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ABSTRACT

HYDROGEN BONDING INTERACTIONS IN CYTOCHROME A OF CYTOCHROME

OXIDASE: A RESONANCE RAMAN STUDY.

By

Jose Antonio Centeno Ortiz

Hydrogen bonding interactions ét the formyl (~CHO)
group of cytochrome a in cytochrome oxidase have been
investigated by using spectroscopic and chemical methods.
Heme a model compounds that mimic the spectroscopic pro-
perties of cytochrome a have been isotopically synthesized
with formyl (-CDO) and (-CH!80) groups. With the aid of
these isotopic substitutions we have identified essentially
all the internal formyl vibrations, and compared them with
similar isotopic and H-bonding effects in benzaldehyde. To
identify resonance Raman enhancement of cytochrome az*
formyl related modes, we have obtained the resonance Raman
spectra in the range from 150 - 1700 cm-!, under four
different experimental conditions: visible excitation in
resonance with the Qco-0) ———=> * transition; acidic
denaturing conditions; H/D exchange; and ligand deconvo-
lution. From these spectra the hydrogen bond sensitive
vibrations of cytochrome a?* can be identified and a

comparison of these vibrations with those previously
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observed for heme a and benzaldehyde under H-bonding
conditions provide the assignment of -CHO internal modes.
Because of the lower symmetry of the heme a macrocycle and
the strong electron withdrawing character of the H-bonded
C=0, we observed RR activity (and intensity changes) for

symmetry forbidden Eu modes.

The importance of the cytochrome a2+ H-bonded structure
in the oxidase proton pumping activity was examined. Our
results reveal significant perturbations at the cytochrome
a?t* H-bond interaction as the adjacent protein protons are
exchanged by deuterons during enzyme turnover conditions.
The suggested involvement of the Cua?* atom in the oxidase
redox-linked mechanism was also investigated by ENDOR spec-
troscopy. Our results reveal the occurrence of exchangeable
protons at sites near the Cua site; however, their

involvement in the H*-pump remains unclear.
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CHAPTER I

I. Cytochrome c Oxidase: Structure and Function

A. Introduction and Overview of the Thesis:

In the mitochondrial respiratory chain of eukaryotic
cells the production of energy is based upon a sequence of
electron transfer reactions through a set of redox proteins
which culminates with the reduction of molecular oxygen to
produce water (Wikstrom et al., 1982). The last enzyme in
this mechanism is called cytochrome ¢ oxidase. It catalyzes

the reduction of dioxygen to water by transferring electrons

from reduced cytochrome c?2* to oxygen. The overall reaction

is described as follows:
4 cyt.c2* + Oz + nH*(in)-->4 cyt.c?* + 2H20 + (n-4)H*(out)

The transfer of electrons in this reaction is believed
to be coupled to the generation of an electrochemical proton
potential gradient ‘Aﬂr’ across the mitochondrial membrane
(Wikstrom and Krab, 1979; Casey et al., 1979; Proteau et
al., 1983; Wikstrom, 1984; Thelen et al., 1985; Malmstrom,
1985; Blair et al., 1986). This electrochemical proton
Potential is composed of a membrane potential (4Y ), which
arises from vectorial electron transfer from the outside of
the membrane, and of the consumption of H* in the inside
giving rise to a  ApH. The formation of (A is linked to

the Production of adenosine triphosphate (ATP), an energy




source.which is used in biochemical reactions which require

energy. In addition to the consumption of H* ions in the
inner side of the membrane during reduction of 0O:, the
transfer of electrons through the oxidase is also known to
be coupled to the translocation of at least one H*/per
electron to the cytosol side (or outside) of the membrane
(Wikstrom, 1977; Wikstrom et al., 1982). This coupling
between electron transfer and proton translocation is
essential for energy transduction during respiration.

In this introduction I review recent research on the

structural, functional, and physiological aspects of
cytochrome c oxidase. In the following six Chapters,
experiments will be presented which show the application of

spectroscopic methods (Uv-vis, resonance Raman (RR),

infrared (IR) electron paramagnetic resonance (EPR) and
electron nuclear double resonance( ENDOR)) to study
structural features of the enzyme and to provide insights
into the in vivo structural/functional aspects of this
important metalloprotein.

The spectroscopic techniques and experimental proce-
dures used during the course of this work to study cyto-
chrome oxidase, its ligand-bound derivatives, and its
isolated heme a model compounds are described on Chapter 11,
A brief introduction to Uv-vis electronic optical absorption
and resonance Raman spectroscopy (RRS) will be presented.

