to bind to the Fe"" of the L-heme. Notably, the enzyme
from Nitrosomonas europaea does not require prereduction. Pre-
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viously, we have shown that protein film voltammetry (PFV) is a highly useful tool for distinguishing the electrocatalytic
mechanisms of the Nitromonas type of enzyme from other CcPs. Here, we apply PFV to the recently described enzyme from
Geobacter sulfurreducens and the Geobacter S134P/V135K double mutant, which have been shown to be similar to members of the
canonical subclass of peroxidases and the Nitrosomonas subclass of enzymes, respectively. Here we find that the wild-type Geobacter
CcP is indeed similar electrochemically to the bacterial CcPs that require reductive activation, yet the S134P/V135K mutant shows
two phases of electrocatalysis: one that is low in potential, like that of the wild-type enzyme, and a second, higher-potential phase that
has a potential dependent upon substrate binding and pH yet is at a potential that is very similar to that of the H-heme. These
findings are interpreted in terms of a model in which rate-limiting intraprotein electron transfer governs the catalytic performance of

the S134P/V135K enzyme.

lose investigation of the genome sequence of Geobacter

sulfurreducens (Gs), an organism initially classified as a strict
anaerobe," revealed the presence of enzymes that typically allow
amicrobe to perform aerobic respiration,” including homologues
to catalase, superoxide dismutase, rubrerythrin, cytochrome ¢
oxidase, and heme peroxidases.® Subsequent assessment of the
ability of Geobacter to grow aerobically* and studies in which
Fe(IIl) citrate is provided as the terminal electron acceptor
suggested that CcpA (gene GSU2813), a diheme-containing
cytochrome c peroxidase (CcP) s an important component of
Geobacter biochemistry, as it is responsible for the facile reduc-
tion of H,0, to water.” The Gs CcpA gene product has recently
been shown to be a highly basic cytochrome ¢ peroxidase that is
quite similar to the canonical diheme peroxidases, including the
disposition of the two heme cofactors, the observation of a Ca**
ion bound at the interface of the two heme-bearing domains
common to all bacterial CcP enzymes,® '® and the requirement
for prereduction of the His/Met-ligated high-potential heme
(H-heme) to attain activity at the peroxidatic active site (L-heme)."®
As indicated in Table 1, the majoritéy of bacterial heme perox-
idases require reductive activation,”'>'*'? aside from a small
number of CcP enzymes, including that from Nitrosomonas
europaea (Ne).'*!29722 The overall process of reductive activa-
tion begins with the low-midpoint potential' '* L-heme
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existing in the oxidized state, with a bis-His-ligated coordination
environment. Reduction of the high-potential heme (H-heme)
by one electron causes a conformational change in the L-loop
region containing the distal His ligand, as well as two other loop
regions (Figure 14, in which loops are labeled 1—3). Figure 1A
shows the global conformational changes associated with reduc-
tive activation have been revealed for the canonical peroxidase
from Pseudomonas aeruginosa (Pa),'®"” which has been crystal-
lographically characterized in its resting and reductively activated
states,”'* where the activated form of the enzyme displays an
accessible L-heme ready to bind and react with hydrogen peroxide.

As the Ne enzyme does not require activation to achieve full
activity, recent work studying the Geobacter CcpA has focused on
the structural features that govern the required activation step. In
an attempt to mimic the properties of the constitutively active Ne
enzyme, mutants were created on the basis of the protein
sequence of the Ne CcP. The most notable construct was the
S134P/V135K (Gs numbering) double mutant, into which both
mutations are introduced on the second loop region of Gs CcpA.
This mutation allows the enzyme to be constitutively active
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Table 1. Comparison of the Prereduction Activity Require-
ments for Bacterial Cytochrome ¢ Peroxidases

organism activity requirement ref
P. aeruginosa yes 5,13
Paracoccus denitrificans yes 18
Pseudomonas stutzeri yes 19
Rhodobacter capsulatus yes 6
G. sulfurreducens yes 15
G. sulfurreducens (S134P/V135K) no 15
N. europaea no 11,20
Methylococcus capsulatus no 21

without the requirement for prereduction, and a comparison of
the active site crystal structures of the wild-type and double-
mutant enzymes (Figure 1B) emphasizes the conformational
change around the L-heme, as well as the changes in the global
protein fold (Figure 1C) that allows for activity without pre-
reduction of this enzyme."

