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ABSTRACT
The structural changes in the heme macrocycle and substituents caused by binding of
Ca®* to the diheme cytochrome ¢ peroxidase from Paracoccus pantotrophus were clarified by
resonance Raman spectroscopy of the inactive fully oxidized form of the enzyme. The changes
in the macrocycle vibrational modes are consistent with a Ca**-dependent increase in the out-of-
plane distortion of the low-potential heme, the proposed peroxidatic heme. Most of the increase
in out-of-plane distortion occurs when the high affinity site I is occupied, but a small further
increase in distortion occurs when site 1 is also occupied by Ca®* or Mg®". This increase in thek
heme distortion also explains the red shift in the Soret absorption band that occurs upon Ca**
binding. Changes also occur in the low frequency substituent modes of the heme, indicating that

a structural change in the covalently attached fingerprint pentapeptide of the LP heme occurs

upon Ca2+ binding to site I. These structural changes, possibly enhanced in the semi-reduced

form of the enzyme, may lead to loss of the sixth ligand at the peroxidatic heme and activation of

the enzyme.

AECEIVED
1an 09 2001
OSTI




ABBREVIATIONS:

CCP — cytochrome ¢ peroxidase

EGTA - ethylene glycol-bis(B-aminoethyl ether)N,N,N’,N’-tetraacetic acid
HP - high potential

HS — high spin

LP - low potential

LS - low spin

Pa-p — Paracoccus pantotrophus

Ps-a — Pseudomonas aeruginosa

RR - resonance Raman




INTRODUCTION
Cytochrome ¢ peroxidase (CCP) from Paracoccus pantotrophus, previously named as
Paracoccus denitrificans (1), is a periplasmic diheme cytochrome ¢ enzyme that catalyzes the
reduction of hydrogen peroxide to water (2). This enzyme has similarities with the cytochrome ¢
peroxidase from Pseudomonas aeruginosa (3-7), which is the other extensively characterized
bacterial CCP. The three-dimensional structure, of the later was solved by X-ray crystallography
(8) and consists of two domains, each containing a heme ¢. One heme, located in the C-terminal
domain, is proposed to be an electron transferring heme and the other, in the N-terminal region,
is the peroxidatic heme. Similarly, Paracoccus pantotrophus CCP has two heme ¢ domains (9)
(Figure 1) with different redox potentials, which were estimated by redox titration of the UV-
visible absorption spectrum to be -150 mV (low-potential heme) and +226 mV (high potential

heme) (2), respectively.

In the oxidized form, a methionine and a histidine side chain coordinate the HP heme,
which is in a high/low spin-state equilibrium. The LP heme is low spin, and coordinated By two
histidines. This fully oxidized form of the enzyme is inactive, but becomes active when semi-
reduced with ascorbate (2) and calcium ion is present. In this form, the low potential heme
becomes high spin and is accessible by hydrogen peroxide, while the high potential heme is low
spin and remains six-coordinate. This report focuses on the fully oxidized form of Paracoccus

pantotrophus (Pa-p) CCP; a subsequent report will focus on the reduced forms.

The presence of calcium ion has also been detected in other peroxidases such as

horseradish peroxidase (0), lignin peroxidase (/1) and Pseudomonas aeruginosa (Ps-a) CCP




(8), where it seems to be associated with the maintenance of the three-dimensional structure of
these enzymes. For Pa-p CCP, the calcium ions are important for activation of the enzyme.
Different spectroscdpic techhiques have shown that the enzyme has two Ca’* binding sites with
different affinities. Site I is proposed to be located between the two hemes of the monomer \(in
analogy with the site found in the three-dimensional structure of Ps-a CCP) and has a Kp of 1.2
uM in either the oxidized or the semi-reduced form (/2). This site is aiways occupied at pH 6.0
or pH 7.5 because of residual calcium in the enzyme preparations. The enzyme has to be treated

with a chelating agent, like EGTA, to remove this residual calcium. Calcium-binding site II has

been proposed to be located at the dimer interface, with the calcium ion coordinated by residues
72 to 79 (Figure 1) (9). Site II has binding constants that are redox-dependent; in the oxidized
form at pH 6.0, the affinity is very low with a Kp of 520 uM, but Ca>* affinity increases in the
semi-reduced form of the enzyme to a Kp of 3 uM. Due to its location, occupation of site II is
supposed to promote the dimerization of the CCP, which is essential for its activation. This site
differs from site I, in that it is empty at pH 7.5 and only partially occupied at pH 6.0 in fully
oxidized protein preparations without added Ca®*. Site II can also be occupied by magnesium or

manganese jons (12).

