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ABSTRACT

A Resonance Raman Study of
Myeloperoxidase, Eosinophil Peroxidase, and
Cytochrome Oxidase

. Scott 5. Sibbett, Ph.D.
Oregon Graduate Center, 1986

Supervising Professors: James K. Hurst and Thomas M. Loehr

Soret excitation of canine myeloperoxidase (MPO)
produces complex resonance Raman (RR) spectra characterized by
multiple bands in the core size and oxidation state marker
regions. Spectra of dithionite-reduced and cyanide-coordinated
derivatives are also reported. In the native and dithionite-
reduced enzyme, there are no detectable bands between 1620 and
1700 cm-l, indicating that the hemes do not contain formyl
substituents in conjugation with the macrocyclic ring. In the
context of other physical measurements, it is concluded that MPO
contains two equivalent or nearly equivalent chlorin prosthetic
groups.

Resonance-enhanced Raman spectra of eosinophil
peroxidase (EPO) from horse and human eosinophils is reported.
Based upon the spectral energies, distribution and depolarization
ratios of the high-frequency skeletal modes, and upon the

presence of weak bands assignable to vinyl substituent groups, we



conclude that the heme prosthetic group is high-spin, six
coordinate protoporphyrin. The Raman spectrum reveals clear
differences from lactoperoxidase, an enzyme which appears nearly
structurally isomorphous by other physical techniques; the data
indicate a stronger axial sixth ligand in EPO.

Copper(I) addition to aqueous micellar suspensions of
ferriprotoporphyrin or its dimethyl ester causes perturbations of
resonance-enhanced Raman bands associated with vibrational
motions of the vinyl group substituents at the pyrrolic 3 and 8§
positions. No spectral perturbations occur upon adding cupric,
zine, or hexaaquochromic ions to these solutions, nor upon adding
Cu(I) to ferrideuteroporphyrin. The data are interpreted to
indicate Cu(I) coordination at the ring vinyl positions.
Consistent with this view, intensity is lost in the vinyl carbon-
carbon stretching region at 1615-1630 cm_1 and a new band
appears at 1520 cm-l, assignable to the carbon-carbon stretch
of Cu(I) n-complexed olefin bonds. Similar changes occur in
this region upon reduction of oxidized cytochrome oxidase,
suggesting that peripheral vinyl substituents may assist the
ligation of Cu(I) in the oxygen reductase site.

By preparative electrophoresis, enriched fractions of
subunits I and II of mammalian cytochrome oxidase were prepared,
The two heme chromophores appear to be divided in vivo between
these two subunits. Soret excitation of the isolated subunits

yields RR spectra which are nearly identical.

xi



LIST OF ABBREVIATIONS

Symbol Equivalent

CCP cytochrome ¢ peroxidase

Co(bpy)33+ tris(2,2’ -bipyridyl)cobalt(I1T)

EPO eosinophil peroxidase

EPR electron paramagnetic resonance

EXAFS extended X-ray absorption fine
structure

HRP horseradish peroxidase

LPO lactoperoxidase

MCD magnetic circular dichroism

MPO myeloperoxidase

P porphyrin

PMS phenazine methosulfate

SDS sodium dodecyl sulfate

TFA trifluorcacetic acid

v ultraviolet

£ polarization ratio



"It looks rather easy at a first glance,
but you will notice that the further
you get into it the more it widens out."

Mark Twain
Early Tales & Sketches
Volume 2, p 412
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Chapter 1

HMyeloperoxidase

Neutrophils in the bloodstream defend the body against
microbial infection. The triggers for this defense are the host
immune and complement systems, which release chemotactic signals
that alert neutrophils to the presence and location of invading
microbes. Once intercepted by a neutrophil, the microbe is
entrapped within a specialized vacuole, the phagosome. The
components of a potent microbicidal system then are injected into
the phagosome, where subsequent development of a toxic
environment leads to rapid bacterial killing. Since toxins
inside the phagosome leak out, the antimicrobial activity of
neutrophils is accompanied by inflammation of the surrounding
host tissue. This inflammatory response provides a simple visual
indicator of the extreme potency of the phagosomal environment.

Myeloperoxidase (MPO) has been implicated in the
antimicrobial and cytotoxic reactions of neutrophils.l This
enzyme catalyzes the peroxidation of chloride ion to hypochlorous
acid (HOCl):2

HO, + Cl + H ----- > HOC1 + H,0 (1)

272 2

Hypochlorous acid efficiently degrades a wide variety of

References pp 39-45



biological substrates (Table 1), and can duplicate the cell-free
MPO system in killing bacteria and modifying substrate analogs.3
Consequently, HOCl has been suggested to be the ultimate
MPO-generated toxin.4

A competing suggestion is that dioxygen excited to the
first singlet electronic state (1A02) constitutes the
primary phagosomal microbicide.5 This species, known commonly
as "singlet oxygen", is formed by one or more secondary

R 1,6 :
reactions, '~ such as reaction 2,

- +
.- 1
HZOZ + HOX > A02 + X + HBO (2)

or the Haber-Weiss reaction:7

Ho05 + O > OH + OH + 20, (3)

Circumstantial evidence supports singlet oxygen as the primary
MPO-generated toxin,l but is based on the premise that the
short-lived singlet oxygen intermediate is selectively trapped by
certain exogenous reagents. Competition experiments contradict
this notion, indicating instead that generation of singlet oxygen
by MPO (reaction 2) is excluded in the physiological environment
by preferential reaction of HOCl with organic substrates.4’8
Moreover, reagents presumed to react only with singlet oxygen
appear to be equally reactive with HOCL.

Chemiluminescence from the MPO-HZOZ-BI- system has

; : 9 . .
been detected in recent studies by Kahn,” which he assigns to

spontaneous emission from MPO-generated singlet oxygen upon

References pp 39-45



Table 1
Biological Compounds Degraded by HOC1

Compound References (a)

Enzymes with sulfhydryl functions
Ferredoxin b
Glyceraldehyde-3-phosphate dehydrogenase b
Lactate dehydrogenase b
Muscle aldolase b
Papain b
Yeast aldolase b

Porphyrins and Porphyrin-containing Proteins
2,4-diformyldeuteroporphyrin
2-formyl-4-vinyl-deuteroporphyrin
Cobalt(III) mesoporphyrin IX dimethyl ester
Ferridiacetyldeuteroporphyrin
Ferriprotoporphyrin IX
Ferriprotoporphyrin IX dimethyl ester
Mesoporphyrin IX dimethyl ester
Protoporphyrin IX
Cytochrome ¢ heme undecapeptide
Cytochrome ¢
Myoglobin

[0 ®

cCocooocoToooToo o

o ©®

Nucleotides and nucleic acids
ADP
cDP
GMP
IDP
DNA
RNA

0ooocooo

Other
Aflatoxin d
Beta-carotene b
Beta-galactosidase i
Biliverdin -
Cytochalasin -

a) A second citation indicates complementary studies with a cell-
free MPO-halide-peroxide system.

b) Albrich, J.M.; McCarthy, C.A.; Hurst, J.K. Proc. Natl. Acad.
Sci. USA 1981, 78, 210-214.

’ — ¥

c) Odajima, T. Shika Kiso Igakkai Zasshi 1980, 22, 502-512.




d)
e)

f)
g)

h)

1)

Table 1, continued

Odajima, T. Arch, Oral Biol. 1981, 26, 339-340,

Odajima, T.; Onishi, M.; Sato, N. Shika Kiso Tgakkai Zasshi
1982, 24, 243-248,

Rosen, H.; Klebanoff, S$.J. Infect. Immmun. 1985, 47, 613-618.
Hamers, M.N.; Sips, H.J. Adv. Exp. Med. Biol. 1982, 141, 151-
160.

Odajima, T.; Sato, N.; Onishi, M. Shika Kiso Igakkai Zasshi
1980, 22, 545-549,

Albrich, J.M.; Gilbaugh, J.H., III; Callahan, K.B.; Hurst,
J.K. J. Clin. Invest., 1986; in press.




decaying to the ground state triplet:
1A02 > 3202 + hv (4)

On the basis of measurements of quantum yield efficiency, he
infers a significant production of singlet oxygen in neutrophil
phagosomes by MPO. This inference is subject to several
criticisms. 1. Quantum yields for MPO chemiluminescence were
computed by Kahn relative to a hypochlorite-hydrogen peroxide
inorganic system (reaction 2, X = Cl17). However, the measured
enzyme system contained bromide as cosubstrate. Myeloperoxidase
turnover rates are appreciably greater with bromide than with

chloride,s’10

hence the experimental protocol exaggerates
quantum yields for the enzyme. 2. The MPO quantum yield 1is
computed by Kahn from a visual estimation of emission band areas.
By the cut-and-weigh method, our own estimates of these band
areas indicate that the quantum yield is 0.3 or less, not 0.5 as
reported. 3., Kahn's experimental system is cell-free. Kinetic
data indicates rapid reaction between hypochlorous acid and
various natural substrates.a’8 Kahn's experiment excludes such
side-reactions, and thus may permit singlet oxygen production by
pathways which are kinetically insignificant under physiological
conditions. Chemiluminescence quantum yields from the
MPO-H202-Cl- system have been reported by others to be less

than 0.01 when measured at concentrations of hydrogen ion and
ascorbic acid normally found in the bloodstream.11 4, The

bloodstream contains only about leO-5 M bromide ion,12
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whereas chloride ion is present at a concentration of about

7}{10.2 M. Hence, experiments conducted by Kahn using bromide

irrelevant.

