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ABSTRACT: This work reports for the first time a resonance Raman study of the mixed-valence and fully
reduced forms of Paracoccus pantotrophus bacterial cytochrome ¢ peroxidase. The spectra of the active
mixed-valence enzyme show changes in the structure of the ferric peroxidatic heme compared to the fully
oxidized enzyme; these differences are observed upon reduction of the electron-transferring heme and
upon full occupancy of the calcium site. For the mixed-valence form in the absence of Ca*, the peroxidatic
heme is six-coordinate and low-spin on the basis of the frequencies of the structure-sensitive Raman
lines: the enzyme is inactive. With added Ca’", the peroxidatic heme is five-coordinate high-spin and
active. The calcium-dependent spectral differences indicate little change in the conformation of the ferrous
electron-transferring heme, but substantial changes in the conformation of the ferric peroxidatic heme.
Structural changes associated with Ca?" binding are indicated by spectral differences in the structure-
sensitive marker lines, the out-of-plane low-frequency macrocyclic modes, and the vibrations associated
with the heme substituents of that heme. The Ca>"-dependent appearance of a strong y 5 saddling-symmetry
mode for the mixed-valence form is consistent with a strong saddling deformation in the active peroxidatic
heme, a feature seen in the Raman spectra of other peroxidases. For the fully reduced form in the presence

of Ca’", the resonance Raman spectra show that the peroxidatic heme remains high-spin.

Hydrogen peroxide is a toxic compound produced in the cells
by the incomplete reduction of oxygen during oxidative
metabolism. Its toxicity is due to its tendency to produce free
radicals that can lead to cell damage or death (/). In most living
cells, it can be removed enzymatically by catalases or peroxi-
dases. While catalase disproportionates peroxide into water and
oxygen, peroxidase reduces peroxide to water using a variety
of oxidizable substrates. In the case of the bacterial cytochrome
¢ peroxidases (BCCP),1 the oxidizable substrates are the
monoheme c-type cytochromes or type 1 copper proteins, like
azurin (2) or pseudoazurin (3).

The bacterial cytochrome ¢ peroxidases are periplasmic
enzymes that contain two covalently bound c-type hemes.
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They have been isolated from several organisms, including
Pseudomonas aeruginosa (4), Rhodobacter capsulatus (5, 6),
Nitrosomonas europaea (7), Pseudomonas nautica (8),
Pseudomonas stutzeri (9), Methylococcus capsulatus (10),
and Paracoccus pantotrophus (11). The two most studied
enzymes are the ones isolated from P. pantotrophus and Ps.
aeruginosa. The three-dimensional structure of P. pantotro-
phus bacterial cytochrome ¢ peroxidase in two redox states
was recently determined (/2). The overall structure of the
enzyme is very similar in both redox states (fully oxidized
and mixed-valence), containing two domains each with one
heme (shown schematically in Figure 1). In the fully oxidized
form, the N-terminal domain contains a bis-histidine low-
potential (LP) heme and the C-terminal domain contains a
high-potential (HP) heme coordinated by methionine and
histidine residues. In the mixed-valence form, the C-terminal
heme is reduced and the N-terminal heme is five-coordinate
(12). The C-terminal heme has been proposed to be the
electron-transferring heme, acting as the source of one
electron for the reduction of peroxide, while the latter acts
as the peroxidatic heme and gives the second electron.

The activity of the Paracoccus enzyme is dependent on
two factors. The enzyme must contain calcium ion, and the
electron-transferring heme must be reduced (/3). In addition,
the calcium ion promotes dimerization of the enzyme, and
this is also dependent on protein concentration. Thus, dilution
of the enzyme results in loss of activity. As mentioned, the
configurations of the heme groups and active site change
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FIGURE 1: Proposed mechanism and different protein forms existing under various states of reduction and calcium ion concentrations at pH
7.5. (A) Ca-depleted oxidized BCCP. The partially filled calcium “site 27, present in the oxidized as-isolated BCCP (state B), can be
completely filled by the addition of calcium ions (state C). After the reduction of the high-potential heme (mixed-valence state), the enzyme
becomes active (state D) and able to react with hydrogen peroxide (state E). The catalytic cycle (gray arrows) is complete after the delivery
of two consecutive electrons (from state E to F and then to D) and returns to the initial state D. The calcium site represented is site 2. The

location of calcium “‘site 1 is not known.

upon reduction of the high-potential (electron-transferring)
heme. Specifically, the high-potential heme, which exhibits
a high-spin—low-spin equilibrium in the fully oxidized form
of the enzyme, becomes fully low-spin when reduced. In
the presence of calcium ions, the reduction of the high-
potential heme also causes the low-potential ferric heme to
change from low-spin to high-spin and to lose a histidine
ligand, opening a coordination site to H,O5.

The calcium ions play a pivotal role in the activation of
the enzyme, probably by enabling the structural changes that
occur at the peroxidatic heme. Some of the proposed protein
species that differ in oxidation state, coordination state, spin
state, and occupation of the calcium-binding site are il-
lustrated in Figure 1.

Paracoccus cytochrome ¢ peroxidase has been studied
using several techniques, but resonance Raman spectroscopy
has been shown to be most helpful in elucidating the effect
of the calcium ions on the detailed structure of the hemes
(14). Raman lines corresponding to the vibrations of the heme
are observed without interference from the rest of the protein
because of resonance enhancement of the spectrum of the
heme groups. For excitation using laser wavelengths in the
visible region where the heme absorbs light, the enhanced
Raman lines are entirely those of the porphyrin macrocycle
vibrations, substituent groups on the macrocycle, and the
axial ligands. Both in-plane and out-of-plane vibrations of
the macrocycle are Raman active, the latter mostly as a result
of out-of-plane distortion of the macrocycle that is induced
by the protein surrounding the heme. Changes in these
Raman active modes have provided a detailed picture of the
structural changes caused by calcium ion binding to the fully
oxidized P. pantotrophus enzyme (14).

