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ABSTRACT: All known active forms of diheme bacterial
cytochrome c peroxidase (bCcP) enzymes are described by a
homodimeric state. Further, the majority of bCcPs reported display
activity only when the high-potential electron transfer heme of the
protein (FeH) is reduced to the ferrous oxidation state. Reduction of
FeH results in a set of conformational changes allowing for the low-
potential peroxidatic heme (FeL) to adopt a high-spin, five-
coordinate state that is capable of binding substrate. Here we examine the impact of dimerization upon the activity of the
Shewanella oneidensis (So) bCcP by the preparation of single charge-reversal mutants at the dimer interface and use the resulting
constructs to illustrate why dimerization is likely a requirement for activity in bCcPs. The E258K mutant is found to form a
monomeric state in solution as characterized by size exclusion chromatography and analytical ultracentrifugation analyses. The
resulting E258K monomer has an unfolding stability comparable to that of wild-type So bCcP and an activity that is only slightly
diminished (kcat/Km = 23 × 106 M−1 s−1). Spectroscopic and potentiometric analyses reveal that while the thermodynamic
stability of the activated form of the enzyme is unchanged (characterized by the Em value of the FeH

II/FeH
III couple), the kinetic

stability of the activated form of the enzyme has been greatly diminished upon generation of the monomer. Together, these data
suggest a model in which dimerization of bCcP enzymes is required to stabilize the lifetime of the activated form of the enzyme
against reoxidation of FeH and deactivation of FeL.

Bacterial diheme cytochrome c peroxidase (bCcP) enzymes,
which detoxify hydrogen peroxide in the periplasmic space

of many Gram-negative bacteria by utilizing reducing
equivalents from the cytochrome c redox pool,1−3 have always
been described as homodimeric enzymes. Each bCcP protomer
contains two c-type heme cofactors and an additional Ca2+ ion,
and eight different bCcP enzymes have been studied
structurally through X-ray crystallographic analyses.4−12 In all
cases, bCcPs crystallize as homodimers, and the dimeric state
has been further substantiated by hydrodynamic studies of
several different bCcP enzymes.8,13−15 In the case of the
Paracoccus denitrif icans (Pd) enzyme, conditions that stabilize
homodimerization have been studied in some detail: it has been
illustrated by Pettigrew and co-workers that removal of the
Ca2+ or artificially low ionic strengths result in an inactive,
monomeric form of the enzyme.14 Ca2+ binding in bCcPs is
thought to have two roles: a tight-binding Ca2+ affinity found in
all bCcP enzymes that impacts electronic communication
between the heme groups5,8,16,17 and a nonspecific ionic
strength effect that shifts the equilibrium between inactive
monomers and active dimers toward the dimerized state, as
described for the Pd and Pseudomonas nautica (Pn)
enzymes.5,8,14 However, the basis for why the dimeric state is
required to achieve catalysis is poorly understood, and here we
examine this issue in further detail using the enzyme from
Shewanella oneidensis (So)11,18 as a model system to generate a
monomerized version of the protein that retains catalytic
activity. Our results suggest an unforeseen role in dimerization

as a requirement to stabilize a conformation of the active site
that is required for catalysis.
In contrast to the apparent required quaternary structure, the

requirement for the cofactors in bCcPs is well-understood: the
high-potential (200−450 mV vs NHE) Met-His ligated heme
(H-heme) serves as a mediator of the transfer of electrons to
the other, low-potential heme (approximately −300 mV vs
NHE) that acts as the peroxidatic active site.3,19 The Ca2+ ion is
located at the interface between the H-heme and L-heme
domains. The high-potential heme, which is not present in
monoheme peroxidases (e.g., yeast CcP), is likely responsible
for storing a second oxidizing equivalent during the catalytic
cycle for many bCcP enzymes19 and serving as an electron
transfer conduit or mediator.20,21 Despite these broadly
conserved similarities, within bCcPs a functional difference in
whether the isolated, FeL

IIIFeH
III oxidation state of the protein

displays activity arises. Most characterized bCcPs are isolated in
a catalytically inactive, fully oxidized (FeL

IIIFeH
III) state, where

the L-heme is bis-His coordinated such that substrate cannot
bind to FeL.

2−4 The active form of the enzyme can be achieved
by the addition of one electron to the H-heme. This reductive
activation not only yields an FeH

IIFeL
III oxidation state but also

results in local conformational changes that cause the
reorientation of ligands around the active site heme, producing
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an “open” conformer that allows peroxide to bind at FeL.
Collectively, these requirements have been illustrated for the
canonical bCcP enzymes from Pseudomonas aeruginosa (Pa),4,33

P. denitrif icans (Pd),5 Ps. nautica (Pn),6 Rhodobacter capsulatus
(Rc),7 Pseudomonas stutzeri (Ps),8 two isoenzymes from
Geobacter sulfurreducens (Gs),9,10 and, recently, S. oneidensis
(So),11 all of which require activation through the production of
the FeH

IIFeL
III oxidation state, to generate the open conformer.

