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ABSTRACT

STRUCTURES OF THE HEME CHROMOPHORES

IN CYTOCHROME OXIDASE

By

Patricia Mary Callahan

Heme structures important for electron transfer and
proton transfer in the enzyme cytochrome oxidase are dis-
cussed. The application of resonance Raman spectroscopy, in
conjunction with optical absorption, magnetic circular di-
chroism and electron paramagnetic resonance spectroscopies,
to cytochrome oxidase and appropriate heme a model complexes,
have enabled us to identify the individual heme electronic
and vibrational properties. The pattern of vibrational fre-
quencies, in particular the frequency of a polarized mode

in the 1560-1600 cm™ 1

Soret region resonance Raman spectrum,
is correlated to the heme iron spin and coordination geom-
etry. After taking into account the porphyrin pyrrole ring
B-carbon substituent dependence of this vibration, structural
information can be obtained. It is found that cytochrome a,

is six coordinate and high-spin in the resting enzyme but

five coordinate and high-spin in the reduced enzyme;



Patricia Mary Callahan

cytochrome a is six coordinate and low-spin in both redox
states of the enzyme. Cytochrome a, is observed to be in a
hydrophobic environment based on the frequency position of
its aldehyde substituent. The previously unassigned cyto-
chrome a formyl stretching frequency is observed at 1650

em™ ! and 1610 cm™ 1

in the ferric and ferrous species, respec-
tively. The formyl frequency down-shift and absorption red-
shift of cytochrome a relative to low-spin heme a model com-
pounds are interpreted to result from a hydrogen-bonding
interaction between its position 8 formyl group and a nearby
amino acid residue, possibly tyrosine. This hydrogen bond
strength depends on the cytochrome a iron valence state and
is estimated to differ by 2.0 - 2.5 kcal/mole between ferrous
and ferric cytochrome a. This strengthening of the hydrogen
bond upon reduction of the enzyme can be used to drive redox-
linked events. Thus, the linkage between cytochrome a

redox state and chromophore/protein interaction energy pro-
vides a mechanism by which electron transfer events and
protein structure are coupled. Two models that incorporate

this linkage into a redox driven proton pump centered at

cytochrome a in cytochrome oxidase are presented.
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CHAPTER 1

INTRODUCTION

I. Respiration

Cellular respiration is the process whereby reducing
equivalents generated from foodstuffs pass through a series
of membrane bound electron carriers to a terminal electron
acceptor such as oxygen. The synthesis of adenosine tri-
phosphate (ATP) which provides the major energy source for
the cell, is coupled to this electron transfer process. A
transmembrane pH gradient generated at several locations in
the respiratory chain is essential for ATP synthesis but the
detailed mechanism of oxidative phosphorylation is not known.

In eukaryotes the respiratory components are found in the
inner mitochondrial membrane. These components, labelled
complexes I-1IV, contain flavoproteins (FP), iron-sulfur cen-
ters (Fe-S), quinones (Q) and heme and copper containing
proteins. (For a historical perspective of the heme pro-
teins (cytochromes) and comprehensive reviews see (Keilin,
1966; Lemberg and Barrett, 1973 and Tzagoloff, 1982)).

The sequence of electron transfer reactions was determined
largely after the introduction of dual wavelength spectro-

photometry by Chance and Williams (1955, 1956). This



technique enabled the observation of the absorption spectra
of individual components of mitochondria while in turbid
suspensions. This new spectroscopic method along with

specific inhibitors of the electron transport chain and

artificial electron acceptors identified the sequence of

carriers shown in Scheme 1.

Succinate dehydrogenase

Complex II
FP
2
NADH»FPl(4Fe-S)+é§+2(Fe-S)»cth(Fe—S)cytgl+cytg+Cu,cytgg3+02
NADH dehydrogenase Cyt 991 complex Cytochrome oxidase
Complex I Complex III Complex IV
Site 1 Site 2 Site 3
Scheme 1

Complex I, called NADH dehydrogenase, accepts electrons
from reduced nicotinamide adenine dinucleotide (NADH) and
reduces ubiquinone (Q). The active redox components of this
complex are flavin and iron-sulfur centers. Complex II or
succinate dehydrogenase comprises flavin and iron-sulfur
redox components also, and feeds reducing equivalents into
the mitochondrial electron transport chain at ubiquinone.
Ubiquinone, an electron and proton carrier, is present

in approximately a six fold excess relative to the 1l:1



stoichiometry of complexes I-IV. Complex III is composed

of two b cytochromes, the Rieske iron-sulfur center, as-
sociated quinone molecules and cytochrome Cy- After oxidiz-
ing Q, this complex transfers electrons to the water soluble
redox protein cytochrome c. As the penultimate carrier,
cytochrome ¢ reduces the copper and heme a containing pro-
tein, cytochrome oxidase, which then carries out the reduc-
tion of dioxygen to water.

The redox potential spanned from NADH to O, is 1.14

2
volts. The large decrease in free energy from the passage
of two electrons through this series (53 kcal/mole) is
liberated as heat in hibernating and hairless newborn ani-
mals and some flowering plants (Nicholls and Locke, 1981).
In coupled mitochondria, however, this free energy is utilized
to translocate protons against a pH gradient. Sites 1, 2,
and 3 in Scheme 1 contribute to the transmembrane pH gradient
and therefore ATP synthesis with a stoichiometry of approxi-
mately three ATP molecules formed per two electrons passed
through the respiratory chain.

The soluble and membrane bound components have been

isolated and studied in great detail. This thesis is con-

cerned with a spectroscopic study of Complex IV.



II. Cytochrome Oxidase

A. Components and Function

Complex IV or cytochrome oxidase (ferrocytochrome c:
O2 oxidoreductase; E C 1.9.3.1) enjoys a central role in the
field of membrane bioenergetics because it is responsible
for more than 90% of the oxygen consumed by living organisms.
Cytochrome oxidase catalyzes the oxidation of ferrocyto-
chrome ¢ and the four electron reduction of dioxygen to
water. 1In addition, it contributes to the transmembrane
pH gradient by the translocation of two protons per elec-
tron (Wikstrom and Krab, 1979). The overall reaction can

be written as:

2+ 3+

+ +
4cyt c + O2 + 8Hin+4cytg + 2H20 + 4Hou

t
where Hin refers to protons in the internal mitochondrial

matrix phase and H;u refers to protons in the cytoplasmic

t
phase.

This multisubunit enzyme is composed of four metal cen-
ters; two heme a chromophores, designated cytochrome a and
cytochrome as and two protein bound copper ions, designated
Cu a and Cu23. These four metal centers seem to function in
pairs. Cytochrome a and Cua are responsible for the oxida-

tion of ferrocytochrome ¢ and further intramolecular elec-

tron transfer. Cytochrome a has recently been implicated



in the proton pumping action of the enzyme (Wikstrdm, 1977).
The second pair of metal centers make up the oxygen reduc-
ing site, and cytochrome as is the site of ligand binding
such as substrate O2 or inhibitors (HCN,HN3,CO,NO).

The structure of the heme a macrocycle is shown in Figure
1. The distinguishing features of this structure relative
to the more common protoheme containing proteins (hemo-
globin, myoglobin, cyt b) are the hydrophobic hydroxyfarnes-
ylethyl tail at position 2 and the formyl substituent at
position 8. The pyrrole nitrogens of the porphyrin ligand
fulfill four of the central metal iron coordination posi-
tions and fifth and sixth axial ligands can bind to the iron
from above and below the plane of the ring. The heme a
chromophores in this protein are amenable to a variety of
spectroscopic probes. These chromophores and the two copper
centers have been studied by absorption, electron paramag-
netic resonance (EPR), electron-nuclear double resonance
(ENDOR), circular dichroism (CD), magnetic circular di-
chroism (MCD), infrared (IR), resonance Raman (RR), mag-
netic susceptibility, Mossbauer and extended x-ray absorp-
tion fine structure (EXAFS) spectroscopies. Because of its
complexity, cytochrome oxidase has also been the subject of
many biochemical investigations. The following discussion
focusses on information obtained by biochemical methods and
chromophore structure and reactivity as determined by spec-
troscopic investigations. (For reviews see Malmstrom, 1979;

Wikstrom et al., 1981 and Wikstrom et al., 1983).



H,C CH=CH,
3
O0o=C CHs
H
CH2 GH2
|
CH2 ?HZ
|
COOH COOH
heme a

Figure 1. The structure of heme a.



B. Biochemical Aspects

Cytochrome oxidase from eukaryotic organisms has a
molecular weight of approximately 160 kD and is composed of
at least seven subunits. Of these, the three largest are
coded for by mitochondrial DNA (Subunits I, II and III) and
the remainder are of cytoplasmic origin. 1In contrast, bac-
terial cytochrome oxidases consist of only two or three poly-
peptides. The properties of these subunits resemble those of
the largest eukaryotic subunits (Ludwig, 1980). With the use
of labelling techniques, it is found that several subunits
(I, IT and III) are accessible from both sides of the mem-
brane (Azzi, 1980; WikstrOm et al., 1981; Capaldi, 1982).
Electron microscopy and image reconstruction data show that
the monomeric enzyme spans the membrane in the shape of an
inverted Y and it is found to protrude ~50-60 R into the
cytoplasmic (C) phase and about 10-15 % into the M or matrix
phase (Henderson et al., 1977; Frey et al., 1978) (See Figure
2).

The aggregation state of solubilized cytochrome oxidase
is dependent on detergent. 1In most detergents it is oligo-
meric, however, in lauryl maltoside, the enzyme seems to be
dispersed as a monomer (Ferguson-Miller, 1983). The effect
of aggregation on catalytic function or the aggregation state
of cytochrome oxidase in vivo is not known. Subunit III
has been implicated in the enzyme's ability to form dimers

(Georgevich et al., 1983) and removal of this subunit
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has little or no effect on the spectral or electron trans-
fer properties although some evidence suggests that it does
eliminate the proton pumping function of the enzyme (Wik-
strom et al., 1981, Penttila, 1983). Wikstrdm et al. (1981)
have also implicated the dimeric state in proton pumping by
the oxidase.

By monitoring a controlled denaturation of cytochrome
oxidase Winter et al. (1980) concluded that the four metal
centers are located in subunits I and II. This is supported
by the fact that the two subunit bacterial oxidases have
the same spectral and catalytic properties as the mammalian
enzyme (Ludwig, 1980; Fee et al.,1980; Yamanaka et al.,
1981; Powers et al., 1981; Gennis et al., 1982; Sone and

Yanagita, 1982).

C. Chromophore Structure

Cytochrome ¢, the physiological electron donor to cyto-
chrome oxidase, binds in its high affinity site to subunit
II of the enzyme (Bisson et al., 1982). Resonance energy
transfer measurements of the distance between fluorescence
cytochrome ¢ derivatives and the nearest heme a chromophore
result in approximately 25-35 £ heme c - heme a distance
(vanderkooi et al., 1977, Dockter et al., 1978). Since
cytochrome a is the first electron acceptor from cyto-
chrome ¢ (Halaka, et al., 1982, Antalis and Palmer, 1982),

it is postulated that cytochrome a and its functionally



10

associated Cu, (Cua) are located on subunit II (Wikstrom
et al., 1983). Cy;ochrome a has been shown to be ligated
by two histidine residues by comparison of the EPR, MCD
and resonance Raman spectra of the in vivo chromophore with
heme a model compounds (Blumberg and Peisach, 1979; Bab-
cock et al., 1979). Examination of the invariant histidine
residues of subunit II, and the possible folding pattern
of this polypeptide locates the cytochrome a binding site
close to the cytoplasmic membrane (Wikstrdm et al., 1983).
This location is consistent with the EPR defined location of
cytochrome a and Cua. With the use of water soluble para-
magnetic probes it ;as concluded that these metal centers are
close to the cytoplasmic membrane (Ohnishi, et al., 1979).
The EPR signal of Cua occurs about g2 but it is atypi-
cal of known cupric copp;f signals; its hyperfine splitting
constant can be understood if the unpaired electron spin
density is delocalized onto the copper ligand(s). One and
possibly two cysteines have been suggested as ligands of
Cua on the basis of EPR data (Peisach, 1978; Blumberg and
Pe;sach, 1979; Chan et al., 1978, 1979). Two invariant
cysteines found in the primary structure of subunit II lie
in an area of the polypeptide that has sequence homology with
blue copper proteins (Steffens and Buse, 1979). The in-
variant cysteines and histidine found in this region agree

15

with the recent EPR and ENDOR data of N-histidine and

ZH-cysteine in which Stevens et al. (1982) conclude that
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at least one histidine and one cysteine are ligands to Cua.

See Figure 3 for a summary of the ligation properties of

cyt a and Cu,.

The other two metal centers are most likely located in
2+
23
EPR in the resting enzyme. However, EPR signals arising

subunit I. Cytochrome g§+ and Cu_ are not detectable by

from cyt as and Cu_a_3 can be induced by addition of ligands
and/or reduction of the other metal center (Stevens et al.,
1979; Brudvig et al., 1980 and Reinhammar et al., 1980).

Magnetic susceptibility measurements suggest that this pair
of metals is antiferromagnetically coupled in an S=2 ground

state with |2J]>200 cm™t

(Tweedle et al., 1978). This in-
dicates that the metals are in close proximity to each other.
This distance has been measured by EXAFS to be 3.75 + 0.05 R
(Powers et al., 1981). 1In the resting enzyme, Powers et al.
(1981) suggest the presence of a bridging sulfur ligand be-

tween the iron of cyt gg+ and Cu§+. However, the amount of

enzyme with this bridging sulfur—iigand varies with the

type of isolation procedure used. Heterogeneity in the
spectra and properties of cyt as in the resting enzyme has
been observed previously (Kumar et al., 1983, Brudvig et al.,
1981).

MCD spectra of ferrous cytochrome as indicate a five
coordinate high-spin iron geometry (Babcock et al., 1976).
The identity of the fifth, axial ligand as histidine has
been obtained from EPR studies of nitrosyl ferrous cyt aj

2+

(53 + NO) (Blokzijl-Homan and Van Gelder, 1971). Since
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Figure 3. Summary of the structure and ligation spheres of
the cytochrome oxidase metal centers.
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no EPR signal from Cui+ is observed under most conditions,
=3
the nature of its ligands remains obscure.

The currently accepted model for the arrangement of

cytochrome a; and Cu, 1is described as the "front-side"
=3

model and is shown in Figure 3. The close proximity (4 R)
of these metal ions as determined by magnetic susceptibility
and EXAFS data is satisfied by this model. Further evi-
dence for this structure is supplied by carbonmonoxide flash
photolysis studies. After photolyzing the inhibitor from

2+

cyt ay', the carbon monoxide is observed to rebind to the

Cua site (Alben et al., 1981); therefore a model in which
=3
the two metal centers are capable of binuclear ligand binding

is suggested.

D. Absorption Spectra

The focus of this thesis is the determination of struc-
ture by analysis of the spectral properties of the heme a
chromophores of cytochrome oxidase. Although optical absorp-
tion spectroscopy is the most commonly used spectroscopic
probe, a complete understanding of the enzyme's absorption
spectrum has not been reached. The visible absorption spec-
tra of oxidized and reduced cytochrome oxidase are given in
Figure 4. The heme a chromophores dominate the spectrum
in the near UV and visible regions because of the intense

m-n* transitions of the porphyrin macrocycle. Typically,
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three absorption maxima are observed for metalloporphyrin
species, namely, an intense Soret band (also y band) at
400-450 nm, a weaker a band at 550-600 nm and a R band at

approximately 1100 em~1

to higher energy than the o band.

A more detailed discussion of heme electronic properties
will be given in Chapter 2. The reduced enzyme's absorption
maxima are 443, 555, 565, and 604 nm. The Soret maximum of
oxidized cytochrome oxidase is broad and centered at 418-424
nm. Its visible spectrum is structureless except for the

o maximum at 598 nm and a weak shoulder at 655 nm. The

655 nm band is present only if the enzyme is oxidized in

the presence of oxygen rather than other chemical oxidants.
In the case of ferricyanide oxidation a transient high-spin

heme g6 signal which accounts for 100% of one heme is ob-

served (Beinert and Shaw, 1977). This signal has been as-

3+
3 L]
sults is that Cua is reduced and the exchange coupling
=3
between cyt a; and Cu, is broken, therefore the 655 nm
=3
band is present only when the exchange coupling between

signed to cytochrome a The explanation for these re-

these two metals in their higher oxidation states, is
present.
Aside from the 655 nm shoulder and 830 nm band (which

has been assigned to Cu§+), the major spectral features

arise from cytochrome a and cytochrome a; electronic tran-
sitions. Because of their similar chemical nature the

heme a chromophore absorption spectra strongly overlap.
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In 1966, Vanneste took advantage of the photodissociability
of the electron transfer inhibitor, carbon monoxide, from
ferrous cytochrome a;. From the photochemical action spec-
trum he was able to identify the individual contributions
of cytochrome a and aj to the total absorption spectra.
These deconvoluted spectra are shown in Figure 5. In the

3+

bottom panel the absorption maxima of cyt a are 427, 550

2+ are 443 nm (420 nm shoulder),

and 598 nm and of cyt a
520, 555 and 603 nm. Comparison of the extinction coeffic-
ients of cyt a and cytochrome a3 (middle panel) in the
visible region show that cyt a dominates the spectrum in
both oxidation states. 1In the Soret region, on the other
hand, cyt a is the major absorber in the oxidized enzyme
but the intensities of cyt a and cyt a; are comparable in

this region for the reduced enzyme. Vanneste's deconvoluted

absorption maxima of cyt gg+ are observed at 414, 560 and

2+
3

Y/a intensity ratio for reduced cytochrome ) is indicative

600 nm and of cyt a at 442, 565 and 600 nm. The large

of a high-spin species (Lemberg, 1969), which is in agree-
ment with other spectroscopic data (Babcock et al., 1976,
1979). The low-spin character of cyt a is indicated by its
smaller y/a intensity ratio. An anomalous aspect of these
spectral assignments is the Soret wavelength maxima of the
reduced components. In general, the Soret maxima of high and
low-spin species are not the same, as is observed for the

Soret maxima of cyt §2+ and cyt §§+ at approximately 443 nm.
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Figure 5. Absorption spectral decomposition of cyto-
chromes a, as and the CN complex of cyto-
chrome asi oxidized ————— and reduced

...... . (From Vanneste, 1966.)
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E. Redox Titrations

This spectral decomposition method is valid only if the
heme chromophores have independent spectral properties and
the redox state of one chromophore does not effect the elec-
tronic transitions of another. A controversy on this point
arose in the mid-seventies. By monitoring the absorption
intensity at 604 nm as a function of redox potential, Wil-
son et al. (1972) concluded that the heme chromophores have

fixed midpoint potentials of 285 mV for the cyt g3+/2+

couple and 350 mV for cyt 233+/2+

and that their spectral
properties are strongly interacting. Nicholls and coworkers
(1974) and Wikstrdm et al., (1976) presented arguments favor-
ing an alternate description; that is, fixed spectral prop-
erties but varying redox potentials. Evidence for the
alternate interpretation was given by Babcock et al. (1976,
1978) who established the individual Soret region MCD spec-
tra of the heme a components and monitored both the ab-
sorption and MCD spectra of the enzyme during reductive
titrations. Their data show that the spectral deconvolu-
tion of Vanneste is valid (i.e., non-interacting electronic
properties). This conclusion is reached because under all
experimental conditions the reduction levels of cytochromes
a and a, are comparable. This result cannot be reconciled
with a model in which the two heme centers have well re-
solved potentials.

Addition of one electron to the enzyme lowers the redox
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potential of the second heme electron transfer reaction.
This negative cooperativity has been estimated to involve
an approximate 2 kcal/mole coupling between the heme cen-
ters (Carithers and Palmer, 1981). Under the equilibrium
conditions present in redox titrations, the two hemes a
behave essentially as a two electron system in analogy with
classical two electron carriers such as ubiquinone (Wikstrdm
et al., 1983).

A recent different absorption spectral study involving
several different inhibitor complexes of cytochrome oxi-
dase (Blair et al., 1982) also supports the independent
chromophore spectral model and Vanneste's deconvolution.
This study does, however, point out small spectral interac-
tions especially for the cyt §g+, Cu§+ and cyt g3+ Cu 1+

’
a3 3 a,

species. These results can be understood in terms of an
electrostatic effect, whereby the charge on Cu23 effects
the absorption properties of nearby cyt as. Although Vvan-
neste's results are generally accepted, simple heme a
model complexes of the spin and ligation states described
above for cytochromes a and as do not reproduce the de-

convoluted absorption spectra (Lemberg, 1962). This re-

sult will be discussed in Chapters 4 and 5.
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III. Catalytic Mechanisms

A. Electron Transfer Intermediates

Up to this point only the structural and spectroscopic
properties of the static forms of the enzyme have been dis-
cussed. When reduced cytochrome oxidase is reoxidized with
O2 at room temperature, at least three different conforma-
tions are sequentially formed. The first which is formed
within 2 ms at room temperature and decays in a few seconds
is known as the g5 conformation. This form of the enzyme
has a Soret maximum at 427 nm, broad absorption at 580 nm
when compared to the resting enzyme, a 655 nm absorption
band and EPR signals at g=5, 1.78 and 1.69. These EPR
transitions were interpreted in terms of an S=5/2 ferric
cyt as interacting with a nearby paramagnetic center (Cui3)
(Shaw et al., 1979). Another possible interpretation of the
g=5 EPR spectrum involves an S=3/2 system that is composed
of ferryl cyt a; and cupric copper (Wikstrom et al., 1981).
Following formation of the g5 species, a second conforma-
tion of the enzyme called oxygenated cytochrome oxidase is
formed. This is a misnomer in the sense that 0, is not
bound to cyt §2+

3
cription of the form of the enzyme with the following charac-

as in oxyhemoglobin but the oxygenated des-

teristics has become common usage; the absorption maxima
occur at 427 nm and 600 nm, the 655 nm band is present, the

enzyme requires four electrons for complete reduction, and
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the EPR spectrum is identical to that of the oxidized en-

zyme (i.e., cyt 3§+ and Cu§+ are EPR undetectable). The

oxygenated enzyme's reacti;ity to exogenous ligands is fast
and monophasic in comparison to the resting enzyme which binds
ligands sluggishly and in a multiphasic manner (Kumar et al.,
1983). This suggests that the oxygenated enzyme may be the
catalytic starting point for oxygen reduction. On the time
scale of hours, the oxygenated enzyme reverts to the rest-
ing form.