There are two proposed mechanisms for the activation of the cytochrome ¢ peroxidase
based on all the spectroscopic and electrochemical data collected and, until now, there is not any
experimental evidence to determine which model is more plausible. In the first of the models,
the electron transferring heme (C-terminal) and the peroxidatic heme (N-terminal) are the high
potential and low potential heme, respectively. In the semi-reduced form, when the enzyme

becomes active, these hemes are low spin and high spin, respectively, and the LP high-spin heme




looses its histidine sixth ligand. In contrast, in the second model, upon reduction of the HP
heme, drastic modifications of the coordination spheres of the both hemes occurs, replaciﬁg the
axial His 85 by Met 129 (a conserved residue) for the LP heme and loss of the methionine sixth
ligand of the HP heme. This change would stabilize the reduced form of the previously LP heme
in that its redox potential increases enough to allow a spontaneous electron transfer from the HP
heme at the C-terminus. So in this model, the semi-reduced form of the enzyme ends up with a
low-spin six-coordinate configuration at the N-terminal heme and a high-spin five-coordinate
configuration at the C-terminal heme, which will make the latter function as a peroxidatic heme
and the former an electron transferring heme. Because the second model requires drastic

modification at both hemes, the first model is currently favored.

In this work, we have studied the effect of calcium binding on the hemes and their
binding sites in the oxidized form of cytochrome ¢ peroxidase by using Raman resonance
spectroscopy. Unlike UV-visible spectroscopy, resonance Raman spectroscopy can provide
detailed information about the specific structural changes in the heme that are associated with
calcium binding. Resonance Raman spectroscopy is sensitive to changes in spin state, axial
coordination, oxidation state, the ruffling of the macrocycle, and conformational changes in the
heme substituents, including the thioether linkage of the heme-linked peptide that causes the
characteristic distortion of c-type hemes. Since we have eliminated spin-state, axial ligation, and
oxidation-state changes by our choice of solution conditions for the protein, resonance Raman
spectroscopy can address the specific question of whether calcium binding influences the
conformation of the heme, the covalently linked fingerprint peptide and other heme substituent

groups. A Ca®*-dependent heme conformational change in the heme could provide a way for the




protein to modulate the peroxidase activity and/or electron transport processes.

In past studies of other c-type cytochromes including mitochondrial cytochromes ¢ and
tetraheme cytochromes cs, resonance Raman spectroscopy and computational studies have
demonstrated that the characteristic out-of-plane distortion of the heme that is observed in X-ray
crystal structures is a consequence of the interaction of the heme with the covalently attached
fingerprint peptide (CXXCH or CXXXXCH) (13-16). For the cytochromes c3, the protein-
induced ruffling appears to provide a mechanism, along with other factors, by which the protein
modulates the redox potentials of the heme (/6). For c; proteins, a trend toward more negative
Fe(III)/l;“ e(II) reduction potentials with increasing magnitude of ruffling has been reported (/6),
and, further, model compound studies have shown a similar influence of ruffling on the redox
potentials of the porphyrin macrocycle (17-19). Thus, calcium-dependent modulation of the
heme conformation may also alter electron-transfer properties of Pa-p CCP such as the redox
potentials of the hemes. For the mitochondrial cytochromes c, interaction of the heme with
fingerprint peptide results in a mainly ruffled deformation of the porphyrin macrocycle, but
smaller wave deformations are also conserved. This is the typical heme distortion that is
observed when only two amino acids intervene between the cysteines of the fingerprint peptide,
as is the case for Pa-p CCP. In studies of microperoxidase-11 (15), we have also shown that the
hydrophobicity of the environment of the heme-linked peptide is important for maintaining the
nonplanar distortion of the macrocycle, and changes in the heme-linked peptide environment that
occur when donor/acceptor proteins bind may influence the conformation of the fingerprint
peptide and the resultant conformation of the heme. Thus, protein-binhing events also could

potentially be coupled to heme structural changes, redox properties, electron-transfer, and




peroxidase activity.
Herein, we report that the Ca*-dependent structural changes in the hemes of the fully

oxidized form of Paracoccus cytochrome c peroxidase are confined to the attached fingerprint

peptide and the heme macrocycle. Resonance Raman studies of the semi- and fully-reduced

forms will be reported elsewhere.




MATERIALS AND METHODS

Purification of cytochrome ¢ peroxidase. The cytochrome ¢ peroxidase was purified

from Paracoccus pantotrophus (LMD 52.44) as previously described (20). Concentrated stocks
of protein in S mM MES, pH 6.0, 10 mM NaCl were stored at —40°C. Enzyme concentration was

determined using an extinction coefficient at 408 nm for the monomer of 250 mM™ cm™.

Preparation of cytochrome ¢ peroxidase for RR spectroscopy. In RR experiments, CCP
was diluted from the stock solutions in 5 mM MES, pH 6.0, 10 mM NaCl to 50, 10, or 5 uM and
aged for 30 minutes to allow any monomer formation due to the dilution to occur. In order to
obtain the protein with all the sites filled with Caz+, CaCl, was added to a concentration of 2 mM
and the protein was incubated for 60 min at 4°C. The protein free of calcium was obtained by
incubating the CCP solution with EGTA, 2 mM, for 60 min at 4°C. A centricon apparatus was
used to change the buffer of the protein to S mM HEPES, pH 7.5 10 mM NaCl. Then the same
procedure described before was followed to obtain the calcium added and calcium free CCP
samples at this pH. In all of the experiments, the protein was fully oxidized by adding a solution

of potassium ferricyanide.