In contrast to this canonical family of diheme peroxidases, the
enzymes from Nitrosomonas europaea (Ne)22 and Methylococcus
capsulatus Bath (Mc)15 do not need to undergo an activation
step: the as-isolated enzyme, still in the FeH

IIIFeL
III oxidation

state, displays a pentacoordinate active site iron that is active
without further reduction.12 Regardless of the functional
manifold displayed by bCcP enzymes, every known bCcP is a
homodimer, suggesting that the dimeric state has an important,
yet poorly understood, functional role. Here, we generate a
charge-reversal mutant of the Shewanella enzyme to disrupt the
protein dimer interface and address the question of why all
bCcP enzymes are dimers.

■ MATERIALS AND METHODS
Protein Expression and Purification. Recombinant S.

oneidensis cytochrome c peroxidase was expressed and purified
in the same manner as in the recent work by Pulcu et al.18

Similarly, the recombinant So c5 (gene SO0264/plasmid
pSOc5) was expressed and purified as described previously
by Pulcu et al.18 So CcP mutants, E258K and E321K, were
constructed using the QuikChange Mutagenesis Kit and
expressed and purified as MBP fusions as described for the
wild-type enzyme. The glutamic acid residue at position 258
was mutated to lysine using the following primers: 5′-
CCGACACTGCGCAATATTAAACTAACCTATCCCTAC-
3′ (forward) and 5′-GTAGGGATAGGTTAGTTTAATATT-
GCGCAGTGTCGG-3′ (reverse). The presence of the correct
mutations at position 258 was verified by gene sequencing
(GeneWiz). This mutant required induction with 500 μg/L
IPTG for 4 h for optimal expression. Purification followed the
same steps as that of wild-type CcP. The glutamic acid residue
at position 321 was mutated to lysine using the following
primers: 5′-CCACCATCAAATAAAAAGACTCCGCGCCCA-
GTT-3′ (forward) and 5′-AACTGGGCGCGGAGTCTTTT-
TATTTGATGGTGG-3′ (reverse). The presence of the
correct mutations at position 321 was verified by gene
sequencing. Expression and purification followed the same
steps that were used for wild-type CcP.
Chemical Monomerization. Wild-type CcP was diluted to

50 μM and dialyzed in 20 mM HEPES, 150 mM NaCl, and 10
mM EGTA (pH 8) for 4 h at room temperature. Buffer was
then replaced and the dialysis continued overnight at 4 °C.
Samples were concentrated to 25 μM and applied to an S-100
column equilibrated with 20 mM HEPES, 150 mM NaCl, and 1
mM EGTA (pH 8). Fractions containing CcP were
concentrated to approximately 100 μM, and excess EGTA
was removed by dialysis.
Analytical Ultracentrifugation. Sedimentation velocity

AUC experiments were conducted using a Beckman XL-I
analytical ultracentrifuge (Beckman Coulter) with an absorb-
ance optical system at the Massachusetts Institute of
Technology Biophysical Instrumentation Facility. Fresh
samples of 10 μM So CcP were extensively dialyzed against
20 mM HEPES and 50 mM NaCl (pH 7.5). The protein
solution and dialysate were loaded into two-sector cells and

equilibrated thermally until a constant temperature of 20.0 °C
was reached prior to centrifugation for ≥10 h at 42000 rpm.
The protein concentration across the cell was measured by
monitoring the heme absorbance at 420 nm at 2 min intervals.
Data were analyzed using Sedfit, and diffusion-deconvoluted
sedimentation coefficient distributions, c(s), were generated
from 200 scans with SedFit.34. The sedimentation coefficients
were converted to standard values (s20,w) using a solvent
viscosity of 1.0221 and a density of 1.00185 g/mL (calculated
with Sednterp35).

Thermal Denaturation Monitored by CD. CD spectra of
S. oneidensis wild-type CcP and charge-reversal mutant samples
were recorded with an Applied Photophysics circular dichroism
spectrophotometer with a Quantum Northwest temperature
controller. Data were collected using a 0.1 mM path length
anaerobic quartz cuvette. CcP enzyme samples were kept in 25
mM phosphate buffer (pH 7.0) at a final protein concentration
of 20 μM. At each given temperature (increased stepwise by 1
°C from 20 to 90 °C), the protein sample was allowed to
equilibrate for 2 min before the intensity at 222 nm was
recorded with an averaging time of 5 s/°C.