Mechanistically, generation of the reductively activated state
of a diheme CcP not only engenders the loop movements that
ultimately release the distal His ligand at the active site””"* but
also yields the storage of a redox equivalent in the H-heme
(Scheme 1). Preparation of the semireduced state allows for
peroxide to bind, and heterolytic cleavage of the O—O bond
causes the generation of a compound I-like intermediate, where
the exact nature of the iron—oxygen bond is not known but one
oxidizing equivalent is hypothesized to be stored at the Fe**
oxidation state in the L-heme, while the second oxidizing
equivalent is found on the H-heme. Subsequent reduction and
proton transfer steps are required, though their order is uncertain
at present. Another electron is presumably transferred from a
redox partner through the H-heme, resulting in the reduction
of the L-heme to the ferric state. Reduction of the L-heme is
coupled to the uptake of two protons ultimately, resulting in
the second molecule of water in the overall reaction; release of
the product, along with an additional electron (dotted arrow,
Scheme 1), is required to return the enzyme to the active, mixed-
valent state. Intermolecular and intercofactor electron transfers are
important for the catalytic cycle of the canonical subclass of
bacterial cytochrome ¢ peroxidases, as their ability to form the
active five-coordinate state of the L-heme depends on the ability of
electrons to be transferred through the H-heme. While the subtle-
ties of this mechanism are still under investigation, previously we
have used protein film voltammetry (PFV) as a mechanistic tool
that rapidly illuminates the differences between the peroxidases
that do require reductive activation (the Pa enzyme) and those that
do not (from Ne). PFV allows for the direct analzfsis of the redox
activity of the enzyme active site during catalysis.”

Here, we use PFV as a biophysical tool to assess the similarities
and differences between Geobacter CcpA and other members of
the bacterial cytochrome ¢ peroxidase family and to interrogate
the S134P/V135K double mutant that appears to behave like the
Ne enzyme in solution assays. As described below, we find that
CcpA exhibits behavior upon electrocatalytic voltammetry that is
similar to that observed previously for canonical bacterial CcPs
that require redox poising to attain activity,">'* and the $134P/
V135K double mutant is indeed distinct from the wild-type
enzyme, displaying electrochemical characteristics that provide
insight into the potentially rate-limiting role of intercofactor
(H-heme) electron transfer.

A Pa oxidized

Pa semi-reduced

C Gs oxidized Gs S134P/V135K

Figure 1. Crystal structures of members of the canonical class of bacterial
cytochrome ¢ peroxidases. (A) Structures of the oxidized P. aeruginosa CcP
(left, PDB entry 1EBY) with loops I (red), II (blue), and III (green)
highlighted. The addition of one electron to reduce the high-potential heme
causes the rearrangement of loops I, II, and III in the semireduced protein
(right, PDB entry 2VHD). (B) G. sulfurreducens in both the wild-type
oxidized (gray) and S134P/V13SK mutant (red and blue) enzymes. The
mutation of residues S134 and V13S in the wild-type protein has significant
effects on the structure surrounding the distal face of the L-heme. This
changes the activity requirements of the enzyme seen in solution and
PFV analyses (structures of the active site of the wild type and S134P/
V135K prepared using PDB entries 3HQG6 and 3HQS, respectively'®). (C)
Structures of the wild-type and double-mutant S134P/V13SK enzymes
from G. sulfurreducens. The wild-type oxidized protein (left, PDB entry
3HQ6) has loop I (red) in the closed position. The S134P and V135K
mutations (right, PDB entry 3HQ8) cause only loops I (red) and II (blue)
to rearrange. Loop III (green) retains the wild-type conformation and does
not resemble that of the semireduced form of the P. aeruginosa enzyme.
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Scheme 1. Proposed Mechanism for the Activation of Rest-
ing State P. aeruginosa-Type CcP and the Catalytic Cycle for
the Reduction of Hydrogen Peroxide to Two Molecules of
Water”
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“The G. sulfurreducens CcpA shows solution-based kinetic parameters
that mimic those of the P. aeruginosa type of CcP. The second electron-
coupled step responsible for the continuation of the catalytic cycle is
shown as a dotted arrow.