Resonance Raman spectroscopy. RR spectra were obtained using the 406.7-nm line of an

INNOVA Kr' laser (Coherent). The spectrometer was a 0.75-m monochromator (Instruments,
SA) with a 512x2048 pixel CCD detector. The slit width of 75 um for the 2400 groove/mm
holographic grating gives a spectral resolution of 2 cm™'. The CCD array was cooled by LN2 to

138° K and controlled by a CCD3000 controller unit (Instruments, SA). The pixel columns of




10

the CCD array chip (EEV) were binned to give 2048 13.5-um channels or 0.4-cm™ per channel
near 400 nm. The chip is back-illuminated and has visible/NIR antireflection coatings. The
spectrometer was interfaced to a 400-MHz Pentium II-based personal computer via an IEEE
488.2 PCI-GPIB interface card (National Instruments), and SpectraMax for Windows software
(Instruments, SA) was used to collect the data from the CCD and to control the spectrometer.
Position mode was used for CCD detection covering about 500 cm™ of the Raman spectrum
without moving the grating. Spectra were output as even-X ASCII files for plotting with
SigmaPlot (SPSS). Polarized spectra were obtained using an oriented Polaroid sheet located

between the notch filter and the scrambler.

Raman samples were kept in ice until the spectra were obtained, typically at room
temperature (23°C) in 2-10 minutes using 15 mW of partially focused laser power. Absorption
spectra were obtained before and after the Raman spectra to insure the integrity of the sample

during laser irradiation.
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RESULTS
Although many of the resonance Raman vibrations of the heme show no significant
calcium ion dependence, some lines are sensitive to the presence of Ca’" and Mg?*. We illustrate
in Figures 2 to 5 only the parts of the low and high frequency regions that contain modes that are
sensitive to Ca®* and Mg®*. We should also remark that the spectra of the untreated Pa-p CCP at
the two different pH values do not show differences in the positions or the intensities of the
Raman lines. This simplifies the analysis of the results, as thé only changes observed are those

due to the calcium or magnesium binding.

High-frequency skeletal vibrational modes of the heme. Figures 2 and 3 show Raman

spectrum of the cytochrome ¢ peroxidase in the oxidized form at pH 6.0 and 7.5, and Table 1

lists the values of the line frequencies and normal mode assignments. The spectra in Figure 2
and 3 differ in the protein concentration in addition to pH; for the pH 6.0 spectrum the protein
concentration is S0 pM and for the pH 7.5 spectrum the protein is 10 pM. This region of the
Raman spectrum is populated with the well-known structure-sensitive lines, especially lines that
are sensitive to the oxidation state, spin state (27-24), and nonplanar distortions of the
macrocycle (25-32). The lines observed are those of A, Byg, and By in-plane symmetries
(using the Dy, symmetry classifications); polarized spectra of Pa-p CCP reveal none of the Ajg
modes that are sometimes observed in the high-frequency region (e.g., for ferrocytochrome c) for
Soret excitation wavelengths. These marker lines have recently been shown to be much more
sensitive to the ruffling deformation than to saddling for heme proteins (/6) and for model nickel

porphyrins(33), but their sensitivities to other types of deformations are unknown.
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The frequencies of the structure-sensitive marker lines vq, v3, v2 and vig of Paracoccus
CCP are in good agreement with what is expected for an oxidized low-spin heme. Nevertheless,
this protein is known to have two hemes in different spin states, and the spin states do not change
with the pH. So, one might expect to observe lines indicative of both spin states in the resonance
Raman spectra. At first, it seems that the only heme that is detected is low spin, which in the
oxidized form corresponds to the low-potential bis-His coordinated heme, but closer inspection
;'eveals that the vibrational modes of a high-spin fraction of the HP His-Met coordinated heme

are present as low-frequency shoulders on the marker lines. The low intensity of these shoulders

may be partly because enhancement of the lines associated with the high-spin hemes is weaker
and partly because only a fraction of the high-potential hemes are high spin. Differences in
relative resonance enhancement for the individual lines may explain why the high-spin line of
V10 is not observed, while the high-spin v is fairly strong. There is no change in the spin-state
equilibrium with pH or calcium ion concentration, and, accordingly, no significant change in the

intensity of the high-spin shoulders on the marker bands is noted in Figures 2 and 3.

Low-frequency skeletal and substituent vibrational modes of the heme. Figures 4 and 5

show RR spectra of CCP in the low-frequency region at pH 6.0 and 7.5 and protein
concentrations of 50 and 10 uM, respectively. The assignments indicated in the figures and in
Table 1 were based on the strong similarity of the frequencies and intensities with those of the
corresponding Raman lines of yeast ferricytochrome ¢ isoenzyme-1, which were themselves
assigned based on extensive isotopic substitutions and normal-coordinate analysis of the heme
group (34). Lines in the 300-800-cm™ region show some calcium-dependent changes, and these

lines are assigned to in-plane and out-of-plane macrocycle modes as well as modes associated
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with the substituents.