Activity Assays. The electronic absorption spectra of the
CcP enzyme were collected on a Cary 50 spectrophotometer
(Varian). All enzymatic assays were performed at 23 °C in
standard assay buffer that consisted of 5 mM MES, 5 mM
HEPES, 10 mM NaCl, and 1 mM CaCl2 (pH 6). Horse heart
cytochrome c (Sigma) and So cytochrome c5 were reduced by
being treated with 20 mM L-sodium ascorbate (Sigma), and
excess reductant was removed using a PD-10 desalting column
(NEB) before the assay. CcP stock solutions were reductively
activated with 1 mM L-sodium ascorbate and 10 μM
diaminodurol (DAD) and incubated on ice in assay buffer for
at least 30 min, which prepared the active, FeH

IIFeL
III, form of

the enzyme. The extent of reduction of the sample was
monitored by optical absorption. The oxidations of the reduced
horse heart cytochrome c and So c5 are monitored at 550 and
553 nm, respectively, in the presence of H2O2 using an
extinction coefficient difference between the oxidized and
reduced proteins (Δε550 = 21.5 mM−1 cm−1 for horse heart
cytochrome c, and Δε553 = 12.5 mM−1 cm−1 for cytochrome
c5).

18

Potentiometric Redox Titrations. Anaerobic redox
titrations of the H-heme of S. oneidensis wild-type CcP and
the E258K charge-reversal mutant were conducted and
followed optically in the wavelength range of 300−800 nm.
Titrations were performed at 23 °C by measuring absorption
changes at 553 nm of 6 μM protein solutions in 10 mM MES/
HEPES (pH 6.0) in the presence of 2 mM CaCl2. Redox
potentials were measured using a combination Ag/AgCl Micro
Redox electrode (MI-411, Microelectrodes, Inc.). The solution
potential was adjusted using stepwise microliter additions of
reductant (25 mM sodium dithionite) or oxidant (25 mM
potassium ferricyanide). Diaminodurol and phenazine metho-
sulfate were included as mediators at final concentrations of 15
μM (inclusion of additional mediators did not improve or
change the experimental results, so triple replicates with just the
two mediators were generated).

Oxidation and Reduction Kinetic Analysis of Wild-
Type So CcP and E258K. The rate of semireduction of the
oxidized forms of the wild-type So enzyme and E258K charge-
reversal mutant with L-sodium ascorbate and 1 μM DAD was
monitored at 408 and 553 nm at 23 °C using a Cary 50
spectrophotometer (Varian). Various concentrations of L-
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sodium ascorbate (1, 2.5, and 5 mM) were used to ensure
pseudo-first-order kinetics applied to the reduction of 3 μM
wild-type So CcP and the E258K mutant. kobs was then
calculated according to pseudo-first-order kinetic parameters.
Reoxidation of the activated enzyme was achieved by first
desalting the semireduced enzymes anaerobically and then
exposing the samples to an ambient atmosphere. The same
wavelengths were monitored for the reoxidation as for the
reduction.

■ RESULTS

Cytochrome c Peroxidase Dimer Interface Analysis.
The dimer interface of the S. oneidensis cytochrome c peroxidase
crystal structure was analyzed using the Protein Data Bank
Europe Protein Interfaces, Surfaces, and Assemblies tool
(PDBePISA),23 a web-based server for examining potential
macromolecular interfaces and predicting probable quaternary
structures as well as searching databases for structurally similar
interfaces and assemblies. PDBePISA was used to predict the
residues that form charged interactions across the dimer
interface of the So enzyme (PDB entry 3O5C) and the other
crystallized dimeric bCcP enzymes. The structure of the So
enzyme24 (in the fully reduced oxidation state) and the 11
other bCcP structures were analyzed and are listed in Table S1
of the Supporting Information. Eight different enzymes are
crystallized as dimers, and between two and eight charged pairs
are found across the dimer interfaces of the various enzymes. So
CcP has six charged pairs in the semireduced enzyme. The
interfacial location of E258 was confirmed by the crystal
structure, shown in Figure 1, which illustrates that the charge-
reversal mutation is in a position that would likely disrupt three
long-range charge interactions (<10 Å) across the dimer
interface. In comparison, E321 is only located in the proximity
of the interface but lacks discernible charge interactions with
the neighboring monomer (Figure 1), providing a negative
control for comparisons between characteristics of E258K that
might not be linked to the potential disruption of the dimer
interface.
Hydrodynamic Properties of the Dimer and Monomer