B MATERIALS AND METHODS

Protein Expression and Purification. G. sulfurreducens cyto-
chrome ¢ peroxidase was produced in Escherichia coli using the
PETSN::CcpA plasmid in combination with the pEC86 plasmid
encoding the c-type heme maturation genes. For the complete
expression, mutagenesis, and purification conditions, please
see ref 15.

Electrochemistry. Protein film voltammetry experiments
were preformed on a PGSTAT 12 AutoLab (Ecochemie)
potentiostat, equipped with FRA and EDC modules. A three-
electrode configuration was used in a water-jacketed glass cell. A
platinum wire was used as the counter electrode, and a saturated
calomel reference electrode was used. Potentials are reported here
versus a standard hydrogen electrode (SHE). Calomel potentials
were corrected by 242 mV. All experiments were conducted at
0 °C unless otherwise noted. A cell solution of 10 mM CHES,
HEPES, MES, and TAPS with 100 mM NaCl allowed a broad
range of pH values to be investigated throughout the experiments.
When necessary, the electrode was rotated with an EG&G
electrode rotator. Protein films were generated on pyrolytic edge
plane graphite electrodes (PGE). Protein films were grown on
electrodes by directly depositing 1 #L of a 300 M stock protein
solution directly onto the electrode surface and incubated for
5 min. Excess protein was rinsed from the electrode surface with
either water or the cell solution buffer at a specific pH.

Nonturnover electrochemical signals were generated with the
electrochemical cell surrounded by a Faraday cage to eliminate
electrochemical noise from the system. To remove oxygen from
the buffer, argon was gently bubbled through the cell solution.
Catalytic electrochemical experiments were performed in an
MBraun Labmaster glovebox in an anaerobic environment. Data
were collected with the GPES software package (Ecochemie).
Nonturnover signals were analyzed by subtraction of the graphite
baseline electrochemical response from the raw data using the
SOAS package, courtesy of C. Léger. SOAS was also used for the
analysis of the limiting currents and catalytic midpoint potentials
of the catalytic voltammograms.®* A linear baseline was

A :

-l“"""'ﬂ'J"""'

-
o

1 1 1

1 1
-0.4 0.0 0.4
Potential (V vs SHE)

—~~ -
<C - R

3 - e

— '.‘

“— R

c . -
@ [

= ¢

3 j

O R |

0
0 50 100 150
(H202] (uM)

1

1 1
-0.4 0.0 0.4
Potential (V vs SHE)

Figure 2. Electrocatalytic reduction of hydrogen peroxide at a PGE
electrode with wild-type G. sulfurreducens CcpA adsorbed onto the
graphite electrode surface. (A) Voltammogram collected for wild-type
G. sulfurreducens CcpA with 25 uM peroxide in the cell solution.
The dotted voltammogram is the baseline before the addition of
peroxide. The vertical black dotted line represents the catalytic poten-
tials for wild-type G. sulfurreducens CcpA, and the dashed red line shows
the P. aeruginosa CcP catalytic potential for comparison. (B) Voltammo-
grams collected for increasing concentrations of peroxide in the cell
solution (red for S uM, yellow for 10 uM, green for 25 uM, and purple
for SO uM). The inset shows the calculation of K, for voltammograms
collected at a specific pH. Experimental conditions: pH 7, scan rate of 20
mV/s, and rotation rate of 1000 rpm.

subtracted from the cathodic scan of the raw catalytic data to
extract kinetic parameters and analyze the catalytic data.

B RESULTS

Direct Electrochemistry. We have conducted a series of
direct electrochemical experiments to investigate the diheme
cytochrome ¢ peroxidase from G. sulfurreducens using protein
film voltammetry. Protein samples of either wild-type CcpA or
the S134P/V135K mutant were applied directly to the graphite
electrode. Attempts to use surfaces other than graphite (e.g.,
modified gold) were unsuccessful. Films formed on graphite