It is tempting to attribute the Raman lines observed in this region to the low-potential,
low-spin heme as was done in the high-frequency region since there is no clear evidence of
shoulders or lines from the different spin states or two different hemes. Lorentzian
decomposition of the low frequency spectrum (not shown) does not indicate the need for more
than a single set of lines for one heme, indicating that neither two low-spin forms nor a high-
spin/low-spin mixture due to the spin-state equilibrium is required to fit the spectra.
Nevertheless, both hemes of CCP could be represented in the low frequency spectra. The reason
why only one heme is apparently seen in the Raman spectrum in this region could be a result of
the high degree of congestion of lines in this region and the lack of significant frequency shifts

with spin state or even with oxidation state (34).
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DISCUSSION
Paracoccus cytochrome c peroxidase needs two equivalents of calcium ions bound to two
sites on the protein to become active. One of these Ca** sites, site I, is thought to be almost
equidistant between the HP and LP heme based on the crystal structure of the related bactérial
CCP from Pseudomonas aeruginosa. The X-ray structure of Ps-a CCP (8) showing calcium site
1is illustrated in Figure 6. The location of site Il is currently unknown, but it is proposed to be
nearer the LP heme and near the interface between the subunits of the dimer (Figure 6a). Either
Ca*" binding site is close enough to the hemes to directly influence their structure. In order to

determine whether the binding of calcium ions does influence the conformation of the heme, the

enzyme was incubated under different solution conditions. First, the choices for the pH are
based on previous results that have shown that the occupancy of these two binding sites, in the
oxidized form, is different at these two pH values. Site I is always occupied unless EGTA is
added to extract the calcium bound to the high affinity site I, but site II is only partially occupied
at pH 6.0 and should be empty at pH 7.5 where the affinity for calcium is lower than at pH 6.0.
The difference is inferred for the oxidized protein on the basis of the semi-reduced forms and
NMR measurements on the oxidized form (12). The conditions that were assayed at pH 6.0 (50
uM protein) and pH 7.5 (10 pM protein) were (a) no calcium occupying any of the sites (+
EGTA), (b) site I occupied and site II partially océupied or empty (untreated, pH 6.0 or 7.5), and

(c) sites I and II fully occupied (+Ca*").

Distortion of the Heme Macrocycle. The high-frequency RR results suggest that the LP
heme becomes more nonplanar with the filling of site I with calcium ion and still more nonplanar

as site II is filled. The increase in macrocycle nonplanarity upon filling site I is indicated by the
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decreases in the frequencies of the structure-sensitive lines vyo, v2, v3, and v4 for the protein with
added calcium relative to the EGTA treated protein; the decreases are 2.5, 3.0, 1.5, and 3.8 cm’l,
respectively. A further small decrease in the frequencies is seen when calcium is added to the

untreated protein indicating that filling site II further increases the out-of-plane deformation.

The deformation type that is changing upon calcium binding may be ruffling since the
frequencies of the structure-sensitive lines depend strongly upon the magnitude of deformation
type. On the other hand, a large increase in another type of deformation, e.g., saddling, could

also account for the decreases in frequency. However, the increase in saddling, for example,

would have to be large because saddling is known fo cause much smaller decreases in marker
line frequencies than an equivalent ruffling distortion (35). Other types of nonplanar
deformation cannot be ruled out either. On the other hand, the low marker-line frequencies for
the low-spin heme (e.g., 1635 em for vio of the EGTA-treated protein) indicate a substantially
nonplanar heme under all solution conditions, and it is likely that a small increase in this already
present heme deformation occurs, instead of or in addition to changes in the other types of
deformation. If the deformation that causes the low marker line frequencies is predominantly
ruffling, as is the case for most other c-type cytochromes, then the frequencies of the marker
lines indicate a substantial ruffling of the LP heme. Based on the low frequencies for the LP
heme of Pa-p CCP in the presence of calcium (1633 cm™ for vy0), the ruffling is even greater
than that for the heme of yeast cytochrome c¢ (Figure 7), which has vio at 1635 cm™ (34). The
suggestion that ruffling is the major deformation and also is larger for Pa-p CCP than for
cytochrome c is in agreement with the crystal structure of the related CCP of Pseudomonas

aeruginosa, which shows a ruffling of 1.2 A for the low-spin heme compared with 0.8 A for the
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ruffling for yeast ferrocytochrome ¢. (The saddling of the hemes of Ps-a CCP is signiﬁcantly'

less than the ruffling—0.4 and 0.5 A, respectively, for Pa-p CCP and yeast cytochrome c.)

The RR spectra in the high frequency region at low protein concentration and pH 7.5
(Figure 3) show changes upon calcium binding that are similar to the pH 6.0 spectra (Figure 2).
It is expected that at pH 7.5, site I is occupied and site II is empty for the protein without added
EGTA or calcium. Close examination of the specfra in Figure 3 shows that lower marker line
frequencies are observed when calcium ion is present (CCP and CCP + Ca®") than when not
(+EGTA). Moreover, most of the frequency decrease comes from filling calcium site I, with
only a small further decrease upon filling site II by adding calcium to the untreated protein.

