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Structural Disorder of Native Horseradish Peroxidase C Probed by Resonance Raman and
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We have measured the low-temperature absorption and the depolarization ratio dispersion of various intense
resonance Raman lines of horseradish peroxidase C. The absorption spectra reveal significant splitting of the
Q and charge-transfer bands whereas the Soret band solely exhibits a narrowing of the band profile. The
depolarization ratios of all Raman lines investigated are different from expectation valDasspmmetry

and show significant dispersion in the preresonance and resonance region qof laaedQ All these data
indicate symmetry lowering distortions of the heme macrocycle. An analysis of the depolarization ratios
shows that in-plane & and Bygtype perturbations distort the heme along the®¢—N and G,—Fe—C,

line of the heme. The B perturbation gives rise to the band splitting in the optical spectrum and to a rhombicity

of the iron’s ligand field detected by EPR experiments. On the basis of group theoretical arguments we
propose that particularly the stronggBlistortion gives rise to the quantum mixed spin state characteristic of
class Il peroxidases.

Introduction

Peroxidases are enzymes participating in a large variety of
oxidation and reduction process. Owing to its essential functions,
stability, and availability, the class Il protein horseradish
peroxidase C (HRPC) is the most intensively studied peroxidase.
It serves as the model system for exploring the underlying
mechanisms of the structuréunction relationship of peroxi-
dases. It is a monomeric protein with thirteea-helices and
two antiparalle|s-strands. The structural details of the substrate
oxidation process are well-known and described elsewtiEne.
structure of the distal heme pocket has a major impact on the
enzymatic reactivity. This particularly concerns the position of
His 42, Arg 38, Phe 41 (Figure 1), and a scaffolding H-bond
network between these residues, the substrate and the axial
ligands of the transition statés® With respect to the proximal Asp247

side, His 170 is generally thought to control the reduction Figure 1. Crystallographic structure of HRP€BHA. The substrate

potential of the heme iron. In HRP, His 170 is H-bonded t0 ¢ompjex has been omitted. The structure was reported by Gajhede et
Asp 247. This is assumed to increase the negative charge org|46 and downloaded from the Protein Data Bank.

the His ligand and thus stabilizes the low reduction poteftial.

Although the role of the distal site in controlling the different  context, a strong emphasis has been put on nonplanar distortions
steps of the enzymatic reactions is well established, our (je. ruffling, saddling, and doming), which are particularly
knowledge on how the ligand field of the heme iron provided prominent in various cytochrome derivatives, but heme
by the proximal imidazole and the heme nitrogens affect nonplanarity is also detectable in various derivatives of myo-
processes such as ligand binding and iron/porphyrin oxidation gjopin and hemoglobif1° Recently, Howes et &k reported
is still limited. With respect to the heme group, strong evidence e result of a normal coordinate deformation (NCD) analysis
has been provided that symmetry-lowering deformations affect ot several peroxidases. They identified significant saddling and
spin o_leloc_allzatlon, red_ox potential, the electronic structure and ruffling in nearly all of the investigated proteins. Though
the ylbratlonal dynamics of the. maprocy‘%:lgs yvell as t.he nonplanar distortions have attracted considerable attention, the
affinity and the geometry of axial ligand bindirg.In this number of studies dealing with in-plane distortions induced by

- - ) asymmetrically arranged peripheral substituents and chro-
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respect to HRP, fluorescence and absorption measurements have

revealed a splitting of the Q band at low temperatures for HRP
CO, HRP-CO complexed with benzohydroxamic acid
(BHA),1213 and Mg-mesoporphyrin-IX substituted HRfLS
However, a detailed analysis and characterization of the
distortions giving rise to the observed band splitting is outstand-
ing.

In the present study we combine optical and resonance Raman

spectroscopy with group theory to analyze distortions in native
HRP C. First, we perform absorption measurements at low
temperatures to identify possible splitting of the absorption band.

Second, we use polarized resonance Raman dispersion spec-

troscopy (PRRDS) to probe static normal coordinate deforma-
tions (SNCD) of the heme group at different pH©ur results
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Figure 2. Planar deformations of the heme macrocycle along the

lead us to conclude that the heme macrocycle is subject tonormal coordinates of the lowest energy, Bnd By modes as used in

significant rhombic distortions along the-NFe—N axis and to
triclinic distortions that affect the position of the methin carbons
as well as the internal symmetry of the pyrrole rings.

Theoretical Background of PRDS

Details of theory used to analyze the depolarization ratio
dispersion and the resonance excitation profiles of porphyrin
Raman lines have been published elsewhA&he this paper we
confine ourselves to a brief, more qualitative discussion of the
relationship between DPD and SNCD.