4515 dx.doi.org/10.1021/bi200399h |Biochemistry 2011, 50, 4513-4520
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Figure 3. Electrocatalytic reduction of hydrogen peroxide at a PGE
electrode with S134P/V13SK G. sulfurreducens CcpA adsorbed onto the
graphite electrode surface. (A) Voltammogram collected for S134P/
V135K with 25 uM peroxide in the cell solution. The dotted voltammo-
gram is the baseline before the addition of peroxide. The black dotted
vertical lines represents the catalytic potentials for S134P/V135K, while the
red dashed line shows the P. aeruginosa CcP (—70 mV) catalytic potential.
(B) Voltammograms collected for increasing concentrations of peroxide in
the cell solution (black for 5 4M, red for 10 M, orange for 20 M, purple
for 40 uM, and blue for 50 #M) The inset shows the calculation of K, for
voltammograms collected at a specific pH. Experimental conditions: pH 7,
scan rate of 20 mV/s, and rotation rate of 1000 rpm.

electrodes are stable over a broad range of pH values, from pH
3 to 10, and multiple scans can be taken before the protein film
needs to be regenerated.

Catalytic PFV Experiments: Reduction of H,0,. When
substrate is added to the electrochemical cell, the oxidative and
reductive half-scans are transformed into reversible sigmoidal
waves. This transformation occurs as the electrode provides
undirected electrons to the protein and subsequently to the
substrate. The midpoint potential of the transition of the sigmoi-
dal wave represents E.,, the electrocatalytic potential. A typical
catalytic voltammogram for wild-type G. sulfurreducens CcpA at
pH 7 is shown in Figure 2A. On the basis of previous solution

experiments for wild-type G. sulfurreducens CcpA, which requires
a reductive activation step, we expected to see E,; values related
to that of P. aeruginosa CcP, which is the parent member of the
canonical family of enzymes requiring a reductive activation step.
The electrocatalytic reduction of H,O, by G. sulfurreducens CcpA,
at the electrode surface, has an E_,; of —120 mV versus SHE at pH
7. This is indeed similar to the reduction potential of P. aeruginosa
CcP, which is —70 mV versus SHE, though shifted more
negative by 50 mV."> Catalytic waves are also used to calculate
Michaelis—Menten parameters for the reaction of CcPs with
H,O, by taking the limiting current, i;,,, as a measure of enzymatic
velocity. At pH 7 and 0 °C, with increasing concentrations of
H,0,, wild-type CcpA shows a K, of 14 uM (Figure 2B, inset).
As expected, wild-type G. sulfurreducens CcpA behaves on the
graphite electrode surface, as in solution, like the P. aeruginosa
enzyme and exhibits similar electrocatalytic properties.

Assessing the catalytic voltammetry of the G. sulfurreducens
CcpA S134P/V135K double mutant revealed dramatic changes
in the waveshapes (Figure 3), compared to those of the wild-type
enzyme (Figure 2) and other cytochrome ¢ peroxidases de-
scribed thus far. As the enzymes were prepared and handled in
precisely the same manner, the S134P/V135K enzyme did not
yield a simple sigmoidal wave like the wild-type protein; instead,
it resulted in catalytic waves that had not one component, but
two (Figure 3A). Upon initial inspection, there is a lower-
potential feature (E., ;) very similar to that seen for the wild
type: here E.,; is —145 mV at pH 7, versus —120 mV. More
importantly, an additional higher-potential feature (E.,;,) is now
seen. At pH 7 with 25 uM substrate, E,» equals 200 mV versus
SHE. This is the first time that a P. aeruginosa-type enzyme has,
upon mutation, successfully displayed a shift in E_,; to potentials
more closely related to those of the N. europaea CcP than values
collected for the P. aeruginosa enzyme. As Figure 3B shows, both
components of the catalytic current increase and saturate their
intensity with increasing amounts of hydrogen peroxide. For
each substrate concentration, the individual contribution of
the limiting current for E,, was determined at a potential of
50 mV and compared to the overall response of the reductive
wave at —400 mV. Thus, we can use these currents as enzymatic
velocities to demonstrate Michaelis—Menten kinetics (Figure 3B,
inset). Through this treatment, S134P/V135K reveals an appar-
ent K, of 11 M using the overall current response; the portion of
the current that corresponds to E, , yields a K, of 8 uM, with
both being in good agreement with the solution-based measure-
ment of K, of 12 uM."> The S134P/V135K E.,, and E,
values are compared with that of P. aeruginosa CcP (red dash)
in Figure 3A,"* while the E, value for the constitutively active
N. europaea CcP is >500 mV and thus is off scale with respect to
the data shown.