Myeloperoxidase contains two heme prosthetic groups.13
In the absence of HOCl-reactive reagents,14 catalytic turnover
is accompanied by rapid bleaching of the hemes and by
inactivation of the enzyme.ls’T Neither chromophoric bleaching
nor self-inactivation occurs when HOCl-reactive reagents are
present. At the cellular level, bacteria present a large number
of sites which are vulnerable to attack by HOCl. By furnishing
ample substrate for HOCl, a newly phagocytized bacterium protects
MPO against inactivation. This insures at the outset full
enzymatic activity and maximum generation of HOC1. Eventually
bacterial substrate becomes limiting, resulting in the
inactivation of MPO. Hence, a "deadman brake" mechanism
minimizes both overproduction of HOCl and consequent damage to
surrounding host tissue. The regulation of MPO activity may
occur primarily by this mechanism.

The MPO prosthetic groups are covalently linked to the

6,17

protein.1 Attempts to identify the molecular structure of

TLike MPO, lignin peroxidase®® and the P-450 cytochromes®$

also undergo suicide inactivation. Numerous other non-heme
enzymes are known to produce substrates which cause irreversible
inactivation.®”
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these groups by direct chemical means have been frustrated by

enll-2d poder conditions examined

their structural instability,
thus far, extraction has resulted in hemes with physical
properties that are distinctly altered from the native
enzyme.16’20'2l Hence structural identification has relied
principally upon physical characteristics of the intact enzyme.

A selection of these properties are presented in Table 2. Soret
and visible absorption bands of the reduced form are dramatically
red-shifted compared to protoheme23 and c-type peroxidases.24
Based upon spectral analogy of the reduced enzyme with ferrous
sulfmyoglobin and other ferrochlorins, it has been suggested that

18,19,25

the prosthetic groups are chlorins (Figure 1). This idea

i1s supported by the resemblance between MCD spectra of MPO and
the chlorin-containing Pseudomonas aeruginosa nitrite
reductase.zs’27
Despite an early report that the intact MPO hemes test
negatively for formyl substituents,19 these hemes have been

16,20

suggested to be formylporphyrins. The primary evidence

for this suggestion is a resemblance between pyridine hemochrome

18,19 Studies

spectra of MPO and formyl-substituted heme a.
on the reaction between extracted MPO heme and reagents capable
of reducing formyl groups have been claimed to support this

: 26,28,29
notion.

The products of these reactions show blue-
shifted optical spectra, as anticipated for loss of an electro-

philic substituent on the heme periphery. However, such data is

probably irrelevant to the holoenzyme because the peripheral

References pp 39-45



Table 2

Selected Physical Properties of Myeloperoxidase

Property Native Reduced Cyanide-
enzyme enzyme derivative
Soret
A , nm 428 468 456
max
e, ! em ! heme™! 8.0x10% 9x10* 6.8x10"
Visible
A , nm 568 634 632
max
£, B0 e Vet 1 5x10" 2.6x10% 1.6x10%
Boggr B.M, 5:77 4.46 3.45
Near-IR MCD high-spin low-spin
ferric ferric
Visible MCD Chlorin-
like
EPR high-spin, low-spin,
g 7.09, 5.17 g 2.58,
2.33,

1.81




\ N Hy %
N | a4

Porphin Chlorin




10

substituents of the extracted MPO heme appear to be altered
during extraction and isolation. This is indicated by the
dissimilar pyridine hemochrome optical spectra of extracted and
intact heme.20

Conversion of chlorins to formylporphyrins is known to

28,30 A conversion of

occur under relatively mild conditions.
the MPO chlorin to formylporphyrin provides a single explanation
for (i) the dissimilarity of intact and extracted hemochrome
spectra, (ii) the hypochromism of extracted heme on adding
formyl-reactive reagents, and (iii) the negative test for formyl
groups on the intact heme. At least one MPO heme-extraction
study has been conducted in solutions which were relatively high
in concentration of formaldehyde.20 Experimental prudence
would seem to dictate that such extractions be performed in the
absence of free aldehyde.

The myeloperoxidase dimer contains two hemes, one per
protomer.sl’32 There is no consensus on whether the hemes are
equivalent. From experiments on extracted heme, binding

13,20

inequivalence has been suggested, but the recent

separation of enzyme into apparently identical, fully active

. .. 3
monomeric subunits” ™’

suggests otherwise. Electronic
; : 20 : T, .34
spectra, redox titrations, and halide binding studies do
not detect differential behavior of two distinct hemes. The
stoichiometry of the ferrimyeloperoxidase-cyanide complex has
29 - 27
been reported to be 1:1 or 2:1 CN /enzyme, Cyanide

binds to both hemes in ferromyeloperoxidase, and appears to

References pp 39-45



11

induce conformational distortion of the protein.35

Although reductive titration with dithionite is
reported to require only one reducing equivalent per
molecule,29 integration of EPR signals suggests that the
resting enzyme contains both iron atoms in the ferric oxidation
state.27 Oxidation of thiocyanate ion by MPO Compound II
follows biphasic kinetics; each phase contributes about equally
to the overall reaction.20 Both catalytic and inhibitory anion

34,36,37 P

binding sites are detected during halide
pseudohalide peroxidation.38 In summary, the data is
insufficient to determine whether the two hemes are equivalent,
The curious physical properties of the MPO hemes
signify unusual structural properties. For this reason, and
because these hemes are integral to the function of MPO in
disinfection39 and the inflammatory response,40 we have
studied the enzyme by resonance Raman spectroscopy. This
technique has proven useful in identifying heme oxidation and

electronic spin states, as well as peripheral substituents such

as formyl groups.41

References pp 39-45
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MATERTALS AND METHODS

Canine myeloperoxidase was provided by Professor

7 4 = 1Y

Seymour J. Klebanoff (University of Washington, Seattle, WA).
For the native enzyme, a value of 0.72 was measured for the

absorbance ratio A430 nm/A280 — Typical values reported

15,31,42

for highly purified enzyme are 0.7-0.8. Samples were

calculated to be 1:»{10-5 M using e
1 -1 43
cm ",

428 nm/mol dimer
1.78x10° M~

Absorption maxima were observed at 359,
428, 568, 626, and 684 nm. The reduced form of the enzyme was
obtained by titration with solid, free-flowing sodium dithionite
(BDH Chemicals Ltd., Poole, England) under an argon atmosphere.
The progress of the reduction reaction was monitored spectro-
photometrically until incremental addition of dithionite caused
no further spectral change. Absorption maxima for the reduced
enzyme were observed at 468 and 634 nm. The cyanide derivative
of MPO was produced via titration with solid potassium cyanide
(reagent grade, Baker, Phillipsburg, NJ) following the same
procedure as the reductive titration. Absorption maxima were
observed at 456 and 632 nm. All absorption spectra taken for MPO
and its derivatives were in agreement with previous

15,27,31,39,44

reports. The perchlorate salt of tris(2,2’-

. : 3+ 4 -1 -1 45
bipyridyl)cobalt(III) [Co(bpy)3 i €307 om ~ 310" M " em T,
was prepared according to published methods.46

Sample excitation was provided by Spectra Physics ion
lasers (164-05 argon, 164-01 krypton). The Raman spectrometer and

: 47
computer interface have been described elsewhere; the

References pp 39-45



13

scattered light was collected using a 90-degree geometry.
Depolarization experiments were conducted with a polarizer
situated between the laser head and sample. For experiments on
non-frozen samples, a stream of cold dry N2 was used to control
temperature at the sample such that freezing at the point of
laser incidence was just prevented by internal heating due to

laser light absorption. For low temperature studies, samples

48
2°

were mounted in a copper-rod cold finger immersed in liquid N
In calculating excitation profiles, band intensities were
measured relative to the symmetric sulfate stretching mode of
(NH4)2504 (0.3 M). The average pathlength traveled through
solution by Raman scattered photons was computed to be 0.44 mm.
From this value, self-absorption was calculated to be negligible,
and therefore neglected in calculating excitation profiles. For
all Raman experiments, samples were contained in glass capillary
tubes. Electronic spectra were obtained directly from these
tubes with a Cary 16 spectrophotometer by placing them in the

2-5 °C water-filled chamber of a self-masked 1 cm cuvette. The
baselines for these spectra were suitably flat between

400-800 nm, but subject to large background shifts. Hence for
quantitative measurements, conventional spectroscopic methods
were employed. No detectable photodecomposition of MPO hemes
exposed to the laser beam was observed; electronic spectra were
identical before and after each experiment and the Raman spectra

remained constant over the 30-300 minute periods required for

data collection.

References pp 39-45
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RESULTS AND DISCUSSION

Carbonyl Stretching Region. Figures 2 and 3 show the

resonance Raman spectra of native, dithionite-reduced, and
cyanide-complexed canine MPO under 454.5 nm excitation. A
conspicuous feature of the resonance Raman spectra of native and
reduced MPO is the absence of bands above 1610 cm-l. A formyl
group on the periphery of heme typically adds a symmetric C=0

49,50

stretching band in this region. The strength of hydrogen

bonding to carbonyl oxygen determines the frequency of this band
within a 30 cm-1 range between 1670-1640 cm-l.51 With Soret
excitation, the mode is Raman active for all formyl hemes and
formyl heme proteins.

In resonance Raman spectra of mammalian cytochrome
oxidase, a 1610 cm-1 band has been assigned by Babcock and
Callahan50 to a formyl C=0 stretching mode of one of the two
hemes. To reconcile their assignment with a band frequency that
is 30 cm-1 outside the typical range, they postulated the
perturbing influence of an exceptionally strong hydrogen bond
between carbonyl oxygen and a protein residue. Like cytochrome
oxidase, MPO also has a band at 1610 cm-l, but unlike
cytochrome oxidase, the MPO band is essentially invariant with
change in oxidation state of the heme iron (Figure 2). Since
resonance interaction between central metal and formyl
substituent renders local formyl modes sensitive to oxidation

state changes,52 we concluded earlier that the frequency-

invariant 1610 cm-1 band in MPO spectra could not be a formyl

References pp 39-45
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Figure 2

Resonance Raman Spectra of Canine Myeloperoxidase, 900-1750 cm-l.