Since no intermediate oxygen reduction products such
as superoxide, peroxide or hydroxyl radical are released
from the a; site and because of the unfavorable thermo-
dynamic barrier to transfer of the first or third electron
to oxygen, it has been proposed that a concerted two elec-
tron transfer process takes place (Malmstrém, 1974; Bab-
cock et al., 1978; Reed and Landrum, 1979). The initial
reaction sequence would then reduce dioxygen to the level
of peroxide. The low temperature triple-trapping technique
of cytochrome oxidase reaction intermediates developed by
Chance and coworkers (Chance et al., 1975) has permitted
a preliminary identification of the catalytic mechanism of
oxygen reduction. In this technique the enzyme, or mito-

chondrial suspension, is saturated with carbon monoxide
3+ _2 2+

23
*.co compound, and then cooled in the presence of ethylene

under reducing conditions to form the a T.co or a

23

glycol to about -30°C. Oxygen is then added to the suspension
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by stirring or mixing with O2 saturated buffer. The oxygen
will not react with this form of the enzyme owing to the slow
dissociation of CO at this temperature in the dark. The
oxygenated suspension is then brought to -196°C. The
enzymic reaction with oxygen can be initiated by an intense
flash of light which photodissociates the CO and allows the
oxygen to bind. The reaction proceeds in the temperature
range -60 to -130°C and can be stopped at any point by
rapid freezing in liquid nitrogen. EPR and absorption spec-
tra of the reaction intermediates prepared in this way have
been monitored (Clore and Chance, 1978, Clore et al., 1980).
The stable intermediates that have been formed and charac-
terized by this method are called Compounds A, B and C.

Compound A has been identified as an oxy cyt §2+ species

3
(cyt g§+'02). This conclusion is reached on the basis of
its optical absorption spectrum which is similar to the CO
complex but non-photolyzable. Oxy heme a model studies
(Babcock and Chang, 1979) are consistent with the spectrum
of Compound A. A later intermediate of the mixed-valence

(a3+ a2+*CO) compound called Compound C is characterized by
a 23 _

a difference spectrum absorption peak at 607 nm (e = 12 o
cm-l) and weak Soret absorption intensity. This species

has been suggested to be the p-peroxy form of the a, site

(gg+ -0-0 - Cu§+) or ferryl iron and cuprous copper

(Fe:+ =0-0 - Cu%+) (Wikstrom et al., 1981). If the re-
=3 =3

action intermediate sequence is begun with fully reduced

cytochrome oxidase (22+ g§+-CO) a different structural
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intermediate is formed (Compound B) following the formation
of the oxy intermediatc (Compounrd A). The exact nature of
Compound B is difficult to determine because there is par-
tial oxidation of cyt a and Cua, also (Wikstrom et al.,
1981). -

Similar spectral intermediates have been observed by
ATP dependent partial reversed electron flow through cyto-
chrome oxidase (Wikstrom, 1981). In this work, Wikstrom
suggested that the previously observed energy dependent shift
of ferric cyt a; (Erecifiska, et al., 1972) could be attribut-
ed to reversed electron transfer. Under highly oxidizing
conditions, the addition of ATP to a mitochondrial suspension
causes a red-shift in the Soret region of cytochrome oxidase
and a broad absorption increase at 580 nm, similar to Com-
pound B described by Chance and coworkers. At a higher
phosphorylation potential a moderately intense band in the
o region at 607 nm is observed. This spectral form re-
sembles Compound C. These results are good evidence for
the physiological nature of the low temperature inter-
mediates.

Much research is now being conducted on the intermed-
iates of the cytochrome oxidase oxygen reduction reaction.
The structure of cyt as in the oxygenated enzyme as de-
termined by RRS and a possible reaction mechanism that is
consistent with the data obtained to date will be presented

in Chapter 4.
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B. Energy Transduction

It has been known for thirty years that electron trans-
fer from cyt c to O, is linked to ATP formation (Maley and
Lardy, 1954, Lehninger et al., 1954). The approximately
500 mV spanned by this reaction contains enough free energy
for the energetically uphill proton translocation against
a pH gradient. 1In recent years, isolated cytochrome oxi-
dase reconstituted into liposomes has been shown to gen-
erate a chemical potential across the membrane (Hinkle
et al., 1972) in agreement with Mitchell's chemiosmotic
coupling hypothesis (Mitchell, 1961). Mitchell described
the uptake of protons by the as site in the formation of
water as the only source of proton motive force in Complex
IV (Mitchell and Moyle, 1983). This does not agree with the
stoichiometry of protons and charges translocated across the
membrane, however (Wikstrdm and Krab, 1979, Reynafarje et al.,
1982). This is problematic because cytochrome oxidase con-
tains redox components that are only formal electron car-
riers (two hemes a and two copper ions) and therefore the
result of H' translocation by cytochrome oxidase is not
completely accepted (Mitchell and Moyle, 1983). Evidence
is accumulating, however, that the proton pumping of cyto-
chrome oxidase is a physiological function (Wikstrom et al.,
1983, Casey and Azzi, 1983) and that specific treatments can
inhibit this function (Casey et al., 1980; Wikstrdm et al.,

1983; Penttild, 1983 and Maroney and Hinkle, 1983).
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Subunit III seems to have a specific role in the trans-
location of protons. Casey et al (1980) found that di-
cyclohexylcarbodiimide (DCCD) appeared to block H' trans-
location in cytochrome oxidase reconstituted into lipo-
somes. Under these conditions, DCCD was predominantly bound
to subunit III. Treatment of the enzyme to remove subunit
III results in the inhibition of proton translocation,
(Sarraste et al., 1981; Penttild, 1983) but the electro-
chemical proton gradient is formed with only 50% efficiency.
This result can be interpreted in the following way: 1) an
inhibition of the proton translocating segment of the pro-
tein and 2) a continuation of electron transfer and the a,
site proton uptake necessary for water formation (Wikstrdm,
1983). It is surprising that proton translocation can be
decoupled from electron transfer with no effect on the rate
of the latter but the possibility of long range interactions
between the redox element and the proton source cannot be
excluded.

The identification of the redox element of the proton
pump as cytochrome a is based on 1) its pH dependent mid-
point potential (Artzatbanov et al., 1978) and 2) its
kinetic heterogeneity which may reflect two conformational
states (Wikstrdm et al., 198l1). A necessary element of a
redox-linked proton pump is that there must be a connection
between the redox component and the polypeptide backbone

or proton source. Such a structural connection will be
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discussed in Chapter 5 and its possible role in the proton
pumping function of the enzyme will be presented in Chapter

6.



CHAPTER 2

HEME ABSORPTION AND RESONANCE RAMAN THEORY

Introduction

A great deal of structural information can be obtained
from the absorption spectra of metalloporphyrins. When the
absorption spectrum alone fails to identify or characterize
a particular sample, the selective vibrational technique,
resonance Raman spectroscopy, can supply additional in-
formation. Because of the importance of absorption and
resonance Raman spectroscopy (RRS) as applied to the heme
a chromophores of cytochrome oxidase in this thesis, an
understanding of the theoretical considerations is neces-
sary. This chapter will present a description of metallo-
porphyrin electronic transitions and of resonance Raman

spectroscopy as applied to these chromophores.

I. Absorption Spectra

Metalloporphyrins and related compounds are responsible
for the red, orange, brown and green coloring of a variety
of biological materials; including red blood, green plants

and the brilliant coloring of some species of birds. It

29
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has long been recognized that this class of compounds derive

their light absorption properties from m-7* transitions

(Platt, 1956).

A. Nomenclature

The basic structure of the porphyrin macrocycle is given
in Figure 6. The four pyrrole rings are joined at the methine
bridge or meso positions, labelled a, B, Yy and §, and various
peripheral substituents can be linked to the B-carbon posi-
tions labelled 1-8. The remaining carbon atoms adjacent to
the pyrrole nitrogens are called a-carbons. For this specific
example of an iron-substituted metalloporphyrin, the mole-
cule is called a heme. In this form the porphyrin ligand
exists as a dianionic species which upon removal of the
central metal atom is protonated at opposite pyrrole nitro-

gens to form the free base compound.

B. Electronic Transitions

1. Description of Porphyrin Spectra

The aim of several spectroscopic theories has been to
explain the optical absorption spectra of porphyrin and
metalloporphyrin species. Typical spectra of these two
compounds are shown in Figure 7. An intense band in the

1

near UV (¢ = 100 mM cm-l) called the Soret (or B) band
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and a weaker (e x 20 mm~1 cm_l), a (or Q) band are the two
main transitions in metalloporphyrin spectra. The g (or
QOl) band at approximately 1100 cm"l higher energy than

the a band is a vibronic overtone of the a band. 1In D4h
symmetry these two electronic transitions are of E, sym-
metry and therefore doubly degenerate and x, y polarized

in the plane of the ring. For the free base porphyrin, the
protonation of opposite pyrrole nitrogens lowers the sym-
metry of the ring to Don and the x, y degeneracy is lifted
causing a doubling of transitions in the visible region
(i.e., ng, le. Q%O' le, from low to high energy, respec-

tively).

2. Historical Development

In the free electron model of porphyrin spectra, Simpson
(1949) was able to predict the relative energies and relative
intensities of the Q and B transitions. By analogy with
benzene, the 18 m electrons of the porphyrin ring are
placed in orbitals of increasing angular momentum. The
top-filled levels have angular momentum, L=4 and the lowest
empty orbitals correspond to L=5, therefore these two levels
can give rise to transitions of AL = *1 or AL = *9. By
Hund's rule, the forbidden transition, AL = %9 lies lower
in energy. This development qualitatively predicts the
intense B transition (AL = #*1) and a weak or forbidden

transition to lower energy (AL = *9). A similar description
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of the porphyrin 7 states, the cyclic polyene model used by
Moffitt (1954), reached the same results as the free elec-
tron model and also correctly accounted for the splitting of
the Qx and Qy energy levels in the free base absorption
spectra.

In an effort to relate the porphyrin electronic transi-
tions to structure, Longuet-Higgins et al. (1950) employed
molecular orbital (MO) calculations. They obtained two
top-filled orbitals, as, and alu (with aj, of lower energy)
and lowest empty degenerate orbitals, eg (Figure 8). This
identifies two electronic transitions, (a2u > eg) and
(alu -+ eg), corresponding to the Q and B bands, respec-
tively. However, this development incorrectly predicts
equal intensities for the two transitions. The shortcoming
of this method lies in the neglect of the fact that since
the two calculated transitions are both of E, symmetry their
Coulomb repulsion overlap matrix is finite. This causes

the states to mix and drives them apart in energy.

3. The Four-Orbital Model

Gouterman (1959) recognized the necessity of configura-
tion interaction (CI) in the description of porphyrin elec-
tronic states. Configuration interaction arises because
of the neglect of electron correlation from the restric-
tion to one-center integrals in Huckel MO theory. The

solutions then are not solutions of the complete Hamiltonian,
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but rather solutions of an effective Hamiltonian,

A

Heffw = Ey.
The complete Hamiltonian can be represented as

fy '
eff t HYY
where H' is predominantly the electron repulsion term,

ez/ri This Hamiltonian can cause states of the same

j-
symmetry to mix, specifically the singly excited configura-
tions (alueg) and (azueg).

Since the singly excited configurations are not an ac-
curate representation of the system, a better starting
point for describing the excited states of a metallopor-

phyrin are linear combinations of the two excited con-

figurations. The components of the zeroth order Q and B
electronic states are:
|Bo>=——-l [(a,e. ) + (a,.e. )]
Yy /7 2u gy 1lu Iy
o 1
> = —
o ~ [(aZuegy (aluegx)]
1
|B°> = — [(a,._e (a, . e_ )]
X /2 2u gX lu gy
1
|09 = = [(a, e (a,.e_ )]
X /3 2u Iy 1u gy
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It can be seen that B_ and B; give rise to the allowed

Soret transitions while Q° and Qi are the forbidden visible

<0 xO

transition. To show this let us define the following tran-

sition moments,

and

R

2y <32uegle|wo>

where wo is the ground state wavefunction and integration is
over all space. As stated earlier R ~ R

ly 2y’
intensities are approximately equal. The measure of ab-

i.e., the

sorption intensity is the dipole strength which is the

square of the transition moment, <q>2. For |B§>, the transi-

tion moment squared equals

g2 = %[<(a2uegy)|y|wo> + <(aluegx|y|¢0>]2
= %[Rzy + Rly]2
and for |Q§>
@ = Gl lageg ) I¥lig> = <lagyeg Iv1vg>)?
= %[R2y - Rly]2 .
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The corresponding dipole strengths of the x-polarized transi-

tion can be determined as follows:

let R

1x <aluegy|xlwo>

and Ry = <a2uegx|x[wo>

then

q2(|Q:>)= %[<a lx[wo> + <alueg |xlwo>]2

e
2u Iy y
_ 2
- [sz + Rlx]

and

2 o 1 2
q (le>) §[<32uegx|xlwo> - <aluegy|x|wo>]

At first glance the x-polarized transition moments seem to
contradict the statement that the B transition is strongly
allowed and the Q transition forbidden, but we still need

to relate the x and y components of the transition moments
to each other. This is done by defining an axis system in

Figure 8 which leads to the following relations:
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C4x >y C4egx > eg C4a1u > alu
Y
C4y > =X C4eg > -eg C4a2u -> a2u .
Yy X
Therefore,
CaRix -<aluegx|YIwo> = Ry
and
C4R2 ” <aZuegylywo> - R2y

Using these transformations

2 o _ 1 2
and
2 o _ 1 2
q (|Bx>) = 2[R2y + Rly]

similar to the y-polarized transitions. The final result

is that R = 1/2 (R, + R,)? and r = 1/2 (R, - R;)? for the

B and Q transitions, respectively. For both the x and y-

polarized transitions the intensities add in the Soret and
subtract and cancel in the visible region.

These 50/50 mixed configurations still do not adequately
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represent experimental data. By allowing these zero order
wavefunctions to "unmix" depending on the magnitude of a
configuration interaction parameter, 6, the intensity of the
Q band can be varied continuously relative to the B tran-
sition. The coordinate transformation which allows coupling

only between states of the same polarization can be defined

by:
IQx> = coselQ§> - sine|B§>
le> = cosG]Q§> - sine|B§>
|B, > = cose|B§> + sine|Q§>
and

o . o
> = B > +
|B cosh | y s1n6|Qy>

The restriction to coupling between states of the same
polarization can be relaxed by considering a more complete
vibronic description (Shelnutt, 1981).

Previously we defined

o _ o

R, = <B_|x|v_>
and

o _ (o}

ro = <Qlx|v>
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Similarly we define the unmixed transition moments as

el
n

. 0 o
< > = r +
Bx|x|1pO sinbr, + cos6R_

and

a}
"n

o . o
<Qx|x|wo> cosér_ - sinéR_ ,
with analogous equations for the y-polarized transitions.
It is usually assumed that rg vanishes as shown in the pre-
ceeding section, which results in the approximate transi-

tion dipoles

0
Q

o
coseRx

and

2
Q

. o
51neRx .

This predicts that the Q transition gains intensity at the
expense of the B or Soret band. Furthermore, it can be
shown that for the case where 6§ is small, the energy sepa-
ration between the Q and B transitions is at a minimum;
this separation then increases as the configuration inter-
action parameter increases (Gouterman, 1959). The four-

orbital model gives a good qualitative and quantitive
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description of metalloporphyrin absorption spectra.

The above description of metalloporphyrin electronic
transitions has ignored the effect of changing internuclear
coordinates on excited state interactions. Briefly, vibronic
coupling effects lead to additional intensity in the a
band arising from inter- and intra-manifold coupling of
vibrational states of the appropriate symmetry. This will

be discussed in Section II of this chapter.

C. Heme Absorption Spectra

Calculation of heme optical absorption spectra are
complicated by the presence of the iron d orbitals which
are of the appropriate symmetry and energies to couple with
the porphyrin m orbitals. Furthermore the range of iron
ligation states (four to six ligands are possible) results
in several possible crystal field symmetries. In an octa-
hedral field, exemplified by an iron ion ligated by the
porphyrin nitrogens and two axial nitrogenous ligands, the
five degenerate orbitals are split into two groups. The

lower energy group (dx d dxz) comprises orbitals with

Yy’ “yz
axes oriented at 45° to the pyrrole nitrogen axes and those

at higher energy (dx2_ 2 and dz2) are oriented along the pyr-

Y
role nitrogen axes and along the axial ligand directions,
respectively. From this axis system it can be seen that
the high energy dzz orbital will be most sensitive to

axial ligation. Zerner et al., (1966) performed extended
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Hlickel calculations on ferric and ferrous porphyrins and
were able to predict the spin-state of each species. As
expected the spin states vary according to the position

of the axial ligands in the spectrochemical series. In
general this series can be listed from strong field to

weak field ligands as: CO, CN , nitrogenous ligands, sulfur
ligands, oxygen ligands and halogens.

In addition to spin-state variation, several oxidation
states of iron are possible in heme species. The two
most common are ferric and ferrous iron. Ferric (or oxi-
dized) heme spectra are usually broader and less intense
than the ferrous (or reduced) cases. Addition of an elec-
tron to the heme m system in the ferrous compound results
in population of the 7* antibonding orbitals. This explains
the red-shift observed in the Soret maximum upon reduction.
In general, however, the wavelength maximum of the o band
of low-spin hemes changes very little upon reduction.

Charge transfer (CT) transitions have been shown to be
important in the spectra of hemes and heme proteins (Smith
and Williams, 1970). Several charge transfer bands exist
in the visible and near IR region of the spectrum and are
most prominent for high-spin hemes. These bands have been
interpreted as porphyrin m to metal dTr (Smith and Williams,
1970) and metal to axial ligand (Asher, 1981) charge trans-
fer transitions.

Three important hemes of physiological significance
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significance (heme c found in cytochrome ¢, protoheme or
heme b found in hemoglobin and myoglobin and heme a found in
cytochrome oxidase) vary in their pattern of peripheral sub-
stituents and absorption maxima. They all have propionic
acid residues at position 6 and 7 (Figure 6), presumably

to anchor the chromophore to the polypeptide backbone via
hydrogen bonding. These acid functionalities are insulated
from the porphyrin ring by two carbon atoms and therefore
the ring system "sees" these substituents as alkyl groups.
Their presence or absence does not affect the spectra.

Table 1 summarizes the substituents and absorption maxima

of these three species. The optical properties of this
series of hemes supports two aspects of Gouterman's formula-
tion of metalloporphyrin spectra. First, the more closely
the heme approximates D4h symmetry, the weaker is the in-
tensity of the o band relative to the Soret, and second, the
red-shifted o maxima in the lower symmetry cases is an ex-
ample of the larger splitting between the Soret and a bands
predicted by the four orbital model. These symmetry con-
siderations will be important in Chapter 5 for the inter-
pretation of the absorption and Raman spectra of cyto-

chrome a in cytochrome oxidase.

II. Resonance Raman Spectroscopy

Resonance Raman spectroscopy has been widely used in

the study of hemes and heme proteins (for reviews see
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Felton and Yu, 1978; Rousseau et al., 1978; Clark and
Stewart, 1979 and Asher, 198l). The selective enhance-
ment of only the vibrations of the resonant chromophore
allows protein-associated pigments to be studied owing to
the "invisibility" of the protein matrix to the laser ex-
citation. The types of information available from RRS
studies of heme proteins are the identification of 1)
oxidation and ligation state of the iron, 2) solvent en-
vironment of the heme chromophore as indicated by the fre-
quency position of peripheral substituents, 3) covalent or
electrostatic interactions at the ring periphery, 4)
local protein environment effects arising from symmetry
perturbations, 5) the nature of axial ligands, and 6)

transient effects (ps, ns) on the heme spectra.

A. Classical Description

Classically, Raman scattering is caused by the inter-
action of electromagnetic radiation and the molecular
polarizability. Light from a laser source at frequency
Vo induces oscillations in the electron cloud of a mole-
cule with an amplitude proportional to the polarizability.
The resulting oscillating dipole moment radiates at fre-
quency Vi this is called Rayleigh scattering. This oscil-
lating dipole can be modulated by the oscillating field
created by harmonic vibrational motion of the nuclei. The

resulting beat frequencies occur at Vo ¥ Vy where Vi is
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a normal mode of the molecule. Thus vibrational Raman
scattering yields light shifted in energy relative to the
incoming laser frequency at lower energy (vo - vk) called
Stokes scattering and at higher energy (vo + vk) called
anti-Stokes scattering (Figure 9). Stokes scattering is
more intense than anti-Stokes because it arises from the
zeroth vibrational level of the ground electronic state,
therefore it is the usual experimentally observed process.
The intensity of the Raman scattering process is given

by

GF 4

scattered = C (Vo™ I I [(a o)

GFIZ
(o]
P,0 po

(2.1)

where G and F are ground and final vibronic levels, respec-

th

tively, I_ is the laser intensity and a is the po

o po

element of the molecular polarizability tensor (o,p =
X, v and z). To describe further the polarizability tensor
in terms of wavefunctions of the ground and excited states

a quantum mechanical approach must be used.