Addition of magnesium ion instead of calcium to fill site IT appears to have the same influence

on the macrocycle structure as adding calcium (Figure 3). In this case, calcium fills site I and

magnesium fills site II.

Summarizing the RR results for the high-frequency region, the spectra at both pH values
and concentrations are consistent with a significant increase in the nonplanar distortion of the
heme macrocycle—probably in the amount of ruffling of the heme—upon the filling of Ca?" site
I. A further increase in the distortion occurs upon filling site II. Examination of the low-
frequency RR spectra indicates how calcium binding is structurally linked to these identified
changes in the heme macrocycle conformation. These structural changes in the macrocycle also
account for a change in the absorption spectrum that is observed upon calcium binding (2),
specifically a red shift in the Soret band. A red shift is usually observed upon increased ruffling

of the porphyrin macrocycle (30).
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The Raman spectral changes in the low-frequency region also support increased ruffling
of the heme as calcium is added. In particular, the frequency of the in-plane totally symmetric
metal-nitrogen (pyrrole) vibration (34) vs is well known to be influenced by ruffling (15, 27).
For Paracoccus CCP, the frequency of the A;; mode vg at 346 cm™ increases when site I is
occupied by calcium (Figures 4 and 5), as is expected if the heme becomes more ruffled. It is
not clear whether a further increase occurs with added Ca®* or Mg2+. In addition, the intensity of

vg may also increase relative to the other lines. There is certainly a dramatic increase in the

neighboring vs vibrational mode at 360 cm™, an E, in-plane mode that is activated by the

distortion and asymmetric substitution of the heme. Both of these modes are assigned to the Fe-

N (pyrrole) stretching and pyrrole substituent bending coordinates, but differ in their phases.

The low-frequency region shown in Figures 4 and 5 is rife with lines assigned to
substituent and out-of-plane vibrations (34), and thus potentially contain information about the
specific nonplanar macrocycle deformation and the possible role that the substituents play in
causing that distortion. The out-of-plane modes, in particular, are Raman active precisely
because of the nonplanar heme distortion. This characteristic distortion is evident in the nearly
all of X-ray crystal structures of c-type cytochromes. In fact, it should be pointed out that the
most prevalent out-of-plane modes are of B, and E; symmetry (in Dy4p) and that deformations of
these symmetries are precisely those that are the conserved nonplanar deformations of the hemes
in mitochondrial cytochromes ¢ (13, 36, 37). Specifically for yeast ferrocytochrome c, the
observed B, modes are yi0, ¥11, and 712 appearing at 841, 724, and 540, respectively, and the

prominent E; modes are 19, Y20, Y21, and 22 (34). The frequencies of the latter doubly-
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degenerate modes are often split (e.g., Y20 at 653 and 666 cm™ and ¥21 at 552 and 568 cm™). A

few lines of other out-of-plane symmetries are also observed, for example, ys is an Ay, mode

appearing at 729 cm™.

Figure 7 illustrates the macrocyclic deformations contributing to the out-of-plane
distortions of the hemes in the crystal structure of Pseudomonas aeruginosa CCP and compares
them with the deformations contributing to the distortion of the hemes of. yeast ferrocytpchromc
c isozyme-1 and yeast ferricytochrome c peroxidase The symmetric deformations illustrated in
Figure 7 are obtained by using normal-coordinate structural decomposition (NSD) (36, 38), a
method for describing the distortion of the heme in terms of equivalent displacements along the

normal coordinates of the macrocycle (See hitp://jasheln.unm.edu). In Figure 7, we illustrate the

deformations along the lowest (light color) as well as the next-to-lowest (dark color) frequency
modes of each out-of-plane symmetry type. The major deformations are ruffling (green; Byy), x-
and y-waving (cyan and yellow; Ey), and saddling (red; B,,). For a large group of c-type
cytochrome crystal structures, only the positive ruffle and wave deformations are conserved.
Not surprisingly, vibrations of the same symmetries as these conserved deformations (B;, and
E;) appear prominently in the low-frequency Soret-excited Raman spectra of ferro- and

ferricytochrome ¢ (34).

For Paracoccus CCP, we see enhancements of the same out-of-plane vibrations of the
heme in the low frequency region as for yeast cytochrome c. Specifically, B;, modes appearing
are y;; at 515 cm™, yy; at 713 cm™, and a weak ;0 at 842 cm™ (not shown); E, modes are the

doublets assigned to y2; near 450 cm™, y2; at 550 and 567 cm™, and Y29 at 659 and 668 cm™. The
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same lines are enhanced for CCP most likely because the structure of the LP heme has the
characteristic conserved heme conformation of other c-type hemes. Finally and most
importantly, all of these lines show changes when Ca®" or Mg?" are present. For the E; modes,
the relative intensities of the lines making up the doublets change and slight shifts are seen is
some cases. For the B, modes ¥;2 and v, the lines become weaker or virtually disappear when

no Ca®" is present.