Upper spectrum, native enzyme; middle, dithionite-reduced;

lowet, enzyme-cyanide complex. The spectra were obtained with
38-40 mW of 454.5 nm excitation and are accumulations of 8 to 15
scans; scan rate 1.0 cm-l s-l, slit width ~8 cm-l. Upper
spectrum depolarization ratios [band frequency (p)]: 1585

(0.42); 1550 (0.46); 1362 (0.45); 1265 (0.46); 1242 (0.39); 1205

(@.35); 1167 '(0.75)¢ 1107 (0.57); v, 504== 982 (0.06).
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Figure 3

Resonance Raman Spectra of Canine Myeloperoxidase, 100-950 cm-l

Conditions and labels as in Figure 1.
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mode.53 Recently, Kitagawa and coworkers have raised
objections to the formyl mode assignment of Babcock and

"haﬁ.sa The Japanese group notes that spectra of heme a
show bands at both 1608 cm_1 and 1660 cm—l. Although

vibroniec coupling between formyl and porphyrin ring modes could
produce two formyl bands, the invariance of the heme a

1608 cm_1 band in both polar and apolar solvents eliminates
this possibility. For this and other reasons,54 the Babcock
and Callahan assignment is questionable.

The absence of a formyl band in MPO spectra indicates
that formyl substituents either are not present, or are not in
conjugation with the macrocyclic ring. Conjugation may be broken
either by attachment of formyl to a fA-carbon on the pyrroline
ring, or by severe tilting of the formyl group out of the plane
of the macrocycle. Regardless of whether MPO contains no formyl
or merely a nonconjugated formyl, the electronic spectrum of the
enzyme will be largely unperturbed. Consequently, the most
straightforward explanation for the red-shifted electronic
spectrum of MPO (cf. Introduction) is that the chromophores are
chlorins.zs’55

Babcock and coworkers have recently argued that the
magnitude of the MPO red-shift is too large in comparison to
simple inorganic chlorins to be explained solely by the effects
of a single pyrroline.56 Although these workers overlook the
spectral properties of heme d1 in asserting that large MPO-like

26,57 .

red-shifts are not exhibited by inorganic chlorins, it is
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clear that the MPO spectrum is unusual. First, it lacks the

dominant, well-resolved visible absorption band at ~600-650 nm

58,59

(e ~ 50 mM-l cm-l) that is typical of chlorins.” '~ (This
feature is also absent in spectra of Pseudomonas aeruginosa
cytochrome oxidase, which contains heme dl.60) Second, the
Soret band appears either to be split (359, 428 nm) or flanked by

an exceptionally active N band.58’61

Third, the visible bands
project above a relatively high underlying background.

The vibrational mode assignments calculated by Abe and
coworkers for nickel(II) octaethylporphyrin are widely used to
assign vibrational bands of various related porphyrins and
metalloporphyrins.62 All such assignments rely upon the
assumption that the central metal atom and peripheral
substituents may vary without substantially altering the normal
coordinates of porphyrin vibration. In the following discussion,
we rely upon a further assumption that the degree of saturation
may vary at pyrrole Cb-Cb bonds without substantially
altering the normal coordinates of porphyrin vibration. The
presence of one or more pyrrolines in the macrocycle will lower
the molecular symmetry and produce differences between porphyrin
and chlorin vibrational assignments. As a first approximation,
however, we regard the chlorin bands to be analogous to the
porphyrin bands of nickel octaethylporphyrin. To date, all
published assignments of chlorin Raman and infrared spectra have
63-65

utilized the porphyrin assignments of Abe and coworkers.

The MPO resonance Raman band at 1610 cm-1 (Fig. 1) is
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probably the analogue of the Y10 mode of nickel
octaethylporphyrin.62 Based upon published correlations
between the frequency of Y10 and the nature of the axial
ligand to iron octaethylporphyrin,66 we attribute the
relatively low frequency of the 1610 cm-1 band to an
exceptionally weak axial field felt by the heme iron. Such weak
field ligands might be HZO' chloride ion, or carboxylate ion.
Carboxylate has been shown to be an axial ligand to the hemes of
1actoperoxidase67 and Pseudomonas aeruginosa cytochrome ¢
peroxidase.68

As suggested by Wever and coworkers, tyrosine is a
plausible candidate as the weak field ligand.69 The heme of
catalase is coordinated by phenolate,70 as are those of several
mutant hemoglobins.71 However, the resonance Raman spectra of
MPO do not contain bands which are characteristic of iron-
tyrosinate proteins (1600, 1500, 1270, and 1170 em ).’ 1+72
Moreover, the MCD spectrum of MPO27 bears no resemblance to
that of catalase.73 Hence, tyrosine does not appear to be an

axial ligand of the MPO chlorin.

Core size and Oxidation State Marker Regions. Two

resonance Raman bands appear in both the core size (1550, 1588 cm_l)
and oxidation state marker regions (1362, 1376 cm-l) (Fig. 2a).
Single hemes typically demonstrate only one band in these
regions.41 With an excitation wavelength of either 406 or

454 nm, the relative intensities of these bands are unchanged

upon freezing to 90 K (Fig. 4). This temperature-insensitivity
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Figure 4
Resonance Raman Spectra of Canine Myeloperoxidase, Temperature
Dependence. Upper spectrum, 275 K; lower, 90 K. The spectra

were obtained with 406.7 nm excitation; scan rate 1.0 cm_l s-l

2

slit width ~8 cm-l. The upper spectrum is the accumulation of
3 scans with 28-30 mW; the lower spectrum is the accumulation of
10 scans with 33-35 mW. After background subtraction, both

spectra were subject to a 25-point smooth.
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indicates the two MPO hemes do not exist as an equilibrium

distribution between different spin states.74

The doublets in MPO oxidation state and spin-state
marker regions appear to dictate that either (i) the hemes are
hydroporphyrins, for which ring reduction causes symmetry
lowering, thereby increasing the number of totally symmetric,
Raman allowed vibratiénal modes,75 or (ii) the spectrum of the
native enzyme consists of overlapping contributions from two
vibrationally distinct hemes.

The distinct heme hypothesis (ii) is qualitatively
consistent with changes in relative peak intensities upon
dithionite reduction. The band at 1376 cm_l is substantially
reduced in intensity, whereas the 1362 crn.1 band increases in
intensity relative to peaks such as those at 1607 cm-1 and
1107 cm_l. Similarly, the band at 1588 cm.1 increases in
intensity at the expense of the 1550 cm_1 (Fig. 2b). Thus,
titration with dithionite suggests the simultaneous presence of
high-spin ferriheme and low-spin ferroheme in the enzyme, with
reduction converting high-spin ferriheme to a low-spin ferro
species. According to this interpretation, the spectral shift
from 1610 crn-1 to 1631 cm.l that is observed upon titrating
native MPO with potassium cyanide (Fig. 2c) is due to high-to-low
spin conversion of the ferriheme. For six-coordinate ferrihemes,
the band assigned to the Y10 vibrational mode typically
appears at 1615-1625 cm-l for the high-spin state66 and at

1638-1641 cm-l for the low-spin state.76 The resonance Raman
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spectra of horseradish peroxidase,65 intestinal peroxidase,77
lactoperoxidase,78 and cytochrome ¢ 65 are consistent with
these empirical rules. Cyanide titration of MPO has been shown
by EPR, MCD27 and magnetic susceptibility studies79 to

increase somewhat the content of low-spin heme.

Although such evidence supports the notion of two
distinct hemes, this possibility is eliminated by the following
observations. (1) The distinct heme hypothesis predicts that
high-to-low spin conversion of the prosthetic groups should cause
loss of the high-spin marker band at 1549 cm_l. Only slight
loss of intensity is observed (Figs. 25:1,c)..IL (2) The hypothesis
cannot explain the apparent resistance of the native enzyme to
undergo full reduction, as monitored by loss of the higher
frequency oxidation state marker band (1376 cm‘l), and
intensification of the lower frequency band (1362 cm-l).

(3) Nor can the hypothesis explain why the 1362 cm-1 band

shifts yet lower in frequency (1355 cmnl) upon reduction of the

enzyme (Fig. 2a,b).TT (4) The oxidation state marker band of
3+

native enzyme is insensitive to titration with Co(bpy)3 ion

(data not shown). This reagent is sufficiently oxidizing

TMyeloperoxidase preparations contain several isozymes
of differing kinetic behavior.®® This heterogeneity also may
contribute to the spectral complexity of the enzyme.

TTPrevious EPR and MCD studies have found that a fraction of the
heme is resistant to cyanide-induced spin state changes.27
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(E°=+310 mV 45) to convert ferrous MPO heme to the ferric state
(E°'=4+36 mV 2O), and to cause the ferriheme component of a
state marker band to intensify. This would
shift the apparent oxidation state marker band to higher
frequency, but is not observed.

The peculiar doublets in MPO resonance Raman spectra
are more readily explained by assuming that the heme groups are
chlorins. Our confidence in this conclusion was based initially
on a comparison of MPO spectra with those of known inorganic
chlorins, published by Kitagawa and coworkers,75 and personally
communicated to us by Drs. T.M. Loehr and L.A. Andersson (Oregon
Graduate Center). Chlorin spectra are similar to analogous
porphyrins, but demonstrate additional bands due to the effects
of lower symmetry of the macrocycle. Such extra bands are
observed in spectra of sulfmyoglobin,63 iron octaethylchlorin,75
Pseudomonas aeruginosa cytochrome oxidase,60 iron deutero-
chlorin,sa and copper(IlI) 2,6-di-n-pentyl-4-vinyl-7-hydroxy-8-
acroleinyl-l,3,5,7-tetramethylchlorin.80 Kitagawa and
coworkers were first to suggest that the spectral richness of
reduced porphyrins derives from the lower symmetry of the
molecule.75 The appearance of a relatively large number of
bands in MPO spectra suggests the presence of one or more chlorin
prosthetic groups.