B. Quantum Mechanical Description of Raman Theory

The Kramers-Heisenberg-Dirac dispersion formula relates
the polarizability tensor and quantum theory (Heitler,
1954). The polarizability tensor elements can be des-

cribed as:
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<Glu [I><I]ug|F>

(apo) = i

+

GF '[<G|u0|1><llup|F>
I _G . I _F .
(E"-E”) hvo-1FI (E"-E )+hvo—1FI

(2.2)

where G and F are the initial and final vibronic levels as

stated before and the summation is over all excited vibronic

levels, I. The dipole moment operator, u = Zeiri weights
i
the overlap of the initial and final state wavefunctions with

all intermediate excited states. EG, EF and EI are the en-

ergies of the vibronic levels, FI is the lifetime or band-
width of state I, and hvo is the laser excitation frequency.
The first term in Equation (2.2) is important for resonance
Raman and both terms are used in the formulation of normal
Raman scattering. The wavefunctions of the vibronic levels,
G, F and I are usually not known so the Born-Oppenheimer
approximation is made which separates the nuclear and elec-
tronic coordinates [G(r,Rk)> = Ig(r;Rk)>|n(Rk)> where
ln(Rk)> are product harmonic oscillator wavefunctions and
the electronic wavefunction |g(r;Rk)> is parametrically
dependent on Rk' This approximation enables the integra-
tion in Equation (2.2) to be performed over the nuclear
coordinates.

For example, the first matrix element is
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<Glug 1> = <g(r;RIn(RY) Ju [i(r; R Im(Ry) >
— 0 L)
= Mgi(r,Rk)<n(Rk)|m(Rk)>
where we have defined
o] _ ——
Mgi(r’Rk) = <g(rij)[u0 1(r,Rk)>

This is the usual description of an electronic transition

where Mgi specifies the intensity and the band shape is

described by the Franck-Condon overlap integrals <n(Rk)-

|m(Rk)>. The Mgi are usually weakly varying functions of

nuclear coordinates so they can be expanded in a Taylor

series about the equilibrium nuclear position, where Ro =0,

oM _ .
= M° g2
Mgi(R) = Mgi(Ro) + [aRk]R R+ . . . (2.3)
[o]

where

gl aRk
(o)
L
and Mgi can be written as
9H .
' . <s|§§;|1>Ro
M.= I M (2.4)

g1 s#i 9% E; - Eg
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This is the key point in the connection between electronic
scattering and changing nuclear coordinates. The Raman
process is an electron scattering phenomenon yet the fre-
quency of light observed is a direct measure of nuclear
vibrational frequencies. This formulation is strictly
analogous to vibronic coupling between electronic states

in absorption spectroscopy whereby the changing nuclear
configuration scrambles the fixed-nuclei electronic wave-
functions. Transitions that originally were weak or for-
bidden increase in intensity from coupling to nearby allowed
transitions. The modes that are group theoretically capable
of coupling electronic states may be determined by examin-
ing the matrix elements in Equation (2.4). The two excited
states s and i in D4h symmetry of hemes are of E, symmetry.
The vibrations that will result in non-zero matrix elements
are those contained in the direct product Eu X Eu = A

1g

+ A +Blg+B.

29 29
Substituting Equations (2.2) and (2.3) into (2.4),
for the resonant case and considering only one excited

electronic state leads to the following expression for

the polarizability tensor

R
[l

A+B+ . . .

<n|k><k|m>
)—hvb—ir

'
]

2
[Mgi(Ro)l L 15 (2.5)

k 1k-Egn k
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_ ' <n|R|k><k|m> + <n|k><k|R[m>
B = Mgi(Ro)Mg. (R.) X

k (Eik-Eev)-h\)o-iI‘k

(2.6)

These equations indicate that Raman intensity can be
produced by two mechanisms, termed A-term (or Franck-Condon)
scattering and B-term (or Herzberg-Teller) scattering. The
A-term scattering intensity results from three factors;
the Franck-Condon overlap integrals, the transition moments
Mgi and the frequency dependence of the resonance denomin-
ator. The Franck-Condon factors are non-vanishing only if
there is a displacement of the potential in the excited
state along a nuclear coordinate or if there is a change in
frequency of a normal mode between ground and excited states.
The first mechanism is the predominant cause of A-term in-
tensity and therefore only totally symmetric modes give
rise to A-term scattering (Clark and Stewart, 1979).

B-term enhancement results from vibronic borrowing of
intensity between the resonant electronic transition and a
nearby electronic transition through Méi in addition to the
resonant denominator. Non-totally symmetric modes are
enhanced by this scattering mechanism as seen by the har-

monic oscillator matrix elements <n|R|k> = § i.e.,

n, k1’
modes along which there is no coordinate displacement in
the excited state will have non-vanishing integrals (Clark

and Stewart, 1979).
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C. Heme Resonance Raman Scattering

The use of the equations obtained in the previous de-
velopment of resonance Raman theory are not strictly appli-
cable to the electronic transitions of heme species because
of their degenerate nature. Use of a more general develop-
ment yields essentially the same results with bulkier nota-
tion (Shelnutt, 1981), so the approximate expressions of the
previous section will be used for purposes of discussion.

Franck-Condon scattering is the dominant mechanism for
strongly allowed electronic transitions, so this mechanism
holds for excitation frequencies in the region of the in-
tense Soret band. Writing out the intensity of the A-

term for this electronic state leads to:

12 i<g0[BO>| _ __|<gl|B1>

I~ |AlC

(2.7)

EBO-th-ero EBl—hvo-iPBl

where the summation over k in Equation (2.5) is carried to
the first vibrational overtone and B, and B, refer to the
excited state lowest and first vibronic levels, respectively,

with energies E and E

BO

As stated above, vibrations which display an excited

Bl°

state displacement are active in this scattering mechanism.
In D4h symmetry, Alg modes are allowed. Since the Soret

transition is of E, symmetry, those vibrations contained in
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the symmetric direct product of {Eu X Eu} = A + B +

1g 1g
B may cause a Jahn-Teller distortion in the excited state.

29
Blg and BZg modes can cause shifts of opposite sign in the
potential minima of the E, and Ey components, therefore re-
sulting in enhancement of these modes with Soret excitation
(Shelnutt et al., 1977). Examination of the frequency de-
pendence of Equation (2.7), an excitation profile, would
reveal two peaks in the intensity, one at the 0-0 vibra-
tional transition and the other at the energy of the ac-
tive normal mode, hvk to higher energy. Constructive inter-
ference between the 0-0 and 0-1 intensity peaks and des-
tructive interference in the wings is observed.

B-term scattering is important for electronic transitions
that gain their absorption intensity by vibronic coupling.

Excitation into the a band of a heme sample results in the

following approximate equation:

Im|B|2m 1 1 2

|+

(2.8)
EQO—th-lFQO EQl-hvo-lrQl

The vibrations active in the Herzberg-Teller scattering

mechanism for D symmetry are those active in vibronic

4h
coupling. As stated earlier, these vibrations are those

contained in the direct product of Eu X Eu = Alg + A2g +
B modes are expected to be weak or

+ B, , although A

1g 2g9 1g
absent (Perrin et al., 1969). The frequency dependence of
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the B-term intensity also results in two maxima, and the
interference effects are constructive (minus sign in Equa-
1g’ Blg and B2g modes and destructive
(plus sign) for modes of A2g symmetry.

tion (2.8)) for A

D. Polarization and Symmetry Effects

The four different symmetry vibrations (Alg, Azg'

Blg and BZg) allowed in heme resonance Raman spectra can be
identified by their depolarization ratio. Because of the
linearly polarized nature of the laser excitation, Raman
vibrations can be characterized by the extent to which they
retain this polarization. The depolarization ratio is de-
fined as the ratio of the Raman intensity scattered per-
pendicular to the incoming radiation relative to the in-

tensity of the parallel scattered component, Py = Il/Il

Depolarization ratios can be estimated for molecules of
a given symmetry by use of the three polarizability tensor
invariants: the isotropy G°, the symmetric anisotropy

S and the antisymmetric anisotropy G®. To calculate these

G
tensor invariants it is convenient to define the symmetric

and antisymmetric tensors:
=1 =1 -
S = 2(a + a_ ) and A = 2(a a_ ).

The relative elements of apcareavailable (McClain, 1977).

Then
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1
¢° = 3|Tris}|?
¢S = tr{s}{s*}-c°
G2 = Tr{a}{a*}) .

For 90° scattering geometry

I
- L 36° + 56
I 106° + 4GS

In D4h symmetry, A1g modes are polarized (p) with

Py = 1/8, B and B modes are depolarized (dp), Py =

3/4, and A

19 29

modes are anonamously polarized (ap),

29 Py =

©, Anomalous polarization reflects asymmetry in the scat-
tering tensor and is only observed at resonance with the

o band (Rousseau et al., 1978). These depolarization ratios
are strictly valid only for molecules of D4h symmetry. For
molecules of lower symmetry, there is dispersion in Py

and the values become <3/4 for polarized modes, =3/4 for
depolarized modes and >3/4 for inversely polarized vibra-
tions. The variation in Py with excitation frequency
provides information about the symmetry and environmental
perturbations of the heme macrocycle (Shelnutt 1980, 1981).

However, the use of the depolarization ratio obtained at a

single excitation frequency to assign mode symmetries can
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be misleading because ap modes can be polarized in the

Soret, and polarized modes may be depolarized in the vis-
ible region (Shelnutt, 1981). None of the physiological
relevant hemes is strictly of D4h symmetry. In fact, all

of them are Cs’ yet the predictions made for D molecules

4h
are observed in most cases. When deviations occur, a slight
reduction in the molecular symmetry classification is usually
sufficient to interpret the data. In the worst possible case
of Cs symmetry, all mode symmetries are A and their depolari-
zation ratios range from 1/3 to 2.

This description of the factors that influence heme ab-
sorption and resonance Raman spectra provides a background

for the discussions in the following sections. The experi-

mental aspects of RRS will be covered in the next chapter.



CHAPTER 3

EXPERIMENTAL PROCEDURES

I. Spectroscopy

The setup of a Raman experiment is given in Figure 10.
The incident laser frequency impinges upon the sample from
the bottom of a clear cuvette and the scattered light is
collected at 90° to the incident beam. The scattered light
is then focused, passed through a polarization analyzer
(optional), a polarization scrambler and a double mono-
chromator to the cathode of a photomultiplier tube. The
polarization scrambler is used because of the differential
detection of perpendicular and parallel polarized light.
The scattered intensity versus frequency data is then dis-
played on a strip chart recorder. The Raman spectrometer
used in the experiments reported here is a Spex 1401 double
monochromator in conjunction with the associated Ramalog
electronics. Scan speeds of 50, 25 and 10 cm-l/minute were
used along with the respective time constants of 1, 2.5
and 5 sec. The delta frequency position was calibrated
before each experiment by using benzene as a standard,
and the position of the polaroid analyzer was calibrated

by reproducing the literature depolarization ratios of

58
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benzene and methylene chloride. Static, spinning cell and
flowing sample arrangements were used. The spectra of

light sensitive model compounds were taken with the spin-
ning cell (constructed at Michigan State University). All
model compound samples were monitored at room temperature
and all protein samples were obtained at ~5°C. All samples
of oxidized cytochrome oxidase or partially oxidized oxidase
were taken with a flowing sample arrangement (Babcock and
Salmeen, 1979) to reduce the effects of cytochrome a photo-
reduction.

Three fixed frequency ion lasers were used; a helium-
cadmium (RCA LD2186) on loan from Dr. Irving Salmeen, Ford
Motor Company, with Aex = 441.6 nm, a krypton in Spectra
Physics 164-11 equipped with high field magnet which pro-
vided 406.7 and 413.1 nm excitation and a Spectra Physics
model 165 argon ion laser which provided several lines in
the blue-green region. The argon ion laser was also used
as a high power source to pump a dye laser. A Spectra
Physics model 375 dye laser with Rhodamine 6-G was used
to obtain laser excitation in the heme a o band region
(600 nm). Sample concentrations for Soret excitation
resonance Raman spectra were typically 20-40 pyM with laser
powers of 20-40 mW and those used for visible excitation
were approximately 200 uM with typical laser powers of

1

50-100 mW. Spectral resolution is 5 cm ~ and the Raman

peak positions are accurate to "l.5 cm_l. In the protein
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samples used to obtain excitation profile data, the enzyme
concentration was maintained at 14 yM and 0.12 M (NH4)2SO4
was added as an internal standard. Control experiments
showed that the presence of ammonium sulfate did not alter
the Raman scattering properties of the enzyme. Reabsorp-
tion effects were estimated to lead to maximum errors in

the determination of scattered intensity of <8% but were

not corrected for. The detector response of the RCA C31034
tube used is essentially frequency dependent over the spec-
tral range of interest.

Absorption spectra of the samples were monitored before
and after each experiment to monitor sample integrity. The
absorption spectrometer used was either a Cary 17, Cary 219
or McPherson EU707D. The Cary and MCD spectrometers were
used in conjunction with a chilled sample holder (~5°C)
for protein work. Magnetic circular dichroic spectra were
taken at the University of California, Berkeley by using the
computer interfaced spectrophotometer described previously
(Sutherland et al., 1974) or at the University of Michigan
with a JASCO J-40C recording spectropolarimeter equipped
with a MCD-1 electromagnet operating at 16.05 kG, and coupled
to a Data General Nova 3 minicomputer and a Tracor Northern
PN-1500 digital signal analyzer. MCD sample concentrations
were approximately 10 uM. EPR spectra were recorded by
using a Bruker ER200D X-band spectrometer; operation at

low temperature was achieved by using an Oxford ESR-9
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liquid helium cryostat. EPR sample concentrations were

typically 200 uM.

II. Protein Sample Preparation

A. Cytochrome Oxidase

Beef heart cytochrome oxidase was isolated by a modi-
fied Hartzell-Beinert preparation (Hartzell-Beinert, 1975,
Babcock et al., 1976). Cytochrome oxidase isolated from
rat liver mitochondria was a gift from Debra Thompson and
Prof. Shelagh Ferguson-Miller (Michigan State University)

and the bacterial oxidase, cytochrome c,aa; was obtained

1
from Tatsura Yoshida and Prof. James A. Fee (University

of Michigan). All samples were prepared at pH 7.4 in 50-
100 mM Hepes buffer unless otherwise specified. The in-
hibitor complexes of the enzyme were formed as previously
described (Babcock, et al., 1976), and the oxygenated
species was formed by air oxidation of the dithionite or
cytochrome ¢ (Sigma, Type VI) reduced enzyme. This pro-
cedure yielded a sample with Soret and o maxima at 427 nm
and 600 nm, respectively. The 655 nm band was also present.
Reduction of the enzyme was achieved by either addition of

a few crystals of sodium dithionite (Virginia Smelting)

or by addition of 10 mM ascorbate-0.1 mM N,N,N',N',~-tetra-
methyl-paraphenylenediamine (TMPD).

The early work on cytochrome oxidase presented here was
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done with Brij 35 as the solubilizing detergent but as of
May, 1981 lauryl maltoside was used owing to the mono-
disperse nature of the enzyme in this detergent (Rosevear
et al., 1980). In lauryl maltoside, cytochrome oxidase
exists as a dimer whereas in other detergents (Brij, Tween-
20, or cholate) it exists as higher order aggregates. The
particular detergent used is specified in the figure cap-
tions.

In the alkaline pH studies of cytochrome oxidase a dif-
ferent buffer-detergent system was used. This system was
0.5% K-cholate, 50 mM potassium phosphate. The pH induced
spectral shifts were also observed in other buffers and
detergents, e.g., CHES, CAPS, glycine lauryl maltoside and
Tween-20, but the shifts in the pH range 8-11.5 were more
dramatic for the cholate-phosphate system and therefore
investigated further. The high pH forms of the enzyme
were prepared by bringing the enzyme solution to the
desired pH level with 1 N NaOH followed by incubation for
approximately six hours at 4°C. This incubation period
insured that no further spectral shifts could be observed
after the spectra were recorded. The slow formation of
the alkaline cytochrome oxidase species was a hindrance as
noted by Lemberg (1964) but the effects are completely re-
producible. For reduced cytochrome oxidase, either the
oxidized or reduced enzyme incubated at high pH and then

completely reduced with dithionite or TMPD/ascorbate resulted
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in the same spectral species as noted by Lemberg and Pilger
(1964). For the spectra reported here the enzyme was in-
cubated in the reduced form if the final species was to be
a reduced species. The pH values reported are those measured
immediately after the experiment was complete.
Dicyclohexylcarbodiimide (DCCD) binding to cytochrome
oxidase was performed following the method of Moroney and
Hinkle (1983). Experiments done with cytochrome oxidase
in DZO rather than H20 as solvent were done with isolated
enzyme samples which were precipitated one additional time
with saturated ammonium sulfate and resuspended in a 0.5%
lauryl maltoside, 50 mM Hepes solution in DZO' There was

no change in the absorption spectrum of the oxidized or

reduced enzyme in D,0 relative to H,0.

B. Other Proteins

The preparation of hemoglobin, myoglobin, cytochrome
¢ and horse-radish peroxidase samples was carried out as

reported in Callahan and Babcock (1981).

III. Heme Model Compound Sample Preparation

A. Hema a

The chloride complex of heme a was isolated by acid/

acetone extraction of purified cytochrome oxidase (Babcock,



65

et al., 1976). Low-spin ferric heme a complexes in 0.1 M
phosphate buffer, pH 7.4, 2% sodium dodecyl sulfate (SDS)

or in organic solvents were prepared by addition of 0.7 N-
methylimidazole (NMeIM). Six coordinate high-spin ferric
heme a was prepared by a procedure analogous to that used in
the preparation of high-spin six coordinate Fe3+ octaethyl-

porphyrin and Fe3+

tetraphenylporphyrin (Dolphin et al.,
1977; Zobrist and La Mar 1978; Spiro et al., 1979): heme
a perchlorate was prepared from a methylene chloride solu-

tion of the heme §3+

chloride complex by addition of solid
anhydrous AgClO4; following filtration, a sufficient amount
of ligand (i.e., DMSO or THF) was added to insure complete
formation of the six coordinate high-spin complex as judged
by changes in the optical spectrum (Figure 11). Five co-
ordinate ferrous heme a was formed by addition of 0.3 M
2-MeIm and a few crystals of sodium dithionite to an agqueous
detergent solution of heme a>'.c1”.

In order to be able to work at the very acidic conditions
needed for protonated Schiff base formation or strong hydro-
gen bonding to the peripheral aldehyde on the heme a ring,
the substitution of the central iron atom for copper was
carried out according to the methods of Fuhrop and Smith
(1975). Schiff bases readily form between the porphyrin
a carbonyl and any primary amine. Protonation or deutera-

tion of the imine linkage follows addition of a slight

excess of dry HCl or DCl gas (Ward et al., 1983). Hydrogen
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bonded heme a (NMeIm)2 or copper porphyrin a model complexes
were formed by addition of a hydrogen donor (e.g., phenols,
acids and alcohols) until no further spectral shifts were
observed. Heme a (NMeIm), could not be used with acids
with pKa N5 owing to the preferential protonation of the
axial imidazole nitrogens.

Reduction of heme a (NMeIm), in aprotic solvents was
carried out by the method of VanSteelandt-Frentrup et al.
(1981) . For the hydrogen bonded heme a model compounds
the reduction procedure was slightly different. The heme
§3+ (NMeIm)2 in solution and hydrogen donor were kept in
separate arms of the glassware shown in Figure 12. Follow-
ing several freeze-pump-thaw cycles and addition of the
methanolic solution of 2-2-2 cryptand solubilized sodium
dithionite to reduce the heme a, the ferrous heme a (NMeIm),
could be mixed with the hydrogen donor. Absorption and
Raman spectra were recorded in the attached quartz cuvette.
In cases where the hydrogen donor was a liquid, rigorous
degassing was necessary beforethe reduction step. An al-
ternative reduction method involves the use of tetrabutyl-
ammonium borohydride. A small amount is placed in the
cuvette sidearm of the glassware, the freeze-pump-thaw
cycles are performed as before, the heme a solution is
poured over to mix with the tetrabutylammonium borohydride
and then the ferrous heme a (NMeIm), complex can be mixed

with the hydrogen donor present in the third arm. This
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Figure 12. Glassware used for hydrogen bonded heme a re-
duction.
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method eliminates the necessity of any additions once the
glassware has been closed off from the atmosphere. Care
must be exercised in the amount of tetrabutylammonium
borohydride used. Just as with excess sodium dithionite,
facile reduction of the heme a peripheral aldehyde is ob-
served. Solvents were of spectral grade and dried over
molecular seives prior to use; other reagents were obtained
commercially and, when necessary, were further purified by

distillation.

B. Other Heme Model Compounds

Hemin chloride was obtained from Sigma and the low-spin
ferric bis (NMeIm) complex prepared by addition of 0.7 M
N-methylimidazole to a solution of the heme in 0.1 M sodium
phosphate, 2% SDS, pH 7.4. Protoporphyrin IX dimethyl
ester was obtained from Sigma and the iron insertion was
carried out as described by Lemberg et al. (1955) to form
the Fe3+ protoheme dimethylester chloride compound. Ferric
iron etioporphyrin I chloride and ferric iron octaethyl-
porphyrin chloride were the kind gifts of Professor C. K.
Chang. Preparation of the six coordinate high- and low-
spin species was achieved as described above for the heme
g3+ complexes. During the preparation of the various

derivatives, the optical absorption spectra were monitored

to insure complete formation of the species of interest.