Catalytic PFV Experiments: pH Dependencies. The pH
dependence of the E, value for the electrocatalytic reduction
of hydrogen peroxide by the enzyme can be used to further
compare wild-type and S134P/V135K CcpA. Figure 4 shows the
pH dependence curves of the E,; values determined for voltam-
mograms of G. sulfurreducens CcpA and S134P/V13SK in the
presence of 25 4tM substrate (H,O,). The low-potential features
of both the wild-type and S134P/V135K enzymes display similar
pH dependencies having slopes that fit well to the ideal 1:1
electron:proton model (slope = —54 mV/pH decade at 0 °C).
The following values were calculated from the pH dependence
curve for wild-type G. sulfurreducens CcpA (Figure 4A): pK,, < 3,
and pK.q > 11. S134P/V13SK displays one pH dependence

4516 dx.doi.org/10.1021/bi200399h |Biochemistry 2011, 50, 4513-4520
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Figure 4. pH dependence of E, determined for voltammograms of
wild-type G. sulfurreducens CcpA (A) and S134P/V13SK (B) in the
presence of 25 uM substrate. The data were fit to a 1:1 electron:
proton process, possessing the expected slope of —54 mV/pH decade
at 0 °C.

curve that is markedly similar to that of wild-type G. sulfurre-
ducens CcpA and one that is noticeably different (Figure 4B).
The double mutant’s E, ; feature gives rise to a curve similar to
that of wild-type G. sulfurreducens CcpA, with calculated values
similar to those for the wild-type enzyme. The pH dependence
curve of the higher-potential feature leads to the following
calculated values: pKyy = 6.8, pKieq = 9.1, E g = 220 mV, and
E.i. = 100 mV. As shown above, E,; , of the double mutant fits
well to the same model as the low-potential feature. However,
the pK,, value of the double mutant is >3 pH units greater than
that of the low-potential feature. The pH dependence curve for
the high-potential feature also shows an overall higher potential
at each pH unit, ranging from 160 mV to an almost 500 mV
difference from the lower-potential feature depending on the
pH. pH invariant regions of the high-potential feature also
occur at extreme pH values (pH <6.5 and >9), whereas the low-
potential feature does not display any distinct pH invariant
regions at pH values that we were able to probe.

or B TR ¥ oo
........ Al A
0 400}
I
m -
2 200 .
I I RS
E N S S T @.@ e 'S
]
lﬁ, 0 T ———
RE B [ — =»
—200 b ’. ,,,,, .?. ..... ..] ........ Y S— l -
40 44 48 52
-log[Hz0x2]

Figure S. Plot of E., vs —log[H,0,] for S134P/V135K: (@) low-
potential feature and (O) high-potential feature of G. sulfurreducens
S134P/V13SK CcpA, (M) P. aeruginosa catalytic feature, and (A)
N. europaea catalytic feature.

Catalytic PFV Experiments: H,O, Concentration Depen-
dencies. To assess the possible role of substrate binding with
respect to the catalytic midpoint potentials, the E_,; values were
plotted with respect to the substrate concentration (Figure $).
For both the wild type (E.,) and S134P/V12SK (E, ), the
dependence upon substrate is essentially nonexistent (1 mV per
H,O, concentration decade). However, the E , values of the
high-potential feature of S134P/V13SK show a slope of 62 mV
per H,O, concentration decade at varying concentrations of
peroxide. Comparison of the peroxide dependence for wild-type
G. sulfurreducens CcpA and S134P/V13SK is shown alongside
data for the canonical, Pseudomonas subclass of peroxidases,12 as
well as the N. europaea enzyme, both of which display slopes of
peroxide dependence of ~60 mV/H,0, concentration decade.