Porphyrins in D4, Symmetry. In the ideal case of identical
Cm and G substitutents a porphyrin macrocycle exhibits a planar
conformation ofD4, symmetry. In this case the two lowest
excited states Q and B are 2-fold degenerate and exBibit
symmetry. As a consequence, onlygA Big, Bog, and Apg

type modes are resonance Raman active with B- and Q-band

excitation. Following McClairl; their respective tensors can
be written as

aAlgz (aﬂ.g(’;L) 0
0 alg(i;L)

Ay _ (O (VL)
. (—aZQ(vL) 0

By _ [P1o(") O
) * ( 9 _blg(‘N’L))

w_ [0 b, (V)
) o ‘(—bzg(aL) 0 L) 1)

The tensor elemenig¥, ) depend on transition dipole moments,

the vibronic coupling operators of the respective Raman mode,

and specific frequency functions related to the contributing
vibronic coupling processé&2°Because no transitions polarized

the NSD analysis of heme groups and porphyrins as obtained from J.
A. Shelnutt, http://jasheln.unm.edu.

where yir‘ denotes the amplitude of the distortion along the
normal coordinate of théh vibration of D4, symmetryI’j. As
shown in recent analyses of isolated porphyrins and heme groups
in various proteinsA is dominated by the normal coordinates
of the lowest frequency modes of the respective symmetry
representation® Figure 2 exhibits representations of theyB
and By distortions along the normal coordinates of the
respective lowest frequency modesg andvss obtained for the
model substance Ni(ifyoctaethylporphyriit? vig (Big) is a
rhombic distortion along the orthogonaH¥e—N lines, involv-

ing expansion and contraction of +8l distancesvss (Byg) is

a triclinic distortion that affects the FeCy, distances and the
internal pyrrole symmetry. It destroys the orthogonal orientation
of the two N—-Fe—N lines.

To account for the above symmetry lowering distortions, we
expand the vibronic coupling operator of the mdqre' (T is
now the representation in the lower symmetry group) into a
Taylor series in second order:

8|:|eI(QaQ) aﬂew(q'Q) 82|:|eIO(QaQ) .
— = + ——oQ"+
aqQ IQ aQaqQn
(@ Q
33 g 40O
|a j

perpendicular to the molecular plane are of relevance for Raman

scattering of in-plane modes for porphyrins in id&a}, all
z-components of the Raman tens@rare zero. The tensor

To couple electronic states of Bymmetry, the representation
I', of the vibronic operators in eq 3 must transform likegA

elements are calculated as the coherent superposition of allB,,, By, or Ayg. This requirement is met by the first-order term,

scattering amplitudes brought about by Fran€ondon,
Herzberg-Teller, and JahnTeller coupling within and between
the above-mentioned excited staté§hough the tensor ele-
ments are functions of the excitation wavenumiygr the
depolarization ratios of all Raman lines are frequency indepen-
dent, namelyp = 0.125 for Ag, 0.75 for Bg and By modes,
andeo for Apg modes. An example for a porphyrin with perfect
Dan symmetry is Ni(ll}-porphin8

Asymmetric Distortions of the Porphyrin Macrocycle.
Peripheral substituents or interactions with a protein matrix give
rise to symmetry lowering distortionA of the porphyrin

macrocycle, which can be described as a superposition of

SNCDsoQ/":8

@)

A= Zyir‘éQr'

if the productl’; = I'y ® I'; contains at least one of these four
representations. It is met by the second-order term, if this
condition also holds for the produE} = I'y ® I'; ® I'j. Hence,
the contribution’; of the first and second-order term in eq 3 to
the vibronic coupling operator must transform like the repre-
sentationl’; of the observed Raman mode multiplied with the
representationg’; and I'; of the SNCDs. As an example, a
distortion of It = Byg symmetry gives rise to a first-order
contribution by admixing &7 = Axg Symmetry tensor into the
Raman tensor of a mode havilig= B1g Symmetry inD4n, SO
that the effective symmetr1~7r reads as B + Ay

Thus, in the most general case of a sufficiently low symmetry,
admixtures of Ag, Big Bag and Ay tensors occur. As a
consequence, the Raman tensor of the represeniatican be
expressed as a linear combination of bg-tensors in eq 3, so
that in the lower symmetrg
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& = |Bao0) FDag(#1) Dog(#1) + By(7)