CHAPTER 4

COORDINATION GEOMETRIES

I. Reduced Cytochrome Oxidase

A. Introduction

Raman spectroscopy offers the potential to resolve
several of the outstanding questions regarding cytochrome
oxidase. The technique provides information on both the
immediate coordination sphere of the heme-bound iron
(Spaulding et al., 1975; Spiro et al., 1979; Callahan and
Babcock, 1981) and on the conformation of porphyrin ring
peripheral substituents (Salmeen et al., 1973, 1978). Given
the unusual formyl substituent of heme a, this latter in-
sight is expected to be extremely useful (Babcock and Sal-
meen, 1978). The application of Raman spectroscopy to the
enzyme, however, is complicated by facile photoreduction
of the metal centers in the laser beam (Adar and Yonetani,
1978; Adar and Erecinska, 1979) and by ambiguities in the
optical properties of the two heme chromophores. The
photoreduction difficulty has been avoided recently by
using frozen samples and laser excitation in the visible

region (Bocian et al., 1979) or by using flowing oxidase

71
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samples (Babcock and Salmeen, 1979). By using the flow
technique and several Soret region laser lines to obtain
oxidase Raman spectra, the optical properties of a and as
have been clarified (Babcock and Salmeen, 1979; Ondrias and
Babcock, 1980). Recent oxidase Raman studies carried out
by Woodruff et al., (198l) have confirmed these observa-
tions. The absorption properties of a and as determined
by Raman spectroscopy are in close agreement with those
originally postulated by Vanneste (1966) but which had been
clouded somewhat during the past decade by the uncertain
manifestations of heme-heme interaction (Malmstrém, 1979).
The majority of the oxidase Raman work we have done
has used Soret excitation. The scattered intensity under
these conditions is controlled by Franck-Condon overlap
factors and is distinct from the Herzberg-Teller nature of
heme Raman spectra obtained with excitation in resonance
with the a and B bands (Felton and Yu, 1978; Rousseau et al.,
1979; Clark and Stewart, 1979). 1In Section II Soret excita-
tion Raman spectroscopy is used to extract heme structural
information through the use of model compound data (Calla-
han and Babcock, 1981). 1In Section III vibrational band
assignments for cytochromes a and a; are made and in con-
junction with heme a model compound data the spin and co-
ordination states for the two oxidase iron chromophores
are determined. The Soret excitation frequency dependence

of the reduced oxidase Raman spectrum has been explored and
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the data can be interpreted qualitatively by assuming that
the polarizability is dominated by a single electronic
state and its Franck-Condon overlap with the ground state.
Finally, the mechanism of cytochrome oxidase photoreduc-
tion has been studied in some detail in order to clarify

the nature of this process.

B. Soret Raman Scattering Frequency Dependence

Studies concerned with the frequency dependence of Raman
scattering in the a, B region of heme protein electronic
spectra have been carried out, for example on cytochrome
¢ (Friedman et al., 1977), and have been interpreted to first
order in terms of a Herzberg-Teller scattering mechanism,
and more quantitatively by incorporating both non-adia-
batic and Jahn-Teller effects (Shelnutt, 1980). No system-
atic investigations of this type have been carried out for
Soret excitation, with the exception of a study carried out
by Champion and Albrecht (1979) of the oxidation state
marker band of cytochrome c. Because the Soret absorption
spectrum of cytochrome oxidase is considerably red-shifted
compared to other hemes and heme proteins, fixed frequency
ion laser lines can be used to construct a crude excitation
profile in order to explore in more detail the frequency
dependence of Soret scattering.

Figure 13 shows the optical spectra of several oxidase

derivatives and the relationship of the five available
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Figure 13.

Optical absorption spectra of several of the
cytochrome oxidase species used in the Raman
experiments. The wavelengths of the laser lines
available are also shown in the figure. The
cytochrome oxidase concentration was approxi-
mately 4 pyM (in enzyme) for all four compounds.
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laser lines to these spectra. In reduced cytochrome oxi-

2+ 2+

dase, both a” and a; have maxima at 443 nm (Vanneste,

1966). Two of the laser lines are thus on the long wave-
length side of the absorption peak (by 571 and 735 cm—l)
and the remaining three are on the short wavelength side

of the peak (by 71, 1634, and 2015 cm 1).

Figure 14 shows
Raman spectra of the reduced oxidase obtained with the three
highest frequency lines as well as the Raman spectrum of
reduced rat liver cytochrome oxidase with 441.6 nm excita-
tion. The spectra obtained with the 457.9 and 454.5 nm
lines were similar to those recorded by Nafie et al. (1973).

Equation (2.7) predicts two peaks in the Soret excita-
tion profile for a given mode: one at the absorption peak
(i.e., at the 0-0 fundamental) and a second at a frequency
given by the sum of the 0-0 fundamental and the vibrational
qguantum. Constructive interference is predicted in the
frequency region between the two peaks and destructive
interference is predicted in the wings.

In Figure 15 excitation profiles of six of the modes in
Figure 14 are plotted according to a form of Equation (2.7),
where the Franck-Condon factors in the numerator are set
equal and approximated by the extinction coefficient at the
Soret maximum. The bandwidth chosen in Equation (2.7) was
475 cm-l, estimated from the optical data of Vanneste
(1966). Two peaks are observed in the calculated excita-

tion profiles unless the bandwidth is of the same magnitude
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Figure 14. Raman spectra of reduced beef heart cyto-
chrome oxidase (a,b,c) and of reduced rat
liver cytochrome oxidase (d) recorded with
the laser lines indicated. Instrumental
conditions: resolution, 6 cm_l; time con-
stant, 1ls; scan rate, 50 cm_l/min. Raman
lines which originate from the buffer systems
used are indicated by asterisks; the daggers

indicate the Raman line of the sulfate in-

ternal standard.
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Figure 15.
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Raman excitation profiles for the modes in-
dicated have been calculated from Equation

2.7 in the text and are shown by the solid
lines. The experimental data obtained with

the five available laser lines are shown by

the closed circles and estimated error bars.
The experimental and theoretical points are
arbitrarily normalized at 441.6 nm. The three
low frequency points and the two high frequency
points have been connected by dashed lines

which have no theoretical basis.
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as the vibrational quantum, in which case the peaks are

not resolved. Included in these theoretical plots are

data points obtained from the experimental data of Figure
1l4. There is rough agreement between the calculated and
experimental points in that the decreased intensity ob-
served for the low frequency modes with 406.7 and 413.1

nm excitation is predicted. However the experimental data
also show deviations from Equation (2.7): a) the scattered
intensity on the low frequency side of the 0,0 peak and on
the high frequency side of the 0,1 peak is greater than
that calculated from Equation (2.7) which predicts des-
tructive interference in these regions, b) the amplitude
of the 0,1 scattering is greater than that of the 0,0 and
c) the effects in (a) and (b) become more pronounced as

the frequency of the vibrations increases. These phenomena
have been observed in o band excitation profiles of heme
proteins and have been accounted for by including a non-
adiabatic term to allow for the effects of Soret excited
states (Shelnutt et al., 1976; Rousseau et al., 1979). The
dramatic increase in intensity observed for the peripheral
aldehyde stretching vibrations of cytochromes a and az at

1610 em ! 1

(see Chapter 5) and 1665 cm ~ can be interpreted
as arising from nonadiabatic coupling to a transition at
higher energy. Carbonyl substitution has been shown to
induce additional absorption bands in the spectra of

chlorin species (Weiss, 1972). Raman excitation in the
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near UV region of these species results in an additional

enhancement of the peripheral substituent vibrations (Lutz

et al., 1982). A similar mechanism may be operative

here for the heme a chromophores in cytochrome oxidase.
With the Franck-Condon nature of the Soret RR spectra

established, structural information can be extracted from

the spectra by comparison with appropriate model compounds.

II. Soret Excitation RRS of Ferric Heme Model Compounds

A. Previous Structural Correlations

The geometry of the porphyrin macrocycle in hemes and
heme proteins is reflected in the frequency positions of
several vibrational bands observed by resonance Raman
spectroscopy (Spiro, 1974; Felton and Yu, 1978; Kitagawa
et al., 1978; Rousseau et al., 1979). One of the most
useful empirical correlations between heme structure and
Raman frequency has been developed by Spaulding et al.,
(1975) who showed that an inverse relationship exists be-
tween the frequency of an anomalously polarized mode in the

1550-1610 cm™ !

region and Ct-N, the distance from the
center of the porphyrin to the pyrrole nitrogens. This
was later confirmed and extended (Huong and Pommier, 1977;
Scholler and Hoffman, 1979; Spiro et al., 1979); plots of

Raman frequency vs. porphyrin core size (Ct—N) for the ap

mode (denoted Band IV) as well as for a polarized mode in
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in the 1600-1650 cm ' region (Band IV) could be fit by an

empirical equation of the form
(4.1)

where Gi is the frequency of the vibration under considera-
tion, d the C,-N distance and K. and A; are adjustable

parameters specific to the ith

vibration. Equation (4.1)
has thus far been established for the three vibrational
bands indicated above, all of which have appreciable methine
bridge bond stretching character (Spiro et al., 1979). As
a consequence, the correlations indicated by Equation (4.1)
are relatively insensitive to the nature of the pyrrole
B-carbon substituents, provided that these are linked by
C-Cs bonds. However replacement of the hydrogen at the
methine bridge carbon by, for example, phenyl groups or
deuterium causes shifts in these bands unrelated to core
size change and Equation (4.1) is no longer applicable.
In addition, Bands II and V are also somewhat sensitive to
the nature of the axial ligands and shift to higher fre-
quency as the m acceptor character of the ligands is in-
creased.

With the establishment of sound correlations between
porphyrin core size and Raman frequency, it has become
possible to interpret scattering data to determine both

spin state and iron coordination number for several heme
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proteins (Spiro et al., 1979; Seivers et al., 1979). How-
ever research which has been done thus far to link por-
phyrin core size and Raman vibrational frequencies has
been carried out with a, B excitation. The vibrations ob-
served upon Soret excitation of hemes and heme proteins
are, in general, distinct from those enhanced by a, B
excitation and the empirical correlation between core size
and Raman frequency described above for Herzberg-Teller
active modes may not necessarily apply to the Franck-Con-
don vibrations.

Sporadic reports have appeared in the literature which
relate the frequency of a polarized mode in the 1560-1600
cm-l region, observed with Soret excitation, to heme iron
spin state. For example, Yamamoto et al. (1973) reported
such a correlation for hemoglobin and myoglobin compounds,
Remba et al. (1979) reported analogous data for chloro-
peroxidase and Babcock and Salmeen (1979) tabulated the
frequency of the band as a function of heme a iron spin
state. However, a systematic study of this phenomenon has
not yet appeared. In this section, the Raman spectra of a
number of heme model compounds and heme proteins are in-
vestigated and an empirical correlation between the fre-
quencies of the observed modes, the porphyrin core size and
the pattern of B-carbon peripheral substituents is establish-
ed. In the next section this correlation is applied to the
interpretation of Soret excitation Raman spectra of cyto-

chrome oxidase and a number of its inhibitor complexes.
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B. Peripheral Substituent Dependence of Vibrational Fre-

quencies

1. Protoheme Species

Soret excitation Raman spectra of several protoheme con-
taining species are presented in Table 2A. These have been
selected to represent the commonly encountered combinations
of spin state and iron coordination: a) six coordinate low-
spin, b) six coordinate high-spin, and c) five coordinate
high-spin. The Raman spectra of the cyanide and fluoride
complexes of ferric HRP have also been investigated and it
is found that they resemble the azide and fluoride metmyo-
globin complexes, respectively (Babcock et al., 1981). As
expected for Soret excitation, the principal vibrational modes
observed are polarized (p, < .75) (see Table 3). However
the depolarization ratios rarely achieve the 1/8 value ex-
pected for D4h symmetry, indicating that the effective sym-
metry is reduced. This effect, plus the conjugation of the
vinyl substituents with the porphyrin m system (Adar,

1975; Choi et al., 1982) contributes additional bands to
the high frequency Raman spectra of protoheme derivatives
when compared to the symmetric heme species described
below.

The Soret excitation spectra are distinct from those
obtained for the same compounds with a, B band excitation,

particularly in the 1550-1600 am~1 region, where the
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structure sensitive anomalously polarized mode (Spaulding
et al., 1975) is replaced by polarized modes. Yamamoto et
al. (1973) were the first to point out that these polarized
modes are sensitive to spin state. For the six coordinate
myoglobin derivatives they investigated with 441.6 nm ex-
citation; the ratio of intensities for the bands at 1566
and 1584 increased as the high-spin content increased. The
data confirm this correlation and demonstrate that it also
applies to six coordinate high-spin and low-spin protoheme
compounds. Moreover, five coordinate high-spin protoheme

compounds show a strong polarized mode at 1576 cml, inter-

mediate between the 1584 cm-l low-spin and 1566 cml six
coordinate high-spin marker bands. Thus the high frequency
polarized mode showsthe same general dependence on heme
structure as reported for Band IV, the high frequency ap
mode: as the Ct-N distance increases from six coordinate
low-spin through five coordinate high-spin to six coordinate
high-spin, the frequency of the band decreases. However,

in the case of Band IV the overall decrease amounts to 30
cm-l for the heme complexes examined whereas for the
polarized mode the corresponding decrease is only 18 cm°l.
This observation indicates a less dramatic Ci-N distance
dependence for the polarized mode. Table 2 summarizes the
positions of the prominent bands of protoheme, FeOEP and
heme a species as well as vibrational frequencies observed

for the same compounds with excitation in the visible

region.
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With o, B band excitation a polarized mode in the 1500

cm_l region is observed (Band II) which is sensitive to
heme iron spin and coordination. A band in the same region
is also prominent in the Soret excitation Raman spectra

we report and exhibits the same dependence; we conclude
that Band II is enhanced by both a, B and Soret laser lines.
For six coordinate high-spin derivatives Band II occurs at

1

1482 cm ! and shifts to 1496 cm T for five coordinate high-

spin species. In six coordinate low-spin protoheme com-

pounds the observed frequency is 1507 cm-l. Because other

bands are also apparent in the 1470-1510 cm-l

region, cor-
relations based only on Band II positions are somewhat

tenuous.

2. Hemes with Saturated Ring Substituents

Attempts to extrapolate the correlations developed in
the previous section between protoheme structure and Raman
frequencies to c-type cytochromes and to heme a containing
species were only partially successful. For Band II the
same pattern emerges. However for the polarized mode in
the high frequency region inconsistencies are apparent.
This behavior is demonstrated for species with saturated
ring substituents in Table 2B where we have collected data
of representative six coordinate high-spin, five coordinate
high-spin, and six coordinate 1low-spin compounds. The

3+

Raman spectrum of bis(cyano)Fe OEP has also been recorded
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and it is found that its vibrational properties are similar

to those of the bis (NMeIm) complex; its principal high fre-

quency vibrations occur at 1590 cm-l, 1505 cm_l, and 1376

cm-l. In the 1500 cm_l region, the low-spin species show

Band II at 1507 cm_l; for the high-spin compounds Band II

occurs at 1496 cm-1 for five coordinate complexes and at

1

1482 cm” ~ when the iron is six coordinate. In the high

frequency region, there is a positive shift of about 10

em™ 1 in frequency for the structure sensitive polarized

mode for the hemes with saturated substituents compared to

the corresponding protoheme derivatives. Thus the six co-

ordinate low-spin indicator occurs near 1590 cm_l, the five

1 and the six co-

ordinate high-spin mode shows at 1575 cm-l. As with the

coordinate high-spin band is at 1584 cm”

protoheme species, however, the total decrease in the fre-
quency of the high frequency polarized mode as the C.-N
distance increases from its six coordinate low-spin value
(1.989 &, (Collins et al., 1972)) to its six coordinate high-

spin value (2.045 &, Mishiko et al., 1978)) is approximately
18 cm 1.

Protoheme 1is distinct from the species in Table 2B in
that it has unsaturated substituents at two of the B-carbon
positions, i.e., vinyl groups at carbons 2 and 4. The
Raman data above thus indicate that upon Soret excitation

of iron porphyrin compounds the observed frequency of the

mode in the 1560-1600 cm-l region reflects three different
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structural aspects of the chromophore: (a) the spin state
of the iron, (b) the coordination number of the iron, and
(c) the nature of the peripheral substituents. For Band

IV observed with o, B band excitation, it is apparent that
the frequency position reflects only Ct-N distance, i.e.,
structural features (a) and (b) above, since similar values
of A and K in Equation (4.1) can be obtained from Raman
data for metalloporphyrins with either saturated or un-
saturated B-carbon peripheral substituents. An explanation
for the dichotomy in behavior of these two modes can be
constructed based on the normal coordinate analysis of Abe

et al. (1978) and is considered below.

3. Heme a Species

The data above demonstrate the usefulness of Soret ex-
citation Raman data to the assignment of heme geometries
provided that proper account of the pattern of peripheral
substituents is taken. In heme a these substituents are
distinct from those of protoheme and of the compounds in
Table 2B in that a hydroxyfarnesylethyl group occurs at
position 2, a vinyl at ring position 4 and a formyl at
ring position 8. Thus we have carried out a classification
of the structure sensitive heme a modes observed upon Soret
excitation and show representative spectra of the various
derivatives in Figure 16 and Table 2C. Six coordinate low-

1

spin heme 33+ (Figure 16d) shows bands at 1506 cm — and
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Resonance Raman spectra of several heme a

model compounds dissolved in methylene chloride.
Solvent and non-resonance enhanced ligand
vibrations are indicated by asterisks. In-

strumental conditions as in Figure 14.
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1 1

1590 cm ~ which are replaced by bands at 1492 cm - and

1581 cm"l in the five coordinate high-spin complex (Figure

l6a). For the six coordinate high-spin model compound

1 1

(Figure 16b), these bands occur at 1482 cm - and 1572 cm .

The band observed in the high frequency region near 1670
cm-l in these species is due to the heme a formyl group
which is clearly resonance enhanced with Soret laser 1lines
(Salmeen et al., 1978; Tsubaki et al., 1980). The Soret
spectra differ markedly from the heme a spectra obtained
with a band excitation (Babcock et al., 1979). With Aex =
592 nm the structure sensitive ap mode is observed and oc-
curs at 1583 cm 1 for the six coordinate low-spin species;
there is no indication of either a structure sensitive

polarized mode in the 1500 cm™1

carbonyl near 1670 em™ 1,

region or of the heme a

C. Vibrational Assignments

Soret excitation Raman spectroscopy offers several ad-
vantages over the more commonly employed heme o, B band
excitation spectroscopy. These include the use of both
lower heme concentrations, generally by a factor of about
10, and lower incident laser powers. This work provides
a systematic classification of the iron porphyrin high
frequency modes observed when Soret exciting lines are

used and of the structural information which can be
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extracted from the frequencies of these modes.

It was recognized fairly early in the application of
resonance Raman spectroscopy to heme proteins that the
scattering mechanism in the Soret was primarily controlled
by Franck-Condon overlap factors and hence distinct from
the vibronic or Herzberg-Teller mechanism operative when
Q band excitation is employed (Nafie et al., 1973; Fried-
man and Hochstrasser, 1973; Spiro, 1974). Thus modes in
which there is origin displacement in the excited state
dominate the Raman spectrum obtained with Soret excitation,
whereas anomalously polarized and depolarized modes which
are active in vibronic mixing are the principal components
of heme Raman spectra taken with visible laser lines. None-
theless for two of the bands observed routinely with Soret
excitation of hemes and heme proteins, the polarized oxida-
tion state marker band in the 1345-1380 cm_1 region (Band
I) and the polarized mode in the 1480-1518 cm-1 region,
(Band II) are also common features of visible excitation
Raman spectra. The data presented above indicate that the
correlations between spin, coordination number and oxida-
tion state developed for these two modes are independent
of whether the excitation frequency is in resonance with
the o, B or y band transition.

Two other modes, however, the ap mode in the 1550-1600
cm~ L region (Band IV) and the dp mode in the 1600-1650 cm™ 1

region (Band V) are not strongly and consistently enhanced
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upon Soret excitation. In the Band V region, two effects
appear to influence the Soret excitation spectra. For

heme species with saturated B-carbon substituents, Table

2 shows that a good correlation exists between the fre-
quency of the dp mode observed with visible excitation

and that of the highest frequency mode in our Soret excita-
tion Raman spectra. For a representative compound in this
class, OEP Fe>' (NMeIm),, Table 3 shows that the 1640 cm
mode is depolarized and thus we conclude that the same
vibration (i.e., that which gives rise to Band V) is active
with both Soret and visible excitation. The second effect
contributing lines in the 1600-1680 cm-1 region is apparent
when the heme a and protoheme derivatives are considered.
For heme a the formyl vibration is observed at 1670-1676
cm-l in aprotic solvents. Band V appears at slightly
lower frequencies and shows a dependence of porphyrin core
size similar to that of the heme derivatives with saturated
substituents (Table 2). For protoheme species the 1600-

1650 cm” L

cm_l; only in low-spin species is Band V clearly observed.

1

region is dominated by a vibration at 1621-1626

Because vinyl vibrations are expected in the 1620 cm
region, the mode observed near this frequency in protoheme
species is assigned as being due to the carbon-carbon double
bond stretching mode.

1

For the polarized mode in the 1560-1600 cm ~ region,

the data presented demonstrate a correlation between the
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observed frequency and the coordination and spin state of
the heme bound iron. 1In this regard it parallels the be-
havior of the ap mode in the same region. There are, how-
ever, quantitative differences between the two; (a) the
position of the polarized mode is also a function of the
porphyrin B-carbon substituents; for the ap mode this de-
pendence does not appear to be strong and (b) the shift in

the position of Band IV as the heme C,-N distance is

t
changed is greater than the corresponding shift in the
position of the polarized mode. The differences between
the various structure sensitive modes is made more apparent
by examining the plot of C_-N distance vs. Av shown in

Figure 17. The sensitivity of the 1560-1600 em~1

polarized
mode to B-carbon substituents is reflected in the different
lines for the indicated classes of hemes; the less dramtic
dependence on heme Ct-N distance is evident in the smaller
slope of these lines relative to those of the other modes.
The polarized high frequency mode appears to have little
or no dependence on the identities of the iron axial ligands,
at least for the ferric oxidation state. Table 2 shows
that for protoheme species in the low-spin state essentially
identical frequencies are observed for bis(N-methylimidazole)
and for histidine-azide ligand combinations. A similar in-
sensitivity to ligand identity is apparent for the high-

spin compounds. For hemes with saturated peripheral sub-

stituents a slight frequency difference is observed when



98

TeI10A0S 103

*SOpoOW D9ATITSUSS DINFONIIS UOTILITOXD 3BI0S

Aousanboa3j TeuoT3zRIqTIA Snsada pajjzoTd 9@OULRISTP W AZ|uUV

*LT @anbtg



99

LT @2anbtg

(,.w2) 2y
004l 0SSl 0091 059l
| L 1 | | |
861
v d30 o B uihudicd 4
O 3WadYyojoid
o Dawsy ‘S| p4003 9
002
Q
z
IV\o
SURpO0IS 202
d30 oxo-7
p02
'Sy pI000 9

SPO 9ANISUSS aINYINLYS - SHY UOHD}

193 {310S



100

bis (N-methylimidazole) and bis (cyano) compounds are com-
pared with the histidine methionine combination in cyto-
chrome c¢c. This may reflect a real axial ligand dependence
or the fact that the substituents in the 2 and 4 positions
on the ring periphery in cytochrome c¢ are involved in
thioether linkages.