B DISCUSSION

Here we report the electrochemical characterization of the
wild-type enzyme and S134P/V135K double mutant of G.
sulfurreducens CcpA. The former of these enzymes has been
described previously as a homologue of the canonical Pseudomo-
nas-type enzyme, requiring reductive activation of the H-heme
to engender activity at the active site, while the latter double
mutant has been structurally characterized, revealing that the
active site has already achieved the necessary open conformation,
in a manner independent of prereduction."® In the presence of
substrate, we can compare the two Geobacter enzymes directly
and place them in the context of other bacterial cytochrome ¢
peroxidases. For the first time, mutations of a wild-type cyto-
chrome ¢ peroxidase have transformed a Pseudomonas-like, cano-
nical CcP into an enzyme that displays electrocatalytic responses
suggestive of a Nitrosomonas-like enzyme.

Catalytic Voltammetry of Wild-Type G. sulfurreducens
CcpA. In parallel to our previous work conducted with the
Pseudomonas'> and Nitrosomonas™®** CcP enzymes, we have used
PFV at graphite electrodes to observe the redox chemistry of
wild-type Gs CcpA. The addition of substrate results in electro-
catalytic limiting currents that are related to the kinetics of the
enzyme, and analysis of the data shows that catalytic electro-
chemistry is low in reduction potential, is fast and reversible in a

4517 dx.doi.org/10.1021/bi200399h |Biochemistry 2011, 50, 4513-4520
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cyclic voltammetry experiment (i.e., no hysteresis), possesses a
shape of the electrocatalytic wave that indicates a one-electron
redox process, and yields limiting currents that when treated as
enzymatic velocities predict K., values for substrate and maximal
activities as a function of pH that agree with solution measure-
ments. Thus, in a fashion similar to that for solution measure-
ments that mark the Gs CcpA as being similar to other canonical
bacterial peroxidases,®'>'® " the electrochemical traits we
observe here are highly similar to those found for the Pseudomo-
nas enzyme.

With respect to the comparisons with the Pseudmonas enzyme,
our many catalytic experiments presented here suggest that the
E..: value of wild-type G. sulfurreducens CcpA corresponds to an
active site process, yet a process that has a very low reduction
potential of —120 mV (pH 7). This low potential of catalysis
makes the Gs CcpA similar to the canonical Pseduomonas subclass
of bacterial CcP enzymes (where E.,, is reported to be —70 mV
under identical conditions'?). As with the Pseudmonas enzyme,
we find that electrocatalysis of the wild-type Geobacter enzyme is
reversible, is clearly one-electron in nature, and displays pH-
dependent behavior indicating a proton:electron stoichiometry
of 1:1. However, the primary difference between the Geobacter
data and those for the Pseudomonas enzyme is that the midpoint
potentials associated with catalysis do not show a dependence
upon hydrogen peroxide for the Geobacter enzyme, while the
Pseudomonas enzyme does show a peroxide dependence. Thus,
while the one-electron redox couple that larﬁely governs electro-
catalysis appears to be similar to the Fe''/Fe'" redox couple of the
Pseudomonas enzyme, it cannot be identical.

The nature of the species that contributes to electrocatalysis in
the case of the Geobacter enzyme is still uncertain at this time and
may be due to an outer-sphere redox process occurring at the
active site, rate-limiting transfer of electrons into the active
site directly from the electrode, or localized unfolding of the
His/Met-ligated H-heme, which has been suggested to occur in
some hemoproteins when they are adsorbed to graphite.’>*°
Indeed, the recent effort of Paes de Sousa and co-workers
suggests that the low-potential electrocatalysis displayed by the
Pa enzyme is likely due to unfolding of the H-heme, and that
the penta-coordinate active site is actually “silent”.>* However,
in the cases of the Pa and Gs enzymes, such a circumstance is
unlikely. Not only do our studies yield electrochemically deter-
mined values of K, in agreement with solution measurements
and reveal reversible electrocatalysis (whereas all voltammetry in
ref 35 is marked by dramatic hysteresis), but also it is clear that
the active site itself cannot be silent, as the S134P/V135K double
mutation transmutes the electrochemical response. It is implau-
sible that this mutation would give rise to such a dramatic change
in the voltammetric wave shape if the electrocatalytic signature
were due to the H-heme.