= by + a7 agi) — by | P

By using the invariants of the isotropic, anisotropic and
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mode is 0.125. B, and By distortions admix By and By
symmetries fg,, fs,, = 0) to this mode, respectively. Larger
symmetry-mixing factors represent larger distortions. The DPR
generally increases toward the resonance position of el

antisymmetric part of the Raman tensor the DPR can be due to an increasing contribution form:; and By type

calculated té°
ay, (7)) + B5ay (7)) + 2(b, (7)) + by (7))
66192(17L) + 2(b192(17|_) + bZQZ(;L))

Equation 5 shows that becomes independent &f, if only

=2 ©)

Herzberg-Teller coupling'® Figure 3b exhibits the DPR disper-
sion for an Ay mode. Now, Bgand By distortions admix By

and Bystype contributions to its Raman tensor. As expected,
the simulation shows that the considered distortions cause the
DPR to vary between infinite and 0.75. For increasing distor-
tions, the DPR is shifted closer to 0.75. Finally, Figure 3c depicts
DPR simulations for a B-type Raman mode. The simulations

one symmetry type is present and the Raman tensor isgnow that the DPRs do not deviate much from the expectation

represented by one of the forms in eq 1. This is the caBgin
but also inDyg, D4, C4,, and Dyy. As can be seen by group
correlation tables, mixing of thB4, representations 4, Big,
Bog, and Ay occur for all point groups with symmetries lower
than these, e.g%, Cs Con, D2, Cp,. As a consequence, one
obtains a dispersion of the DPR, becausg(® ), ad?(¥L),
A7), and b?(¥) depend differently on the excitation
frequency!6-20

Simulation of DPR Dispersion.We performed some theo-

retical simulations to illustrate how asymmetric distortions affect
the depolarization ratios of some prominent Raman modes of
metalporphyrins. For the sake of simplicity we used only the

first-order term of the Raman tensor reported by Unger é8al.,

value of 0.75. It is noteworthy that,Bdistortion admixes Ay
symmetry {a,, = 0) so that it causes DPRs smaller than 0.75,
whereas By distortion admixes Ay symmetry to give rise to
DPRs larger than 0.754,, = 0). Therefore, we can utilize the
experimentally observed DPRs ofiBmodes to distinguish
between By and By distortions, which cannot be done on the
basis of the DPRs of 4 and Ay modes.

A comment on our use of terminology is at place in this
context. In what follows we distinguish between distortions and
perturbations. Distortions are described by eq 2. Perturbations
can be subdivided into electronic and vibronic perturbatfdns.
Electronic perturbations can be described as the derivative of
the pure electronic Hamiltonian with respect to considered

thus neglecting multimode mixing. Because we consider asym- gigtqrtional coordinate. Vibronic perturbations are described by
metrically distorted porphyrins, the Raman tensor was expressetinq third and second term in eq 3. Although an electronic

as a linear combination of McClain tensors forgAB1g, Az,

and By modes, as described above. To describe the degree o

symmetry mixing for the performed simulations, we introduce
sets of normalized symmetry symmetry-mixing facti¥si.e.,
(fasg TB1g TAze fBog). FOr undistorted Ay, Big, Azg, OF Bog modes

in Dan, (fAlg, fBlg’ fAzg, fng) = (l, 0, 0, O), (0,1, 0, 0), (O, O,l,

0), or (0, O, 0,1), respectively. The admixture of other
symmetries due to symmetry lowering distortions is then
reflected by the respective factdisin the set. (Alg, fBlg, fAzg,
fBZQ) =(0.1,1, 0, 0), for example, represents angAadmixture

to the Raman tensor of aBmode (marked by a bold number),
which, due to eq 3, results either from an in-plang dstortion

or from the combination of two out-of-plane distortions;(A
and By, or Ay, or Byy). The energies of the involved vibronic

1perturbation exhibits always the symmetry of the related
d

istortion, this is not necessarily the case for vibronic distortions,
as described above.

Material and Methods

Sample Preparation.Horseradish isoenzyme C as salt-free
lyophilized powder (code HRP4B) was purchased from Biozyme
Laboratories Ltd. Because of its higkeinheitszah(3.4) and
high percentage (90%) of isoenzyme C, our aqueous solution
samples were prepared without further purification. For Raman
measurements, HRPC was dissolved in either Tris buffer (pH
8) or phosphate buffer (pH 5), and a concentration of 1 mM
was used.