Enzymes. To verify that installation of the E258K mutation
resulted in the generation of a monomeric version of So CcP,
size exclusion chromatography was used to observe the changes
in the quaternary structure of the various forms of So CcP (i.e.,
monomer vs dimer). The chromatograms in Figure 2 show the

elution profiles for the various So enzymes under different
treatment conditions: as-isolated wild-type enzyme (solid
black), incubated with EGTA (green), and as-isolated E258K
(blue). The as-isolated sample of the wild-type protein eluted
with an apparent molecular mass (Mr) of 67 kDa, consistent
with the dimeric state of the enzyme. In the presence of excess
calcium (1 mM CaCl2, red dots), the elution profile of the wild-
type protein does not change: it is the same as that of the as-
isolated sample. In contrast, evidence of higher-order oligomers
has been previously found for the Ps enzyme in the presence of
excess Ca2+,8 and in the presence of 1 mM EGTA, all bCcPs
examined here display an Mr of 43 kDa (dashed green line in
Figure 2), correlating to a monomeric form of the protein. The
apparent discrepancy between the observed Mr and the
theoretical size of the monomer can be explained by a
difference in the shape of the chemically monomerized protein
sample and a theoretical monomeric enzyme, as discussed in
further detail below.
Size exclusion chromatography was used to observe the

changes in quaternary structure of the E258K and E321K
charge-reversal mutants to determine the conditions under
which the charge-reversal mutants are monomers or dimers.

Figure 1. Crystal structure of S. oneidensis bCcP in the fully reduced oxidation state (PDB entry 3O5C). The dimer interface is highlighted by the
colored residues predicted by PDBePISA and analysis of the crystal structure. Green residues represent uncharged interfacial amino acids; red
residues are positively charged, and blue residues are negatively charged. The inset shows the local environment around residues E258 and E321.
Potential long-range, charge pairing interactions with positively charged residues (R51, R320, and R324) are shown as dotted lines.

Figure 2. Molecular size exclusion chromatography of S. oneidensis
CcP, with respect to standards (gray). As-isolated So CcP (solid black)
eluted with an apparent molecular mass of 67 kDa. The enzyme
incubated with 10 mM CaCl2 (red dots) eluted with an apparent
molecular mass equal to that of the untreated form, whereas the
enzyme treated with EGTA (dashed green) elutes with an apparent
molecular mass of 43 kDa. The as-isolated E258K (dashed blue) elutes
with a significantly lower apparent mass (32 kDa). The as-isolated
E321K (dashed yellow) displays an apparent molecular mass of 67
kDa.
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The chromatograms in Figure 2 show the elution profiles for
the E258K (blue) and E321K (yellow) charge-reversal mutants
under the same treatment conditions as the wild-type enzyme.
The as-isolated E258K sample elutes with an Mr of 32 kDa.
This is consistent with the monomeric state of the protein
sample. In the presence of either excess calcium or EGTA, the
Mr of E258K is equal to that of the as-isolated sample with an
apparent Mr of 32 kDa, which correlates to a monomeric form
of the protein (data not shown). The as-isolated E321K sample
elutes with an Mr of 67 kDa. This is consistent with the dimeric
state of the protein sample.
The sedimentation velocity profiles for as-isolated So bCcP in

the presence of excess Ca2+ or EGTA were analyzed by the
DCDT+ method.25 The sedimentation coefficient distributions
are shown in Figure 3, where the maximal s20,w value of the as-

isolated, wild-type So CcP is 4.79 S, nearly identical to values
reported for other dimeric bCcP enzymes (Table 1).8,13−15

Preparation of the Ca2+-depleted enzyme and sedimentation in
the presence of EGTA yield an s20,w value 2.52 S, consistent
with those of other chemically monomerized, EGTA-treated
enzymes.8,21 Treating the apoprotein with excess Ca2+ leads to
the return of the native hydrodynamic traits: the presence of
excess Ca2+ results in a maximal s20,w of 4.76, essentially
identical to the value of the wild-type protein.
The sedimentation velocity profiles for the as-isolated E258K

charge-reversal mutant (as-isolated enzyme, enzyme in the

presence of excess Ca2+, or EGTA-treated enzyme) were
analyzed using the same method used for wild-type So bCcP
(Figure 3). The s20,w value of as-isolated E258K is 1.98 S. The
presence of either an excess of Ca2+ or EGTA does not change
the s20,w value (data not shown). All of the s20,w values obtained
for the E258K variant are consistent with a protein of molecular
mass of the monomer and suggest a further compacted
structure for the E258K mutant versus the EGTA-treated wild-
type enzyme. The sedimentation velocity profiles for the as-
isolated E321K charge-reversal mutant were analyzed using the
same method that was used for wild-type So bCcP (Figure 3).
The s20,w value of as-isolated E321K is 4.76 S, virtually identical
to that of the wild-type as-isolated enzyme sample. Notably, the
data are in agreement with the calculated values of s20,w as
determined by SOMO,26 where the PDB file for the So bCcP
crystal structure can be used to calculate values of 4.81 and 3.08
S, respectively.