Chlorin Raman spectra also differ from porphyrin

64,80

spectra in the enhanced intensity of some modes, and in a

greater number of polarized bands. The increase in polarized
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bands is especially conspicuous with visible excitation.81

Myeloperoxidase spectra demonstrate these features (Figs. 2,3),
as expected for a chlorin-containing protein.

Enhancement Profile. The excitation profile for

oxidized MPO (Figure 5) provides further evidence that MPO
contains chlorin. For all Raman bands, including those not
listed in Figure 5, only negligible resonance enhancement is
observed with laser excitation into the visible absorption bands.
This contrasts with visible excitation of porphyrin-containing
proteins, for which large increases in scattering occur as
resonance 1s approached in the visible region. Oxyhemoglobin and
methemoglobin show a 6- to 17-fold increase in scattering.82

Due to low signal-to-noise ratios in visible excitation
MPO spectra, we were unable to quantify depolarization ratios.
Qualitatively, we observed no inversely polarized bands. Within
the limits of detection, most bands appeared polarized.

An explanation for these results follows a previous
interpretation of the weakly resonance-enhanced Raman spectrum of
horseradish peroxidase Compound 1.83 According to theoretical
calculations:61 (1) the lower molecular symmetry of a
dihydroporphyrin lifts the degeneracy of the lowest unoccupied
and highest occupied orbitals of the four-orbital model; (2)
since the resulting excited states are non-identical, they do not
undergo the sort of configuration interaction which leads, in the

case of the porphyrins, to an intense Soret band and weak visible

bands; and (3) the symmetry of the dihydroporphyrin molecular
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Figure 5

Relative intensity enhancement profiles for canine
myeloperoxidase. Intensities were measured relative to the
982 cm-l band of (NH4)2SO4 (~0.5 M). Error bars shown are those
in the region below 21.2 kK which exceeded the height of the
symbol. Curves a-f between 20-26 kK are shown as the gaussian
fit to the data (Appendix). For clarity, each prbfile is
displaced 10 units above the next lower profile (except curve ga,
which is displaced 20 units). The MPO absorption spectrum, given
at the bottom of the Figure, is marked by arrows indicating laser

excitation frequencies.
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states thus permits transitions in the visible region which are
directly allowed, and not vibronically mixed. If chlorin visible

ands contain little or no vibronically-allowed component,

then B-term activity will be diminished and chlorin Raman spectra
will consist primarily of A-term modes (Table 3). There are
three practical consequences of this. (1) Chlorin enhancement
profiles will track chlorin electronic spectra. Such tracking is
not observed for higher-symmetry hemes and hemeproteins, which
show instead comparable resonance enhancement upon exciting into
either the strong Soret or the weak but vibronically-active
visible bands. (2) All observed Raman bands will be polarized.
Raman scattering from low symmetry porphyrins is permitted only
by the A-term mechanism, hence all bands demonstrate A-term
properties, including full polarization. (3) When a chlorin
visible band is relatively weak or unresolved, there may occur no
detectable resonance enhancement of Raman bands. Two examples
illustrate these predictions.

Example 1. With excitation near the visible

absorption bands of iron octaethylchlorin, high quality resonance
Raman spectra are obtained.75 The major octaethylchlorin
visible band, at about 600 nm, is exceptionally intense (emM=24) 3
and well-resolved, and thus should allow relatively strong A-term
scattering. Direct evidence for this is the increasing dominance
of polarized bands as the excitation wavelength approaches the
absorption maximum near 600 nm.81

Example 2. The visible absorption bands of MPO are
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Table 3
Primary sources of porphyrin resonance Raman scattering (a)

-

A TERM B TERM
Intensity On allowedness of resonant On extent of
dependence electronic transitions vibronic mixing

between Q and B
electronic states

Symmetry of Totally symmetric Non-totally
sampled symmetric
vibrations

Polarization Polarized (p<3/4) Depolarized (p=3/4)
properties and inversely

polarized (p==)

Contribution Dominant ' Negligible

under Soret

excitation

Contribution Variable; in some

under visible cases, comparable

excitation to A term
scattering

a) The Raman scattering from a porphyrin has two basic

sources.®® The first source, A-term activity (Franck-Condon
scattering), is indicated by the enhancement of the
porphyrin’'s totally symmetric modes. The intensities of these
A-term modes depend on the magnitude of the transition dipole
moment of the resonant electronic state, and inversely upon
bandwidth. Hence, large enhancement is observed with
excitation into strongly allowed electronic bands. With Soret
excitation, A-term scattering dominates a porphyrin Raman
spectrum. The second source of Raman scattering is B-term
activity (Herzberg-Teller scattering), characterized by
resonance enhancement of vibrations involved in vibronic
mixing of the Q and B electronic states. Theory predicts for
a porphyrin macrocycle of D4h symmetry that these modes are

depolarized or anomalously polarized.!°® The intensities of
these modes depend on the product of the transition dipole
moments of the mixing states (i.e., the magnitude of the
mixing integral). For some porphyrins, the visible excitation
Raman spectrum is dominated by B-term scattering, whereas for
other porphyrins the A- and B-term contributions are
comparable,
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relatively weak (emM=13) 27 and poorly resolved. Upon

exciting into these bands, purely A-term resonance enhancement
should be commensurately weak, as observed (Figure 5). We do not
predict that it is impossible to obtain visible excitation
spectra from MPO: this is a straightforward technical problem
that can be met by long sampling times and optimally concentrated
samples. We predict only that resonance enhancement will be
weak. Our attempts to obtain high-quality MPO spectra with
visible excitation were not successful. Our best spectrum was
obtained using 35 mW of 568 nm excitation, and nine hours of
sampling time. From this experiment, we achieved a signal-to-
noise ratio of about 2 or less. Other attempts were less
successful. For chlorins and chlorin-containing proteins (Table
4) which have weak or unresolved visible bands, we predict

similar behavior.

Related Studies by Other Groups. Since first

publishing our results,53 two other groups have reported Raman

spectra of MP0.56’84

The interpretations of these groups
conform to our own.T Except for minor discrepancies in some
band frequencies (3 cm-l), spectra reported by these other
groups are virtually identical to our own. However, spectra of
ferric myeloperoxidase obtained by Babcock and coworkers contain

a band at 1568 cm-l,56 which is not present in our spectra

TPriority is assignable,101
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Table 4

Selected Proteins Which Contain Reduced Porphyrin (a)

Protein References

Assimilatory nitrite/sulfite reductase b,ec,d,f

Coenzyme F430 e

Escherichia coli cytochrome b558-d complex g

Escherichia coli cytochrome oxidase h

Myeloperoxidase i

Neurospora crassa catalase j

Nitrosomonas europeae
hydroxylamine oxidoreductase P-460 k,1

Photobacterium phosphoreum cytochrome bd m

Propionibacterium shermanii cytochrome dé630 n

Pseudomonas aeruginosa cytochrome oxidase o,p

Sulfcatalase q

Sulfhemoglobin 5

Sulflactoperoxidase s

Sulfmyoglobin t

Vitamin B12 u

a) Also see: Poole, R.K. Biochim. Biophys. Acta 1983, 726, 205-
243; Lemberg, R.; Barrett, J. "The Cytochromes™; Academic
Press: New York, 1973; pp 233-326.

b) Vega, J.M.; Garrett, R.H.; Siegel, L.M. J. Biol. Chem. 1975,
250, 7980-7989.

c) Murphy, M.J.; Siegel, L.M.; Kamin, H.; Rosenthal, D. J.
Biol. Chem. 1973, 248, 2801-2814.

d) Ondrias, M.R.; Carson, S.D.; Hirasawa, M.; Knaff, D.B.
Biochim. Biophys. Acta 1985, 830, 159-163.

e) Shiemke, A.K.; Eirich, L.D.; Loehr, T.M. Biochim. Biophys.
Acta 1983, 748, 143-147,

£) Timkovich, R.; Cork, M.S.; Taylor, P.V. J. Biol. Chem. 1984,
259, 1577-1585.

g) Kita, K.; Konishi, K.; Anraku, Y. J. Biol. Chem. 1984, 259,
3375-3381.

h) Poole, R.K.; Baines, B.S.; Hubbard, J.A.M.; Hughes, M.N.:
Campbell, N.J. FEBS Lett, 1982, 150, 147-150.

i) Sibbett, S.S.; Hurst, J.K. Biochemistry 1984, 23, 3007-3013.

D) Jacobs, G.S.; Orme-Johnson, W.H. Biochemistry 1979, 18,
2967-80.

k) Unpublished data cited in footnote 5 of ref 1.

1) Andersson, K.K.; Kent, T.A.; Lipscomb, J.D.: Hooper, A.B.;
Munck, E. J. Biol. Chem. 1984, 259, 6833-6840.

m) Watanabe, H.; Kamita, Y.; Nakamura, T.; Takimoto, A.;
Yamanaka, T. Biochim. Biophys. Acta 1979, 547, 70-78.

n) Asmundson, R.V.; Pritchard, G.G. Arch. Microbiol, 1983, 136,

285-290.
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Table 4, continued

Cotton, T.M.; Timkovich, R.; Cork, M.S. FEBS lett. 1981,
133, 39-44,

Ching, Y.; Ondrias, M.R.; Rousseau, D.L.; Muhoberac, B.B.;
Wharton, D.C. FEBS Lett. 1982, 138, 239-244,

Nicholls, P. Biochem. J. 1961, 81, 374-383.