states, the transition dipole moments associated with the |ow-Temperature Absorption Measurements. For the
transitions into the Q and B states, and the respective Lorentzianlow-T absorption measurements, HRPC was applied to a G-75
bandwidths were estimated from the optical spectrum and listed column (Sephadex Superfine, Pharmacia Fine Chemicals, Upp-
in Table 1. It contains also the values for the coupling parameterssala, Sweden), degassed after swelling, bed volume: 76 mL)
Cir used for the simulation, i.e., the matrix elements of the equilibrated in 50 mM Tris/HCI, pH 8, and eluted at a rate of
vibronic coupling operator defined by eq 3 in the basis of the 1 mL h™%. Only the main band fractions with RZ 3.5 were
excited electronic states,QQy, By, and B, of the unperturbed retained. The spectra were recorded usi8p «M samples in
heme (electronic distortions are thus neglected). The interested50% glycerol/buffer, which ensures good optical quality at
reader can refer to ref 16 for more details. The§evalues are  cryogenic temperatures. The samples were placed in a sample
on the order of magnitude of parameters obtained from the holder with 0.5 mm path length, and the measurements were
resonance excitation profiles and depolarization ratios of various performed using a CTI-Cryogenics Model 22 refrigeration unit
porphyrinst® The factorsfr are linear scaling factors of these (Cryophysics SA, Geneva) inserted in the cavity of a double
parameters, the values in Table 1 represent the coupling strengttbeam Varian Cary 4 UWvis instrument with wavelength

for fr = 1. accuracy of+0.1 nm.

Figure 3 illustrates how B and By distortions affect the Resonance Raman SpectroscopyRaman spectra were
depolarization ratios of modes exhibitingg{2a), A4 (2b), and obtained in a 135backscattering geometry by excitation with
B1g (2c) symmetry irD4n. The calculations were performed for  eight radiation lines from a tunable argon ion laser (Lexel 95).
the wavenumber region between 23 000 and 19 003 cwhich The excitation ranges from 457.9 to 514.5 nm, thus covering
can be explored by the excitation wavelengths of our argon ion the resonant region of the Q band of HRP. Interference filters
laser. It thus covers the resonance and preresonance region ofvere used to eliminate useless plasma light in the output laser
the Q band. Different dispersion curves for a particular mode beam before the beam was focused on the solution sample in a
reflect different degrees of symmetry mixing. Figure 3a shows quartz cell. Typically, a laser power was chosen below 20 mW
the DPRs for an A-type mode. The DPR of the unperturbed to avoid heating of the sample. The scattered light was collected
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TABLE 1: Parameters Used for the Simulation of Depolarization Dispersion Curves

parameter description parameter notation parameter value

energyQo Eq, 19874 cmit
energyBo Eg, 26400 cn1t
Lorentzian half-width Q band To 650 cnTt
Lorentzian half-width B band Ts 750 cn1t
ratio of dipole strengths Ro/Rs 0.05

Asq, Franck-Condon coupling Q state cngg 150 cnr?
A1 Franck-Condon coupling B state CQ}; 50 cnt
Ay, Herzberg-Teller coupling between Q and B states Cnge —50cmt
B, Jahn-Teller coupling Q and B states C%{g = 7(;5‘139 200 cnrt
Big Herzberg-Teller coupling between Q and B states cngg —250 cnrt
Bzg, Jahn-Teller coupling Q and B states cngg = —cngg 150 cnrt
B.g, Herzberg-Teller coupling between Q and B states cngg —150 cnrt
Ay, Herzberg-Teller coupling between Q and B states cnge 400 cmt

TABLI?&Z: Normal-Coordinate Structure Decomposition (NSD) Result of Native HRPC Generated from File 1Atj_c.pdb
(unit: A)

basis Dip dip By Big Eu(X) Eu(y) Axg Aoy
min 0.3677 0.0411 —0.3056 0.1832 —0.0728 —0.0351 0.0411 —0.0098
ext 0.4102 0.0212 —0.3034 0.1834 —0.0726 —0.0361 0.0373 —0.0096
0.1423 —0.0119 —0.0230 —0.0731 —0.0518 0.0640
—0.0004 0.0107 0.0381 0.0368 —0.0550 —0.0188
0.0071 —0.0007 —0.0234 0.0268 0.0171 0.0096
0.0141 0.0016 —0.0133 —0.0154 —0.0290 0.0136
0.0232 0.0029 0.0357 —0.0368 —0.0199
—0.0144 —0.0141
0.0119 0.0088
—0.0012 0.0022
0.0062 0.0093
—0.0014 —0.0073
comp 0.4267 0.0000 0.3381 0.1839 0.0984 0.1035 0.0931 0.0696
basis Doop doop B By Az Eq4(X) Eq(y) Ay
min 0.9131 0.0149 —0.8712 —0.0845 —0.0673 —0.1407 —0.2079 —0.0017
ext 0.9150 0.0099 —0.8710 —0.0845 —0.0686 —0.1388 —0.2072 —0.0017
0.0197 0.0233 —0.0097 0.0457 0.0142 0.0177
—0.0120 0.0032 —0.0208 0.0275 —0.0194
—0.0221 0.0309
0.0028 0.0052
comp 0.9168 0.0000 0.8715 0.0877 0.0710 0.1520 0.2116 0.0178