Here we report for the first time the resonance Raman (RR)
spectra of the mixed-valence and the fully reduced forms of
a bacterial cytochrome ¢ peroxidase. The RR spectra reveal

the conformational changes of the hemes and their substit-
uents that are associated with heme reduction, the binding
of calcium ions, and the activation of the enzyme. In addition,
under conditions for which the enzyme is active (i.e., in the
mixed-valence form and in the presence of Ca’"), the RR
spectrum of one of the hemes becomes typical of that of
other peroxidases, that is, five-coordinate, high-spin, and
saddled. The RR spectra also prove many of the effects of
reduction and calcium ion binding on the coordination and
spin states of the hemes of the enzyme that were predicted
by other methods. Moreover, the RR showed for the first
time that, in the fully reduced form of the enzyme, the low-
potential heme is high-spin.

MATERIALS AND METHODS

Purification of Cytochrome c¢ Peroxidase. Cytochrome ¢
peroxidase was purified from P. pantotrophus LMD 52.44
as previously described (/7). Concentrated stocks of protein
in 5 mM MES (pH 6.0) and 10 mM NaCl were stored at
—40 °C. The enzyme concentration was determined, in the
oxidized state, using an extinction coefficient at 408 nm for

the monomer of 250 mM~! cm™!.

Preparation of Cytochrome ¢ Peroxidase for RR Spec-
troscopy. A Centricon apparatus was used to change the
buffer of the protein to 5 mM HEPES and 10 mM NaCl
(pH 7.5) and to concentrate the solution to give a stock
solution in this buffer. For the RR experiments, BCCP was
diluted from the stock solution in 5 mM HEPES and 10 mM
NaCl (pH 7.5) to 50 uM in the same buffer and aged for 60
min at 4 °C. The protein fully loaded with Ca*" was obtained
by adding CaCl, to a concentration of 2 mM, and the solution
was aged for 60 min at 4 °C prior to the RR experiments.
To produce the protein with Mg>*, MgCl, was added to a
concentration of 2 mM and the solution aged for 60 min at



Ca”* Activation of Bacterial Cytochrome ¢ Peroxidase

4 °C. The protein depleted of calcium was obtained by
incubating the BCCP with EGTA (2 mM) for 60 min at 4
°C. The BCCP was then reduced to the mixed-valence form
by adding ascorbate and DAD to concentrations of 1 mM
and 5 uM, respectively, and the RR spectra were collected
after incubation for 2—30 min to check that attainment of a
stable state. The fully reduced protein was obtained by adding
sodium dithionite. The fully oxidized samples were prepared
as described previously using ferricyanide (/4). The enzyme
exhibits a monomer—dimer equilibrium that is dependent not
only on the presence of calcium ions but also on pH, ionic
strength, and protein concentration (/5). In the as-isolated
oxidized state at a protein concentration of 10 #M, an ionic
strength of 10 mM, and pH 7.5, the protein is largely
monomeric, contains a calcium ion in what has been called
site 1, but lacks calcium ion in the key site 2 binding site
which is linked both to the spin-state change in the mixed-
valence enzyme and to activity (/6). However, at the protein
concentration of 50 M required for Raman spectroscopy,
site 2 is partially occupied in the as-isolated enzyme.

The resonance Raman spectra were acquired at pH 7.5
instead of pH 6.0, due to the higher occupancy of the calcium
site 2 at pH 6.0, which would lead to complication of the
spectra and their interpretation. An additional advantage is
that the calcium chelation ability of EGTA is much greater
at pH 7.5 than at pH 6.0.

Resonance Raman Spectroscopy. RR spectra were re-
corded using the 406.7 nm line of an INNOVA Kr* laser
(Coherent) and a Raman spectrometer described previously
(14). Briefly, the spectrometer is a 0.75 m monochromator
(Instruments, SA) with a CCD detector. The slit width of
100 um gives a spectral resolution of 2 cm™!. Position mode
was used for detection with each section covering 500 cm™!
of the Raman spectrum without moving the grating. Spectra
were output from the CCD and its computer controller for
plotting with SigmaPlot (SPSS). Polarized spectra were
obtained using an oriented Polaroid sheet located between
the notch filter (Kaiser Optical Systems) and a polarization
scrambler in front of the entrance slit. For the polarized
spectra, spectral decompositions (not shown) were ac-
complished using Voigt line shapes with PeakFit (SPSS) in
some cases.

Raman samples were kept in ice until the spectra were
obtained, typically at room temperature (25 °C) for 2—10
min using less than 30 mW of power in a partially focused
beam.

RESULTS

The Raman spectra of mixed-valence and fully reduced
Pa-p BCCP were obtained with 406.7 nm laser excitation
(near the Soret band) (visible spectra shown in Figure S1-
A, inset, of the Supporting Information). Soret band
excitation enhances mostly polarized totally symmetric A,
and depolarized dynamic Jahn—Teller-active B, and By,
in-plane vibrational modes, which are particularly evident
in the high-frequency region of the Raman spectra (Figures
2A, 3, SIA, S2A, and S3A). Here, the polarization and
symmetry properties are indicated by the square-planar
Dg4,-symmetric notations. The frequencies of several high-
frequency modes of these symmetry types, including v4
(Aiy), v3 (Ailg), v2 (Ajp), and vyo (By,), are known to be
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FIGURE 2: High-frequency (A) and low-frequency (B) resonance
Raman spectra of 50 uM P. pantotrophus BCCP in 10 mM Hepes
(pH 7.5) with added 2 mM calcium chloride. Spectra were recorded
in the oxidized state by adding sodium ferricyanide, in the mixed-
valence form by adding ascorbate and DAD, and in the fully
reduced form by adding sodium dithionite. The asterisk denotes
that an artifact caused by a laser emission line has been removed.