Brittain, T.; Greenwood, C.; Barber, D. Biochim, Biophys.
Acta 1982, 705, 26-32.

Nakamura, S.; Nakamura, M.; Yamazaki, I.; Morrison, M. J.
Biol. Chem. 1984, 259, 7080-7085.

Andersson, L.A.; Loehr, T.M.; Lim, A.R.; Mauk, A.G. J. Biol.
Chem., 1984, 259, 15340-15349,

Salama, S8.; Spiro, T.G. J. Ram. Spec. 1977, 6, 57-60.
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(Figure 2). They attribute the difference to low resolution, but
this appears to be incorrect for two reasons. First, resolution
of our spectra is equivalent to the Babcock spectra. Second,
spectra reported by a third group also contain no band at

1568 cm'l,84 in conformity with our data. Since the

anomalous band is absent in spectra of both canine and human
forms of the enzyme, it cannot derive from differences in primary
structure between species. In obtaining their MPO spectra,
Babcock and coworkers employed laser powers of about 100 mW.
Although such high powers reduce sampling times, they also tend
to denature protein samples, and may be the origin of the

anomalous extra band.

Heme equivalence. Pseudomonas aeruginosa cytochrome

¢ peroxidase contains two structurally and functionally distinct
c-type hemes. Physical characterization by a variety of
techniques has shown that the resting enzyme contains one low-

spin and one high-spin ferriheme.68’85

Kinetic analysis

suggests that the catalytically active form of the peroxidase is

a one-electron reduced ferro-ferriheme; the high-spin ferriheme

is thought to be the site of peroxidative action, while the low-
spin ferroheme serves an electron transport function.24 Since
MPO is dimeric, similar bifunctional organization is possible. 1If
the hemes have distinct electronic spectra, then they might be
distinguished by selective enhancement of one or the other sets

of resonance Raman bands as the excitation wavelength is varied

across the Soret envelope. If the electronic spectra are
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coincident, then the relative resonance Raman band intensities
will be wavelength independent., The resonance Raman spectra of
native MPO obtained with 454 nm and 406 nm excitation differ in
some respects. Most notably, the asymmetric doublet peak
(1362/1376 cm-l) in the oxidation state marker region under 454 nm
excitation (Fig. 2) is seen as a broad asymmetric band centered
at 1367 cm-1 under 406 nm excitation (Fig. 4). Also, the
intensity of the 1550 cm-l band is diminished slightly in the
406 nm spectrum relative to the other peaks in the core size
marker region. Although this wavelength dependence might arise
from inequivalent hemes, effects of similar character are
apparent in the published spectra of iron octaethylchlorin which
cannot be attributed to selective enhancement.75 Hence, our
data provide no evidence for heme inequivalence.

Functional Roles for Chlorin in Chloride Peroxidation.

The peroxidation of chloride ion by MPO begins with formation of

MPO Compound 1:37’86

MPO + H202 ----> Compound I (5)

Compound I contains two oxidizing equivalents more than the
resting enzyme, and rapidly oxidizes chloride ion in a concerted

two-electron step to hypochlorite:

Compound I + C1  ----> MPO + OC1~ (6)

By analogy with other peroxidases, MPO Compound I is probably an

39,87

oxo-bound ferryl chlorin nx-cation radical. This species
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is inactivated by one-electron reduction to ferryl chlorin
Compound II.

Inorganic metallochlorins undergo one-electron
oxidation to the m-cation radical at reduction potentials about
300 mV less positive than analogous porphyrins.59’88 In other
words, the energetics of oxidation are more favorable for
chlorins than porphyrins. Consequently the reverse process,
which occurs in the formation of OCl by reaction 6, probably
is disfavored for chlorins relative to porphyrins. Hence, in
comparison to the conventional porphyrin group, there does not
appear to be a thermodynamic advantage to the unusual chlorin
prosthetic group of MPO.

Since the disrupted m-conjugation of hydroporphyrin
enhances structural flexibility of the macrocycle, adjustments in
core size are more easily achieved than porphyrins.89 Based on
this observation, we suggested that the MPO chlorin possibly has
a preferred role in the axial binding of weak-field chloride
ion.53 However, recent studies indicate that MPO activity is
competitively inhibited by chloride with respect to hydrogen
peroxide,86 which renders the suggestion unlikely.

Alternatively, we suggested that the ring charge
asymmetry of chlorin ferryl w-cationng may provide an
unusually reactive peripheral site for chloride ion oxidation.53
The dominant reaction between chloride ion and metalloporphyrin

. " . 92
w-catlonsgl and other aromatic w-cations appears to be electron

transfer, not nucleophilic addition leading to ring chlorination.
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Since reduction of HOCl is highly sensitive to the nucleophilic
character of the reductant,93 incipient bond formation must
precede electron transfer. Ferryl m-cation chlorins in the
electronic ground state are calculated to have a, symmetry,

for which certain methine positions are relatively electron
deficient.90 These sites may serve as the unique peripheral
sites for chloride oxidation by MPO Compound I. Other attractive
features of this suggestion are the relative proximity of
chloride to a putative axially-bound oxygen, and the feasibility
of rapid intramolecular electron transfer between chlorin ring
and ferryl :'Lron.94 Discussion of the functional importance of

a chlorin prosthetic group continues in the following chapter.
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Chapter 2

Eosinophil peroxidase

The capability for catalyzing a two-electron
peroxidation of chloride ion to hypochlorous acid is not unique
to myeloperoxidase (MPO), but also a property of eosinophil
peroxidase (EPO).l Hypochlorous acid appears to be the primary

2,3

toxin in microbicidal reactions of both MPO and EPO. The

active MPO system is effective against bacteria, viruses, fungi,
mycoplasma and tumor cells,a’5 whereas the EPO system appears

to be targeted primarily against protozoa,6 nematodes,3 and

other blood-inhabiting parasites.7 The two enzymes are

isolated from white blood cells (leukocytes) having cytoplasmic
granules and bi-lobed nuclei, but from different subfractions
distinguished by granule texture. Eosinophilic leukocytes have
coarse granules and contain EPO; neutrophilic leukocytes have
fine granules and contain MPO.

Although functionally similar, EPO and MPO have different
optical and electron paramagnetic resonance (EPR) spectra,8
different chromatographic and electrophoretic behavior, and no
antigenic similarity.9 The spectral differences of the two
enzymes are probably due to different molecular structures of the
incorporated prosthetic groups. Resonance Raman and MCD spectra

0,11

. . S
demonstrate that MPO contains iron chlorin. In contrast,

References pp 63-65



=~
~

the optical spectra of EPO have been interpreted to originate

L,8;12.13 This interpretation is based upon the

from protoheme.
resemblance between optical spectra of EPO and lactoperoxidase
(LPO), an enzyme known to contain protoheme.T To clarify the

functional requirement for chlorin in halide peroxidation, we

conducted a study of EPO by resonance Raman spectroscopy.

TLactoperoxidase is isolated from bovine milk and human
colostrum,*? but not human milk.43® The enzyme catalyzes
peroxidation of bromide, iodide, and thiocyanate ion (SCN ),
but not chloride ion.4%
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MATERTALS AND METHODS

Horse EPO was provided by Prof. Seymour J. Klebanoff
(University of Washington, Seattle, WA). The purification
procedures have been described previously.13 Enzymes samples
contained 1.0 M NaCl and 0.05 M sodium acetate buffer at pH 4.7.

A value of 1.05 was determined for the absorbance ratio

4415 /280 '
Human EPO was provided by Dr. Gerald Gleich. The

enzyme was obtained as the void volume of a Sephadex G-50
chromatographic separation of granules from a subject with
eosinophilia.14 Samples contained 0.15 M NaCl and 0.05 M

sodium acetate buffer at pH 4.3. Based on the reported molar

extinction coefficient, = 1.1x105 M_l cm-l, 8

413 om
the concentration of the human enzyme was calculated to be

1.8x10-5 M. The measured absorbance ratio A413 nm/A27§

-

£

was 0.38.

Raman spectra were obtained on the suspensions by
procedures described in the preceding chapter. No evidence of
sample degradation was observed in successive scans. Cyanide
derivatives were prepared by spectrophotometric titration with
solid potassium cyanide (Baker reagent grade).lo The Soret
maximum of the cyanide-derivative of human EPO was observed at
431 nm, which compares favorably with a reported value of

432.5 nm.8
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RESULTS

Resonance Raman spectra of chlorins are typified by
relatively large numbers of bands,15 many of which are
intense.ls-18 Raman spectra of horse and human EPO (Figures
6,7) do not contain such bands, but instead are similar to known
protoporphyrin-containing proteins, such as hemoglobin,19
intestinal peroxidase,20 horseradish peroxidase,21 and
lactoperoxidase (Table 5).22 In the oxidation state marker
region, for example, EPO spectra obtained with Soret excitation
demonstrate a single intense band in the oxidation state marker
region, at 1365 cm-l. This feature is typical of spectra from
protoheme-containing proteins. In MPO spectra, however, at least
two bands are observed in the region between 1355 and 1375 cm-l.

A second conspicuous feature of the ferric EPO spectrum is the
low intensities of bands between 1545 and 1615 cm-1 relative to
the 1365 cm_1 band. This feature is typical of protoheme-
containing proteins, but not observed in resonance Raman spectra
of MPO in which at least three bands are present, each with an
intensity comparable to bands in the oxidation state marker
region.