and focused into an entrance slit of 100 um width of a triple- Gaussian profile of the spectrometer slit function that convolutes
grating spectrometer (Jobin-Yvon T64000). Polarized spectra with the Raman signal, leading to a Voigtian profile for each
were obtained by utilizing a polaroid analyzer that was inserted Raman band. To achieve a more reliable spectral analysis, all
between the sample and the entrance slit of the spectrometerspectra were decomposed consistently by using the same
To correctly record the intensity of scattered light, which is parameters such as half-width, frequency position, and band
polarized in the direction of either perpendiculg) @r parallel profile for all eight excitation wavelengths, and the best fitting
(I to the polarization of the incident laser beam, an optical parameters were obtained by checking the smajiéstalues
scrambler was inserted between the polaroid analyzer andfor statistical errors. The intensities of the polarized bands were
spectrometer because it can effectively smooth away the derived from their band areas. The depolarization ratias

polarization sensitivity of the gratings of the spectrometer. After thus identified spectral lines were calculated as

dispersed by the gratings, the scattered light was finally detected

by a liquid nitrogen cooled CCD camera (CCD3000 from Jobin- [

Ivon) with a 1024x 512 pixel array chip. A Dell computer P =|—y (6)

with Pentium IIl processor controls all the operations of the X

spectrometer, CCD, and data processing. The spectrometer was

calibrated by using the Raman line at 934¢rof CIO;~. The wherely and |, were measured parallel and perpendicular to

recorded Raman spectra have an accuracy of 1tcm the polarization of the exciting laser beam. The accuracy of the
Spectral Analysis.All spectra were analyzed by the program  depolarization ratio was checked with the 216 éiine of CCl.

MULTIFIT, which was developed in the Optical Spectroscopy The measured depolarization ratio was found to be identical

Group at the Institute of Experimental Physics of the University with its expectation value of 0.7& 0.02 at all excitation

of Bremen, Bremen, GermagyThis program greatly facilitates ~ wavelengths. Moreover, the depolarization ratio of the 934'cm

the fitting procedure in that it can not only fit many overlapping line of the internal standard CIO was always close to 0O, as

bands simultaneously but also takes into account the spectraltheoretically expected. This shows that the contamination by

convolution of the natural profile of each Raman band with the the collimator optics is negligibly small for polarized and

profile of spectrometer slit function. We found that it is a depolarized lines.
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Figure 3. Simulation of the dispersion of the depolarization ratio for
(@) v4, (b) v21, and (c)v11 of HRPC in the resonance and presonance
region of the Q band. Details are described in the text.
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Figure 4. Temperature dependence of the absorption in the Soret band
region of HRPC (concentration~100 uM native HRPC in 10 mM
Tris/HCI and 50% glycerol v/v, pH 8). The temperature in Kelvin from
bottom to top is 8.7, 17.8, 29.6, 39.6, 49.3, 69, 99, and 149.

wavenumber difference between &d B is 1360 cn1l, which

is very close to the ground state frequency of themode,
which, owing to its strong relative intensity, is expected to
account for most of the vibronic coupling in the high-frequency
region?* The B, band particularly in th 9 K spectrum appears
pretty narrow and symmetric and does not indicate any
substantial band splitting. The Q-band region (Figure 5) displays
three bands at 500, 535, and 640 nm. The latter is generally
assigned to a charge-transfer transition (CT) fromat®MO

of the heme to thegldy, orbital, which is double degenerate in

a crystal field of tetragonal symmetry concomitant wita
heme symmetr§®> The assignment of the 495 nm band is
controversial. On the basis of the very detailed polarized
absorption measurement on single crystals, Eaton and Hoch-
strasser assigned the corresponding band in the spectrum of high
spin metmyoglobin species to,& In this case the shoulder at
535 nm is assignable togQOn the contrary, Dunfofd assigned