Catalytic Voltammetry of S134P/V135K. The S134P/
V135K double mutant is the first example of a mutant bacterial
CcP that bridges the differential reactivity of the P. aeruginosa-like
peroxidases and N. europaea-like enzymes. Whereas the double
mutant is constitutively active in solution,"® and the crystal
structure of the enzyme revealed that the diferric form of the
enzyme displays an open conformation of the active site
(Figure 1B), the electrocatalysis displayed in Figure 3 is not akin
to that found for the either subclasses of CcP, showing two
distinct phases of the reduction of substrate. For S134P/V135K,
the lower-potential electrocatalytic feature (E.,;,) remains close
to values of potential observed for the wild-type enzyme, but the

additional, higher-potential feature (E.,,) is found to have an
E..; 0of 200 mV versus SHE at pH 7. In a fashion similar to that of
the wild-type enzyme, the kinetics of the S134P/V13SK active
site can be calculated using electrocatalytic limiting current data.
The calculation of K, values for the low-potential and high-
potential electrocatalytic features, using i, as a function of
substrate (H,0,), reveals values of substrate binding similar to
those of other bacterial cytochrome ¢ peroxidases,®'*'¥'872° ag
well as to solution-based values for $134P/V13SK.'> Thus,
we again conclude that the enzyme, when adsorbed, displays
nativelike properties. Given its similarity to the wild-type elec-
trochemical signals, the nature of the lower-potential catalytic
component centered at E, ; is most likely to be identical to that
of the wild-type enzyme. However, it is uncertain currently if the
electrochemistry associated with E,.; is due to a subpopulation
of the adsorbed enzyme that behaves like wild-type protein or
if when adsorbed the mutant behaves like the wild type when
lower potentials are applied. While the nature of E, ; is unclear,
the second, higher-potential feature (centered at an E,,, of 200
mV) is more intriguing because of its permutation from wild-type
behavior. Our initial hypothesis was that the PFV analyses of the
mutant would likely reveal electrocatalytic behavior similar to
that of the Nitrosomonas enzyme [a high-potential (>500 mV)
one-electron wave], and while the behavior of E, is perturbed
from wild-type behavior, is it still ~250 mV lower in potential
than the electrocatalytic features of the Nitrosomonas enzyme.
Thus, two main questions result from our unanticipated data
for the double mutant. What does the high-potential feature
centered at E, , represent? Why has the S134P/V135K enzyme
not fully achieved Nitrosomonas enzyme-like characteristics?

Electrochemical Basis of E,;,,. With regard to the nature of
the catalytic process governing E., », several possibilities can be
excluded. Previously, we have shown electrocatalytic reduction
of hydrogen peroxide with the Pseudomonas enzyme, centered at
low potentials (—70 mV), where we interpreted the substrate
dependence and the relatively low potential as representing a
rate-limiting process of a Fe'"'/Fe'"' redox cougle at the active site
L-heme, such as the release of water from L."* Here, on the basis
of the potential of E,,, it seems very unlikely that a similar
phenomenon is at work, though the potential is located in the
range for an Fe"/Fe" redox couple. Similarly, the value of
potential excludes the involvement of a ferryl (or higher) heme
oxidation state: previously with the N. europaea enzyme, the high
potential value for catalysis (>500 mV) was interpreted to
correspond to a proton-coupled species generated after the
formation of the Fe"'=0:R™" compound I-like intermediate.*’
Thus, the remaining possibilities for describing E, » include the
rate-limiting transfer of electrons into the enzyme from the
electrode or a relay mechanism of rate-limiting electron transfer
between the two heme cofactors.