sensitive to oxidation, spin state, and macrocycle out-of-
plane distortion (/6—19), and when oxidation, coordina-
tion, and spin states are the same, the marker lines are
particularly sensitive to nonplanar distortions (20-26),
especially the ruffling-type deformation (27, 28).
Furthermore, asymmetry introduced by the macrocycle
substituents and the out-of-plane and in-plane macrocycle
distortion activates many other in-plane modes, out-of-plane
modes, and substituent modes of other symmetries, with
the out-of-plane vibrational modes being most evident in the
low-frequency region (Figures 2B, 4, S1B, S2B, and S3B).
The RR spectra of both the mixed-valence and fully
reduced forms of the enzyme in the low- and high-frequency
regions (Figures 2 and S2) contain modes which are
indicative of heme reduction and are sensitive to structural
changes associated with Ca?t concentrations. The sensitivity
of the spectra to Ca>* binding is specific since using NaCl
to alter the ionic strength of the solution has an only small
effect on the spectra of the EGTA-treated and as-isolated
enzyme (Figures S3). This fact simplifies the analysis of the
results because the principal changes observed are those due
to calcium binding and not due to an increase in ionic
strength. The minor changes that are observed with added
NaCl, especially with the as-isolated sample, may result from
the fact that the added NaCl promotes some dimerization
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FIGURE 3: Resonance Raman spectra in the high-frequency region
of 50 uM mixed-valence Pa-p BCCP under different conditions:
(a) after pretreatment with 2 mM EGTA (+EGTA), (b) pretreated
with EGTA, reduced ascorbate, and added 4 mM magnesium
chloride (+EGTA+Mg?>"), (c) pretreated with EGTA, reduced
ascorbate, and added 4 mM calcium chloride (+EGTA+Ca2"), (d)
as isolated, (e) as isolated, reduced ascorbate, and added 4 mM
magnesium chloride (+Mg?"), and (f) as isolated, reduced ascor-
bate, and added 4 mM calcium chloride (+Ca%"). The asterisk
denotes that an artifact caused by a laser emission line has been
removed.
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FIGURE 4: Resonance Raman spectra in the low-frequency region
of 50 uM mixed-valence Pa-p BCCP under different conditions:
(a) after pretreatment with 2 mM EGTA (+EGTA), (b) pretreated
with EGTA, reduced ascorbate, and added 4 mM magnesium
chloride (+EGTA+Mg>"), (c) pretreated with EGTA, reduced
ascorbate, and added 4 mM calcium chloride (+EGTA+Ca2"), (d)
as isolated, (e) as isolated, reduced ascorbate, and added 4 mM
magnesium chloride (+Mg?*), and (f) as isolated, reduced ascor-
bate, and added 4 mM calcium chloride (4+Ca?™).

and enhances binding of Ca?* (15). The solutions contain
an additional 6 mM NacCl as a control for the 2 mM divalent
cations, and this may increase the amount of dimer, since it
was previously shown that 50 mM NaCl promotes complete
dimerization (15).

General Analysis of the High- and Low-Frequency RR
Spectra. (i) High-Frequency In-Plane Vibrational Modes of
the Heme. Figures 2A and S2A show the resonance Raman
spectra of oxidized, mixed-valence, and fully reduced cy-
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tochrome ¢ peroxidase in the high-frequency region with and
without calcium at pH 7.5, respectively. The values of the
line frequencies and normal mode assignments are listed in
Tables S1 and S2 of the Supporting Information. The strong
lines of the spectra in Figure 2A are mostly vibrations of
Ajg, By, and By, in-plane symmetries, but the polarized
spectra reveal at least one A, mode [v1o™9, near 1581 cm™!
(Figure S1)]. This line is apparently activated by heme
reduction because it is not observed in the high-frequency
region for the fully oxidized form of the Pa-p BCCP (/4).
The appearance of the v line complicates the 1560—1600
cm™! region, which is already subject to spectral crowding,
but it is evident from the perpendicular polarized spectra in
Figure S1 that the frequency and intensity of v;o™! are
practically Ca®*-independent.

In the spectrum of the mixed-valence form, the intensities
of the structure-sensitive marker lines (v,, v3, v4, and vo) of
the oxidized peroxidatic heme are weaker than the lines of
the reduced heme. Generally, the peak positions of these
marker lines downshift upon reduction, but v, is an exception.
(This observation is verified by the comparison between the
oxidized and fully reduced spectra of Pa-p BCCP, in Figures
2A and S2A.) In the Ca?>"-enriched mixed-valence enzyme,
the v, mode of the oxidized heme is assigned to the line at
1573 ¢cm™!, but it shifts to 1585 ¢cm™! on top of o™, for
the same heme in the Ca>"-depleted mixed-valence enzyme
(see Figures 2A and S2A); the presence of v, is most evident
in the parallel polarized spectrum which would be expected
for a polarized totally symmetric normal mode (Figure S1A).
The 1603 cm™! line is probably the E, mode v33 (or v37).

The frequencies of structure-sensitive marker lines v4, v3,
15, and v of the RR spectrum of the mixed-valence enzyme,
in the presence of calcium, are in good agreement with what
is expected for an oxidized high-spin heme and a reduced
low-spin heme, while in the calcium-depleted sample, the
frequencies of these lines indicate that both the reduced and
oxidized hemes are low-spin forms. Moreover, the frequen-
cies of the marker lines in the high-frequency region of the
RR spectra of the fully reduced peroxidase in the presence
of calcium ions are indicative of one high-spin and one low-
spin heme, while in the sample treated with EGTA, both
hemes are low-spin.

(ii) Low-Frequency Skeletal and Substituent Vibrational
Modes of the Heme. The assignments for Ca>*-treated BCCP
in three different oxidation states at pH 7.5 indicated in
Figures 2B and S2B are based on the strong similarity
between the frequencies and intensities and those of the
corresponding Raman lines of yeast ferro- and ferricyto-
chrome ¢ isoenzyme-1 (29). The peak positions of the
reduced forms are in agreement with what is expected for
reduced low-spin hemes.