it to a charge-transfer bands €ffom a lower lying porphyrin

Absorption Spectra. Figures 4 and 5 show the B-band and orbital to d,/dy, (Fe) and attributed the weak and broad band at
Q-band regions of the optical absorption spectrum of HRP C 530 nm (535 nm in our low-temperature spectra) to Ror
in a water/glycerol mixture recorded at different temperatures Qp, he invoked a hardly detectable band at 580 nm. This
between 9 and 150 K. All these temperatures are below theinterpretation is highly unlikely to be correct for physical
glass transition temperature of the solvent. The Soret band atreasons. It is well established that nearly 80% of theb@nd
404 nm (Figure 4) is hardly shifting but narrows substantially intensity stems from vibronic Herzberdeller coupling be-
upon temperature lowering. It appears only slightly blue shifted tween Q and B statés.Its intensity is proportional to the
with respect to its room-temperature position. The sideband at oscillator strength of the B band and to the square of the vibronic
383 nm becomes more pronounced in the lowest temperaturecoupling energy of the involved heme vibratidfisAs a
spectra due to line narrowing. In his recent book on heme consequence (has significant oscillator strength even if the
peroxidases Dunfofd described the appearance of the band at transition dipole moment for the Q band is very weak, as
380 nm (in the room-temperature spectrum) as a yet unexplainedobserved for meso-substituted metalloporphyrins in soliion.
mystery. However, there is no mystery at all with this band, Thus, itis highly unlikely that the band shows less intensity

because it is clearly assignable to the vibronic sidebandiie

than a charge-transfer band. Moreover, Dunford’s assignment
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Figure 5. Temperature dependence of the absorption in Q-band/CT
region of HRP C (concentration: 1Q&M native HRPC in 10 mM
Tris/HCI and 50% glycerol v/v, pH 8). The temperature in Kelvin from
bottom to top is 8.7, 17.8, 29.6, 39.6, 49.3, 69, 99, and 149.

implies a wavenumber difference of ca. 1630 énbetween
Qo and Q, which is significantly larger than the generally
obtained differences between 1200 and 1300 'cth8 How-
ever, if one follows Eaton and Hochstrag8én assigning the
500 and 535 nm band to a,/fQ pair, respectively, one obtains
a difference of 1300 cr, apparently a much more reasonable
value. In an earlier study, Smulevich efasuggested something
like a compromise by invoking the possibility that the 500 nm
band is mostly Q but with some underlying charge-transfer
contribution. We think that the most reasonable interpretation
had much earlier been suggested by Zerner efalg., an
electronic mixing between CT and Q states. In fact this has
been experimentally proven by Asher ef¥for the ferric high
spin hemoglobin fluoride (HBF in that they obtained a
resonance enhancement ofyBand Ay type Raman modes of
the heme upon excitation in the CT-band region (600 nm in
their spectrum).

Interestingly, further evidence for the above electronic
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Figure 6. Raman spectra of native HRPC (pH 8) recorded with 457.9
and 496.5 nm excitation.

At first sight it might be surprising that only the Q (and also
the CT band) exhibits significant splitting, whereas it is not
detectable for the B bands. However, the different splitting of
Q and B bands in the presence of symmetry lowering perturba-
tions is a well established phenomenon that can be observed
even in highly distorted hydroporphyrins. Recently, it was shown
by Schweitzer-Stenner and Bign#anhat this results from an
interference between electronic and vibronic perturbations,
which depends on the sign of the coupling parameters, so that
contributions can add up for the Q state, whereas they nearly
cancel out for the B state.

Taken together, our absorption spectra provide evidence that
the heme group in resting HRP C is subject to significant in-
plane distortions giving rise to a band splitting in the Q- and
CT-band region. Moreover, our spectra provide evidence that
CT and Q states are electronically coupled, in accordance with
suggestions by Zerner and co-worké&dNith respect to the
band assignment we are in agreement with Eaton and Hoch-
strasse® in that physical reasoning leads us to assign the 500
nm band to Qrather than to a second charge-transfer transition.
In what follows we now evaluate in detail the distortions of the
heme symmetry.

Decomposition of Raman SpectraWe used eight wave-
lengths from our argon laser to measure the polarized spectra
of HRPC. All spectra are subjected to the aforementioned global
fitting based on previous work of assignment in native AR
and C&"-depleted HRPG? Figure 6 shows the spectra in the
region 1286-1700 cnt! measured with 457.9 and 496.5 nm
excitations, which stand for B-band preresonance apta®d
resonance, respectively. A detailed account of the coexisting

coupling can be deduced from our low-temperature experiments.spin and coordination states, which can be inferred from these