Several anomalously polarized vibrational bands (p > 3/4)
are observed with excitation into the EPO visible absorption
bands. With 514.5 nm laser excitation, these bands are found at
1560, 1423, 1389, 1337, and 1302 cm-1 (Figure 7). The
appearance of anomalously polarized bands indicates that the EPO

23,24

heme is a relatively high-symmetry porphyrin. This
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Table 5
Raman Frequencies of Ferric Eosinophil Peroxidase
and Other Heme-containing Enzymes (a)

EPO Hb IPO HRP LPO MPO
1622 1622 1630 1622
1613 1610 1608 1610
1581 1585 1586 1575 1593 1585
1564 1564 1560
1550 1548 1550
1512 1515 1526 1527 1524
1477 1480 1485 1500 1484 1481
1442 1454
1418 1427 1430
1392 1405
1365 1372 1375 1374 1373 1376
1362
1336 1345 1344 = 1331
1281 1312 1306 1302 - 1306
1265
1224 1238 = 1240
1207 1216 - 1205
1167 1173 1170 - 1163
1133 - 1140 - 1132
1116 - = 1106
- - 1069
- - 1029
1008 - - 1003
988 999 - 990 = 974
927 ; = =
841 - - - 859
816 - - - 837
789 - = =
750 - - 755 - 749
706 - - = 715

(continued)



675
545

489
475
408

335
324
275
258

(a)

Table 5, continued

- 677

- 488

- 416

s 329

- 260
- 223

675
592

441
408
380
350

321
292
274

675

557
517

437
409

329

219
179

Tabulated data is from the following sources: EPQ, this
Hb (ferrihemoglobin fluoride), ref. 19; IPO (intestinal
peroxidase), ref. 20; HRP (horseradish peroxidase), ref. 21;

LPO (lactoperoxidase), ref. 22; MPO, this work.
denotes an absence of reported data.

n
=

work;

A hyphen
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Figure 6

Resonance Raman Spectra of Eosinophil Peroxidase under 406.7 nm
Excitation. 90 degree scattering geometry, ~4 °C, scan rate

1 cm-l s-l. Upper spectrum a: oxidized horse enzyme, 14 miW
incident power, 6 scans. Lower b: oxidized human enzyme,

32 MV, 9 scans. Inset: oxidized human enzyme, low-frequency
region, conditions as in B. Asterisk indicates laser plasma
emission line. Oxidized human enzyme band frequencies and
depolarization ratios (p): 1613 (0.3); 1581 (0.3); 1557 (0.2);
1512 (0.2); 1477 (0.3); 1418 (0.7); 1365 (0.3); 1207 (0.3); 1167

(0.5); 1116 (0.3); 988 (0.5).
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Figure 7

Resonance Raman Spectra of Human Eosinophil Peroxidase under
514.5 nm Excitation. Upper spectrum a: oxidized enzyme,
parallel polarized light, ~4 °C, 75 mW incident power, 17 scans,
scan rate 1 cm-l s-l, 90 degree scattering geometry. Lower
spectrum b: Same as A except perpendicular polarized light.
Asterisk indicates an emission line (435.8 nm) of the external
fluorescent room lighting. Band frequencies and depolarization

ragice (p). 1623 (0.6); 1422 {3.3); 1389 (1.0); 1370 (0.4);

1300 (1.2); 1210 (0.4); 1170 (0.6); 1003 (0.3).
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excludes chlorin, which exhibits only polarized modes

10,17,18
(p < 3/4).

The oxidation state marker band (V4> of the resting

enzyme appears at 1365 cm_l (Figures 6A,B), and at 1366 cm_1

in the cyano derivative (Figure 6C). Although somewhat low,
these frequencies probably indicate that the central iron is
ferric. Based on the frequency of v at 1614 cm-l (Figures

10
25,26 qpe shift

1

6A,B), the heme appears to be six-coordinate.
in the core-size marker band (ull) from 1557 to 1572 cm
accompanying cyanide addition indicates ligation occurs with
high-to-low spin conversion of the ferric electronic
configuration. With Soret excitation (Figure 6éB), the presence
of vinyl substituents on the porphyrin ring is inferred from weak
bands at 1620 [uC=C(2)], 1336 [6S(=CH2)(2)], 1304 [6(CH=)], and

1

1167 cm” [v or with visible excitation (Figure 7B)

c .c DI,
b "o 1
at 1423 [SS(=CH2)(1)], and 1337 cm [SS(=CH2)(2)]. Band
assignments in brackets correspond to those determined from
frequency shifts upon deuteration of protoheme vinyl

carbons.lg’27
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DISCUSSION

Raman spectra of eosinophil peroxidase exhibit none of
the spectral features which distinguish the MPO chlorin, such as
additional bands and enhanced band intensities. Furthermore, EPO
spectra contain anomalously polarized vibrational bands which can
originate only from a high-symmetry porphyrin. From this
evidence, we conclude that EPO does not contain chlorin. As
judged from the qualitative resemblance of EPO resonance Raman
spectra with other known protoheme-containing proteins, the
enzyme appears to contain protoheme. The appearance of
characteristic vinyl-related bands corroborates this conclusion.

Since both protoheme-containing EPO and chlorin-
containing MPO are able to use chloride ion in catalyzing
halogenation reactions, the unusual hydroporphyrin of MPO is not
obligatory for such activity.

Heme coordination geometries for EPO, MPO, and LPO are
strikingly similar. The ligand field parameters of LPO and EPO
are nearly identical, so the two enzymes probably possess the
same axial ligands; these have been determined for LPO to be a
histidine imidazole and most likely a carboxylate.28 Hyperfine
splitting of the EPR signal from ferrous nitrosyl derivatives of
EPO confirms that this enzyme has nitrogen as one of the axial
ligands.29 A study of MPO by this technique yields the same
conclusion.29 Resonance Raman studies indicate that the MPO
chlorin, like EPO and LPO protoheme, is six-coordinate with one

nitrogenous and one weak-field axial ligand.10
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Eosinophil peroxidase and LPO possess the same
protoheme prosthetic group, with similar if not identical
coordination geometries, yet they exhibit different activities:
EPO can catalyze chloride peroxidation, whereas LPO cannot. The
molecular basis for this difference is not clear at present.
However, resonance Raman spectra provide an important clue.
Skeletal vibrational modes of human EPO (Figure 6B) are all
shifted 5 to 10 cm-1 to lower energies than the corresponding
LPO modes.21 Frequencies of horse EPO are somewhat
intermediate (Figure 6A). Since band energies in the high
frequency region are inversely correlated with porphyrin core
size,27 the core size of the EPO porphyrin is presumed to be
larger than the LPO porphyrin. An expanded core can originate
from the influence of a strong sigma-donating sixth ligand which

30

induces an in-plane alignment of the central iron.

The energy of the », Raman band has been shown to

4
monitor the extent of m-delocalization in the porphyrin
. 21,31 . ; *
ring. Because the frequency of this band is 8 cm

lower for EPO than LPO, we suggest that the electronic density of
the porphyrin ring is greater for EPO. This suggestion is
consistent with the notion that EPO contains a sixth ligand with
a field strength greater than the corresponding LPO ligand. It
is also possible that the 8 cm_l difference in Y, indicates
differences in the interaction between protein and heme32,
perhaps involving w-overlap of aromatic residues and the heme

33

macrocycle.
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Except for one reduced pyrrole, the hemes of EPO and
MPO have nearly identical structures. The approximate functional
equivalence of these two enzymes therefore excludes any
obligatory role for a pyrroline in MPO activity. However, there
may be some kinetic or halide-specific advantage for the MPO
chlorin. The cellular toxicity of the EPO-HZOZ-CI- system
is substantially less than the corresponding MPO system.7
Moreover, EPO exhibits greater selectivity for iodide and bromide
over chloride than MPO, and the efficiency of chloride ion
peroxidation by EPO is diminished relative to MPO.7’34’35

It has been reported that EPO cannot catalyze certain
chlorination reactions that are facile for MPO, such as amino
acid decarboxylations.36 More recent data indicates that this
i1s only true for studies undertaken in certain buffers.37
Hence, failure to observe EPO-mediated decarboxylation may be due
to buffer-dependent enzyme inactivation, or to depressed
substrate affinity. Similarly, it has been observed that
bacterial killing by the EPO system is inhibited by albumin and
gelatin,34 which may reflect incidental scavenging of HOC1 by
extraneous protein.

The rate of reaction of HOCl with various oxidants has
been shown to be controlled by the electrophilic character of the
electron-accepting site of the oxidant.38 Thus, a bond of at
least partial character must form between HOCl and the oxidant
prior to electron transfer. For the reverse process, which

: . 39
occurs in the reaction between chloride ion and MPO Compound I,
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bonding of at least a transient nature must also occur. In the
enzymatic production of hypohalite, OX, nucleophilic attack of
halide ion on Compound I (reaction 2) is postulated to be rate-
limiting. 1In other words, slow reaction between halide and
Compound I forms a precursor complex, followed by rapid electron
transfer from chloride to oxygen and then rapid rupture of the

iron-oxygen bond (reaction 3).