The intensities of the Raman lines vary with the oxidation
state of the hemes, with the RR spectrum of fully oxidized
BCCP being much weaker than that for the mixed-valence
and fully reduced Pa-p BCCP spectra (Figures 2B and S2B).
The 630—750 cm™! region of the spectrum of the reduced
hemes is especially strong. The RR spectrum of mixed-
valence BCCP is very similar to the spectrum of fully
reduced BCCP. One might expect to see lines indicative of
both oxidized and reduced hemes in the spectrum of the
mixed-valence form, but that is not the case. This could be
due to several factors which include the intensities of the
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oxidized heme peaks being relatively weak (Figures 2B and
S2B), the high degree of congestion, and the lack of
frequency shifts with spin-state and oxidation-state changes
of lines in this region (29).

Effect of Different Cations on the Mixed-Valence Enzyme.
Figures 3 and 4 show the effect of the addition of magnesium
and calcium ions on the high- and low-frequency Raman
spectra, respectively, of calcium-depleted and as-isolated
mixed-valence Pa-p BCCP at pH 7.5. The frequencies of
the lines and their normal mode assignments are listed in
Tables S1 and S2.

From the previous study (/4), we can divide the Raman
spectra in Figures 3 and 4 into three categories: calcium-
depleted (a, BCCP and EGTA; b, BCCP, EGTA, and Mg),
partial calcium occupancy (d, as-isolated BCCP,), and
calcium-enriched (¢, BCCP, EGTA, and Ca; e, as-isolated
BCCP and Mg; and f, BCCP and Ca). The spectrum of the
EGTA-treated enzyme belongs to the calcium-depleted type,
in which calcium is chelated out of the enzyme by EGTA.
In contrast, the calcium-enriched type includes the spectra
of BBCP for which the calcium sites are fully occupied by
calcium ions, and in the remaining spectra, occupancy of
calcium site 2 is incomplete.

(i) High-Frequency In-Plane Vibrational Modes of the
Heme. The frequencies of structure-sensitive lines vy, v3, v,
and v,y of Paracoccus BCCP are in good agreement with
what is expected for one reduced low-spin heme and one
oxidized high-spin or low-spin heme, depending on whether
Ca”* (or in some cases Mg?") is present in solution to cause
the conversion to the high-spin form (Figure 3).

Since the reduced heme of the mixed-valence form is
always in the low-spin configuration, the shifts of the
structure-sensitive marker lines associated with this reduced
heme among the three different protein types are relatively
small and most likely are due only to heme structural changes
caused by calcium binding. For the top three spectra in Figure
3 (d—f), the peak shapes and maximum frequencies associ-
ated with the reduced heme are very similar. However, when
these spectra are compared with the EGTA-treated ones
(Figure 3, spectra a—c), we do observe small but significant
peak frequency shifts. For example, v, is downshifted from
1590.6 to 1590.0 cm™! for the spectrum of BCCP and EGTA.
This reveals that the filling of the calcium site with calcium
ions only weakly affects the structure of the reduced electron-
transferring heme.

For the oxidized heme of the mixed-valence protein, the
Ca’>"-dependent changes of the structure-sensitive marker
lines are considerably larger than for the reduced heme. For
example, v1o°* of the calcium-depleted-type spectrum (BCCP
and EGTA) is at 1635 cm™!, that of the as-isolated-type
spectra at 1631 cm™!, and that of the calcium-enriched-type
spectrum (BCCP and Ca) at 1629 cm™'. More importantly,
v, of the oxidized heme is resolved at 1573 cm™! for the
Ca’*-enriched protein spectrum, consistent with other five-
coordinate high-spin proteins (30), but this line virtually
disappears for the other spectra. Thus again, we see that it
is the oxidized heme of the mixed-valence form that exhibits
the largest Ca>*-dependent changes. Subtle changes in the
relative intensity of the lines from the oxidized and reduced
hemes are also noticed in Figure 3; for example, notice the
ratio of the intensities of the v lines of the oxidized and
reduced hemes. Such intensity differences are not a result
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of differences in the amount of reduction, but rather due to
differences in the resonance Raman enhancements of the
hemes altered by cation binding, given that all mixed-valence
protein samples have the electron-transferring heme fully
reduced and the peroxidatic heme oxidized.

The influence of calcium binding on the heme conforma-
tion was further examined by another series of RR experi-
ments on samples that were pretreated with EGTA to
completely remove the Ca*" (Figure 3). Previous spectro-
scopic studies suggested that, although magnesium ions could
bind to the as-isolated enzyme and activate it, magnesium
ion could not bind to the enzyme after EGTA treatment. This
led to the proposal of two calcium-binding sites (site 1 and
site 2) with the latter being responsible for enzyme activation
and the former being occupied by calcium ion in the as-
isolated state [and not detectable in the X-ray structure (/2)].
Occupancy of site 1 is required for binding to site 2, but
magnesium ion cannot occupy site 1 (31).

To examine this hypothesis, magnesium and calcium ions
were added to the Ca?*-depleted solutions, and the results
are shown in Figure 3. When Mg?t was added to the solution,
some small spectral changes were observed, but the v,°* line,
which is characteristic of full occupancy of calcium site 2
(see Figure 3f), appeared only after addition of Ca?*,
producing a spectrum essentially the same as the spectrum
obtained for addition of Ca®* to the as-isolated protein. This
suggests that only Ca’>" can produce the expected spectral
changes, in agreement with previous suggestions that Mg>*
cannot occupy site 1. When calcium ions were added back
into the solution completely filling both binding sites,
spectrum ¢ (BCCP, EGTA, and Ca) shown in Figure 3 is
essentially the same as the spectrum of the as-isolated protein
with added calcium shown in Figure 3f (BCCP and Ca).