The spectra takert & K clearly reveals a band splitting of the
640 (ca. 450 cmt) and also of the 500 nm band (ca. 280¢jn
This results from lifting the degeneracy of the involved excited

states by symmetry lowering perturbations of the heme mac-

rocycle. The Q-band splitting is a result of the&plitting and
additional vibronic contributions particularly from;o.2° In

spectra, are given in another pagéin the present study, we
focus on analyzing the depolarization ratios of four Raman lines,
i.e., the oxidation marken/) at 1373 cm?* (I' = Ayg), a band
arising from the antisymmetric mode; at 1310 cm?, and the
spin marker bands;; and vy at 1546 and 1635 cni (both
B1g). Due to their insensitivity to the iron spin staig,andv,;

addition, the two components of the CT band at 640 nm exhibit represent the entire manifold of coexisting spin and coordination

different intensities. This strongly indicates tajAand By states, i.e., hexacoordinated and pentacoordinated high spin (hc-
type electronic coupling between the CT state and the higherhs and pc-hs) and a third, dominant state that is generally

lying Q state, because the respective intrastate coupling of thedescribed as quantum mixture between an pentacoordinated
CT state can only lift the degeneracy but has no influence on intermediate and high spin state (gms: quantum mixed state).

the intensity distributio® The occurrence of pc-gms is a pecularity of class lll peroxi-
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Figure 7. DPRs of native HRPC at pH 5 and 8 for the Raman modes4a)) v21, (C) v11, and (d)vioc

dases! Its functional role has yet to be identified, but theoretical

The DPDs ofvs andvz; can be explained by § and By

evidence suggests that it might facilitate the first step of the distortions as well as by a combination of both. The experi-

enzymatic reaction, i.e., the formation of the compound I
heme?849

Depolarization Ratio Dispersion of HRP.Figure 7a-d plots
DPRs of native HRP in pH 5.5 and 8.0 for the oxidation marker
V4 (A1g in Dan), the spin markew11, vioc (Big in Dan), andvay
(A2gin Dan). The DPRs of all four bands show a clear dispersion.
For v4, nearly all values are above 0.125, exhibits DPRs
below and above it®4, expectation value 0.75 whereag:
exhibits most DPRs only below 0.75,; is apparently inverse
and not anomaly polarized.

A qualitative interpretation is easiest far;;. As also

mental DPR dispersion is very well comparable with the
simulations in Figure 3a,a: is known to be predominantly
sensitive to distortions induced by His 170 (Figure3¢gy.
Corresponding DPRs measured at pH 8 and 5.5 are identical in
the limit of accuracy, indicating that the protonation giving rise
to the pH dependence of the.nis band® has no detectable
impact on the heme group in the ferric state. Hence, HRP C
behaves like myoglobin in multiple oxidation and spin states,
but differently from allosteric proteins such as hemoglobit.

It is illuminating to compare our results with the normal-
coordinate structural decomposition (NSD) result of native

demonstrated by the simulations in Figure 3c, DPRs below and HRPC obtained from Shelnutt et al. listed in Tablé®The

above 0.75 reflect the presence of botly 8nd By distortions,
respectively:62°Interestingly, the lower DPRs ofigtype mode
v10c Suggest that this mode is only sensitive tg, Bistortion.
The reason for this discrepancy between and vioc can be
inferred from their different normal mode compositior.g
contains mainly C, stretching, whereas; is predominantly

a GC; stretching modé? Hence, the B, distortions affecting
vy reflect a distortion of the pyrrole rings. This is in agreement
with the pattern of the B-type distortion shown in Figure 2. It
is thinkable that this distortion results in part from electronic

magnitudes of the B and By distortions are remarkably large
(0.18 and 0.34 A, respectively), compared with what was
obtained for classical heme proteins such as myoglobin,
hemoglobin, and cytochrome(between 0.05 and 0.1 A}.This

is in line with the observation that in the region between 457
and 488 nm the depolarization ratios wof are systematically
higher (0.14-0.19) than those of deoxymyoglobin and myo-
globin CN (0.13-0,15§° which appear much less distorted in
the crystal structuré: The dominance of the triclinic B
distortion is also peculiar; generallyBdistortions are largett

perturbations due to the (unequivalent) vinyl substituents. The This is most likely due to the orientation of the imidazole group

lack of influence of By distortions orvigmay have two reasons.
First, v10is known to have the strongest Jahifeller coupling

in the Q states, which reduces the dispersion due ip A
admixture'® Second, & cannot contribute to vibronic coupling
of Ayg symmetry3®

of His 170, which is closer to the (c-Fe—Cy than to the
N—Fe—N line. The opposite behavior is observed in myoglobin
and hemoglobin, where the imidazole group exhibits generally
a very small azimuthal angle with respect to thef&—N line #2