3+ 4+
Fe ' P + H202 ~--«> O=Fe 'P. + H20 (1)
- = *
FeUTPt 4 X il [o-Fe*TRTTY) (2)
—~ * o
[o-Fe Pt x1* iis FSTP 4+ Cox (3)

With increasing halide nucleophilicity, the attack by halide on
Compound I should become more avid, resulting in a greater rate
of hypohalite production. The postulate thus predicts that the
relative effectiveness of microbial killing will follow trends in

halide nucleophilicity, i.e., I->Br->Cl-.40 Although precisely

this behavior is observed for MPO5 and EPO,3’34

the actual

basis for such trends is uncertain without more complete

information on mechanisms of microbial killing and on rates of

primary product scavenging as a function of halide cosubstrate.
The notion of rate-limiting halide attack on Compound I

permits a rationalization of the greater effectiveness of

chloride peroxidation by MPO than EPO. This rationalization
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assumes that there is no difference in the catalytic mechanisms
of these two enzymes, and is based on computed values of
electronic densities of the m-cation radicals of ferrylchlorin
and ferrylporphyrin.41 For chlorin-containing peroxidases,
electrons are probably abstracted from the a, orbital‘41 For
this species, two of the four methine carbons are calculated to
be electron deficient (Table 6). In the case of MPO Compound I,
one or both of these carbons should be reactive toward
nucleophilic chloride ion. In contrast, electronic density on
the methine carbons of porphyrin radical is either exceptionally
deficient or exceptionally rich, depending on the symmetry of the
orbital from which the electron is abstracted (Table 6). The
electron-rich species corresponds to Compound I of horseradish
peroxidase (HRP I), whereas the electron-deficient species
corresponds to Compound I of catalase.41 Provided

EPO Compound I is like HRP I, then relatively high electron
density on the methine carbons will retard halide attack on EPO
in comparison to MPO. As the rate-determining step, this would
render EPO less reactive toward a given halide than MPO. 1In this

manner, the MPO chlorin may provide some kinetic advantage in

microbial killing.
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Table 6
Calculated unpaired spin densities for methine carbons
of heme n-cation radical with imidazole ligand (a)

Compound (symmetry) Position (b)

Protoporphyrin (alu) ; .
Chlorin (a2) .050 .005 .005 .050

Protoporphyrin (a ; ; :
Chlorin (bz) .108 .103 .103 .108

(a) Data taken from reference 41.

(b) Numbering conforms to the recommendations of Bonnett, R.

Porphyrins 1978, 1, 9-14,
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Chapter 3

Cytochrome Oxidase: The Hurst Model

Protoporphyrin IX has two peripherally-bound vinyl
groups. The influence of these groups on the physical chemistry
of the porphyrin core is illustrated by a series of deutero-
porphyrins with zero, one or two vinyl substituents. Continuous
red-shifting of electronic bands is observed for the series as a
function of increasing substitution (Figure 8).1 Incremental
shifts of this sort indicate that both vinyls conjugate with the
porphyrin aromatic system; bathochromism indicates that the vinyl
groups influence porphyrin electronic states in the expected
*E electromeric manner.

In addition to electronic effects, substituted vinyls
also perturb the vibrational properties of the porphyrin, causing
chiefly an increase in the number of detectable bands. Three
mechanisms separately add bands. 1) Local vinyl vibrations are
vibronically active in porphyrin electronic transitions. Laser
excitation within these transitions therefore produces resonance
Raman enhancement of local vinyl vibrations, in addition to the
well-characterized skeletal vibrations.3 Protoporphyrin vinyl
modes, for example, appear as additional bands otherwise absent
in spectra of the non-vinyl porphyrins.a'5 2) Symmetry-

equivalent vinyl and porphyrin fundamental modes undergo
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Figure 8
Optical absorption maxima of substituted deuteroporphyrin
dimethyl esters in CHCl3 as a function of the number of vinyl

substituents. Open circles (monovinyl): 3-vinyldeutero-

porphyrin (nomenclature depicted on p 9). Closed circles:

8-vinyldeuteroporphyrin. By treating the effects of peripheral
substituents on visible band energies as a sum of perturbation
elements (PE) influencing the spectra of reference

octaalkylporphyrins (OAP),117

(EQ) + EQ)] = [(PE)] + [EQ) + EQ)]g,p

we calculate from the (0,0) and (0,1) data that PE . =
vinyl

-332 cm-l. Since substitution of a second vinyl group on an

adjacent ring gives a spectral shift of nearly identical

magnitude, the experimental data are an exception to the

empirical rule that only substituents on opposite pairs of

pyrrole rings should be included in the summation.117

Monovinyldeuteroporphyrin data from: Grigg, R.; Johnson, A.W.;

Roche, M. J. Chem. Soc. C, 1970, 1928-1934. Deuteroporphyrin and

protoporphyrin data from: Caughey, W.S.; Fujimoto, W.Y.;

Johnson, B.P. Biochemistry 1966, 5, 3830-3843.
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. 6 : 2
resonance coupling. This may introduce to a spectrum two

bands in place of one.5’7’8

3) Attachment of vinyls at the
asymmetric 3,8 positionsT lowers the formal D4h symmetry of
the porphyrin macrocycle. One consequence is an activation of
porphyrin Eu modes that otherwise are Raman forbidden.g_10
Modification of porphyrin physical properties by vinyl
substituents may contribute to the catalytic function of some
hemeproteins. Previous studies indicate a role for vinyl groups
in modulating the ligand affinities of oxygen-binding proteins

11-14 M 12-16 16,17

(Hb b legHb ), the reactivity of a P-450

cytochrome,18 and the redox properties of cytochromes19 and

peroxidases (CCP,20 HRP 16,21

). In addition, Caughey and
coworkers have speculated that the single vinyl group of heme a
provides a binding site for Cu(I) in mammalian cytochrome
oxidase.22 Their suggestion is based on the observation that
terminal olefins strongly coordinate Cu(I).23

The interest of Hurst and coworkers in Cu(l)-olefin
electron transfer24 prompted them to obtain information on
simple heme-copper(Il) complexes which might model structural
features of the oxygen binding site of cytochrome oxidase.25

To evaluate the potential for coordination of copper(I) by the

vinyl group of heme a, they studied various vinyl-substituted

TNomenclature conforms to Bonnett’s recommendations (cf. p 9).118
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and non-vinyl porphyrins.T In the absence of vinyl
substituents, it was found that added Cu(I) does not perturb
porphyrin optical spectra.25 However, new UV bands appear when
Cu(I) is added to vinyl-substituted porphyrins. These new bands
are not induced by other aquo metal ions. Such bands are
assignable to Cu(d)--->olefin(n*) metal-to-ligand charge-
transfc-:r,zs-27 and commonly are used as a criterion of Cu(I)-
olefin w-bonding.23 Copper(Il) also perturbs the porphyrin

Soret and visible bands.

The coordination of Cu(l) to olefin affects not only
electronic properties of the olefin, but also vibrational
properties. For instance, wm-bonding between a metal and an
olefin causes a large decrease in frequency of the C=C symmetric
stretching vibration.23 This well-known decrease is due to
greater electron density in olefin a* orbitals, and concomitant
loss in w-bonding orbitals.TT Resonance Raman spectra reported

here demonstrate such a frequency shift for the vinyl stretching

mode of protoheme. Also, we find that Cu(I) binding perturbs

TIsoprenoid units of the 3-(1l'-hydroxy)farnesyl substituent
of heme a also are potentially capable of binding Cu(I).

TT1r-comp1ex theory postulates two synergic components of
metal-olefin bonds,!® (1) the donation of electron density
from olefin n orbitals into empty metal sigma orbitals, and (2)
the donation of electron density from metal d-orbitals into
empty olefin n* orbitals. Metal-->olefin back-bonding
compensates olefin-->metal delocalization, and vice versa. The
strength of both bonding components is thereby reinforced.
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virtually all of the other vibrational modes that are thought to
contain some component of vinyl vibration, whereas non-vinyl
modes remain largely unaffected. A similar change can be
identified in resonance Raman spectra of reduced and semi-reduced

forms of cytochrome oxidase, suggesting that Cu(l) may coordinate

to the heme periphery of the oxidase.
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MATERIALS AND METHODS

Except as indicated, all chemicals were reagent grade
and used without further purification. Water was purified by
reverse osmosis-ion exchange followed by all-glass distillation.
Reagent solutions of Cu(I) were prepared by reduction of Cu(II)
using either chromous26 or europous ions.28 Cu(I)-protoheme
solutions were prepared according to previous methods.25 The
concentration of hemin pg-oxo dimer solutions (pH 12.6) were
determined spectrophotometrically according to ¢

384 nm
-1

mM cm-1 per molecule of dimer.T Copper(I)-protoheme

= 105

solutions were prepared by adding the Cu(I) reagent to micellar
protoheme solutions using anaerobic syringe transfer techniques.
By the criteria of optical and Raman spectra, the two preparative
methods generate chemically identical heme-Cu(I) solutions. To
minimize disproportionation of Cu(I), glassware was soaked in
concentrated nitric acid prior to use.29 It is necessary to
remove oxygen from all reactant solutions to prevent both

oxidation of Cu(I) 30,31 32-34

and photooxidation of heme.
Argon was bubbled through solutions to purge oxygen. To remove
contaminant oxygen from the purging gas, argon was passed through
BASF Catalyst R 3-11 just prior to passing through reagent

35

solutions.

Sodium dodecyl sulfate (SDS) was obtained from Aldrich

TThis corrects a previous misprint.25
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and BDH; the Aldrich material was triply recrystallized from
ethanol to remove impurities,36 whereas the "specially
purified"” BDH material was used without further treatment,
Sodium dodecyl sulfate was added to aqueous acidic solutions at
concentrations above the critical micelle concentration of the

detergent. Under these conditions, hemin is solubilized in a

37,38 39

monomer form within the hydrophobic region of the micelle.
This environment bears some resemblance to the physiological
environment of hemes within proteins. Upon freezing, the SDS
micellar structure is maintained.40 Acidities and ioniec
strength were adjusted by adding trifluoroacetic acid (TFA) or
its sodium salt.41’42
Room temperature optical and Raman spectra were
obtained from samples in a 1 cm optical cuvette. To minimize
introduction of adventitious oxygen, the cuvette was fitted with
a degassable antechamber bounded by septum-stoppered outer and
inner ports. On piercing the outer septum with a transfer
needle, introduced oxygen was purged before penetration of the
inner septum. The bottom face of the cuvette was polished,
permitting Raman spectra to be obtained in a 90-degree scattering
geometry by laser illumination from beneath the cell. To reduce
self-absorption,43 the distance of travel of scattered light
through solution was minimized by focusing the laser beam near
the cuvette sampling window. Low temperature Raman spectra were

obtained from samples in 4 mm outer diameter septum-sealed

electron paramagnetic resonance (EPR) tubes. Temperature was
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controlled by placing these tubes in the quartz dewar insert of a
Varian E-257 Variable Temperature Controller. Scattered light
was sampled from the top-forward quadrant of the frozen solution
in a sample tube aligned perpendicular to the scattering plane.
This configuration approximates a 90 degree scattering geometry,
The computer-controlled Raman spectrometer has been described
previously.aa

The electrochemical measurement of protoheme was
performed by spectrophotometric redox potentiometry.45
Although numerous attempts to measure the ferric/ferrous
protoheme redox couple have been reported,z‘s-51 there has been
no successful measurement of the potential of monomeric five-
coordinate protoheme.T There are two chief obstacles to this
measurement.