(ii) Low-Frequency Skeletal and Substituent Vibrational
Modes of the Heme. Figure 4 shows RR spectra of mixed-
valence BCCP in the low-frequency region at pH 7.5 with
and without EGTA pretreatment. Lines in the 300—850 ¢cm™!
region that show calcium-dependent changes are assigned
to in-plane and out-of-plane macrocycle modes as well as
modes associated with the substituents (Tables S1 and S2).
Close inspection of the spectra in Figure 4 reveals that
the top three spectra are very similar but different from the
EGTA-treated BCCP spectrum at the bottom. When the
protein is entirely depleted of Ca?t (Figure 4a, BCCP and
EGTA), significant changes are observed; in particular,
(C,S) is upshifted and the intensity of ys is reduced
considerably. Although, without EGTA pretreatment, the
spectrum with added Mg?" is very much like that of the
protein with added Ca?", the addition of Mg?* to the EGTA-
pretreated protein gives a spectrum (Figure 4b) that is more
like the spectrum of the EGTA-treated protein (Figure 4a),
with very few changes been observed in the intensity of some
modes.

It is important to point out that, because of the increased
intensity of the spectra of the reduced form, it might seem
that the ferrous electron-transferring heme of the mixed-
valence protein is the main contributor to the low-frequency
region of the Raman spectra. If this were the case, then most
of the Ca?*-dependent spectral changes in Figure 4 would
have to result from the small structural changes in the ferrous
electron-transferring heme detected in the structure-sensitive
lines in the high-frequency region. Nevertheless, there
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remains the remote possibility that at least some of these
spectral changes come from the ferric peroxidatic heme. The
reason is that the large Ca>"-dependent structural changes
in the ferric peroxidatic heme could result in a sufficiently
large increase in the intensity of its spectrum for some of its
lines to contribute strongly in Figure 4. The Ca?*-dependent
spectral changes in the low-frequency region are evident even
with calcium site 2 partially filled; significant differences in
the modes of the covalent linkage of the heme to the protein
and in the structure-sensitive and out-of-plane modes are
observed. In particular, an intensity ratio reversal for vg and
vs0 and changes in the substituent modes associated with the
thioether linkages and prominent out-of-plane modes of By,
B,,, and E, symmetries are observed.

DISCUSSION

The mixed-valence form of P. pantotrophus cytochrome
¢ peroxidase must be in the dimeric state with bound calcium
ions at site 2 to be active. Calcium site 2 is located between
the electron-transferring and peroxidatic heme, at the domain
interface, based on the crystal structure of this enzyme (72).
Although there is much spectroscopic evidence of the
presence of a putative calcium site 1, this site has not been
detected by crystallography. Even though Ca>* binding site
2 is not sufficiently close to be in direct contact with the
hemes, the heme conformation can be altered indirectly by
changes in the protein structure induced by Ca’>" binding
(12, 14). For the inactive oxidized form of BCCP, the
previous RR study showed that calcium binding to the empty
sites (Figure 1, form a) induces distortion of the peroxidatic
heme but not much change in the electron-transferring heme
(14). Further, the change in the out-of-plane distortion of
the peroxidatic heme is coincident with Ca?*-induced con-
formational changes in the heme-linked fingerprint peptide.
In fact, the change in heme distortion may result from
alteration of the covalent linkages to the peroxidatic heme.
For the oxidized enzyme, these structural changes do not
lead to an active protein with an open coordination site for
peroxide (/4).

To determine the influence of the binding of calcium ions
on the structure of the hemes of the active mixed-valence
protein, the mixed-valence form was investigated after
incubation under different solution conditions. The conditions
assayed at pH 7.5 in this study were as follows: (1) empty
calcium sites (BCCP and EGTA; BCCP, EGTA, and Mg),
(2) partial occupancy [as-isolated BCCP (Figure 1, form b)],
and (3) full occupancy of the sites [BCCP, EGTA, and Ca;
as-isolated BCCP and Ca; as-isolated BCCP and Mg (Figure
1, form ¢)].

Effects of Heme Oxidation State. For the fully oxidized
enzyme, the RR spectra of both hemes are generally weak
(Figures 2 and S2), when compared with the RR spectra of
both the mixed-valence and fully reduced enzyme. In the
case of the fully oxidized BCCP with Ca**, the frequency
of the marker lines, in the high-frequency region (Figure 2A),
is consistent with the presence of a bis-histidine low-spin
and a six-coordinate partially high-spin ferric heme, which
can be assigned to the peroxidatic and electron-transferring
heme, respectively (/4). For the oxidized protein, in the
absence of Ca®* (Figure S2A), the high-spin lines are even
weaker, and the only manifestation of the partially high-
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spin heme in the spectrum of the oxidized EGTA-treated
protein is in the line shape of v4, which exhibits a clear
shoulder on the low-frequency side (Figure S1A) at 1368
cm~!. [With added Ca?", the intensities of the two vy lines
invert (Figure S1A).]

As mentioned, the mixed-valence proteins show strong
overall increases in intensity of the high-frequency Raman
marker lines compared to the oxidized protein, with the lines
of the reduced electron-transferring heme dominating the
spectrum (Figures 2A and S2A). For the mixed-valence
enzyme in the presence of added Ca’*, the strong marker
lines of the reduced electron-transferring heme (Tables S1
and S2 and Figure 2A) are consistent with a ferrous low-
spin His-Met-coordinated heme c. Although the frequencies
of all the lines are 5—8 cm™! low compared to those of yeast
isozyme-1 cytochrome c¢ (29), they are in much better
agreement with frequencies of the marker lines for the horse
ferrocytochrome ¢ [which are at 1360 (vs), 1490 (v3), 1590
(v2), and 1619 cm™! (v1) (spectrum not shown)]. However,
the lines of ferrocytochrome c; (which has bis-histidine
coordination) are close to these frequencies; thus, it is
impossible to distinguish His/Met and His/His coordination
on the basis of the frequencies of the structure-sensitive
Raman lines alone.