In previous work, we have shown using molecular modeling and RR spectroscopy that
the conserved distortions of the hemes in cytochrome ¢ and tetraheme cytochromes c; are caused
by the interaction of the heme with the covalently attached fingerprint peptide. The present CCP

work provides direct evidence that changes in the conformation of fingerprint peptide are

associated with changes in the conformation of the heme. This can be seen by examining the

substituent modes in the low frequency region of the RR spectrum, which we now do.

Conformation of the Fingerprint Peptide and Heme Substituents. Vibrational modes
internal to the thioether linkages at the 2 and 4 positions of the heme are prominent in the RR
spectra. These include the bending modes of the thioether linkages at 394 and 401 cm™
[8(CpCaS)] and at 413 and 421 cm’! [8(CpCaCy)] for the reduced protein (12°K) and at 397 cm”
[8(CpCaS)] and at 412 and 418 em’ [8(CpC.Cy)] for the oxidized protein (298°K) (34). In
addition, there are C,-S stretching modes at 682 and 692 cm™' for ferrocytochrome ¢ and at 693
cm'' for ferricytochrome ¢. The corresponding thioether bending modes of oxidized Pa-p CCP
are at 392 and 406 cm™ [8(CC,S)] and at 414 and 422 cm™ [8(CpCaCh)2,4]; the corresponding

C,-S stretching modes are at 687 and 693 cm™. All of these modes change significantly as site I
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is filled with Ca®*. Especially sensitive are the modes of the bending motions involving the
sulfur atom near 400 cm™’. These are some of the largest calcium-dependent changes in the RR
spectrum. These spectral changes clearly indicate that changes in the conformation of the

covalent linkage to the fingerprint peptide are associated with site I occupation. -

A pair of bands at 372 and 382 ém'l for ferrocytochrome c and at 380 cm™ for
ferricytochrome ¢ and myoglobin is assigned to the propionate bending modes [d(CgC.Cq)s,7] by
propionate deuteration (34, 39). For Paracoccus CCP, these modes may be split as in for
cytochrome c in the absence of calcium, but become a single mode at 381 cm™ when site I is

occupied (Figures 4 and 5). No obvious changes occur upon filling site II.

Calcium binding and Heme Conformational Changes. Figure 6 shows the X-ray
crystal structure of the related CCP from Pseudomonas aeruginosa (8). The calcium-binding
site, analogous to site [ of Paracoccus CCP, is located approximately equidistant from the two
hemes and near the interface between the subunits of the dimer. The calcium is not in a location
suitable for interacting directly with either heme group. The most likely pathway for the binding
of calcium at site 1 to be communicated to the LP heme is through a protein segment that has
been proposed to comprise part of the second calcium site (9). This segment contains the
proposed site II sequence that has been assigned based on its similarity with the sequence of a
Ca®* binding site in B-roll proteins such as alkaline protease (9, 40). This site I segment consists
of residues 58 to 65 (72 to 79 for Pa-p) within the segment indicated in Figure 6. This sequence
of Ps-a is adjacent to the LP heme fingerprint peptide at residues 51 to 55 (65 to 69 for Pa-p).

The segment from 56 to 66 has a B-sheet like structure with extensive hydrogen bonding
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between the loops imparting considerable rigidity to this segment. Further, this segment is also
H-bonded to residues that interact directly with the bound Ca®* ion, residue Asp79 in particular.
(Two H-bonds are indicated in Figure 6b.) Finally, the continuing sequence from 66 to 71
proceeds directly across the edge of the LP heme where His71 (His85 for Pa-p) forms the distal
ligand to the iron atom of the LP heme. This arrangement provides a strongly coupled pathway
for transmitting structural changes associated with calcium binding at site I to the fingerprint

peptide and the LP heme group and its axial ligands.

From the spectral changes in the high-frequency region of the resonance Raman spectra
of Paracoccus CCP, it is apparent that the macrocycle becomes more distorted when calcium
binds to site I and II, with the largest increase in distortion occurring with occupation of site 1.
The increase in distortion is in the LP bis-His heme since this is the heme that is observed in the
high-frequency RR spectrum. Assuming that the calcium binding sites are at the proposed
locations in the protein, it is not unexpected that the conformation of the LP heme would be
influenced by calcium binding to either site. That is, one would expect that the change in
distortion upon filling site I could be mediated by a change in the conformation of the fingerprint
peptide since it is contained in the strong link between the calcium binding site and the LP heme.
Because of the weakness of the high frequency RR spectrum of the high-spin HP heme, it is not

possible to tell whether the conformation of this heme is altered as well.

The calcium-dependent changes in the heme RR lines are consistent with the suggestion

that the changes in the macrocycle out-of-plane distortion result from a conformational change in

the fingerprint peptide of the LP heme. First, the vibrational modes belonging to the substituents
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at the 2 and 4 positions, especially those associated with bending of the cysteine sulfur atoms of
the fingerprint peptide, show the largest calcium-dependent shifts and changes in intensity.