Thermal Denaturation Monitored by CD. To further
verify that the changes in the observed quaternary structure did
not represent global unfolding of the protein, CD measure-
ments were conducted to assess the stability of the wild-type
and mutant enzymes. Thermal denaturation of wild-type So
bCcP and E258K and E321K mutants was monitored at 222
nm, and the loss of the far-UV CD signal was used to monitor
the temperature dependence of thermal denaturation (Figure
4). In all cases, it was found that thermal unfolding was not

freely reversible: the CD-detected protein melts led to partial,
irreversible aggregation following unfolding, because of
extended periods of time at elevated temperatures (>70 °C).
However, the unfolding experiments allow for the direct
comparison of the stability of the wild-type and mutant
proteins. At pH 7.0, a single unfolding transition was observed
at a melting temperature (Tm) of 49.2 ± 0.6 °C for the wild-
type enzyme (Figure 4A), compared to the single unfolding
transitions seen for the E258K and E321K charge-reversal
mutants showing Tm values of 53.9 ± 0.3 and 48.3 ± 0.4 °C,
respectively. While it is surprising that disruption of the dimeric
interface leads to a slight stabilization in the temperature of
melting, the unforeseen enhancement of thermal stability upon
monomerization suggests that the native protein may be less
stable to account for its native processing and turnover in vivo,
but clearly, the single-amino acid changes have not resulted in
significant perturbations to the thermal stability of the tertiary
structure of either the E258K or E321K mutant.

Figure 3. Sedimentation velocity analytical ultracentrifugation (AUC).
AUC of S. oneidensis CcP shows the effect of a charge-reversal
mutation at the dimer interface: as-isolated bCcP (black), EGTA-
treated bCcP (green), E258K (red), E321K (blue), and bCcP with
Ca2+ (purple). The distributions are calculated from the 420 nm
absorbance. No minor species were observed, indicating that the
charge-reversal mutation and EGTA treatment completely mono-
merized the enzyme samples.

Table 1. Sedimentation Coefficients of Dimeric and
Monomeric bCcP Enzymes

sedimentation coefficient
(S)

enzyme dimer monomer ref

Ps. stutzeri 4.67 2.83 8
P. denitrif icans 4.78 2.69/2.54 14
Paracoccus pantotrophus 4.8 NDa 13
M. capsulatus 4.82 NDa 15
S. oneidensis 4.79 2.52/1.98 this work

aNot determined.

Figure 4. Thermal denaturation of So cytochrome c peroxidases
monitored by CD. Typical curves of the fraction of unfolded enzyme
measured at 222 nm as a function of temperature plotted for wild-type
So CcP (black) and E258K (red) and E321K (blue) charge-reversal
mutants. Samples consisted of 10 μM peroxidase in phosphate buffer
(pH 7.0).
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Catalytic Properties of the Charge-Reversal Monomer
Mutant. The activity of So CcP was determined previously in
the presence of micromolar concentrations of various redox
partner proteins,18 where So cyt c5 is the native electron donor
in the periplasm of Shewanella27 and horse heart cyt c can been
used as an artificial electron donor that allows facile
comparisons with other bCcP enzymes reported in the
literature. Here, we determined kinetic parameters for the
E258K and E321K charge-reversal mutants (Table 2). The
linear initial rates at various peroxide concentrations were used
to calculate kinetic parameters using the Michaelis−Menten
formalism. As previously described for the wild-type enzyme,
the electron donor proteins bind extremely weakly to So bCcP
(Km ≫ 10 μM), and we could not achieve saturating
concentrations in vitro using either electron donor that was
studied: as a result, the values reported below are not maximal
turnover rates.18 As found previously with the wild-type
enzyme, the kinetic parameters for both the E258K and
E321K mutants depend on the electron donor used. The
E321K mutant behaves overall like the wild-type enzyme
displaying similar values of both kcat and Km. Overall, the E258K
mutant shows a decreased kcat under all conditions (3-fold
lower), with respect to that of the wild-type protein, but still
shows the enhanced kinetic parameters when So cyt c5 is used
as the electron donor, versus horse heart cyt c. With wild-type
So bCcP, when horse heart cyt c is used as the electron donor,
turnover is slowed by a factor of 30 compared to that of the
native electron donor. For semireduced (activated) E258K,
turnover with horse heart cyt c is approximately 20 times slower
than reactions with the native electron donor cyt c5. Further,
fully oxidized E258K displays no reactivity with horse heart cyt
c. Km values increase for E258K in all circumstances, increasing
by 2−10-fold. Taken together, under the most efficient catalytic
conditions for the wild-type enzyme (prereduced with
ascorbate, using native So cyt c5 as the electron donor),
E258K shows an order of magnitude loss in kcat/Km (23 × 106