In the case of the mixed-valence BCCP, there are large
differences evident in the RR spectra of the ferric peroxidatic
heme resulting from the protein structural changes associated
with reduction of the electron-transferring heme and Ca>*
binding. The spectral changes in the weaker lines of the ferric
peroxidatic heme are clearly observed because of the large
frequency shifts associated with reduction of the electron-
transferring heme. The v;, v, and vy lines of the ferric
peroxidatic heme shift from 1501, 1583, and 1633 cm™! for
the oxidized protein to 1500, 1573, and 1630 cm™!, respec-
tively (Table S1), for the calcium-enriched mixed-valence
protein (Figure 1, form d). v, shows the largest shift, a
decrease of 10 cm™! upon reduction of the electron-
transferring heme. These shifts of the ferric peroxidatic heme
are due to the combined effects of the change from low-
spin to high-spin and the loss of one of the histidine axial
ligands, which occurs in the presence of excess Ca®*. The
heme of freshly prepared yeast cytochrome ¢ peroxidase is
also pentacoordinate high-spin and has the corresponding
marker lines at 1494, 1570, and 1628 cm™! (30).

For the calcium-depleted mixed-valence protein, the changes
in the RR spectrum of the ferric peroxidatic heme upon
reduction of the electron-transferring heme (Figure S2) are
similar to that illustrated in Figure 2 for the calcium-treated
protein. However, the frequencies of marker lines v3 (1501
cm™), v, (1573 ecm™1), and v1o (1630 cm™') change by 1, 12,
and 5 cm™!, respectively, relative to the calcium-enriched
enzyme and are indicative of hexacoordinate low-spin ferric
heme as in yeast cytochrome c (/4, 29). Thus, the RR results
confirm the proposed changes from a low-spin hexacoordinate
heme to a catalytically active high-spin pentacoordinate heme
upon Ca’" binding (Figure 1, form d).

Fully Reduced BCCP. For the fully reduced protein, the
marker line frequencies of the two hemes are apparently so
similar that individual lines cannot be resolved, except for
v3. In Figure 2 (added Ca”"), the main effect of reduction of
the second heme is the disappearance of the lines of the
oxidized heme and the appearance of a v line at 1468 cm™',
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which suggests a pentacoordinate high-spin ferrous heme.
Along with the v3 line, there is a weak line at 1562 cm™! in
the spectrum of the Ca?*-treated fully reduced protein (Figure
2) that may contain a v, contribution from a pentacoordinate
high-spin heme, when comparing the frequencies of these
marker lines with the ones of ferrous yeast BCCP, which
contains a pentacoordinate high-spin heme (30). Furthermore,
the lack of a qualitative increase in the intensities of v and
v, of the low-spin ferrous hexacoordinate form at 1489 and
1591 cm™!, respectively, when the second heme is reduced
(and Ca’" is present) also supports the formation of a
pentacoordinate ferrous species.

On the other hand, when both the reduced peroxidatic
heme and the reduced electron-transferring heme are low-
spin hexacoordinate forms [EGTA-treated fully reduced
spectrum (Figure S2A)], these lines do approximately double
in intensity when compared with those of the mixed-valence
form. Thus, the Raman data are consistent with the model
in which Ca?t binding removes the sixth ligand of the
peroxidatic heme and changes it to a high-spin pentacoor-
dinate type in the mixed-valence form, and the peroxidatic
heme remains pentacoordinate even when it is reduced.

The effects of heme reduction are also observed in the
low-frequency region of the RR spectra (Figures 2B and
S2B). Strong overall increases in the intensity of the RR
spectrum and clear differences in the relative intensities of
the lines are observed. In particular, the appearance of strong
V15 and s modes of the heme macrocycle suggests changes
in the macrocyclic distortion. The appearance of y;s is not
due to reduction by itself because its enhancement is calcium-
dependent (vide infra).

Large changes in the substituent-dependent modes also
occur upon reduction; most noteworthy are the changes in
the vinyl linkage modes [0(CsC.Ca)s7]. Because of the large
increase in intensity of the lines of the reduced heme, it is
likely that many of the spectral differences are associated
with reduction of the heme rather than the differences in the
structure of the oxidized peroxidatic heme. Specifically, the
increased intensity in the propionate modes [0(CgCcCq)s]
of the mixed-valence enzyme, in the presence of Ca>" and
to a lesser extent Mg?*t, can be attributed to the electron-
transferring heme, since it was observed that the orientation
of the D propionate group of this heme changes upon
reduction, in the presence of calcium ions (/2). In fact,
Pettigrew et al. have suggested that in the presence of calcium
ions, there is a redox-couple Bohr effect occurring at this
heme that triggers the structural rearrangements which in
turn enables the loss of the sixth ligand at the peroxidatic
heme (32). The RR results obtained corroborate this hypoth-
esis, since this mode becomes more prominent only when
calcium site 2 is being filled.

The contribution of the oxidized heme to the spectrum of
the mixed-valence protein, in Figure 2B, is unclear, and this
is underscored by the fact that most of the RR lines exhibit
a further increase in intensity when the peroxidatic heme is
also reduced. Other than the increased intensity, there is not
much difference between the spectra of the mixed-valence
and fully reduced proteins.