Second, the doming, ruffling, and waving out-of-plane modes of the heme, which are enhanced

precisely because of the nonplanar deformations of these symmetry types caused by the
fingerprint peptide, are also sensitive to calcium binding. Since the tension in thé fingerprint
peptide causes these particular deformations, a change in the conformation of this peptide
segment would be expected to alter the vibrational modes associated with these macrocycle
deformations. An alternative interpretation is that forces on the heme from sources not involving
the fingerprint peptide increase the already-present distortion, resulting in an Ca**-dependent
increase and further changes to the fingerprint peptide linkage. A caveat to these interpretations

is that for the low-frequency RR spectrum it is not clear that we are observing only the LP heme.

The detected changes in the propionate modes could be a consequence of the change in
nonplanar distortion of the LP heme. On the other hand, the conformation of one propionate of
the HP heme adjacent to site I might be altered by calcium binding (Figure 6b). Again, these two
alternatives cannot be resolved at present because the RR lines in the low frequency region could

be a mixture of lines from both hemes.

The smaller increase in the macrocycle distortion that occurs upon calcium binding to site
II does not show up as significant spectral changes in the low frequency region. This could
indicate that the macrocycle distortion results from interactions of the protein with the heme that

are not transmitted through the fingerprint peptide. That is, occupation of site II causes changes

in parts of the protein other than the fingerprint peptide that result in small changes in the
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macrocycle conformation that do not significantly alter the configuration of the covalently linked

peptide.
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CONCLUSIONS

The resonance Raman results add specific information about the protein and heme
structural changes that occur upon calcium binding to Paracoccus CCP that is not obtainable
from the UV-visible absorption spectra. Changes in the spectra upon filling calcium-binding site
I are consistent with an increase in the out-of-plane conformation of the low-potential heme. The
most likely mechanism for causing this change in macrocycle distortion is a structural change in
the pentapeptide CQTCH covalently linked to the LP heme. This calcium-dependent
conformation change in the pentapeptide is evident from changes in the vibrational modes of the
cysteine linkages and the out-of-plane modes of the macrocycle. It is unlikely that these
structural changes occur at the HP heme because its fingerprint peptide is far from the proposed
calcium binding sites. It remains possible however that other forces cause the Ca**-dependent
increase in distortion and that the pentapeptide is just responding to the change in heme

conformation.

The LP heme, the proposed peroxidatic heme, switches to the active five-coordinate high-
spin state in the semi-reduced form of the enzyme only when Ca®* is bound to both sites. Site I
occupation causes a structural change in the LP heme and the fingerprint peptide, but, in the fully
oxidized enzyme, only a small increase in the heme out-of-plane distortion is detected when sites
I and II are filled. Nevertheless, the Ca’*-induced structural changes, detected in the fully
oxidized form, may result in strain at either the proximal or distal histidine ligands, which
increases in the semi-reduced form and results in ligand loss at one of the coordination positions.
Moreover, in the semi-reduced active form, the affinity of calcium site II greatly increases,

possibly enhancing the Ca®*-dependent structural changes. These enhanced structural changes in
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the fingerprint peptide and the heme might then result in the loss of one of the distal ligands of

the HP heme, possibly His71.

The changes in conformation of the LP heme and its fingerprint pentapeptide may
contribute to redox potential changes associated with calcium binding. The Ca®* effect on the
reduction potential of the LP heme is obtained by comparing the reductions of the semi-reduced
native enzyme and calcium-depleted form. These two forms however differ in the coordination
of the heme iron; the semi-reduced native enzyme (with Ca®* bound) has a reduction potential of |
—375 mV for the five-coordinated LP heme and the semi-reduced bis-His heme of the Ca®*- |
depleted form has a potential of -335 mV (47). Both potentials are very low for peroxidases,
which typically range from —270 (HRP) to —-110 (TP7) mV (42). The ruffling evident in the
crystal structure of Ps-a CCP (Figure 7) and inferred from the low frequencies of the structure-
sensitive RR lines for Pa-p CCP could help to lower the redox potential. Heme ruffling provides
a mechanism for lowering the redox potentials of the hemes in the tetraheme cytochromes c3
(16). The 40 mV decrease in the potential observed when the Ca®" sites are filled is expected
based on the increase in nonplanar heme distortion. However, the loss of the histidine ligand is
also expected to> alter the redox potential as well, so it is not known whether the ruffling accounts

for the decrease in this case.

All of the X-ray crystal structures of peroxidases show hemes that are predominately
saddled (33). The only exceptions are the structures (3.5 to 4.0-A resolution) of the bifunctional
prostaglandin H synthase with bound inhibitors and the structure of Ps-a CCP (2.4-A) resolution.

The distortions for prostaglandin synthase structures may be in error because of the poor
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resolution or because of structural changes associated with occupation of the cyclooxygenase
site. It will be of great interest to determine whether the LP heme becomes saddled in the five-

coordinate semi-reduced form of the enzyme.