M−1 s−1), indicating that regardless of spectroscopic changes
detailed above, the monomeric enzyme is kinetically com-
petent, albeit with a somewhat diminished catalytic efficiency.
We have previously observed that assay progress curves

initiated with the fully oxidized enzyme revealed a lag phase,
which has been interpreted in terms of a kinetic model in which
in situ conversion of the oxidized (inactive) state of the enzyme
to the active state can occur, allowing for the extraction of a rate
constant associated with the activation process.18 The fully
oxidized forms of both charge-reversal mutants also show such
lag phase kinetics, and fitting with our kinetic model confirms
the results from Michealis−Menten analysis. Using this model,
we have previously shown that So bCcP has an activation rate
of 0.07 ± 0.02 s−1 when cytochrome c5 is used as the electron
donor with the fully oxidized wild-type enzyme.18 For the
charge-reversal mutants, the apparent activation rates are

essentially the same for E258K (0.05 ± 0.01 s−1) and within
a factor of 2 for E321K (0.03 ± 0.01 s−1). In contrast, there are
greater differences in the apparent turnover numbers. For fully
oxidized wild-type So bCcP, the peroxide turnover rate
calculated with the lag phase model is 7 ± 1 s−1 for the
dimeric E321K mutant [similar to that (2 ± 1 s−1) of the wild
type], while for the monomerized E258K mutant, the turnover
number is diminished by 50-fold (0.33 ± 0.02 s−1). Together,
these data suggest that E258K is less active, though possibly
because of weaker binding of cyt c5 to the E258K monomer
mutant protein, or in a conformation that gives less efficient
electron transfer versus that seen with the wild-type enzyme.

Spectroscopic Properties of the E258K Charge-
Reversal Mutant in Terms of Optical Absorption. To
assess the possible basis for the changes in catalytic properties,
we first examined the optical characteristics of the charge-
reversal mutants. The optical absorbance spectra of fully
oxidized and ascorbate-reduced So bCcP, E258K, and E321K
are shown in Figure 5. For the oxidized (FeH

IIIFeL
III) form of

each of the enzymes, the spectral features are virtually identical,
including those of the EGTA-treated enzyme (data not shown).
All fully oxidized samples have the characteristic Soret
maximum at 407 nm and broad α and β bands at 553 and
540 nm, respectively, that are typical for the So CcP enzyme.18

As reported previously, upon reduction with L-sodium
ascorbate, the Soret band of the wild-type enzyme shifts to
417 nm and a shoulder appears at 407 nm, while the α and β
bands at 553 and 540 nm, respectively, become sharper,
consistent with the reduction of the H-heme.5 The appearance
of a charge transfer band at 640 nm (Figure 5, insets) suggests a
high-spin ferric heme state.28 In contrast, similar treatment of
E258K with ascorbate causes the Soret band to shift to 417 nm,
but with a poorly resolved shoulder at 407 nm; the α and β
bands at 553 and 540 nm, respectively, appear as with the wild-
type enzyme, but the 640 nm band is absent (Figure 5B). The
shoulder at 640 nm indicative of high-spin Fe(III) is known to
be a feature of weak intensity, such that quantitation of the HS
state has not been achieved in bCcP enzymes.16,18,29−31 Thus,
one impact of monomerization displayed by E258K is the
decrease in the concentration of the FeL

III HS state, which is
presumably required for binding H2O2.

Potentiometric Redox Titrations. While the optical
measurements indicated that the semireduced form of E258K
did not possess a high-spin, five-coordinate heme that could
bind H2O2, the kinetic data indicate that the enzyme engages in
catalysis though impeded, and therefore, E258K must bind
peroxide. To better rationalize the kinetic differences between
the constructs, we examined the electron transfer properties of
the H-heme in the charge-reversal mutants. Oxidative and
reductive titrations of FeH were conducted for both the wild
type and the E258K charge-reversal monomerization mutant
using potentiometry (Figure S1 of the Supporting Informa-

Table 2. Steady State Kinetic Characterization of E258K and E321K So bCcP Mutants

wild type E258K E321K

electron donor parameter semireduced oxidized semireduced oxidized semireduced oxidized

horse heart cyt c Km (μM) 0.03 ± 0.01 0.07 ± 0.01 0.4 ± 0.1 no activity 0.1 ± 0.02 0.9 ± 0.2
kcat (s

−1) 1.9 ± 0.2 1.3 ± 0.1 0.7 ± 0.1 5.1 ± 0.2 3.5 ± 1.0
kcat/Km (×106 M−1 s−1) 74 7.5 2 51 4

So cyt c5 Km (μM) 0.3 ± 0.1 0.6 ± 0.5 0.8 ± 0.1 0.7 ± 0.2 0.4 ± 0.1 0.8 ± 0.3
kcat (s

−1) 73 ± 5 7 ± 5 18 ± 1 2.0 ± 0.4 84 ± 4 6 ± 3
kcat/Km (×106 M−1 s−1) 240 12 23 3 210 8
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tion). Because of the large separation in potential between the
high-potential heme and low-potential heme found in bacterial
cytochrome c peroxidases, the contribution of the higher-
potential heme can be easily isolated.15,17,19,29 Reductive and
oxidative titrations of the FeH

II/FeH
III couple for the wild-type

So enzyme yielded an Em value of 246 ± 1 mV (vs SHE, at pH
6.0). E258K displayed lower potentials with slight hysteresis in
the oxidative and reductive directions: reductive and oxidative
titrations yielded redox potentials of 218 and 201 mV versus
SHE, respectively. In all cases, Nernst plots showed slopes of
∼59 mV/decade, indicating that simple one-electron, one-
proton processes are at work.
Kinetics of Ascorbate Reduction, and Air Reoxidation.