Effect of Calcium Binding on the Ferrous Electron-
Transferring Heme of Mixed-Valence BCCP. For the mixed-
valence protein, the reduced electron-transferring heme, as
for the fully oxidized protein (/4), exhibits minimal changes
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in the nonplanarity of the heme macrocycle with filling of
calcium sites, as indicated by the small differences in the
frequencies of the structure-sensitive lines for the as-isolated
and EGTA-treated proteins. For example, v and v,° are
downshifted 0.6 cm™! and upshifted 0.8 cm™!, respectively,
for as-isolated protein relative to the EGTA-treated protein
(Figure 3; but too small to be apparent on this scale), and
the complete filling of the calcium sites has little further
effect on the electron-transferring heme conformation (Figure
3). In addition, the frequency shifts are not of a recognizable
pattern associated with a particular type of deformation with
a change in axial ligands since ;"¢ and ;0™ change in the
opposite senses. Both v,y and v, lines are ruffling-sensitive,
but v, also shifts due to changes in the peripheral substituents,
which may account for its shift in the opposite direction.
This could mean that the reduced electron-transferring heme
becomes a little more ruffled when calcium ions completely
fill the sites in the mixed-valence form, but for such small
frequency shifts, other types of nonplanar deformation cannot
be ruled out (33).

The low-frequency RR results for the electron-transferring
heme (Figure 4) provide little information because it is not
clear which heme contributes most to the spectra. However,
as discussed above, the increased intensity of the propionate
modes [0(CgC.Cq)s 7] upon reduction and occupancy of the
calcium sites can be attributed to this heme. The other Ca?*-
dependent spectral changes observed in this region might
be attributed to changes in the peroxidatic heme (vide infra).

Effect of Calcium Binding on the Ferric Peroxidatic Heme
of Mixed-Valence BCCP. Upon reduction of electron-
transferring heme, with calcium site 2 completely filled, the
peroxidatic heme loses its sixth ligand and becomes available
to bind the substrate; therefore, one does expect substantial
structural changes in the ferric peroxidatic heme to occur.
In our previous study of fully oxidized Paracoccus BCCP
(14), the RR spectra in the low-frequency region showed
that the Ca?" changes were consistent with an increase in
the out-of-plane distortion of the peroxidatic heme caused
by a structural change in the covalently linked pentapeptide
(CQTCH). The Ca>*-dependent changes in the mixed-
valence form of the enzyme now further support the
conclusion that Ca’"-dependent structural changes can be
attributed to the peroxidatic heme.

The Raman data support relatively large structural changes
in the ferric peroxidatic heme of the mixed-valence protein
when calcium site 2 is filled. For example, the downshift
for v1¢°* as the site is filled is 4.0 cm™! (EGTA-treated minus
as-isolated). An additional downshift in v;o°* of 1.0 cm™!
occurs when site 2 is completely filled along with the change
in both spin and coordination states.

Similar but larger changes are observed for 1,°*. Curve
fitting gives this line at 1585 cm™' for the EGTA-treated
protein, as expected for low-spin six-coordinate heme, which
becomes stronger and fully resolved when Ca’" is added.
These Ca®*-dependent changes are completely consistent
with the RR frequencies of marker lines for a ferric low-
spin heme with two histidine ligands, which undergoes
significant structural changes upon filling of calcium site 2
and converts to a five-coordinate high-spin form.

The shoulder at 1573 cm™! (Figure 3, as-isolated spectrum)
may be v,%, indicating the presence of some five-coordinate
high-spin heme with partial filling of calcium site 2.
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However, it is clear from the much-increased intensity of
this line after Ca>" is added (Figure 3) that complete
conversion to the five-coordinate high-spin ferric heme
occurs only when calcium site 2 is completely filled. The
loss of the sixth histidine ligand and opening of a free axial
coordination site facilitate reactivity of BCCP with hydro-
peroxides because sixth ligand dissociation is likely rate-
limiting (34). This view is also in agreement with the recent
crystal structure of the BCCP from P. pantotrophus in the
mixed-valence form, which shows the heme in a pentaco-
ordinate form with histidine as the only axial ligand (/2).

Ca**-Dependent Changes in the Conformation and Sub-
stituents of the Ferric Peroxidatic Heme. As mentioned in
Results, we are faced with ambiguity in determining which
heme is responsible for the significant differences in the low-
frequency RR spectra of the mixed-valence protein observed
under various solution conditions (Figure 4). It is tempting
to ascribe at least some of these calcium-dependent changes
to the peroxidatic heme, since this heme shows the major
Ca’*-dependent changes in macrocycle and substituent
conformations for the fully oxidized protein (/4). In addition,
the high-frequency structure-sensitive lines of the ferric
peroxidatic heme of the mixed-valence protein indicate that
changes in conformation occur. Moreover, changes should
be observable in the low-frequency region if the heme
distortion brings about suitable enhancement of the RR lines
of the ferric peroxidatic heme.

The calcium-dependent changes in the heme substituent
modes indicate significant changes, especially in the thioether
linkages to the protein. In particular, the C,S stretching modes
are at 688 and 692 cm™! for the mixed-valence protein. [The
1(C,S) modes are assigned by comparison with ferrocyto-
chrome ¢, which has these lines at 682 and 692 cm™'; these
lines coalesce for ferricytochrome c into a single line at 693
cm~!.] The relative intensities of these two lines depend
strongly on the binding of Ca?*, both for the oxidized and
for the mixed-valence forms. When Ca?* is present, the low-
frequency line is greatly enhanced for the mixed-valence
form, almost obscuring the high-frequency v(C,S) line, but
when Ca®" is absent, the high-frequency v(C,S) line is more
enhanced. This appears to give a shift from 692 to 688 cm™!
as calcium site 2 is filled (Figure 4), which shows clearly
that the cysteine linkages to the peroxidatic heme (oxidized)
are appreciably altered by complete filling of calcium sites.
Similarly, the other regions associated with the cysteine
linkages to the hemes are influenced by Ca>* binding to the
protein, especially the bending motions of the sulfur
[0(CsC,S)] (downshifts 1 cm™") and other motions of the 2-
and 4-linkages to the protein [0(CgC.Cp)24] (upshifts 1 cm™).
In contrast, the propionate bending modes [0(CgCcCa)s ]
present a smaller change upon binding of calcium ions to
the enzyme (Figure 4), and as mentioned before, these modes
can be attributed to the electron-transferring heme.