Resonance Raman speétroscopy of the semi-reduced and fully reduced forms of the
enzyme should provide additional information about the conformational changes that are
associated with calcium binding and activation of the enzyme. Specifically, these studies, Which
'are underway in our laboratories, may shed additional light on the question of which heme

becomes the five-coordinate one and the site of peroxidation.
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Table 1. Frequencies (cm™) of the resonance Raman lines of various forms of

Paracoccus pantotrophus cytochrome c peroxidase at pH 6.0 and 7.5.

pH 6.0 pH 7.5
Vibrational
CcP + CcP+ CcP+
modes .
CcP CcP+Ca ' EGTA | CcP CcP+Ca Mg EGTA
v 305.9 305.9 305.9 3067 3067 306.7 306.7
51 (Eu)
Ve (Alg) 346 346 346 346 346 346 345
Veo (Bu)? 360 360 360 360 360 360 360
3(CRCCa)s 381.2 3812 381.2 3809 3809 3809 3809
8(CpCad) 3926 3926 3926, 3920 3920 3920 396.3
405.1  405.1 406.1 4059 4059  405.9 ?
3(CpCaCo),, 4138 4138 413.8 4140 4140 4140 4156
422 422 422 422 422 422 422
Ty (Eg)* 451 451 448 452 452 452 443
Vi3 (Bag) 4721 4721 473.8 4717 4717 4717
T, (B1o) 5131 513.1 517.8| 5148 5148  514.8
549.3 5493 5507 548.8 5488 5488 5506
1 (Bg)°
566.1  566.1 566.1 5663 5663 5663  566.3
631.9 6319 6329 631.8 631.8 631.8
Vas (Bu)° |
642.0  642.0 640.8 6416 6416 641.6




Vi (Al) 703
Y11 (Biw) 712.4
Y5 (Az) 726.4
Vis (Big) 742.0
Ve (Alp) 790
Ve (Aig) 1367.6
V29 (Bag) 1405.2
Vi (Arp) 1501.1
Vi1 (Big)

Vv, (Ay), HS® 1570
V2 (Al), LS 1583.4
Vio (B1g) 1632.0

658.2

666.2
685.8
692.6

703
712.4
726.4
742.0

790

1367.6
1405.2

1501.1

- 1570

1583.3

1631.7

657.4

666.2

685.8

692.6

703

712.4

726.4

741.4

789

1370.2

1405.2

1501.9

1570

1584.5

1633.6

658.8

667.0

686.8

693.3

703

712.9

726.6.

742.3

788

1367.9

1404.8

1501.1

1570

1584.4

1632.9

658.8

667.0

686.8

693.3

703

712.9

726.6

742.3

788

1367.9

1404.8

1501.1

1570

1583.1

1632.9

658.8

667.0

686.8

693.3

703

712.9

726.6

742.3

788

1367.9

1404.8

1501.1

1570

1583.8

1632.9

32

657.4

667.9

686.8

692.1

742.3

788

1371.7

1404.8

1502.6

1586.1

1635.4

high-spin component.

*Doublet with peak frequency given. "Doublet with both components given. “Mode of minor
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Schematic representation of the amino acid sequence of Paracoccus pantotrophus
CCP [heme site attachments, heme ligands,' conserved amino acids and proposed
calcium binding site I (bold and italic) and site II (bold)].

Resonance Raman spectrum of Paracoccus pantotrophus CCP at pH 6.0 in the
high-frequency region (a) with added calcium chloride, (b) as prepared, and (c)
with added EGTA.

Resonance Raman spectrum of Paracoccus pantotrophus CCP at pH 7.5 in the
high-frequency region (a) with added calcium chloride, (b) as prepared, and (c)
with added EGTA.

Resonance Raman spectrum of Paracoccus pantotrophus CCP at 50 uM and pH
6.0 in the low-frequency region (a) with added calcium chloride, (b) as prepared,
and (c) with added EGTA.

Resonance Raman spectrum of Paracoccus pantotrophus CCP at 10 uM an_d pH
7.5 in the low-frequency region (a) with added calcium chloride, (b)’as prepared,
and (c) with added EGTA.

(a) X-ray structure of Pseudomonas aeruginosa cytochrome c peroxidase. The
fingerprint peptide is shown in yellow except for the proximal His55 (69 for
Pa-p). The sequence form 55 to 66 is shown in CPK colored thin sticks; the three
residues coordinating to the Ca®" ion (green) are shown as thick sticks in CPK
colors. (b) The region of the proposed calcium binding sites is expanded,
showing two hydrogen bonds to Asp79 (Asp93 for Pa-p), which is coordinated to

the calcium (site I).
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Normal-coordinate structural decompositions of the hemes of Pseudomonas
aeruginosa cytochrome c peroxidase (resolution: 2.4 A), yeast cytochrome ¢
peroxidase (PDB code: 1cca; 1.8 A), and yeast ferrocytochrome ¢ (1ycc; 1.23 A).
Light colored bars give the deformations along the lowest-frequency normal
coordinate of each out-of-plane symmetry type [saddling (B.y), red; ruffling (B,),
green; doming (Az,), pink; x-waving (Eg), cyan; y-waving (Egy), yellow;
propellering (A1), blue]. Dark colors give the deformations along the next-to-
lowest-frequency mode of each symmetry type. The pure deformations are

illustrated at hitp://jasheln.unm.edu/, and NSD results for over 1500 hemes in the

Protein Data Bank are also available.
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