The simulation of the DPR dispersion of as described in
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the theory section (Figure 3) reveals that the vibronic perturba- the separation between the two higher lying orbitatsel(B>)

tion energies of the B and Byg distortions required to account  and @ (A;) and the lower lying (&, dy,) (Eg) and dy (By) is

for the observed DPRs are between 30 and 50% of thetoo small to cause a breakdown of Hund’s rule so that a hs
corresponding coupling energies for/Adot dashed line in state is obtainetf4” If the gap increases, the system generally
Figure 3). This is comparable with observations for myoglobin flips to the Is configuration. An intermediate spin requires a
cyanide for which By distortion in the range of 0.2 A were  significant increase of the energy gap betwegn,d(B-) and
obtained from the crystal structufé.This suggests that the dz (A1), which would also yield a decrease of the energy
observed level of B/B,g admixture to the Raman tensor of between & (A1) and the lower lying orbitals. This can be
is at least qualitatively consistent with the distortion values accomplished by electronic perturbations offB,) symmetry.
obtained from the NSD analysis of the heme group in the X-ray Thus a Bg perturbation brings about a stabilization of the
structure of HRPC. intermediate state and concomitantly increases the probability

The structural analysis of Shelnutt and associates also revealdor & mixing between the intermediate and high spin state by
out-of-plane distortions, i.e., ruffling (0.99 A) and saddling (0.87 decreasing the respective energy difference so that it is shifted
A).1141n principle, this gives rise to admixtures of,fand  iNto the same order of magnitude as the smrbit coupling
A1 Symmetry to Ay and A,y modes, respectively. The corre-  €nergy. As mentioned above,,Bdistortions are generally

sponding vibronic coupling contributions are likely to be to weak Weaker than B, distortions in classical heme proteffsso that
to be detectable in the spectral region investigated. one is led to the conclusion that it is their extraordinary strength

in HRPC that facilitates the spitorbit coupling, thus giving

rise to the gms state. The role of(B1g) perturbations is more
difficult to identify. They create a rhombic environment and
split the two E orbitals. It is thinkable that this stabilizes the
intermediate state further. Ruffling and saddling together create
a perturbation of Ag(Az) symmetry. In principle it could mix
B1(dyy) and By(d-y?), but this is unlikely owing to the large
distortions must be strong and concomitant tg Aistortions energy gap between these orbitals. Hence, the out-of-plane

to cause any band splitting. We like to emphasize once againOIIStortlonS do not facilitate the gms state.
that in contrast to what is sometimes indicated in the liter4ture 1 aken together, our study shows that the heme group of
ruffling and saddling, the most prominent out-of-plane distor- "€Sting HRP C exhibits rhombic distortions along theRe—N
tions in HRPLL cannot cause any splitting, because they solely (Big) @s well as triclinic distortions affecting ther&Fe—Cr
lower the symmetry fronDa, to Si. Therefore, only the B, Q|stances as well as the pyrrqlg symmetrygl@nly the former
perturbations are likely to contribute to the splitting on the 'S responsible for the rhombicity detected in EPR experiments
electronic level. In principle, the same argument also holds for @1d the optical band splitting observed in this and other studies
vibronic perturbations, but as shown by Schweitzer-Stenner and®" HRP derivatives whereas thegBlistortion facilitates the
Bigman, additional splitting can be caused by the activation °Ptained mixing between intermediate and high spin states of
particularly of low-frequency Emodes by Edistortions of the "€ heme iron. The corresponding electronic perturbation is
macrocycle. Such distortions can be induced by a tilted proximal Prought about by the imidazole ring of the proximal histidine,
imidazole ring and by a uniform electric field provided by which exhibits a comp_aratwely large az_lmuthal angle with
charged residues of the heme environn#éfithe existence of respect to the NFe—.N line and nearly eclipses Fhem.eFe—
E, distortions can be inferred from the existence of bands in Cm lin€. In myoglobin and hemoglobin, the projection of the
the high-frequency region of the Raman spectrum assignableProximal imidazole shows only a small azimuthal angle
to E, modes. (between 0 and I) and, as a consequence, the distortion is
The existence of rhombic distortions is in principle well- mostly Byg rather than B,
known from very early EPR experiments, but for some reason
they are generally not discussed in structural tethrowever,
it is clear from the pattern of the two basic distortions shown
in Figure 2, that only the B distortion can be responsible
because it involves displacements on the four pyrrole nitrogens
that mostly constitute the heme contribution to ligand field. In
this context it is of interest to refer to a recent work by Indiani
et al*® These authors, on the basis of the finding that HRP
BHA exhibits rhombicity and a dominant hc-gms rather state,
speculated that the former might be the physical reason for the
latter. The possibility of heme distortion causing the gms state

How are these distortions related to the band splitting
indicated by our optical spectra and observed for Mg-substituted
HRP by the fluorescence technique? As outlined in detail by
Schweitzer-Stenner and Bigm&hpne has to consider two
contributions to band splitting, namely electronic and vibronic
perturbations. With respect to electronic perturbations band
splitting is more likely to arise from B-type distortions. By
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