The observations and differences described above regard-
ing the behavior of the four structure sensitive modes
summarized in Table 2 can be rationalized by reference to
the recent normal coordinate analysis of Abe et al. (1978).
Bands II, IV, and V correspond to vibrations v4(Alg),

Vig (Azg) and Yi0 (Blg), respectively, in their normal co-
ordinate analysis and the polarized mode we observe in the
1560-1600 cm-l region with Soret excitation can be assigned

as the analog of their v, (A Abe et al. (1978) have

lg)‘
shown that V3r Vyg and Vio have considerable a-carbon/
methine-carbon stretching character whereas Vo involves
primarily B-carbon/B-carbon stretching. Consequently, the
more dramatic Ct—N distance dependence of Bands II, IV and

V relative to v, is a manifestation of the fact that the

2
pyrrole ring maintains a fairly rigid structure and shifts
in porphyrin geometry as a result of core expansion are
accommodated largely by distortions in the a-carbon/
methine-carbon/o-carbon bond angle. Substituents to the

pyrrole B-carbons, on the other hand, are predicted and

observed to alter the frequency of vy without perturbing
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V3r Vg OF V1o to a significant extent. In this regard,
Kitagawa and coworkers (Abe et al., 1978) have shown that
11’ the Blg mode which represents the out of phase analog
to vy, is also sensitive to the nature of the B carbon sub-

\Y

stituents.

The data presented above demonstratethat Soret excita-
tion Raman spectroscopy of hemes and heme proteins can
yield structural information analogous to that obtained
with visible excitation. This information is, however,
somewhat more difficult to extract because the frequency
of the structure sensitive modes is also a function of the
nature of the peripheral substituents and because the
changes in frequency upon change in structure is less
dramatic than for Band IV. Nonetheless, there are a number
of advantages associated with Soret Raman, particularly in
the less severe demands upon protein concentration and laser
power. In the following section Soret excitation Raman
results of oxidized cytochrome oxidase are presented which

apply the structural correlations developed here.

III. Oxidized Cytochrome Oxidase

A. Photoreduction

Photoreduction of resting cytochrome oxidase by the
incident laser light at the powers required for Raman spec-

troscopy is a major obstacle to the application of this
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technique to the oxidized enzyme. Moreover, uncertainty
exists in the literature regarding both the mechanism
(Seiter and Angelos, 1980) and manifestations (Woodruff

et al., 1981) of cytochrome oxidase photoreduction. Figure
18 presents results obtained with the flowing sample tech-
nique developed to avoid the photoreduction problem (Bab-
cock and Salmeen, 1979). Under flow conditions (Figure 18a)
and with 406.7 excitation the oxidation state marker band

1 with no shoulder to lower fre-

1

is observed at 1373 cm

quency, the oxidized cytochrome as modes at 1572 cm — and

1

1676 cm — are present (Ondrias and Babcock, 1980) and the

1 1

cytochrome a modes at 1506 cm ~, 1590 cm — and near 1650

cm 1 are observed. (See Table 4 for a summary of the
vibrational properties of cytochromes a and 33.) When the
flow is turned off and the spectrum of the static sample

recorded (Figure 18b), a number of changes occur. 1In

particular new bands are apparent at 1622, 1612, 1520 cm"1

and a shoulder appears on the low frequency side of the

1 3+
3

are still present. The spectrum of the

1372 cm ~ band. The cytochrome a bands at 1676, 1572,

and 1478 cm !
partially photoreduced enzyme in Figure 18b bears a strong
resemblance to that of the enzyme in the presence of for-
mate and a mild reductant (Figure 18d), a treatment which
is known to generate the species §2+ g§+-HCOOH (Nicholls
and 976). When the flow is restored the sample again

exhibits the spectrum of the oxidized enzyme (Figure 18c).
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Resonance Raman spectra of several cytochrome
oxidase species recorded with 406.7 nm excitation.
Instrumental conditions: resolution, 6 cm™1;
time constant, 1 s; scan rate, 50 cm_l/min.
The instrument gain was constant in recording

spectra a, ¢, d and e; for spectrum b this

was increased by a factor of three.
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The results in Figure 18, particularly the comparison
between 18b and 184 indicate that in aerobic samples of
cytochrome oxidase, the photoreduction process leads first
to reduction of cytochrome a followed by reduction of cyto-
chrome a;. This redox situation, i.e., reduced cytochrome
a and oxidized cytochrome a,;, corresponds to that found in
the aerobic steady state (Nicholls and Petersen, 1974)
and suggests the following mechanism for the photoreduc-
tion process. Illumination produces reducing equivalents
external to the oxidase (most likely via a flavin contamina-
tion (Adar and Yonetani, 1978)) which subsequently reduce
the enzyme. In the presence of oxygen the predominate
species is that corresponding to the aerobic steady state

(22+ a3+

a3 ). Upon depletion of O,, full reduction is achieved

27
(Adar and Yonetani, 1978). This proposal is compatible with
previous results with 441.6 nm excitation which showed
minimal formation of reduced cytochrome a; upon illumina-
tion of static oxidase samples (Salmeen et al., 1978), with
the observations of Adar and Erecinska (1979) who saw a
delay in the appearance of the 1665 cm™ 1 band, characteris-
tic of reduced cytochrome a, in the initial stages of
photoreduction at -10°C, and with the results of Bocian

et al. (1979) who showed that Soret excitation of frozen
oxidase samples produced photoreduction but that visible
excitation did not. This latter result is expected if the
photoactive species is a flavin, which has a strong ab-

sorption in the blue but not in the red region (>550 nm)
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of the spectrum.

The photoreduction process has been studied in more
detail by carrying out laser power studies on flowing
oxidase samples (Babcock et al., 1981). At low to moderate
powers of 406.7 and 413.1 nm excitation (Figure 19) the
spectrum of the oxidized enzyme is observed. Only at
55 mW incident power do photoreduction effects, notably

the increase in the intensity of bands at 1622 cm T,

1 ana 1520 cm-l, become evident. This work demon-

1610 cm
strates that the use of the oxidation state marker band as
a judge of photoreduction is a poor criterion. Even with
appreciable photoreduction (Figure 19d) there is little
obvious change in this band. This observation, as well as
the fact that photoreduction produces its first noticeable
effects in the 1600 cm © region with 406.7 and 413.1 nm
excitation, can be rationalized by reference to the excita-
tion profile data presented above. Under conditions of
partial photoreduction the predominant form of the enzyme
is identified as the aerobic steady state: cytochrome as

oxidized and cytochrome a reduced. The 32+ species has

1

an absorption peak at 443 nm which is 2015 cm — and 1634

em 1 to the red of the 406.7 and 413.1 nm laser lines,
respectively. Consequently, from Equation (2.7), we expect
that vibrations in these frequency regions will be more

strongly enhanced than those to lower frequency and that

photoreduction will be apparent first in the high frequency
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Figure 19. The incident laser power dependence of the
resonance Raman spectrum of resting cytochrome
oxidase. The excitation frequency and power
incident on the sample are indicated. In-
strumental conditions: resolution, 6 cm  ;

time constant 1 s; scan rate, 50 cm_l/min.

From Babcock et al. (1981).
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modes. As more of the enzyme is reduced, this process

also becomes evident in the 1360 cm-l region (Figure 18Db).
These excitation profile arguments also rationalize earlier
observations on the photoreduction of the oxidized enzyme
(Salmeen et al., 1978) in which excitation at 441.6 nm

2+ peak absorption) resulted in

(72 em™! from the 443 mm a
the observation of cytochrome 32+ modes throughout the

Raman spectrum.

B. Raman Spectra of Inhibitor Complexes of Cytochrome

Oxidase and of its Oxygenated Form

Figure 20 presents Raman spectra of several derivatives
of cytochrome oxidase; the vibrational assignments from
these data are summarized in Table 4. 1In the formate

complex of the oxidized enzyme, cytochrome g3+-HCOOH is

3
3+

high-spin whereas cytochrome a remains low-spin (Bab-

cock et al., 1976). There is thus no change in spin state
in going from the resting enzyme to the formate complex and
correspondingly the Raman spectra of these two oxidase
species are similar (compare Figure 18a with Figure 20a).

Upon reduction of cytochrome a in the presence of formate,

the mixed valence species, 22+ gg+-HCOOH, is formed (Fig-

3+ 1 1
3

remain constant whereas the oxidized a
1 1 1

ure 20b). The a3 -HCOOH bands at 1676 cm —, 1572 cm

and 1478 cm ™t

and 1507 cm
1

bands at 1648 cm —, 1590 cm are replaced

by bands at 1622, 1610, 1586 and 1518 cm - as reduction of



Figure 20.
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Resonance Raman spectra of the oxidized (a,d)
and partially reduced (b,e) complexes of cyto-
chrome oxidase with formate and cyanide. 1In

c, the spectrum of oxygenated cytochrome oxi-
dase, formed by air oxidation of the dithionite
reduced enzyme, is shown. Instrumental con-
ditions: resolution, 6 cm-l; time constant,

1l s; scan rate, 50 cm-l/min.
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cytochrome a occurs. Upon CN~ addition to the oxidized

enzyme, the species, §3+ §§+.CN°, is formed and the a

and a; species occur in the low-spin state. In the Raman

spectrum of this derivative (Figure 20d), the high-spin

§g+ band at 1572 cm ! 3* and gg+-CN_
1

show the low-spin ferric heme a marker band at 1590 cm .

is absent and both a

The 1478 high-spin band of the oxidized enzyme is also

absent, having been replaced by the low-spin band at

1505 cm_l. The latter change is somewhat obscured by the

1

appearance of the 1472 cm ~ band which occurs in low-spin

heme 33+ complexes (Callahan and Babcock, 1981). Upon re-

duction of cytochrome a in the oxidized, cyanide complexed

2+ 33
(Figure 20e). As with the partially reduced formate
2+

. . + .
enzyme, the mixed valence species, a *CN, is formed

1

species, the a“’ modes at 1626, 1610, 1520 and 1359 cm

appear. The low-spin §§+-CN— modes remain at 1673, 1641,

1589, 1504, 1475 and 1373 cm 1.

C. Discussion

1. Optical Properties of Cytochrome Oxidase

The Raman data presented here and elsewhere (Salmeen
et al., 1978; Babcock and Salmeen, 1979; Ondrias and Bab-
cock, 1980), as well as the Raman observations made by
Woodruff et al. (198l), provide strong evidence in support

of Vanneste's (1966) original decomposition of the optical
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properties of cytochrome oxidase into separate cytochrome
a and a; contributions (Table 4). Thus laser excitation
(441.6 nm) on the long wavelength side of the oxidized
oxidase Soret band generates the Raman spectrum of cyto-

3+ (Babcock and Salmeen, 1979). Laser excitation

chrome a
(413.1 nm, 406.7 nm) on the short wavelength side produces
the Raman spectrum of cytochrome g§+ through the first
term of Equation (2.7) and those vibrational modes of
cytochrome g3+ which are in resonance according to the
second term of this equation. The cytochrome g3+ absorp-

tion peak occurs at 427 nm, which is 790 cm *

away from
the 413.1 nm krypton line. Thus the observation that the
low frequency modes in the Raman spectrum of the oxidized
enzyme obtained with 413.1 nm excitation are those of cyto-
chrome g§+ (Babcock and Ondrias, 1980; Woodruff et al.,

1981) can be rationalized.

2. Coordination Geometries of a and a,

—

Cytochrome a is low-spin in both valence states (Tweedle
et al., 1978) and consequently six coordination is expected.
This expectation is borne out by a comparison between the

Raman properties of heme _a_3+(NMeIm)2 and cytochrome g3+

in the 1500-1600 cm 1

region and is in agreement with
earlier EPR (Blumberg and Peisach, 1979; Babcock et al.,
1979) and MCD (Nozawa et al., 1979) observations. An in-

teresting anomaly for cytochrome a involves the behavior
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of its formyl group. The formyl vibration is observed in

the bis(imidazole)heme a>* model compound at 1670 cm l.

For cytochrome g3+, however, the highest frequency mode

is observed at 1650 em~1

1

with a second vibration apparent

at 1641 cm (Figure 18a; Babcock and Salmeen, 1979). Thus,

3+ species has the

even though the bis(imidazole) heme a
EPR crystal field parameters of cytochrome g3+, it does

not have the vibrational properties of the in vivo formyl
group.

Because cytochrome gg+ is high-spin (Tweedle et al.,
1978) and can exist as either five or six coordinate, the
model compound data for heme a are extremely useful in the
determination of its geometry. In the resting enzyme cyto-

chrome §3+ contributes vibrations at 1676, 1572, and 1478

3
cm_l in the high frequency region. A weak feature near
1615 cm_l is also due to the g§+ chromophore (Figure 18a).
A comparison of these frequency positions with those of
the high-spin five and six coordinate model compounds of
Figure 17 and Table 4 clearly shows that the heme g3f
(DMSO)2 complex reproduces the cytochrome g§+ spectrum
well; the five coordinate model, heme g3+-Cl does so much
less adequately. Thus we conclude that in the resting

enzyme, the g§+ species occurs in the high-spin, six co-

ordinate state. The absorption spectrum of heme §3+
(DMSO)2 (Figure 11) also agrees well with Vanneste's spec-

tral assignments of the Soret and visible region absorption



116

maxima. Table 4 also indicates that the frequency posi-

tions assigned to the g3+-CN- complex and those of the low-

3
spin heme g3+ (NMeIm)2 compare well, confirming the assign-
ment of cyanide derivative as six coordinate, low-spin.
Finally §g+.HCOOH can be seen to occur as the six coordinate
high-spin species consistent with the idea that formate
serves as a ligand to the iron in this inhibitor complex

(Nicholls, 1976).

3+
3

is six coordinate has interesting ramifications with respect

Our finding that cytochrome a in the resting enzyme
to the structure of the oxygen reducing site and the mode
by which the proposed exchange coupling between the iron
of as and the associated copper (Van Gelder and Beinert,
1969; Palmer, et al., 1976) is mediated. Two general
models are available in the literature. These can be
classified as "backside" bridging in which the copper of
the heme a ring to which O2 binding occurs and "front-side"
bridging in which the copper is coupled to the iron by a
ligand which occupies the reduced protein dioxygen binding
site (See Figure 21 a,b). A specific "back-side" model has
been proposed in which the bridging ligand is a histidine
residue (Palmer et al., 1976). This is represented in
Figure 21lc where a water molecule has been incorporated

in the iron sixth ligand position to account for the Raman
data. A "front-side" model has also been proposed which

postulates a py-oxo bridging ligand (Blumberg and Peisach,



117

Resting Cytochrome g, : Possible Structures

N N
c?*—B—Fe —L L—Fe>*—B-cf'
N ! .
N ~0, N 0,
o) "back - side" b) “front-side"
N N
2+ . ! 34 . : 3+ 2+
Cu™ —his —FEe —H0 hls—F:e \O/Cu
: |
N N

c) Paimer et al (1976)

d) Blumberg and Peisach
(1979)

Figure 21. Possible structures for the cytochrome as

dioxygen reducing site.
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1979) and is shown in Figure 21d; here a histidine residue
is incorporated as the sixth ligand to maintain the iron
in the six coordinate state.

Of these two structures, the "front-side" bridging model
has received experimental support from the fact that: 1)
imidazole bridging ligands are generally unable to support
exchange coupling with magnitudes as large as those found
in the enzyme (|2J]|>200 cm™!) (Kolks et al., 1976; Landrum,
et al., 1978; Haddad and Hendrickson, 1978; Petty et al.,
1980), whereas up-oxo exchange couplings are well within
this range (O'Keeffe et al., 1975) and 2) CO photolyzed
from the a; heme has been shown to bind to the Cui.:‘_3 site
(Alben et al., 1981). These results support the "front-side"
bridging model although p-oxo ligand structures generally
force the iron to adopt a five coordinate, out-of-plane
geometry (O'Keeffe et al., 1975). Other ligands, par-
ticularly carbonate, have been proposed in lieu of the
u-oxo bridge (Seiter, 1978). Since the resting form of
the enzyme is formed on a time scale slow with respect to
the turnover of the enzyme, this structure may not be im-
portant in the catalytic process. Oxygenated cytochrome
oxidase (Orii and King, 1976) which is formed on a much
faster time scale may provide insight into the oxygen
reduction mechanism.

The shoulder at the low frequency side of the 1590 cm-'l

band in oxygenated cytochrome oxidase in Figure 20c has
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been resolved in higher resolution studies to be a peak
at 1574 cm~l. This indicates a structure with approxi-
mately the same core size as 3§+ in the resting enzyme.
The dramatic reduction in intensity in the 1572-1574 cm 1
band between oxygenated and oxidized cyt az may be caused
by a large decrease in the extinction coefficient of this
heme. The Soret absorption maximum of this species shifts
to 427 nm from +420 nm without an increase in intensity as
is observed for the cyanide inhibited enzyme where cyt as
is low-spin. Thus the absorption properties of the oxy-
genated enzyme seem to reflect predominantly the transition
energies of cytochrome a with only a small contribution
from cyt as- A mixed-spin (S=3/2) species as suggested

by Shaw et al., 1978, and Woodruff et al., 1982 may account
for these observations.

. + .
In the reduced protein, only cytochrome 22 is para-

3
magnetic and occurs in the high-spin state. The MCD

properties of this species are quite similar to those of
deoxyhemoglobin and deoxymyoglobin (Babcock et al., 1976)

as are its ligand binding properties (Erecifiska and Wilson,

2+
3

ordinate in the reduced enzyme in the absence of an added

1978). These observations suggest that a is five co-

ligand. This conclusion is consistent with previous Raman

results which identified specific vibrations associated

2+
3

215 cm-l. This mode has been assigned to the Fe-histidine

with a (Salmeen et al., 1978) including a vibration at
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stretching mode by analogy to the 215 cm-l vibration in de-
oxyhemeglobin and deoxymyoglobin (Nagai et al., 1980; Hori
and Kitagawa, 1980).

An additional conclusion can be reached concerning the
nature of the aj site from the Raman results presented
here and in previous reports (Salmeen et al., 1978; Ondrias
and Babcock, 1980; Babcock and Salmeen, 1979; VanSteelandt
et al., 1981). 1In both the oxidized and reduced states of
the enzyme the formyl vibration of as is clearly enhanced
and occurs at a frequency typical of a free, non-hydrogen
bonded C=0. These observations indicate that the a; site,
at least in the vicinity of pyrrole ring IV, is hydrophobic
and that bulk H,0 is excluded.

3. Cytochrome a, Catalytic Model

3

This structural information concerning cytochrome as
can be combined and a speculative model for dioxygen reduc-
tion proposed. Figure 22 depicts a schematic of the as
oxygen reducing site. The resting form of the enzyme is
shown in the upper left hand corner where the sixth ligand
to cyt ass B, mediates the strong exchange coupling between
cyt a; and Cui3. Reduction of the enzyme results in the
structure in the upper right corner where cyt a3 is five
coordinate and high-spin. It is this form, which is similar
to the active site of hemoglobin, that binds oxygen (Figure

22, lower right). This enzyme-substrate complex, called
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Compound A (Chance et al., 1975) has been shown to be

2+

spectroscopically similar to (NMeIm), heme a
cock and Chang, 1979). Following partial O2 reduction a

p-peroxy structure (lower left) has been postulated to be
important in the catalytic cycle (Wikstrom et al., 1983).
Further electron transfer, uptake of protons, and release
of H20 eventually leads to the resting structure (upper

left). However, the details of the reaction mechanism, have

not been established.



CHAPTER 5

THE ORIGIN OF THE CYTOCHROME A ABSORPTION RED-SHIFT

I. Introduction

The longer wavelength absorbance maxima of cytochrome
oxidase relative to protoheme containing proteins results
from its formyl-containing heme a chromophores (Figure 1).
The individual contributions of cytochromes a and aj to the
overall protein spectrum have been resolved by evidence
from several laboratories (Wikstrom et al., 1976; Wilson,
et al., 1978; Babcock and Salmeen, 1979; Scott and Gray,
1980; Halaka et al., 198l1; Babcock et al., 1981; Woodruff
et al., 1981) which support an independent chromophore
model and indicate that the spectral deconvolution car-
ried out by Vanneste (1966) provides reasonably accurate
spectra of cytochromes a and az. By using the information
described in the previous chapter on the coordination
geometries of cytochromes a and a;, it should be possible
to prepare heme a model compounds which duplicate the
optical properties of the in situ chromophores. The results
of our efforts to accomplish this are summarized in Table

5 along with Vanneste's spectral data on cytochromes a and

123



124

Table 5. Absorption Maxima and Formyl Stretching Fre-
quencies of Cytochromes a and a3 with Corres-
ponding Heme a Model Compounds.