The conformation of the peroxidatic heme macrocycle of
the mixed-valence form is appreciably altered when calcium
site 2 is partially filled. This conformational change is
indicated by changes in the low-frequency skeletal modes
of the porphyrin as well as the out-of-plane modes. For
example, vg and vsy) are related in-plane modes of the
macrocycle and are known to be sensitive to out-of-plane
distortion of the heme, especially to ruffling of the macro-
cycle. It is seen in Figure 4 that the relative intensities, line
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shape, and frequencies of these two modes are especially
sensitive to the fractional filling of calcium site 2, with vsg
downshifting by 2 cm™!.

Several of the out-of-plane modes are also Ca*>*-dependent.
For example, v, a Bj,-symmetry (ruffling-type) mode,
appears more prominently in the proteins which are partially
filled with calcium ion (Figure 4). Similarly, the Ca>*-
dependent changes in E, modes y, and y,;, which show
shifts of 1 cm™!, indicate an alteration in the wavelike
deformations of the macrocycle also upon fractional occupa-
tion of calcium site 2.

One of the most striking changes upon partial filling of
calcium site 2 is the appearance of a moderately strong B,
saddling-type mode that is assigned to yis at 713 cm™!
(Figure 4). This mode appears prominently in almost all
peroxidases (G. Smulevich, personal communication). Sig-
nificantly, almost all peroxidases are also known to have
predominantly saddled hemes in their X-ray crystal structures
(28), and the appearance of a strong y;s line for the mixed-
valence Paracoccus enzyme might be expected if the
peroxidatic heme becomes more saddled (like other peroxi-
dases) during the conformational changes that activate the
enzyme. This line most certainly does not appear just because
of reduction of the electron-transferring heme, as it is not
prominent in the spectra of the mixed-valence or fully
reduced protein in the absence of Ca’>" (Figure S2B). Its
enhancement is clearly associated with occupation of calcium
sites.

Ascribing these low-frequency spectral changes, par-
ticularly the increased intensity of y1s, to Ca®*-dependent
structural changes of the peroxidatic heme is further
supported by the lack of significant shifts in the high-
frequency lines of the ferrous electron-transferring heme
known to be sensitive to both saddling and ruffling (33).
Furthermore, the spectral changes that occur in the low-
frequency region of the mixed-valence protein are very
similar to those that occur for the peroxidatic heme of
the fully oxidized protein. That is, calcium-dependent
changes in Bi,, By, and E, types of deformation are
evident in the low-frequency spectra of the mixed-valence
form, just as they are for the fully oxidized protein. We
conclude that the lack of shifts in the high-frequency
marker lines of the reduced heme suggests that at least
some of the changes in the low-frequency out-of-plane
modes are due to the oxidized peroxidatic heme. These
vibrational modes experience a gain in overall intensity
because of the loss of the sixth ligand and/or enhancement
caused by out-of-plane distortion. Apparently, this struc-
tural influence of complete binding of calcium to the
mixed-valence protein is required for the conformational
conversion of the heme that results in enzymatic activity.

Effect of Mg®>* Binding to the Mixed-Valence BCCP. The
addition of Mg”" to the as-isolated mixed-valence enzyme
seems to involve the same changes as the addition of Ca?*,
suggesting that magnesium ion can occupy site 2 in place
of calcium ion. However, when magnesium ions are added
to the calcium-depleted enzyme (Figures 3 and 4), the
intensities of high-frequency modes v3°%, v,°%, and v°* are
not the same as those that are achieved with addition of
calcium ion, which would mean that the peroxidatic heme
is not completely five-coordinate. In the low-frequency
region, there are even more modes that do not present the
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same shift or intensity as in the enzyme with the calcium
sites fully occupied. The out-of-plane macrocycle modes and
heme substituents, including the vy;s saddling-symmetry
mode, as well as vg and vsy do not present the same intensity
when calcium or magnesium ions are added. This is
consistent with the previous proposal that magnesium ions
can enter site 2 but not site 1 and that occupancy of site 1 is
required for entry to site 2.

CONCLUSIONS

The resonance Raman data provide detailed information
concerning the heme conformational changes that are
calcium-dependent and that lead to activation in conjunction
with the coordination and spin-state changes. In particular,
the binding of calcium ion to the mixed-valence protein
appears to introduce a significant saddling and other types
of distortion of one of the hemes, most likely the peroxidatic
ferric heme, in concurrence with all other peroxidase crystal
structures of the active enzymes.

The RR spectra also support the current view of the
spin-, coordination-, and oxidation-state changes that bring
about the peroxidase activity of the mixed-valence form
of the enzyme, in that the enzyme is only fully pentaco-
ordinate and activated when calcium site 2 is completely
filled with calcium ions. The results obtained corroborate
the hypothesis that the proposed trigger for the structural
rearrangement, which is associated with the reduction of
the electron-transferring heme and a change in the
orientation of the D propionate group, requires the
occupancy of the calcium sites.

Moreover, the resonance Raman spectra show for the first
time that in the fully reduced state the peroxidatic heme
remains in a high-spin configuration.

SUPPORTING INFORMATION AVAILABLE

Tables S1 and S2 list the frequencies of the Raman lines
of various forms of the mixed-valence enzyme. Figure S1
shows the polarized resonance Raman spectra of the mixed-
valence form with added calcium ions or pretreated with
EGTA. Figure S2 shows the RR spectra of fully reduced,
mixed-valence, and oxidized BCCP pretreated with EGTA.
Figure S3 showing the effect of Na* on the resonance Raman
spectra of mixed-valence Pa-p BCCP pretreated with EGTA
or in the as-isolated form. This material is available free of
charge via the Internet at http://pubs.acs.org.
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