(1) Ferroprotoheme in aqueous solution is chemically
degraded by 02.H The titration of aerobic SDS-micellar
solutions of ferriprotoheme by aqueous Eu(II) was found by us to
exhaustively bleach the protoheme spectrum in a completely
isosbestic manner. The resulting spectrum is featureless between

340 and 700 nm, except for very weak bands at 404 and 493 nm.

TLoach and coworkers report a value for the redox potential of
protoheme in phosphatidylcholine vesicles, but provide no
experimental or statistical detail.®!

TTIn surprising contrast, ferroprotoheme in neat N,N-dimethyl-

formamide has been reported to be stable in the presence of
dioxygen.120
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Titrant was observed to cause full spectral conversion within 1 s
of mixing. Identical results are obtained when anaerobic
ferroprotoheme is titrated with aerobic aliquots of micellar SDS.
In both cases, chemical degradation of the porphyrin macrocycle
is presumed to occur by oxidative coupling. 32,53,1

Since a rigorously anaerobic system is essential to
conducting accurate potentiometric titrations of protoheme, a
standard Dutton vessel55 was modified to permit a complete
incorporation of the redox electrode (Orion Model 96-78 Platinum
Electrode) within the titrating vessel (Figure 9). This approach
eliminates the redox electrode as a portal for adventitious
oxygen, and was found, among a variety of configurations, to give
superior results. The electrode is fitted to the Dutton vessel
by a silicone stopper in contact with the upper vinyl cap of the
electrode. Deoxygenation of the electrode filler solution occurs
by atmospheric exchange between the purged vessel and the
electrode interior, through a small port on the electrode body.
The port also allows isobaric equilibrium to be maintained
between filler and analyte solutions. This insures that the rate

of flow of filling solution through the sleeve-type liquid

JrKinetic studies by Swallow and coworkers on the pulse

radiolytic reduction of protoheme in SDS revealed a fast and a
slow step.®? These workers report that the rate of the slow
step varied with the purgant gas (Ar or nitrous oxide.) Since
they describe no special precautions against interference by
oxygen, their results may be due to differing amounts of residual
oxygen in the purgant gasses.
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Figure 9

Spectroelectrochemical Titrating Vessel. (a) Cable to DPH meter
with millivolt scale; (b) upper vinyl cap of electrode; (c)
silicone stopper; (d) argon inlet; (e) argon outlet; (f) white-
rubber septum; (g) small port on electrode body; (h) titrating
vessel; (i) electrode body; (j) magnetic stirring bar; (k) quartz
spectrophotometer cuvette attached to titrating vessel through a

graded seal.
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junction is determined solely by hydrostatic pressure,
as necessary for proper functioning of the electrode.so

All titrations were preceded by purging the assembled
vessel for at least 8 h. During this period, the loss of filling
solution into the heme solution was found to be significant
unless hydrostatic pressure was minimized by fixing the vessel in
a near-horizontal position. During titrations, purging was
maintained without interruption. Sample temperature was
maintained at 25°C (*1) by a jacketed cuvette holder. Solutions
were not stirred except immediately following the addition of
titrant.

(2) In aqueous media, protoheme tends to

38,56,57
aggregate.

This introduces additional equilibria
which transform the relatively simple problem of measuring the
ferric/ferrous protoheme couple into something much more

. 46 e PR Y A
complicated, The recognition of this prompted the
development of alternate strategies to measure the protoheme
potential, in which aggregation is prevented either by the use of

50 . ;

non-aqueous solvents™ or by strongly coordinating

ligands.ag’ag’58

But both approaches have drawbacks. The
strong ligand approach does not provide a suitable model for
hemes in a protein environment, while the use of non-aqueous
solvents greatly limits the number and variety of porphyrins
which may be solubilized. The strategy which we have employed

exploits the ability of aqueous SDS to monomerize protoheme and a

wide variety of other porphyrins within a protein-like
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hydrophobic environment.
There are obstacles to performing redox titrations in

SDS. The first of these is the insolubility of SDS in the
presence of potassium ion. To our knowledge, all commercially
available filling solutions contain potassium ion. Titrations
conducted with commercial filling solutions resulted in the
precipitation of SDS at the sleeve junction, or, in more extreme
cases, precipitation throughout the micellar heme solution. Such
precipitate obstructs the free flow of filling solution into the
solution being titrated, and thereby disables the electrode. We
used saturated NH401 as an alternate to potassium-containing
commercial filling solutions. Ammonium and chloride ions are

more nearly equitransferant than K" and Cl-,58’T

and thus
excellent species for minimizing junction potentials.55 With
NH4C1 as the filling solution, calibration of observed
potentials to the normal hydrogen electrode was achieved by
measuring potentials of pH 7 quinhydrone redox buffer and various
ferricyanide/ferrocyanide systems of known potential (Figure 10).
Upon adding Eu(II) to micellar heme solutions, the
observed potential requires about 15 minutes to reach a stable
value. The approach to this value is asymptotic. Although

electrode response is sluggish, heme reduction is not. By

optical analysis, we observe reduction to occur within 1 s of

1.Cf. reference 121, p237.
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Figure 10

balibration of Saturated Ammonium Chloride Redox Electrode, 25°C.
To relate the observed potential of the ammonium chloride redox
electrode to a calomel redox electrode, potentials were measured
for three redox buffers of known standard potential (versus the
saturated calomel electrode). These buffers are:

1. 0.1 M potassium ferrocyanide and 0.05 M potassium
ferricyanide, 192 mV (versus the saturated calomel electrode).

2. Saturated quinhydrone at pH 4.00, 221 mV.

3. 0.01 M potassium ferrocyanide and 0.36 M potassium
fluoride, 258 mv.

The least squares line, shown in Figure 10, has a slope of
0.968, an intercept at 47.7 mV, and a correlation coefficient of
0.99. To obtain potentials versus the normal hydrogen electrode,
48 mV was subtracted from the observed potential {te account for
differences arising from the ammonium chloride filling solution),
then 241 mV was added to this value (to account for differences
between the saturated calomel and normal hydrogen electrodes).
The quinhydrone datum was obtained from a single measurement; the
other two data are plotted as the average of three measurements

each.
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mixing. Micellar protoheme is reduced by pulse radiolysis at
diffusion controlled rates.59 Similar rates have been observed
for IrClG- oxidation of micelle-solubilized silver(II)
protoporphyrin.60 A slow electrode response has been observed

by others studying protoheme in aqueous solution;46’49’58 iron

tetraphenylporphyrin in phosphatidylcholine vesicles;61 and

heme a in SDS.62 Slow electrode response appears to be a
general phenomenon of the electrochemistry of molecules
solubilized in surfactant solutions. The effect probably
originates in the slow diffusion of electroactive species across
micelle 1ayers.63 To increase the rate of redox equilibration
during protcheme measurements, phenazine methosulfate (PMS) was
added to a final concentration of about 1x107 M. We found PMS
to be essential for obtaining Nernstian behavior.

Another problem of micellar solutions is the
sensitivity of potentials to the micelle concentration.63 This
complication was avoided by conducting all measurements at a
single SDS concentration (2.2%).

At low pH, ferroprotoheme undergoes demetalation. This
was prevented during redox titrations by buffering solutions at
pH 3.0

Data from redox titrations was analyzed by the method
of non-linear least squares. A program for this analysis was
written by the author based on several published expositions
(Appendix).64 A modification of the program was used to

analyze kinetic parameters of heme demetalation reactions.
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RESULTS

When measured at room temperature, the Raman spectrum
of aqueous Cu(I) in 0.1 M trifluoroacetic acid is featureless
except for a single band at 1434 cm-l.65 On freezing to
~90 K, this band disappears to yield a completely blank spectrum.
From these observations, we consider the resonance Raman spectra
of frozen heme-copper solutions reported below to contain no
direct contribution from Cu(I) or trifluoroacetic acid.

The resonance Raman spectra of monomeric ferri- and
ferroprotoporphyrin are shown in Figures 11 and 12. The
ferriprotoporphyrin spectrum is typical of high-spin heme, as
indicated by the positions of the vibrational bands in the core
size marker region (1550-1600 cm-l). Low temperature EPR
studies confirm this assignment.66 Ferriprotoporphyrin bands
shown in Figures 11-13 are listed in Table 7, following

8,10

assignments of Spiro and coworkers. The Y10 and vinyl

symmetric stretching modes apparently are not well resolved.

Assuming that Y10 contributes to the band at 1634 cm-l, the

1

positions of the skeletal modes v 2 (1572 cm” ~), and

10" Y

vy (1503 cm-l) are consistent with five-coordinate ligation
of the SDS-solubilized ferriheme.67 The band at 418 cm-l
that we assign to a vinyl bending mode may also contain a pyrrole

folding mode.10 We do not observe bands reported10 at 1260

1

(votvy), 6% (v and 373 em’ (2v45). Also, the glass band

47)’
obscures bands reported at 555 (v49) and 492 cm-1 (pyrrole
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Figure 11

Resonance Raman Spectra of Iron Protoporphyrin in 2.2% SDS, 0.1M
HTFA at 296 K. Laser <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>