Soret v (Cf(l))
Heme a Species Solvent (nm) a (nm) cm
cytochrome g§+ 414% 1676b
3+ c
heme a (DMSO)2 CH,C1, 410 1672
cytochrome g§+ 4432 1665%
2+ e
heme a (2MeIm) CH,Cl, 442 1660
H,0 434 1640
cytochrome g3+ 425° 595 16509
heme a>* (NMeIm),®  CH,CL, 422 588 1670
HZOh 422 590 —-———-
cytochrome a®* 4443 604 16109
heme a’* (nMemm),®  cH,cl, 436° 588 1642
H,0 436" 594 16339
From:
@Vanneste (1966); Pondrias and Babcock (1980); “calla-
han and Babcock (1981); dsailmeen et al. (1978) ®Van-
f

Steelandt-Frentrup et al. (1981);
h

Babcock et al. (1979b);

Jthis work (see below); Babcock et al. (1979a).
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as. Heme a model compounds of the appropriate spin, co-
ordination, oxidation state and solvent environment repro-
duce well the spectral properties of the high-spin species,
cytochrome as. Discrepancies arise, however, in the com-
parison of cytochrome a and low-spin heme a. The decon-
voluted a band and Soret maxima of ferric and ferrous cyto-
chrome a are considerably red-shifted relative to oxidized
and reduced bis-N-methylimidazole heme a, which by EPR
standards, is an appropriate cytochrome a model (Blumberg
and Peisach, 1979; Babcock et al., 1979). Moreover, the
model compound spectra are only slightly sensitive to
solvent and thus, the unusual red-shift of cytochrome a,
which was originally noted by Lemberg (1962), may involve a
fairly complex chromophore/protein interaction.

A second anomalous spectral characteristic of cyto-
chrome a is apparent when the vibrational properties of
its peripheral formyl group are compared with those of
cy tochrome a3, and their respective model compounds (Bab-
cock and Salmeen 1979; Babcock et al., 1981). For high-
spin cytochrome asy the same heme a models which reproduce
the optical properties also mimic the formyl stretching fre-
quency (Table 5), thus indicating that the position 8
aldehyde is free in a hydrophobic enviromment (VanSteelandt-
Frentrup et al., 1981). On the other hand, the charac-
teristic formyl vibration stretching frequencies observed
for low-spin ferric and ferrous heme a model compounds

are not apparent in the resonance Raman spectra of the
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enzyme (Table 5).

Thus the Raman data suggest a protein-induced altera-
tion of the heme a formyl group in the cytochrome a bind-
ing site which, in turn, may be linked to the absorption
red-shift commented upon above. Such protein-chromophore
interactions have been shown to be responsible for in
vivo versus in vitro spectral differences in other protein
systems. For example, both the absorption red-shift and
vibrational properties of retinal in rhodopsin and bacter-
iorhodopsin have been accounted for to first order by the
presence of a protonated Schiff base linkage between a
lysine residue of the protein and the retinal aldehyde (Aton
et al., 1977; Mathies et al., 1977; Marcus et al., 1979).
Point charges in the vicinity of the chromophore have been
advanced to explain further spectral differences (Honig
et al., 1979; Sheves et al., 1979). Similarly, in photo-
synthetic systems, shifts in chlorophyll absorption spectra
relative to model compounds have been attributed, in part,
to perturbations induced by the protein environment (Davis,
et al., 1981). Finally, spectral differences between
various formylated hemes when incorporated into apomyo-
globin have been attributed to differences in local pro-
tein environments (Tsubaki et al., 1980).

Insight into such a protein-chromophore interaction
in cytochrome oxidase can be obtained from data reported

by Lemberg (1964) which showed that upon alkalinization
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of cytochrome oxidase solutions the spectrum of the reduced
enzyme shifts to shorter wavelength in two distinct steps.
In the first, the absorption maxima move to (Soret, a)

(436 nm, 596 nm) followed by a further blue shift to (428
nm, 575 nm). The latter species is clearly established as
the Schiff's base adduct of the heme a aldehyde which is
stable at pH levels greater than 12 (Lemberg, 1964, Take-
mori and King, 1965). The basis of the initial absorption
spectral shift to yield Soret and a maxima typical of low-
spin ferrous heme a in an aqueous environment was attributed
to an unspecified conformational change of the protein.
This work was extended in Soret excitation resonance Raman
experiments by Salmeen et al. (1978) who observed several
changes in vibrational frequencies as the pH was raised

and noted that the species absorbing at (436 nm, 595 nm),
formed at pH 11.5, gives rise to a spectrum that is similar
to the resonance Raman spectrum of heme 32+(Im)2 in aqueous
detergent solution.

These pH induced effects on the optical properties of
cytochrome oxidase have been reinvestigated by using
resonance Raman, MCD and EPR spectroscopies as probes to
understand the anomalous spectral features of cytochrome
a. The magnetic techniques are useful in that changes in
heme a spin state may be monitored. Resonance Raman spec-
troscopy provides similar information of coordination
geometries through analysis of the structure sensitive

vibrations of the porphyrin macrocycle (Callahan and
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Babcock, 1981). Moreover, Raman detection of the formyl
stretching vibration provides additional insight into the
chromophore because this mode is sensitive to solvent ef-
fects, covalent interactions and hydrogen bonding effects.
By using this approach, we have been able to detect and
assign the cytochrome a formyl stretching vibration. The
combination of red-shifted absorption spectrum and altered
formyl vibration is interpreted as arising from a pH de-
pendent hydrogen bonding interaction between a protein
residue, possibly tyrosine, and the cytochrome a formyl

group.

II. pH Dependent Spectral Shifts

A. Oxidized Cytochrome Oxidase

For oxidized cytochrome oxidase, the pH dependence of
the resonance Raman spectrum is shown in Figure 23 and of

the visible absorption spectrum in Figure 24. At pH 7.4,

the high frequency vibrations of cytochrome g3+ occur at

1

1650, 1641, 1590, 1506, 1474 and 1373 cm - and those of

cytochrome §3+ are observed at 1676, 1615, 1572, 1477 and

3
1373 cm™1 (Babcock et al., 1981). At pH 11 vibrational

band shifts are observed as follows: (a) a decrease in

3+ 1

intensity of the cytochrome ajz 1572 cm ~ band, (b) in-

1

creases in intensity at 1590 and 1641 cm — and (c) a

decrease in intensity and frequency shift in the as formyl
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Resonance Raman spectra of oxidized cyto-
chrome oxidase at several pH levels obtained
with 413.1 nm excitation. Enzyme concen-
tration was approximately 30-50 uM (heme a
basis). Instrumental conditions: resolution,
6 cm L; time constant ls, scan rate 50 cm-l/

min.
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1 1

vibration from 1676 cm ~ to 1673 cm ~. The changes that
occur in the optical absorption spectrum in this pH range
(Figure 24) are (a) decreased absorbance at 655 nm, (b)
increased absorbance at 600 nm and (c) a red-shift in the
Soret maximum from 420 nm to 425 nm. The apparent mid-
point for this shift is ~9.5. These changes are consistent
with a high to low-spin transition of the cytochrome a
chromophore as the pH is increased. The core-size marker
vibrations of a six coordinate high-spin heme a model at
1572 and 1615 cm-1 disappear and are replaced by increased
intensity in the corresponding modes of a six coordinate,

1 (Callahan

and Babcock, 1981). The shift in the cytochrome g§+

1 1

low-spin heme a species at 1590 and 1641 cm

formyl vibration from 1676 cm — to 1673 cm - and the optical
absorption spectral shifts are also indicative of increased
low-spin character at alkaline pH (Callahan and Babcock,
1981; see below). EPR spectra of a similar series of

enzyme samples (data not shown) taken under low power

(2 mW), low temperature (10K) conditions show a low-spin
heme absorption in the pH range 8.5-10.8 with g values of
2.58, 2.3 and 1.80, indicative of the low-spin hydroxide

form of heme §3+

(Wever et al., 1977). The spin concentra-
tion represented by this signal increases with increasing
pPH up to 10 and subsequently decreases as the pH is in-
creased further. Even at maximum intensity, however, it

represents considerably less than one heme per cytochrome
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oxidase. Similar behavior in the EPR spectrum was observed
at moderately alkaline pH by Hartzell and Beinert (1974).
No observable changes in the Raman intensity of the ano-

3+ yibration at 1650 cm~ Y occur in

malous cytochrome a
this pH range; only under strongly denaturing conditions
is this vibration affected.

At very high pH (>12), the Soret is broadened and blue-
shifted to 413 nm. The visible region shows no distinct
maxima although there is an increased absorbance at 635
nm. The major vibrational frequencies observed at pH
12 for the oxidized enzyme are 1635, 1583, 1492 and 1373

cm-l. These band positions are similar to those observed

3+ (Callahan and

for five coordinate, high-spin heme a
Babcock, 1981). Electron paramagnetic resonance spectra

of alkaline pH enzyme samples result in a gradual decrease
and disappearance in the low-spin cytochrome g3+ reson-
ance at g=3, with an apparent pK in the range 10-10.5,

in agreement with the RR observations which show the ab-
sence of any low-spin species at pH 12. Although the Raman
and optical absorption spectra at pH 12 suggest five co-

3+ species, no high-spin EPR

ordinate high-spin heme a
signal is observed at alkaline pH. This suggests severe
protein denaturation in this pH range with release and

subsequent aggregate, possibly u-oxo dimer, formation by

the free heme a chromophores. Supporting evidence for

this configuration of the heme a chromophores lies in the
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similarity of the optical absorption properties of oxidized
cy tochrome oxidase at pH 12 and the previously reported

data for heme a p-oxo dimers (Caughey et al., 1975).

B. Reduced Cytochrome Oxidase

Reduced cytochrome oxidase also shows a series of ab-
sorption shifts as the pH of the medium is raised (Figure
25). The Soret and o maxima gradually shift from (Soret,

a), (443 nm, 604 nm) at pH 7.4 to (436 nm, 595 nm) at pH 11.5
(Table 6). In the Soret region, cytochromes a and as make
roughly equal contributions to the absorption at neutral pH
(Vanneste, 1966). In the o band region, however, cyto-

2+ is the dominant absorber. Thus, the shift of the

chrome. a
oxidase o maximum from 604 nm to 596 nm as the pH of the
reduced enzyme is raised implies that cytochrome a is
being perturbed, as noted originally by Lemberg and Pilger
(1964). The pH dependence of the half bandwidth at half-
height of the visible absorption band is shown in Figure
27. This titration curve has a pK of approximately 10.5.
The half-bandwidths of ferrous low-spin heme a model

compounds vary with solvent from approximately 300 cm-l

1 in an aqueous environment

in non-polar solvent to 500 cm~
(Babcock et al., 1979). Similarly, the two extremes of
the titration curve correspond to half-bandwidths of ap-

proximately 300 to 500 cm-l for the o band of cytochrome

oxidase at neutral and alkaline pH. This observation



136

‘Wl g-9 Arojewrxoaxdde axe suoT3jeIjUSOUOD SwAzZuyg °SToA3T HA
TeI9A9S 3P ISEPPTXO dWOIY203Ad> paonpax jo eaxjzoads uorzdiosqe Teor3zdo -Gz oanbtg

(wu) yibusrom
0G99 009 0GS 00s 0,9~ oov

1 T

4

vO

8ouDqIOSqY

90

80

Ol




137

Table 6. Absorption Maxima and Individual Chromophore
Formyl Vibrational Assignments of Reduced Cyto-
chrome Oxidase at Neutral and Alkaline pH.

_ 2+ _ 2+
Soret v (C—O_)lg3 \ (C-O_)l_a_
pH (nm) a (nm) (cm *) (cm ™)
7.4 443 604 1665 1610
9.5 441 601 1633 1610
11.5 436 596 1633 1633

12.5 428 575 ——- _————
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suggests that a solvent environment change occurs at the
low-spin heme chromophore, cytochrome 32+ as the pH is
increased. Because of the overlapping absorption spectra
of the oxidase heme a chromophores and because alkaline
modification of cytochrome §2+ was suspected as well (Sal-
meen et al., 1978), three other spectroscopic probes have
been used to identify more conclusively the shifts arising
from the individual heme centers.

The MCD spectrum of reduced cytochrome oxidase has
distinct contributions from cytochromes g2+ and §§+, thus
offering a probe of the structural changes which occur at
each of the individual chromophores at alkaline pH. An
intense (Ae/T = 79.3 (M-cm°T)-l at 446.7 nm) asymmetric
A- and C- term MCD spectrum is observed for the native

enzyme (Figure 26), which arises mainly from high-spin

2+
3

for low-spin species, cytochrome §2+ and heme _a_2+(NMeIm)2
1

cytochrome a (Babcock et al., 1978). Spectra obtained

are less intense (Ae/T = 35.0 and 27 (M:cm-T) - at 452
nm, respectively) and more symmetric (Babcock et al., 1979).
In addition to the MCD intensity differences, the various

2+ and 2§+

coordination and spin-states of cytochromes a
and isolated heme a complexes have characteristic Soret
region trough/peak ratios: cytochrome §§+, 0.5; high-spin
heme §2+ in ethylene glycol, 0.5; cytochrome 22+' 0.75;
and low-spin heme 52+(NMeIm)2, 1.0. These features can

be used to monitor the properties of cytochromes a and as
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Figure 26. MCD spectra of reduced cytochrome oxidase at
pH 7.4 and 11.5. Enzyme concentration of

enzyme is 10 uM.
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as the pH is changed. Figure 26 reproduces MCD spectra

of reduced cytochrome oxidase at neutral and at alkaline
pH. The variation of the Soret MCD trough/peak ratio
versus pH is summarized for the reduced enzyme in Figure
27. The initial value of 0.5 increases gradually to a
value of 0.7 in the pH range 9.5-10. This MCD ratio of

0.7 and the absorption spectrum of reduced cytochrome
oxidase at pH 10 are similar to the spectral properties
obtained for the fully reduced enzyme plus cyanide (Bab-
cock et al., 1976). The minor absorption band in the
reduced enzyme optical spectrum at 565 nm, which is absent
in inhibitor complexes that convert cytochrome as to a low-
spin species (HCN, CO), is also absent at pH 10 (Figure
25). These two pieces of data suggest that cytochrome g§+
undergoes a high- to low-spin transition in the pH range
8.5-11.5. The trough/peak ratio further increases to a
value of 1.0 at pH 11.5. This pH dependent step is res-
ponsible for the shift from a trough/peak ratio characteris-

tic of cytochrome 32+

(0.7) to a ratio typical of a low-
spin heme 32+ model compound (1.0). This final species
also has absorption maxima cocorresponding to those of
isolated low-spin heme a (Soret, o), (436 nm, 596 nm),
respectively. Further increases in this MCD parameter at
strongly alkaline pH's (7v12) can be attributed to Schiff's

base formation at the hemes a aldehydes as determined by

the characteristic o band absorption maximum of 575 nm.
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Attempts to calculate a titration curve of the MCD trough/
peak ratio from contributions of the individual chromo-
phores were unsuccessful in mimicking the observed results.
This may be a reflection of the heterogeneity of sites
(Brudvig et al., 1981) or of the time dependence of the
alkaline pH effects (Lemberg and Pilger, 1964).

Visible excitation resonance Raman spectroscopy pro-
vides a second probe and a more exact separation of the

2+ and §§+ pH dependent spectral shifts owing

cytochrome a
to the selective enhancement of the vibrations of one
chromophore over the other. Figure 28 shows the reson-
ance Raman spectra of reduced cytochrome oxidase and its
partially reduced inhibitor complexes (Figure 28a, b and

c) obtained with o band excitation at 605 nm. The Raman
spectra are similar regardless as to whether cytochrome

as is ferrous, five coordinate and high-spin (Figure 28a)
or ferric, six coordinate and low-spin (Figure 28b) or
high-spin (Figure 28c) (Bocian et al., 1979). Because of
the well documented dependence of resonance Raman band
position and intensity upon heme coordination geometry

and extinction coefficient in the Herzberg-Teller scatter-
ing region (Spaulding et al., 1975; Spiro, et al., 1979)

we would expect these alterations in cytochrome as spin
and valence states to be reflected by shifts in the Raman
spectrum if it were a strong absorber in the a band region.

However, the visible excitation resonance Raman spectra

of Figure 28 are essentially identical, independent of
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Visible excitation resonance Raman spectra of
reduced cytochrome oxidase a), and partially
reduced inhibitor complexes b) and c). The
spectrum in c) was obtained with a flowing
sample arrangement. Enzyme concentration was
approximately 200 pyM. The sample conditions in
d) are 200 uM heme a, 0.5 M 2-methylimidazole,
in 0.07 M CTAB, 0.1 M sodium phosphate, 0.001
M EDTA, pH 7.4, with sodium dithionite as re-
ductant. Instrumental conditions: resolution

5 cm_l; a)-c) time constant 1ls, scan rate 50

cm-l/min; conditions in d) time constant 2.5 s,

scan rate 20 cm-l/min.
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oxidation, coordination or spin-state of cytochrome as,
and therefore we attribute the vibrations observed to
cytochrome a and make the corollary conclusion that it is
the dominant absorber in this region. Furthermore, the

2+ (2MeIm), (Figure 28d)

prominent vibrations of heme a
at 1533, 1555 and 1605 cm_l, a model for the coordination
and spin-state of cytochrome g§+ (VanSteelandt et al.,
1981), are not observed in the RR spectra of reduced cyto-
chrome oxidase; thereby providing additional evidence that
vibrations of cytochrome 32+ alone are observed under these
conditions. Visible excitation Raman spectra, then, can

be used to monitor the pH dependence of a single heme
chromophore, cytochrome §2+. Resonance Raman spectra ob-
tained with visible excitation of reduced cytochrome oxi-
dase at several pH levels are shown in Figure 29. The
changes observed are (a) a reduction in intensity of the

1 1

1569 cm™ — and 1329 cm - bands and (b) a decrease in in-

1

tensity and shift in frequency of the 1114 cm — vibration

to 1109 cm~l. These pH effects titrate over the pH 10-

11.5 range. Since the vibrations observed with visible
excitation of the reduced enzyme at neutral pH arise

solely from cytochrome 32+ and noting the fact that no

new vibrations are observed with visible excitation at
alkaline pH, this suggests that the spectral shifts occurring

with a pK v 10.5 arise from a pH dependent modification of

cytochrome §2+.
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Visible excitation resonance Raman spectra
of reduced cytochrome oxidase at several pH
levels, with excitation wavelength as noted
in the figure. Enzyme concentration was 200-
300 uM (heme a basis). Instrumental condi-
tions: resolution 5 cm Y, time constant 2.5

s, scan rate 20 cm-l/min.
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To document the pH dependencies of the two heme cen-
ters further, Soret excitation resonance Raman spectros-
copy has been employed as a third technique. The selec-
tive enhancement of the vibrations of a single chromo-
phore by proper choice of excitation frequency for the
partially reduced inhibitor complexes of cytochrome oxidase
is not feasible at alkaline pH because of the unfavorable
pH values of HCN and HCOOH. For this reason, we are
limited to the study of the fully reduced enzyme. Although
complicated by the fact that vibrations of both chromo-
phores are enhanced, Soret excitation resonance Raman
spectra can yield significant structural information.

The Soret resonance Raman spectra of reduced cytochrome
oxidase at several alkaline pH levels are shown in Figure
30. At pH 7.4, with excitation at 406.7 nm, the charac-

teristic vibrations of cytochrome 32+

1

at 1622, 1610, 1586,

2+

1569, 1520 and 1358 cm” ~ and of cytochrome aj" at 1665,

1

1610, 1569 and 1358 cm — are observed (Table 7). The

changes that occur as the pH is raised to 9.5 are (a)

decreases in intensity at 1665, 1610 and 1115 cm—l, (b) an

1

increase in intensity at 1633 cm — and (c) a shift in

1

intensities in the 1220-1250 cm — region. Since the

formyl stretching vibration of cytochrome §§+ at 1665

em™1 is well separated from the other ring vibrations,
its intensity ratioed to the intensity of v, at 1358 cm_l

establishes a titration curve for the pH dependent changes
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Scret excitation rescnance Raman spectra of
reduced cytcchrcme oxidase at reutral and alka-
lire g8 (a-e). Enzyme concentration was ap-
proximately 40 .M. Sample conditions in f)

are .30 .M heme a, 0.7 M N-methyl imidazole,
0.07 ® CTaB, 0.001 M EBTA, 0.1 M sodium phos-
hate, rH 7.4. Instrumental conditions: resolu-

ion 6 cm l; a)-e) time corstant 2.5 s, scan

o)

+

rate 20 cm-l/min; f) time constant ls, scan

rate 50 cm-l/min.
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Table 7. Reduced Cytochrome Oxidase Soret Excitation Heme
Chromophore Vibrational Assignments.@

------ cytochrome 32+-—-—-- ------cytochrome g§+—-----
AY (cm™ 1) Assignment (#) AY (cm™ 1) Assignment (#)
1665 v (C=0)
1622 Blg' vlo 1610 Blg' le
1610 H-bonded v (C=0)
1586 A, , V
1g 5 1575 Alg’ Vo
1569 Blg' Vll or 1565 Blg’ vll or
b b
Eqr Vig Eur V37
1520 Alg’ v3 1473 Alg' V3
1358 Alg' V4 1358 Alg' Vg4

dSymmetries and mode numbers from Abe et al., 1978 for further
documentation of these assignments, see Salmeen et al.,
1978.

PSee Choi et al., 1982.
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of cytochrome 32+ (Figure 27). This band decreases in

3
intensity with an apparent pK = 9.3 corresponding to the
pH range of the initial changes observed by MCD. After
complete disappearance of the native cytochrome g§+ formyl
vibration (1665 cm™ 1 band) at pH 10, further band changes in
the high frequency region are observed. These consist of
an additional decrease in intensity in the 1610 cm 1 band
with a concomitant increase at 1633 cm-l; the shoulder
at 1570 cm"l is no longer strongly observed at pH 11.5.
The vibrational spectrum of reduced cytochrome oxidase
at pH 11.5 is essentially identical with that of a low-
spin ferrous heme a model compound in an aqueous environ-

1 is characteris-

ment (Figure 30f) and the band at 1633 cm
tic of the formyl vibration of heme a under these condi-
tions. This second set of vibrational shifts occur in a
pH range comparable to the range of cytochrome §2+ pH
dependent shifts as determined by visible excitation

Raman data. As the pH is increased above 11.5, vibrations

characteristic of the Schiff's base species are detected

(Salmeen, et al., 1978).