Though the E258K mutant possesses an H-heme with a slightly
depressed reduction potential, the possible impact upon
catalytic parameters was not evident, as a decrease of roughly
35 mV in the H-heme FeII/FeIII redox potential should not
impact its ability to reduce intermediates that might be
generated in the course of peroxidatic chemistry or receive
reducing equivalents from forms of cyt c. To address this issue,
we examined the kinetic stability of the so-called “semireduced”
state. In addition to the distinct Soret and 640 nm band
features reported for E258K, the kinetics associated with
ascorbate reduction of the fully oxidized enzyme to produce the
FeH

IIFeL
III state and the subsequent reoxidation with air were

found to differ between the wild type and the charge-reversal
mutant of So bCcP. Rates of ascorbate reduction and
reoxidation of the enzymes were examined using the absorption

features described above (408 and 553 nm), as shown in Figure
6.

For the wild-type enzyme, reduction of 3 μM bCcP with 5
mM L-sodium ascorbate (pseudo-first-order conditions) was
monitored at either 553 or 408 nm, with reduction being
achieved in minutes (kobs = 0.90 ± 0.03 min−1 at 553 nm, and
kobs = 0.97 ± 0.02 min−1 at 408 nm). Similar time scales were
required for reduction of E258K, though the final spectral
features (i.e., Figure 4B) never exactly mimic those of the wild-
type enzyme (kobs = 0.36 ± 0.02 min−1 at 553 nm, and kobs =
0.63 ± 0.04 min−1 at 408 nm). In contrast, reoxidation of the
ascorbate-reduced enzyme proceeded on distinctly different
time scales. As illustrated in Figure 6 (bottom), by first
removing all exogenous reductant and then exposing the
enzyme to atmospheric oxygen, we regenerated the fully
oxidized spectrum on the order of hours (after the removal of
excess ascorbate and DAD, kobs = 0.04 min−1), requiring up to
days for full transformation of the 553 nm bands. E321K closely
mimicked the wild-type enzyme. However, similar reoxidations
of E258K were an order of magnitude faster than those with the
wild type, occurring on the order of minutes (kobs = 0.25
min−1). Thus, upon monomerization, the FeH

IIFeL
III state of the

E258K mutant appears to be much less kinetically stable, unlike
the stable, static “activated” conformation of bCcPs that has
been amenable to crystallographic analyses.4,16,32

■ DISCUSSION
The formation of homomultimeric structures is found
throughout biology, where alternate quaternary structures can
play key roles in assisting with overall folding stability,34−36

producing allosteric affects for small molecule binding,36−38

developing high localized concentrations, and allowing for
alternate (“moonlighting”) activities.36,39,40 In the case of bCcP

Figure 5. Electronic absorption spectra of oxidized (solid) and
ascorbate-reduced (dot) (A) wild-type So bCcP, (B) the E258K
charge-reversal mutant, and (C) the E321K mutant. The insets show
the absorption spectra of oxidized and semireduced bCcP at a 5-fold
higher concentration.

Figure 6. Kinetics of semireduction (top) and reoxidation (bottom) of
wild-type bCcP (black) and the charge-reversal mutants, E321K (blue)
and E258K (red), monitored at 553 nm. Assays were conducted using
3 μM enzyme in 5 mM HEPES, 5 mM MES, 10 mM NaCl, and 1 mM
CaCl2 (pH 6) at 23 °C. Data were fit to a pseudo-first-order model
assuming the oxidant concentration is constant.
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enzymes, homomultimerization is correlated to activity,8,29 with
all structurally characterized bCcPs being demonstrated to be
(at least) homodimers. However, the apparent requirement for
homodimerization has not been examined in detail previously.
While canonical bCcP enzymes must undergo changes in
secondary and tertiary structure that are tied to changes in the
oxidation state of the H-heme and result in an open
conformation at FeL, the apparent correlation between
quaternary structure and activity has not been examined. To
address this open question, we have produced the first, active
monomeric version of a bCcP enzyme to allow us to ask the
question of why all bCcPs are dimers. Through the analysis of
the structurally conserved dimer interface among the eight
different bCcP enzymes that have been crystallized to date, we
have found that a single charge-reversal mutation, E258K,
results in an active yet monomeric form of the traditionally
dimeric enzyme. Notably, not all charge-reversal mutations
generate a monomerized protein, as the E321K mutant still
retains a homodimeric structure as determined by size exclusion
chromatography and analytical ultracentrifugation.
In several respects, it is easier to report on what