Interfacial electron transfer would be mediated via the
His/Met-ligated H-heme, which is known to have a potential
spanning a range from 200 to 350 mV in the bacterial CcP
enzymes.*'®" In such a model, electrocatalysis would be
governed by the injection of electrons into the enzyme via the
H-heme from the electrode, and therefore, the response should
bear the H-heme pH dependence and presumably be indepen-
dent of substrate concentration. However, the pH dependence of
the Fe''/Fe™ couple of the H-heme is not known currently for
wild-type CcpA. It is quite clear from our data, however, that
E_,, observed in the Geobacter double mutant variant is depen-
dent on both pH and substrate concentration (Figures 4 and S).
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Further assessment of the possible role of limiting interfacial
electron transfer requires detection of an electrochemical signal
for the H-heme in the absence of substrate, such that both the
pH dependence and the interfacial electron transfer rate, ko, can
be measured; while such signals have yet to be observed,
comparison of ko to k., (determined both in solution and for
the adsorbed enzyme) will make it clear if interfacial electron
transfer is in fact slower than the enzymatic reaction.
Alternately, internal redox relay steps can govern electrocata-
lysis, even if the transfer of electrons between the enzyme and
electrode is fast.”> >* Such behavior has been observed for
several enzymes, such as fumarate reductase,>**°73? sulfite
oxidase,”®*>** and flavocytochrome b,.** Efforts by Léger and
co-workers allow for the quantitative modeling of such redox
relays in which a two-electron reaction occurs at an active site,
which is mediated by electron transfer via a one-electron redox
cofactor.”® In such an electrokinetic model, the precise appear-
ance of the catalytic waves depends upon the relay rates of
forward and backward electron transfer steps between the relay
and the active site, as well as redox potentials of the key states
involved. Here, application of such a model cannot be achieved:
an estimate of 250 mV can be used for the H-heme relay redox
potential, but potentials of key intermediate species associated
with catalysis (e.g., the reduction of compound I and compound II)
are not known. However, it is clear that E,, is quite close
to estimates of the H-heme reduction potential and thus
suggests the model described by Léger, in which electron relay
is occurring at approximately the same rate as catalysis, and
the electrocatalytic response takes on the appearance of a one-
electron feature at a potential close to that of the relay.
Structural Basis for Incomplete Conversion to an Ne-Type
Enzyme. While it is clear from our electrochemical analysis
that the S134P/V135K double mutant has traits that are distinct
from those of the wild-type enzyme and other bacterial CcPs
electrochemically characterized to date, the design of the S134P/
V135K double mutation was to transform a Pseudomonas-like
CcP enzyme to be akin to a Nitrosomonas-type enzyme that does
not require reductive activation. Here we have demonstrated that
by electrochemical measures, the conversion of the wild-type
enzyme has been significant, though not complete. The double
mutation has not achieved full conversion of the enzyme to a
Nitrosomonas-like enzyme, and it is clear that the reorganization
of the distal face of the L-heme attained in the S134P/V135K
crystal structure (Figure 1B) is not enough to convert the
electrochemical behavior from that one type of peroxidase to
the other. This difference can be rationalized on the basis of the
structural evidence obtained via comparison of the oxidized
and semireduced forms of the Pseudomonas enzyme, shown in
Figure 1A. Upon the reductive activation of CcPs, there are three
general loop movements that can be seen after reduction of
the protein by one electron, and while Figure 1B demonstrates
that the distal face of the double mutant has adopted an open
conformation, as required for peroxide binding, this conforma-
tional change is incomplete and is achieved with motion of only
two of the three loops that are required to rearrange as a part of
reductive activation. Indeed, one specific region of the S134P/
V135K enzyme that does not rearrange with respect to the wild-
type enzyme is the area of the third loop region (labeled III and
colored green in Figure 1C) located around the H-heme. Thus,
our data suggest that the fast transfer of electrons to and/or from
the H-heme may require conformational changes in loop 3 and
that the “incomplete” conversion of the Gs enzyme may be due to

insufficiently reorganized substructures of the S134P/V135K
mutant. The differences in function of variants of the Geobacter
enzyme will be assessed with additional point mutations in the
third loop region of the protein, to complete the three-loop
rearrangement of the enzyme.

Il CONCLUSIONS

From the electrochemical studies performed on wild-type
G. sulfurreducens CcpA and S134P/V135K, we now have a better
understanding of the catalytic mechanism of this peroxidase
as compared with those of the canonical P. aeruginosa and
N. europaea homologues. Distinct from the wild type that
displays a low-potential catalytic wave, the S134P/V135K double
mutant is the first bacterial CcP to display a shifted electrocata-
Iytic potential (E_,,) that more closely resembles that of the
N. europaea subclass of enzymes. These findings are interpreted
in terms of a model in which the S135P/V135K mutant
mechanism is limited by intraprotein electron transfer. Future
studies that combine structural and electrochemical analyses
will allow this model to be developed quantitatively and further
improve our understanding of how loop rearrangements in the
proximity of the L-heme and the H-heme can modulate the redox
mechanism displayed by bacterial cytochrome ¢ peroxidases.
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