III. pH Dependent Structural Changes

A. Reduced Cytochrome Oxidase

The original optical/Raman work on cytochrome oxidase

at high pH (Salmeen et al., 1978) was somewhat paradoxical
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in that the major apparent alteration as detected by Raman
spectroscopy appeared to occur at cytochrome as while the
primary optical shift appeared to involve cytochrome a
(Lemberg and Pilger, 1964). The present, more detailed
study resolves this paradox and shows that for reduced
cytochrome oxidase both heme a chromophores are gradually
modified in structure by alkaline pH. Moreover, these
alterations show different pH dependencies which allow us
to determine the structural changes responsible for the
spectral shifts. The MCD, visible and Soret excitation
Raman data identify three pH dependent steps: a change in
cytochrome a, which occurs with a pK 9.3, an alteration
of cytochrome a with a pK ~10.5, and at pH >11.5, formation
of the Schiff's base adducts of both chromophores. For
the pH range 8.5-10, the optical absorption, MCD and
Soret excitation resonance Raman data suggest a high- to
low-spin transition and a solvent environment change at
the a; site. It has been reported that redox titrations
of cytochrome oxidase, monitored by MCD, display unusual
behavior above pH 9 (Carithers and Palmer, 1981). This
shift in thermodynamic behavior may be a reflection of the
structural changes induced in cytochrome as by mildly
alkaline conditions.

Cytochrome a is affected by somewhat more alkaline
conditions. With pK ~10.5, its spectral characteristics

2+

shift to those of an isolated low-spin heme a model



156

compound in an aqueous environment. Soret excitation
resonance Raman spectra offer the most insight into the
structural changes which occur during this process (Figure
30). One of the major band shifts that occurs in this pH
range is the decrease in intensity of the anomalous cyto-

1 and concomitant increase

1

chrome §2+ vibration at 1610 cm

at 1633 cm~ L. From the fact that the 1633 cm™

2+

band arises
from a low-spin heme a formyl vibration exposed to an
aqueous environment (Figure 30f) and from the mirrored
shifts in the 1610 and 1633 cm-'l vibrations, we assign the

1610 cm™ 1t

band observed in the native protein to a per-
turbed formyl vibration of the cytochrome a chromophore.
The largest optical absorption changes, from (441 nm, 601
nm) to (436 nm, 595 nm), also occur in this pH range, which
indicate that the optical properties of cytochrome g2+
and the physical state of its formyl group are linked.

In view of the significant perturbation of heme optical
properties induced by peripheral aldehydes (Gouterman,
1959), such a linkage is not surprising.

The argument above indicates that the absorption red-
shift of cytochrome a in vivo at neutral pH relative to its
model compounds and the structural alteration of its formyl
group are related. This observation, coupled with earlier
results which showed that low-spin heme a models accurately

produce other vibrations of cytochrome a, particularly its

core size marker bands (Callahan and Babcock, 1981),
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provides criteria with which to judge possible models for
the structure of the cytochrome a site. For example, the
presence of nearby polarizing amino acids capable of
forming 1 complexes with the heme a system may be ex-
pected to alter the spectral properties of cytochrome a

by analogy with the absorption red-shift observed by
Mauzerall (1965) for m complexes between aromatic rings
and uroporphyrin. However, Shelnutt (1981) has shown that
formation of a m complex is accompanied by vibrational
frequency changes of several wavenumbers in the high fre-
quency core-size marker bands. Such frequency shifts are
not apparent in the cytochrome a Raman spectrum. In ad-
dition, metalloporphyrin a complexes with m acceptors show
only small spectral shifts which are unable to account for
the differences between isolated heme a and in vivo cyto-
chrome a spectral properties. A second possible model in-
volves the occurrence of strained or hindered axial ligands
to the cytochrome a iron which may perturb the optical
properties of the chromophore. Carter et al. (1981) have
shown that hindered axial ligands shift heme EPR ligand
field parameters in a characteristic manner and used their
observation to rationalize the liganding in mitochondrial
b cytochromes. Such an explanation is unlikely for cyto-
chrome a owing to our previous EPR results on the chromo-
phore and its models (Babcock et al., 1979a). Moreover,

Raman core size marker bands are perturbed by sterically
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hindered axial ligands (Frentrup, J., unpublished); such
perturbations are not observed in the Raman spectrum of

the in vivo chromophore. A third possible means to account
for the red-shifted cytochrome a absorption spectrum is
suggested by studies on rhodopsin and bacteriorhodopsin
(Honig, et al., 1979; Sheves et al., 1979) and involves the
specific arrangement of point charges in the heme a bind-
ing site of cytochrome a. The extension of the external
point charge model to tetrapyrrole-based systems has
resulted in reports of a range of absorption spectral
shifts (Davis et al., 1981; Eccles and Honig, 1982), but
such a model would not be able to account for the altered
formyl vibrational frequencies in cytochrome a without
additional ad hoc assumptions. Point charge effects,
however, may be important for the spectroscopy of cyto-
chrome a; in isolated cytochrome oxidase and could account

for the effects of Ca2+

on the absorption properties of
various heme a species reported by Wikstrém and coworkers
(saari et al., 1980).

It appears, therefore, that a perturbation to the cyto-
chrome a ring system which only indirectly influences the
formyl group will not account for the combined optical,
Raman and EPR data; rather, a specific interaction at the
carbonyl seems necessary in order to rationzalize the

spectroscopic results. Structural modifications of the

cytochrome a formyl group which may explain the observed
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phenomena include the following: (a) protonated Schiff's
base formation at the peripheral formyl group, (b) non-
planarity of the position 8 aldehyde with the porphyrin
m-system, and (c) hydrogen bonding to the peripheral al-
dehyde. The previously suggested structure of a protonated
Schiff base between the cytochrome §3+ aldehyde and an e-
amino group of a lysine residue of the protein (Ondrias

and Babcock, 1980) is not supported by model compound
studies (Ward et al., 1983) and can therefore be eliminated
as a likely explanation. Non-planarity of the peripheral
aldehyde and porphyrin ring m-systems also seems unlikely
for two reasons. First, the fact that we observe a high
frequency vibration from a perturbed formyl group indicates
that the carbonyl and porphyrin n-systems must have some
degree of overlap for resonance enhancement to occur. Sec-
ondly, it is difficult to rationalize a red-shifted heme
absorption spectrum in both the Soret and a-band regions when
the perturbation invoked decreases the extent of conjuga-
tion of the porphyrin m-system.

In order to effect both a red-shifted absorption spec-
trum and a decreased formyl stretching frequency, a greater
electron-withdrawing capability at the peripheral formyl group
is needed. A hydrogen bonding interaction in which the
formyl C=0 acts as the proton acceptor provides a reasonable
structure within which such effects could occur. The de-

crease in carbonyl stretching frequency upon hydrogen
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bond formation is well known and, because the visible and
Soret absorption bands of heme a are nw»n* transitions,
an absorption red-shift is predicted to result from hydro-
gen bonding (Pimentel and McClellan, 1960). Moreover,
because the hydrogen bond is a specific perturbation to
the formyl group, the major porphyrin ring vibrations
would not be modified to any great extent, in agreement with
earlier observations. Therefore, we conclude that a hydrogen
bond between an amino acid residue and the peripheral alde-
hyde can explain the spectra of cytochrome a and the ob-
served pH dependent behavior. We suggest that tyrosine
may be the proton-donating group involved in the hydrogen
bond interaction with the cytochrome a peripheral aldehyde
based on the ability of phenol as hydrogen donor to low-
spin heme a model compounds to mimic the cytochrome g3+
absorption spectrum. A schematic of the proposed structure
of the heme a binding site in cytochrome a at neutral pH
is given in Figure 31.

The pH dependence of the hydrogen bonded form of
cytochrome a presented above could arise from either
a titration of the proton donor group or a disruption
of the hydrogen-bonded structure by an alkaline pH-induced
conformational change of the protein. Since we can monitor
only the hydrogen acceptor (C=0) stretching frequency by
RRS and not the donor (R-H) stretching frequency we are

unable to distinguish experimentally between these two
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alternatives. However, the ability to shift the titration
curves of the pH dependent spectral changes to higher pH
values by using non-denaturing neutral detergents (Tween
20 and lauryl maltoside, see above) or to lower pH values
under more strongly denaturing conditions (NaDodSO4 treat-
ment (Criddle and Bock, 1959), 8 M urea, pH 7.4 (Lemberg
and Pilger, 1964) or heat treatment (Person and Zipper,
1964)) suggests that these effects are most likely due to
an unfolding of the protein tertiary structure.

By combining this information with the conclusions on
the behavior of cytochrome a, under alkaline conditions,
the overall effects of pH on reduced cytochrome oxidase can
be summarized as in the schematic in Figure 31. The first
pH dependent step, pK 9.3, involves a structural shift at
cy tochrome as, apparently arising from a ligation and sol-
vent environment change. The second pH dependent step
involves cytochrome a and is a consequence of the disrup-
tion of the hydrogen bond between the position 8 formyl
group of the cytochrome a ring and the postulated tyro-
sine residue. This seems to be a result of a protein
conformational change caused by the denaturing alkaline
conditions. At this pH both cytochromes a and as have
similar spectral characteristics, that of low-spin fer-
rous heme a in an aqueous environment. Above pH 12,
Schiff base formation between the heme a aldehydes of

both chromophores and e-amino groups of lysine residues
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is observed (Lemberg, 1964; Takemori and King, 1965). At
this point denaturation of the protein may proceed to such
an extent that migration of the hemes a to other loci on
the protein occurs. If this is the case, then the location
of lysine residues within the heme pockets of cytochromes

a and a; is not mandatory in our model.

B. Oxidized Cytochrome Oxidase

As in the reduced enzyme, cytochrome a; is first af-
fected by alkaline pH treatment of the oxidized enzyme.
The resonance Raman and optical data indicate that a six-
coordinate high- to low-spin transition takes place in
this chromophore over the pH range 8.5-10. This conclusion
rationalizes the decrease in absorbance at 655 nm, which
has been attributed to the high-spin cytochrome gg+-Cu§+
site (Hartzell et al., 1973), and accounts for the shift
3+ 1

3 core size band from 1572 cm -~ to

1590 cm-l. In a recent study of H,0, binding to cytochrome

in the cytochrome a

oxidase, Bickar et al. (1982) reported a change in the
optical spectra of the native enzyme and of the peroxide
bound form at pH 9.8. These spectral shifts may be a
reflection of the spin-state transition induced in cyto-
chrome g3+

3
changes in cytochrome a

by moderately alkaline pH as reported here. No
3+ in this pH range are observed.
At strongly alkaline pH (>12), both heme chromophores

have similar vibrational properties indicative of five
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coordinate, high-spin heme g3+. Aggregate or u-oxo dimer
formation at pH 12, as suggested above, is a possible con-
figuration that is consistent with both the EPR and Raman
data. Although several structural changes are observed

for the heme a chromophores in oxidized cytochrome oxidase
under alkaline conditions, the 10 nm red-shift in the a band
maximum of cytochrome a and its anomalous high frequency

1

vibration at 1650 cm ~ relative to low-spin heme a model

compounds (Table 5) are not modified in such a manner as

to reveal the nature of these spectral shifts. Noting the

3+

fact that heme a with the exception of the formyl vibra-

tion (Babcock et al., 1981) and by reference to the pro-
posed structure of ferrous cytochrome a in which a hydro-

gen bonded aldehyde structure (Figure 33) lowers the formyl

1 1

stretching frequency by ~30 cm —, the 1650 cm - band of

3+

cytochrome a is assigned to a perturbed formyl vibration

in the oxidized enzyme. The ability of low-spin heme g3+
model compounds in the presence of hydrogen donors (e.g.,
phenol) to mimic the optical and resonance Raman vibra-

3+ provides additional

tional properties of cytochrome a
support for the proposal that the 1650 cm-l band of cyto-
chrome g3+ arises from a hydrogen bonded formyl group.
Therefore, it is concluded that the hydrogen bonded formyl
configuration is also present in the oxidized enzyme.

A schematic summary of the pH effects on oxidized cyto-

chrome oxidase is shown in Figure 31. The native enzyme
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displays the cytochrome a formyl group: tyrosine hydrogen
bonding interaction. As the pH is raised, the optical,
Raman and EPR data indicate that cytochrome aj undergoes
a spin-state transition. In this case, the cytochrome a
formyl hydrogen bonded structure remains intact until
strongly denaturing conditions are reached, at approxi-
mately pH 12, where Raman, optical and EPR data suggest
that the heme a chromophores occur as five coordinate and
high-spin hemes, possibly in the configuration of u-oxo
dimers.

The ability to alter the cytochrome a formyl/protein
interaction at lower pH in the reduced protein than in the
oxidized enzyme suggests that the latter is a more compact,
stable structure. Further evidence for this protein struc-
tural feature lies in the determination of the relative
sizes and conformations of different forms of cytochrome
oxidase by sedimentation velocity experiments (Cabral and
Love, 1972). These results indicate that the reduced
enzyme occupies a 3% larger volume than the fully oxidized
form of cytochrome oxidase. A further significant differ-
ence between the oxidized and reduced forms of the enzyme
lies in the shift in the o band maximum upon reduction.

In most heme absorption spectra the position of the a band
is unchanged or only slightly modified (*2 nm) upon redox
state change. The 5 nm red shift in the a band of cyto-

chrome oxidase (essentially the a band of cyt a) from
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599 nm to 604 nm upon reduction, indicates a stronger
interaction of the cytochrome a formyl with the H-donor
group of the protein in the reduced versus the oxidized
protein (Pimentel and McClellan, 1960; Baum and McClure,
1979). 1Initial estimate of the shift in hydrogen bond
energy upon iron redox state change is roughly 2 kcal/mole.
This energy shift and the presumed change in hydrogen bond
length which accompanies it provide a pathway by which
electron transfer events at the redox active cytochrome

a iron may be communicated to the surrounding protein

matrix.



CHAPTER 6

REDOX~-LINKED HYDROGEN BOND STRENGTH CHANGES IN CYTOCHROME A

I. Introduction

While the existence of the proton pump appears to be
accepted by most researchers in the field (see, however,
the recent article by Mitchell and Moyle (1983)), the mechan-
ism by which redox change is coupled to proton transloca-
tion remains obscure. Wikstrém et al. (1981) presented
arguments implicating cyt a and suggested a reciprocating
site model for its involvement. Chan et al. (1979), on
the other hand, interpreted the unusual spectroscopic, and
hence, structural properties of Cu, as an indication of
unusual function and proposed a fazfly detailed model demon-
strating the plausibility of a Cua based pump. While Cua
and cyt a appear to be associated—Qith subunit II of the_
oxidase, recent biochemical work has implicated subunit
III in proton translocation (Casey et al., 1980). The
generality of its role is uncertain, however, owing to
the occurrence of proton pump in the two subunit oxidase
from Paracoccus denitrificans (Soloiz et al., 1982).

The unusual spectroscopic properties of cyt a, par-

ticularly its optical absorption red-shift relative to

168
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low-spin heme a model compounds (Figure 32), have been
interpreted in terms of the structure for its heme a
chromophore shown in Figure 33, where -XH denotes a proton
donating group associated with the polypeptide backbone
(Callahan and Babcock, 1983). The results of this chapter
demonstrate that the strength of the hydrogen bond between
the formyl oxygen and the proton donor depends on the redox
state of the cyt a iron. This redox-linked shift in
hydrogen bond strength provides a channel by which elec-
tron transfer events at the metal can be coupled to pro-
tein-based proton translocation. Two different mechanisms

for the coupling are discussed.

II. Hydrogen Bond Strength Correlations

A. Manifestations in Heme a Species

Figure 34 shows Soret excitation Raman spectra of
oxidized and reduced beef heart cytochrome oxidase and

of the reduced protein isolated from Thermus thermophilus

(Fee et al., 1980) in the 1500-1700 em™1 frequency region.
Also included in the figure are Raman spectra of ferric
and ferrous heme a (NMeIm),, a cyt a model compound in a

nonhydrogen bonding solvent. In the proteins, the formyl

1 3+
3

This behavior is typical of high-

vibration occurs at 1676 cm and decreases to

2+
3 L]
spin heme a model compounds in aprotic solvents and

for cyt a

1665 cm L for cyt a
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Absorbance

[ —— heme g_2+(NMeIm2)/CHzCI2 \
| —red. cytochrome oxidase \

O.1

500 550 600 650
Wavelength (nm)

Figure 32. Visible region absorption spectra of reduced
bis-imidazole heme a in CH,Cl, and reduced
cytochrome oxidase.
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Figure 34.
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High frequency Soret excitation Raman spectra
of cytochrome oxidase and low-spin heme a model
compounds. In (a) and (c), the beef heart en-
zyme, dissolved in 0.05 M Hepes, 0.5% lauryl
maltoside, pH 7.4, was used. In (d) cyto-

chrome oxidase (glgg3) from Thermus thermophilus

in the Hepes/maltoside buffer was used. 1In
(b) and (e) the bis- (N-methyl imidazole) heme
a complex was dissolved in methylene chloride.
The carbonyl stretching frequency for cyto-
chrome as is indicated by ¥ in (a), (c) and

(a.
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indicates that the carbonyl group of as is isolated in

a hydrophobic environment in both of its valence states
(VvanSteelandt-Frentrup et al., 1981; Babcock et al., 1981).
The formyl vibrational frequencies for cyt a (Callahan

and Babcock, 1983) and its model compounds are indicated
by vertical lines in the figure. For both valence states,
the in situ carbonyl shows a significant frequency de-
crease compared to its corresponding model compound. This

decrease amounts to 20 cm T

for oxidized cyt a and to 35
cm-1 for the reduced center. The Thermus protein shows an
analogous decrease which, along with similar data for rat
liver cytochrome oxidase (Babcock et al., 1981) indicates
that the lower in situ frequency is not a peculiarity of
the beef enzyme.

Shifts in carbonyl vibrational frequencies of this magni-
tude are commonly observed upon hydrogen bond formation
(Murthy and Rao, 1968). Moreover, because the visible
and Soret optical absorption bands of heme a are n-m*
transitions which involve the formyl as part of the
system, an absorption red shift should accompany hydrogen
bond formation. Both the magnitude of the formyl vibra-
tional frequency decrease and of the absorption red-
shift should increase as the strength of the hydrogen
bond increases (Pimentel and McClellan, 1960). The pro-
portionality between carbonyl frequency decrease and ab-

sorption red-shift appears to hold for cyt a in its two
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valence states. For the ferric form, the o band absorption
maximum is shifted by 10 nm (284 cm 1) to 598 nm relative to
its nonhydrogen bonded model and the carbonyl frequency

1 (Table 8). For the ferrous form, the

decrease is 20 cm_
absorption red-shift relative to the nonhydrogen bonded
model is greater, 17 nm (480 cm-l) and likewise the vibra-
tional frequency is decreased by 35 em™ L,

To explore the coupling between the carbonyl vibrational
frequency, the optical absorption red-shift and the hydrogen
bond strength in cyt a in more detail, optical and Raman
spectra for several low-spin heme a and copper porphyrin a
model compounds have been recorded in different solvents
and in the presence of various hydrogen donors. Copper
porphyrin a was used to obtain spectroscopic parameters
for the chromophore in the presence of more acidic donors.
These cannot be used with heme a(NMelIm), because they
protonated Ne of the iron ligand, which results in the
formation of the high-spin heme a complex. Deuterated
rather than protonated phenol was used as a donor in order
to avoid overlap of its vibrations with those of the por-
phyrin macrocycle in the high frequency region. Table 8
summarizes the results in terms of o band maximum, carbonyl
frequency and hydrogen bond strength (see below) for the
models and for cyt a. In Figure 35, the absorption red-

shift is plotted as a function of both the carbonyl fre-

quency decrease and the calculated hydrogen bond strength.
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Figure 35.
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Absorption red-shift for cytochrome a, heme
a or Cu porphyrin a species as a function of
hydrogen bond enthalpy as calculated from
Equation 6.1. The points are numbered ac-

cording to the compounds listed in Table 1.
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The approximately linear relationship apparent in the figure
is typically what one observes in correlating hydrogen
bonding phenomena in a series of loosely related compounds

(Arnett, et al., 1974).

B. Quantification of Hydrogen Bond Energies

From the formyl frequency shift observed upon hydrogen
bond formation, an estimate of the strength of the hydrogen
bond for the heme a species under consideration can be
made. This relies upon a variation of the Badger Bauer
rule, which has been widely applied to vibrational data
obtained for the hydrogen donor involved in the bond (e.g.,
Pimentel and McClellan, 1960). The corresponding relation-

ship for the acceptor is (Zadorozhnyi and Ischencko, 1965)

AV
Cc=0 _ _
— = ~KooplHyp (6.1)
Vc=0
where AHHB is the hydrogen bond enthalpy, KC=0 is a pro-

portionality constant, is the vibrational frequency of

Ve=0

the free (nonhydrogen bonded) acceptor. By using a series

of aldehydes, ketones and carboxylic acids as acceptors

and phenols or alcohols as donors, a value of KC=O = 4 10-3

mole/kcal has been estimated (Zadorozhnyi and Ischenko,

1965). Realizing that this value is likely to hold only

roughly for heme a species, particularly for the diverse
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class of donors in Table 8 (Arnett et al., 1974), it has

been used to estimate AHH for the various complexes.

B
These are given in Table 8 and are used in Figure 35 to

obtain the correlation between hydrogen bond strength and
absorption red-shift. When the hydrogen bond enthalpy is
expressed in wavenumbers the slope of the least squares

line drawn in the figure is 0.28. This value is within

the range one expects for the proportionality between hydrogen
bond strength and the 7-n1* transition red-shift which results
(Pimentel and McClellan, 1960).

From the data in Table 8 and Figure 35 it is apparent
that both ferric and ferrous cyt a have optical,.vibrational
and hydrogen bond enthalpy characteristics which are con-
sistent with the model compounds. An important conclusion
follows from this observation because it indicates that the
major protein-induced modification of the chromophore oc-
curs by hydrogen bonding to the formyl group. Other per-
turbations, for example, shifts in the electrostatic po-
tential at the heme (Warshel and Weiss, 1981) or point
charge effects (Honig et al., 1979) may influence the
optical spectrum as well but these effects appear to be
small compared to the hydrogen bonding interaction. More-
over, the hydrogen-bonding effects are more pronounced for
cyt 32+ than for cyt 33+. Because the hydrogen bond
strengthens upon reduction, the redox potential of cyt a

is more positive than it would be in the absence of such

an interaction. Modulation of the hydrogen bond strength
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in situ for either oxidized or reduced cyt a may provide
an explanation for the unusual redox properties of the heme
a components of cytochrome oxidase (e.g., Babcock et al.,
1978).