homodimerization does not impact. For example, wild-type
So bCcP does not display allostery, half-site reactivity, or
moonlighting activities, and the corresponding charge-reversal
constructs reported here do not evince such properties. Many
traits of E258K mimic those of the wild-type protein: the global
folding stability of E258K is equal to or better than that of the
wild-type protein; by some spectroscopic measures (e.g., fully
oxidized optical spectrum), E258K is identical to the wild type;
the reduction potential of the H-heme is modestly more
negatively shifted (by 35 mV); and kcat and Km are affected, but
not dramatically so. In terms of activity, the catalytic parameters
listed in Table 2 reveal that the loss of activity displayed by
E258K may be due to fundamental changes in catalytic events
at the active site or may be due to changes in the ability of
electron donors to interact with the enzyme. Thus, we conclude
that E258K still acts as a reasonable cytochrome c peroxidase
with the native electron donor, where kcat/Km values are similar
to those found in other bacterial peroxidases.18

Given these observations, what might homodimerization
achieve? The critical differences emerge in the optical spectrum
of the semireduced enzyme (FeH

IIFeL
III), where FeL has

undergone a change in conformation from being six-coordinate
with His71 bound to an open conformation that displays
activity. In the native enzyme, the semireduced form displays
absorption features at ∼550 nm indicative of the reduction of
FeH, but also a weak feature at 650 nm that has been
interpreted in terms of a high-spin ferric FeL

III. When the same
state is prepared with E258K, the former features are present
but the latter is absent, indicating that while FeH is reduced
readily by ascorbate, FeL has most likely not undergone the
requisite conformational change to an appreciable extent. The
other key difference is found in the relative kinetics associated
with the preparation and subsequent reoxidation (by air) of the
FeH

IIFeL
III state: while the wild type and E258K are similar in

terms of the time scales associated with the reduction of the
totally oxidized enzyme (by monitoring either the Soret region
or the α and β bands), they are hugely different when
considering the reoxidation. The wild-type FeH

IIFeL
III state is

stable when it is exposed to air for hours to days, yet the
monomerized E258K protein is reoxidized in seconds (i.e., less
than a minute). This phenomenon does not seem to be entirely
controlled by the actual reduction potential of the H-heme:

E258K has a potential only 35 mV lower than that of the wild
type, and clearly, both H-heme centers should be readily
oxidized by oxygen. The possible kinetic instability of the
FeH

IIFeL
III state in a monomerized bCcP is further corroborated

by steady state kinetic analysis of the fully oxidized protein,
where the decrease in the peroxide turnover rate can be
interpreted in terms of a real-time decrease in the concentration
of the activated form of the protein, because of its inactivation
on the time scale of seconds (i.e., kinetic instability of the
FeH

IIFeL
III state in E258K leads to deactivation that competes

with catalytic processes).
A full structural perspective of the relationship between the

quaternary structure and the kinetic behavior described here
requires a structure of E258K, yet without those data,
inspection of the structures of activated dimeric forms of
bCcP enzymes suggests that quaternary structure may play a
role in achieving kinetic stabilization of the FeH

IIFeL
III state as

proposed here. One of the elements of the dimer interface is
comprised by a single loop that contains the His71 residue
responsible for ligating the peroxidatic heme iron in the
“closed” form of the active site.4,11,12,16 This loop structure
(termed loop 1 by Einsle and co-workers9) packs against the
second protomer in the dimeric structure, as shown in Figure 7.

Without the presence of the second protomer molecule, loop 1
may engage in conformational dynamics, generating either
open or closed forms of the active site and contributing to the
overall kinetic instability of the activated FeH

IIFeL
III state.

■ CONCLUSIONS
Here we have demonstrated that without removal of the
obligate Ca2+ ion found in the bCcP family, a charge-reversal
monomeric construct can be prepared through destabilization
of the interface between homodimers. Collectively, our data
indicate that homodimerization of bCcPs is not significant for
maintaining global folding energies but is for stabilizing the
kinetic lifetime of the open, FeH

IIFeL
III state that is the entry

point for H2O2 binding and peroxidase chemistry. Thus, it
appears that the bCcP family (including the constitutively

Figure 7. Depiction of loop 1 (red) of each bCcP protomer in the So
wild-type enzyme (PDB entry 3O5C11). Loop 1 contains His71 that
acts as a ligand at FeL in the closed form. However, in all structures of
active enzymes, loop 1 adopts an open conformer that packs against
the adjacent loop 1 of the second protomer in the dimer.
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active Ne enzyme) has maintained homodimeric quaternary
structures to stabilize not the global protein fold, but the
specific open conformation at FeL that is needed for catalysis.
One may infer that if bCcP protomers exist in vivo, they may be
more prone to “deactivate” on a time scale of minutes.
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