The chemical basis for the difference in hydrogen bond
enthalpy for the two cyt a valence states is straightforward.
Sheridan, Allen and their coworkers have investigated re-
dox dependencies in hydrogen bond strength for both heme
and FeS proteins (Valentine et al., 1979; Sheridan et al.,
1981). In heme proteins, where they explored the iron
ligand, histidine, as a proton donor, the ferric state is
stabilized by hydrogen bond formation. In FeS proteins,
where the metal ligand is a hydrogen acceptor, they noted
stronger hydrogen bonds for the reduced cluster. The por-
phyrin a ligand to iron in cyt a resembles the FeS protein
case in that it is a proton acceptor and we expect stronger
hydrogen bonding in the ferrous state, i.e., upon reduction
of the iron the electron density on the carbonyl oxygen
increases and it becomes a better proton acceptor. Cyt
a behaves this way in situ and it is also observed when
heme a model compounds are considered. For example, the
hydrogen bond formed between phenol and low-spin heme a is
stronger by V0.8 kcal/mole when the iron is in the ferrous,
as opposed to the ferric, valence state (Table 8). The
increased negative charge at the carbonyl oxygen in ferrous

heme a is also apparent in that a 25 em™d decrease in
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carbonyl stretching frequency, presumably due to popula-
tion of the n* antibonding orbital, is observed for fer-
rous heme a models compared to ferric heme a in the
absence of hydrogen bonding effects (Figure 34).

Given the approximate nature of Equation (6.1), the cal-
culated hydrogen bond strength change which occurs on
redox cycling of cyt a is in the neighborhood of 2-2.5
kcal/mole (90-110 mV). This energy is comparable to the
electrochemical proton gradient against which protons are
translocated in mitochondria (estimated to lie between
160 and 230 mV with a best value of around 200 mV (Wik-
strém et al., 1981), particularly if the hydrogen bond
strength change is augmented by other redox-linked pro-
cesses, e.g., a shift in electrostatic potential at the
heme (Warshel and Weiss, 1981) or additional hydrogen bond
contributions from the cyt a axial histidines (Valentine
et al., 1979; Babcock et al., 1979). Alternatively, one
could envision a situation in which both cyt a as discussed
below, and Cu_ , as suggested by Chan et al (1979), operated
as proton pum;s in which the duty cycle for each would be
one/half. Before discussing possible pump models for cyt
a however, it is necessary to consider the relationship
between the hydrogen bond enthalpy changes observed and the
free energy actually made available for proton transloca-
tion. 1In the early literature on hydrogen bond formation,

increases in hydrogen bond strength (decreases in AH?)



184

for a series of hydrogen bonded structures appeared to be
accompanied by decreases in Asg so that the free energy
change remained somewhat constant (Pimentel and McClellan,
1960). More recently, and arguing from a much larger data
set, Arnett and coworkers (1974) concluded that such a
generalization is not justified in that a hydrogen bond
reaction series may be essentially isoentropic yet show
large changes in AH?. In these cases, the change in

AH? will be reflected in a change in AGS. Such a situation
is likely to occur in cyt a owing to the fact that the major
contribution to the decrease in AS? for a reaction series
where it is observed is usually attributed to loss of trans-
lational entropy upon complexation. Because the proton
donor to the cyt a formyl is most likely immobilized by its
polypeptide environment, the translational entropy will

be small regardless of the hydrogen bond strength. Thus

we expect that changes in cyt a hydrogen bond enthalpy will
be accompanied by a free energy change of a comparable mag-
nitude and that this will be available for proton pumping.

III. H' Pump Models

From a variety of models in which the redox driven
change in cyt a hydrogen bond strength could be used to
translocate protons, two will be considered here. In the
first, the free energy change at the formyl serves as a

switch which produces a conformational change in a different
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region of the protein which allows proton conduction. In the
second, the proton hydrogen-bonded to the carbonyl is an in-
tegral component of a proton wire and is actually pumped
during the redox cycle. Relevant to both of these models

is the relationship between hydrogen bond strength and
hydrogen bond geometry discussed by Valentine et al. (1979).
The geometry is determined by two factors: the distance, r,
between the heavy atoms involved in the hydrogen bond and

the angular deviation of the bond, 6 from linearity. With
these definitions, the hydrogen bond strength is propor-

tional to cosf/r.

A. Conformational Change Model

In the first model, the reduction of cyt a leads to a
decrease in either r or 6 (or both). The change in local
structure about the heme a chromophore is transmitted to
the proton translocating section of the protein where a
conformational change resulting in proton translocation
occurs. Supporting this model is the observation that the
major conformational change which occurs upon reduction of
cytochrome oxidase is controlled by the redox state of
cyt a (Cabral and Love, 1972). A second piece of poten-
tially supporting evidence comes from the observation that
dissociation of cytochrome oxidase subunit III abolishes
the pH dependence in the midpoint potential of cyt a in

the cyanide inhibited enzyme (Penttild and Wikstrom, 1981).
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The possible mechanics of proton conduction as related
to a conformational change have been considered in detail
by Nagle and Morowitz (1978). The mechanism by which the
hydrogen bond geometry change at the heme a site is trans-
mitted through the protein to the pumping section may bear
some resemblance to that proposed by Perutz and Brunori
(1982) for the control of the Root effect in fish hemo-

globins.

B. Hydrogen Bond Chain Model

The second model represents a direct mechanism for
proton translocation in that the formyl hydrogen bonded
proton is pumped during the redox cycle. This kind of
mechanism requires that covalent bonds involving hydrogen
and the polypeptide heavy atom in the formyl hydroéen bond
are made and broken during proton translocation. Because
resonance Raman can provide vibrational information on
only the chromophore moiety of a protein, we have no direct
insight as to the identity of the proton donor to the cyt
a carbonyl. However, we suspect that it is an -OH group
from either an alcohol or a carboxylic acid side chain. An
-NH2 group is much less likely owing to the facility with
which amines form Schiff base linkages with heme a (Ward
et al., 1983) and -SH groups can be eliminated owing to the
extremely weak hydrogen bonds they form (Perutz and

Brunori, 1982).
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With these considerations, the mechanism in Figure 36,
which is similar in certain aspects to the switch model for
bacteriorhodopsin proposed by Nagle and Mille (1981), can
be postulated. 1In 36a, the stable form of ferric cyt a
is shown where a fairly weak (3 kcal/mole) hydrogen bond
exists between the peripheral C=0 and the -OH donor. As
indicated in the figure, the weak hydrogen bond assumes a
nonlinear geometry (8 # 0°). Two proton-donating groups,
Rr-Hd and Rl-Hb, are located in the immediate vicinity of
the cyt a carbonyl. Rr-Hd is connected to the right-hand
side of the membrane by an asymmetric hydrogen-bonded chain
and Rl-Hb is similarly connected to the left side of the
membrane (Nagle and Morowitz, 1978; Nagle and Mille, 1981).
On the right hand side Rr—Hd is shown in the oxidized,
resting form of the enzyme (Figure 36a) with Hd hydrogen-
bonded to the oxygen of the donor group to cytochrome a.
This interaction determines the configurational energy of
the hydrogen bond chains, and in Figure 36a, the interac-

tion, R-O--++H -R., holds the right hand side proton chain

d
in its high energy conformation. The left hand side proton
chain is in its low energy form. The concept of hydrogen
bonded chains has been developed by Nagle and coworkers
(Nagle and Morowitz, 1978; Nagle and Mille, 1981). Such

a chain could conceivably span protein subunits so the

involvement of Subunit III in cytochrome oxidase proton

translocation may be accommodated by this model as well.
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Proton pumping proceeds from left to right. Reduction
of the iron results in a two step change in the hydrogen
bond geometry and produces the stable reduced form of cyt
a shown in Figure 36c. In the first step, process 1, re-
duction of the iron leads to greater electron density at
the carbonyl oxygen. As a result, the C=O~---Hc-0 hydrogen
bond strengthens as it shifts to a more linear configuration
The O-“-Hd-Rr hydrogen bond breaks and the right side of the
chain relaxes to its lower energy configuration. Proton
release on the right side may occur at this step, but it is
not necessary. In the second step, the -OHc oxygen, which
has become a stronger proton acceptor as a result of the
strengthening of the OHC-~--O=C hydrogen bond (Huyskens,
1977), stabilizes the higher energy configuration in the
left side chain as the Rl-Hb-~--O hydrogen bond forms situa-
tions similar to this, i.e., ones in which an amino acid
side chain acts as both a hydrogen donor and a hydrogen ac-
ceptor, do not appear to be unusual. Serine in fish hemo-
globins (Perutz and Brunori, 1982) and tyrosine in HiPIP
(Sheridan et al., 1981) provide two examples. Moreover,
the two processes are correlated in that as the donor hydro-
gen bond strengthens the acceptor hydrogen bond will also
strengthen (Huyskens, 1977). The result of reduction,
then, produces the configuration shown in Figure 36c. Upon
oxidation of cyt a the two step process shown in 3 and 4

returns the site to its resting oxidized conformation. 1In
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step 3, the OHC----O=C hydrogen bond weakens as the ROHc
group shifts to its relaxed configuration. As this occurs,
the Hc--uRr bond forms and strengthens. The Hb----o hydro-
gen bond continues to strengthen as a result of the process
and becomes covalent. The result is the state shown in
Figure 36d. Although localized positive and negative
charges are shown on Rr and Rl' respectively, they need

not occur if the covalent bond breaking/bond making pro-
cesses are closely coupled. 1In the final step in the pro-
cess, 4, the R; group picks up a proton from the left (Ha)
to become neutral and returns to the resting low energy

conformation. On the right, the R:H loses a proton to

2
the right and is stabilized in the higher energy conforma-
tion by the 0----H-Rr hydrogen bond.

The essential feature of the model of Figure 36 is the
redox-linked switch from high energy configuration of the
asymmetric hydrogen-bonded chain on the right and low energy
configuration on the left to the opposite conformation, i.e.,
low energy on the right and high energy on the left. Re-
laxation of this state as oxidation occurs resets the system
for a second cycle of proton translocation. One further
point should be emphasized for this model. The 2-2.5 kcal/
mole associated with cytochrome a hydrogen bond strength
changes is not enough energy to make the proton pump sig-

nificantly irreversible under steady state conditions in

mitochondria. For this to occur, other redox coupled
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events (e.g., those suggested above) must also contribute

to the overall free energy required to make the pump thermo-
dynamically feasible. The situation thus becomes analogous

to Warshel and Weiss' (1981) view of hemoglobin where both
chemical bond strength change (i.e., "strain") and electro-
static processes were proposed to contribute to the free
energy difference between the R-state and the T-state.

Within this context, the model of Figure 36 postulates the
switching element and a source for part of the energy required

to drive a proton pump in cytochrome oxidase.



CHAPTER 7

SUMMARY AND FUTURE WORK

I. Summary

Heme structures important for electron transfer and proton
transfer in the enzyme cytochrome oxidase have been dis-

cussed. The lack of EPR signals from the a, site of the

3
protein, and the overlapping absorption properties of the
two heme a chromophores have made cytochrome as almost in-
accessible to spectroscopic probes. Although optical dif-
ference and MCD spectroscopies have provided some in-
sight into the properties of cytochromes a3, resonance
Raman spectroscopy has been shown to supply detailed
structural information about this redox center. In ad-
dition to the structural information available with this
technique, the frequency dependence of the resonance en-
hancement provides direct information about the electronic
transitions of the chromophores.

In the resting enzyme, cytochrome a, has been shown to
be six coordinate and high-spin. The identity of the sixth
ligand is not known, but p-oxo bridge (Blumberg and

Peisach, 1979) and sulfur bridge (Powers et al., 1981)
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structures have been proposed. The oxygenated enzyme,
a late intermediate in oxygen reduction, displays very
little absorption intensity in the Soret region and a Raman
spectrum similar in band frequencies to the resting form.
These properties may be a reflection of an intermediate
spin (S=3/2) state of cyt as in the oxygenated enzyme (Shaw
et al., 1978; Woodruff et al., 1982) although the appropr-
iate heme a model compounds have not been fully investi-
gated. In all liganded or native forms of the enzyme
studied, the formyl of cytochrome a; is observed to be in
a hydrophobic environment. The apolar nature of the aj
site may be important for the ready solubility of molecular
oxygen and for fine-tuning the redox potential of this site.

The alkaline pH dependence of the enzyme reported in
Chapter 5 shows spectral shifts induced in the a; site at
pH 9.0. Similar studies at acidic pH levels allow the
specification of pH 6.5 - 8.5 as the pH range for the enzyme
in its native spectral and hence structural, form.

The red-shifted cytochrome a absorption spectrum and
anomalous C=0 stretching frequency have been interpreted
as arising from a hydrogen bonding interaction between a
nearby amino acid (possibly tyrosine) and the peripheral
aldehyde of the cytochrome a ring. The linear relationship
that exists between a band red-shift and the downshift in
C=0 stretching frequency allows the quantification of the
hydrogen bond strengths found in vivo. The hydrogen bond

strengths differ between ferrous and ferric cyt a by
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2 - 2.5 kcal/mole. This strengthening of the hydrogen
bond upon reduction of the enzyme may be used to drive
redox-linked events such as proton pumping. Two models,
one a conformational change model and the other which in-

volves hydrogen bond chains, have been presented.

II. Future Work

This work has focussed on the high frequency region
(>1000 cm—l) of the resonance Raman spectra of cytochrome
oxidase and its derivatives. The low frequency region of
the spectrum still needs to be understood. Mostly bend-
ing vibrations and out-of-plane bending modes and stretch-
ing frequencies are expected in the 100-1000 cm—l region.
Woodruff et al. (1980) have proposed that several low fre-
quency vibrations of oxidized cytochrome oxidase are due
to Cui3 since their band positions are similar to those ob-
served in type 1 copper-protein Raman spectra. Their argu-
ments that these vibrations do not correspond to cytochrome
as vibrations are not valid, but some of the low frequency
vibrations may reflect the cyt as - Cu,_ interaction. Ex-
citation frequencies at the maximum or slightly to the red
of the cyt a,; electronic transitions are needed for selec-
tive enhancement of the aj; low frequency vibrations. The
cyt as - Cuil—3 exchange coupling can be eliminated or modi-

fied by generating a form of the enzyme with cyt a, oxidized
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and Cug3 reduced. This can be done by chemical oxidation
(e.g., ferricyanide or porphyrexide) of the reduced enzyme
or by formation of the 1/4 reduced enzyme (Brudvig et al.,
1980). Cytochrome as out-of-plane vibrations would be ex-
pected to shift as the structure around Cu23 is changed.
Experimentally, this requires an anaerobic flow system to
keep the enzyme in its modified form and to avoid photo-
reduction of cytochrome a.

A more direct probe of the cyt a; - Cu site involves

a3
excitation into the 655 nm absorption band of the oxidized
enzyme. This band is present in the optical spectrum when
the exchange coupling between the two metal centers is
strong. Vibrations of both the heme and copper centers
would be expected to be enhanced if this electronic transi-
tion were a copper based charge transfer band. Because of
1 -l)

the low extinction of the band (3 mM -~ cm ~), this experi-

ment requires high concentrations, low laser powers (Aex =
647.1 nm, Kt laser) and a flowing sample arrangement. (Pre-
liminary attempts have not yielded any results in two dif-
ferent laboratories).

To study the reaction intermediates of cytochrome oxi-
dase, in addition to the low-temperature triple trapping
method of Chance et al., (1975) Raman experiments on ener-
gized cytochrome oxidase vesicles could be performed. Wik-

strom (1980) has shown that forms of the enzyme with spectra

similar to the low temperature intermediates are generated
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in ATP energized cytochrome oxidase vesicles. He attrib-
utes this to partial reverse electron flow through the en-
zyme, and, if this interpretation is correct then changes

in structure at the catalytic site could be monitored. ATP
has also been shown to red-shift the absorption spectrum of
cytochrome a in mitochondria (Erecifiska et al., 1972), so if
the hydrogen bonded carbonyl of cytochrome a is involved in
the H+-pumping mechanism of the enzyme, shifts in the

1610 em 1/1650 cm™1

bands would be expected. As stated
before, when dealing with the oxidized form of cytochrome
a laser excitation induces photoreduction of this heme
center. Procedures that can be utilized to minimize the
problem are: 1) use of flowing sample arrangement, 2)
removal of the putative flavin contaminant by using cyto-
chrome ¢ affinity chromatography (Thompson and Ferguson-
Miller, 1983) or 3) the use of low temperatures combined
with visible excitation (Bocian et al., 1978).

The role of cytochrome a in the H+-pumping function of
the enzyme needs to be more firmly established. The pH
dependent midpoint potential of cytochrome a is one of the
major arguments for the involvement of this center in the
H+-pumping mechanism. Cytochrome a displays a -20 mV/pH
unit redox potential dependence (Artzatbonov et al., 1978;
Carithers and Palmer, 1981) which is quite different from
the -60 mV/pH unit dependence expected if one H+/e— were

taken up in the reduction reaction. A -20 mV/pH unit
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potential dependence can be explained if the PK_ of the
protonated group in the oxidized form differs by only 1-2
pPK units from the reduced form. The protonatable groups
are probably amino acid residues on the surface of the
protein that have redox-linked pKa's similar to the Bohr
effect in hemoglobin. The identity of these amino acids
and their function for proton translocationhas yet to be
established.

As stated in Chapter 1, DCCD binding to subunit III or
removal of subunit III blocks proton translocation (Wikstrom
et al., 1983). Resonance Raman experiments that monitor
the structure of cyt a, in particular its formyl stretching
vibration, in the DCCD bound or subunit III-less forms of
the enzyme might depict an inactive hydrogen bonded struc-
ture. Preliminary experiments of this type (i.e., DCCD
bound cytochrome oxidase) reveal small shifts in the car-
bonyl stretching frequency of the oxidized and reduced enzyme.
These shifts are not fully understood and should be investi-
gated further.

Small but reproducible shifts in the C=0 stretching
frequency of cytochrome 32+ are also observed when the
deuterium is substituted for hydrogen in the aqueous sol-
vent (D20/H20). D,0 incorporation was used to investigate
whether the hydrogen involved in the hydrogen bond to the
peripheral aldehyde was exchangeable. Because deuterium

bonds generally are weaker than hydrogen bonds (McDougall
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and Long, 1962) a change in v (C=0) is expected if deuterium
is incorporated. Thereis a specific effect on only the
1610 - 1620 cm ! region (predominantly cyt a) of the re-
duced enzyme in D,0. Because the shifts observed are
rather small, Raman difference spectroscopy (Shelnutt et
al., 1979) or high resolution conventional RRS must be
used. If the shifts observed are a reflection of deuterium
substitution for hydrogen in the cytochrome a formyl group
hydrogen bond, this can help interpret similar shifts ob-
served in DCCD binding to the H,0 solubilized enzyme.

The study of bacterial oxidases, because of the simpler
subunit structure, may provide insight into the energy
transduction mechanism of this enzyme. The resonance Raman
spectral differences of mitochondrial cytochrome oxidase,

and of the two subunit oxidases from Paracoccus denitri-

ficans and Rhodopsuedomonas Sphaeroides which pump protons

with a ratio of 2H'/e-, (Wikstrém et al., 1983), 10.6 H'/e-
(Solioz et al., 1982) and zero H+/e— (Gennis, et al.,
1982), respectively, may reveal the structures necessary
for proton pumping. The special feature of bacterial pro-
teins is that modified amino acids can be added to the
growth medium and therefore small polypeptide changes can
be made. If hydrogen bond chains are important in the
proton pumping mechanism, the elimination or variation of
certain acidic or basic amino acids could inhibit this

function of the enzyme.
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Several spectroscopic questions remain outstanding con-
cerning cytochrome oxidase and its heme a chromophores.
The split Soret band observed for cyt a at low tempera-
tures (77 K) (Nicholls and Chance, 1974) may be caused by
the additional electron withdrawing capacity of the hydro-
gen bonded formyl group relative to the unperturbed formyl.
The extent of splitting of the Soret maxima for a series
of chlorins has been shown to be related to the electron-
withdrawing strength of the peripheral substituents (Ward,
1983). Low temperature optical spectra of hydrogen bonded
heme a model compounds can be recorded in order to test
this hypothesis for heme a species.

Although heme a has a vinyl group at position 4 of the
porphyrin macrocycle, no vibration has been assigned to
the C=C stretch. 1In protoheme containing species this
vibration is observed at ~1620 cm . For heme a either the
vinyl group is not coupled to the m system of the ring or
it is coupled with other normal modes of the ring and
therefore not a group frequency. A similar observation has
been made for the vinyl group of chlorophyll a (Lutz et al.,
1982) and the explanation given was that the vinyl group
lies out of the plane of the ring.

The use of dye lasers with visible excitation of the
heme a chromophores allows the acquisition of data for
excitation profiles. If any charge transfer bands or

transitions due to cyt a3 are present under the strong
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cyt a absorption in this region, vibrations that follow a
different frequency dependence than those of cytochrome

a will be observed. This could supply out-of-plane axial
ligand vibrational information or cytochrome a; specific
information. Excitation profiles also contain informa-
tion about the electronic states of the species monitored.
The symmetry of the ring and the degree of splitting of the
X, y degenerate transition moments are possible pieces of
information available.

With tunability in both the visible and Soret regions,
with elimination of the photoreduction problem and with
high resolution data acquisition, resonance Raman spectros-
copy, in conjunction with other spectroscopic techniques
(optical, MCD and EPR) will continue to be a useful probe
of the chromophores involved in the catalytic function of

cytochrome oxidase.
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