The design of a home-made Raman difference apparatus, which




features the use of a double-compartment spinning cuvette

and digital gating logic, will be described.

Chapter III demonstrates the use of isolated heme a
model compounds and the application of available spectros-
copic techniques (UV-vis, infrared, and RR) to study the
molecular structure and the sensitivity of Raman frequencies
to porphyrin peripheral substituents. Results are presented
from infrared (FTIR) and resonance Raman experiments on
heme a model compounds with the aim of obtaining insights

into the involvement of the T -conjugated peripheral

substituents in the electronic states of heme a. I concen-
trate my efforts on elucidating Raman frequencies sensitive
to formyl vibrations and on describing the sensitivity of

these bands to formyl-proton and oxygen isotopic substitu-

tion in addition to hydrogen-bonding effects.

In Chapter IV, visible excitation resonance Raman
studies of reduced and mixed-valence cytochrome oxidase in
protonated and deuterated buffers are presented. Since
cytochrome a2+ is the dominant contributor to the 605 nm
absorption band of reduced cytochrome oxidase (Vanneste,
1967), laser excitation in this Q(o-0) T o——==> X
transition is expected to be dominated by cytochrome a2+
vibrational modes. The strong enhancement of cytochrome g
modes with visible excitation, and their sensitivity upon
protein H/D-exchange and pH-denaturation, is sugested to
arise from interactions of the cytochrome a heme moiety with

the surrounded protein residues. A detailed study of thel
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depolarization ratios of cytochrome a vibrational modes is
also presented.

Chapter V summarizes our results on the identification
of the cytochrome a H-bonding vibrational modes as studied
under Soret (B(o-o)-transition) excitation. The sensitivity
of these cytochrome a modes to protein perturbations, such
as acidic pH effects, was also studied. Since, upon raising
or lowering the pH of the oxidase solution, the cytochrome a
H-bonding structure is expected to be disrupted,a systematic
resonahce Raman study on the pH-induced effects in the
vibrational spectra of reduced and mixed-valence cytochrome
oxidase, is expected to provide additional evidence on the
identity of the cytochrome a H-bonding modes.

Soret excitation resonance Raman studies on the
accessibility of labile protons, at the cytochrome a site,
were also conducted, with the specific aim of gaining
insight into the rate of H/D-exchange at the cytochrome a
(-HC=0...H/D-protein) site and its relevance to enzymatic
redox changes (as studied by repeated enzymatic cycles of
reduction and reoxidation). This data is presented in
Chapter VI. The results from these experiments are discussed
in terms of the involvement of the cytochrome a formyl group
(-HC=0) in the cytochrome oxidase proton pump mechanism.
Soret excitation on the resting oxidase indicates the
océurrence of exchangeable protons at the cytochrome a/

protein site, as well as spin-state transformations




associated with the cytochrome a3 site. This chapter also
deals with the application of electron paramagnetic
resonance (EPR) and electron nuclear double resonance
(ENDOR) spectroscopies to study the metal active centers of
cytochrome oxidase. In this work, EPR spectroscopy was used
to monitor enzyme integrity and thus quality of the
preparation, as judged by the cytochrome a and Cua EPR-
signals. To study H:0/D.0 exchange at the Cua?* site (Gelles
et al., 1986) ENDOR spectroscopy was used.

Finally, future experiments and new approaches are

suggested in Chapter VII.
B. Brief History:

The initial investigations on the active role of
cytochrome oxidase in the cellular respiratory chain were
reported in 1939 by Keilin and Hartree. In their original
work Keilin and Hartree (1939) showed that cytochrome
oxidase was composed of two functionally distinct
components, which they called cytochrome a and cytochrome
as. bThey proposed that cytochrome a was involved in the
electron uptake from cytochrome ¢ while cytochrome a; was
involved in the binding and reduction of dioxygen. Though
Keilin and Hartree (1939) initially commented on the
possibility of the participation of the copper atoms in the
cytochrome oxidase oxygen reaction, their involvement was

not considered seriously until 1962 when Beinert et al,
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(1962). first introduced the use of electron paramagnetic
resonance (EPR) to study the electronic environment of
the metal sites in the oxidase.

The pioneering work by Greenwood and Gibson (1963,
1965, & 1967) on the photolability of the cytochrome a32+-CO
complex and its subsequent reaction with dioxygen at low
temperatures, made it possible to start studies on the
oxidation of the reduced enzyme by oxygen. Using optical
absorption spectroscopy techniques, Greenwood and Gibson
(1963,1965, & 1967) were able to follow the route of
electron transfer from cytochrome a via Cua to the binuclear
cytochrome as /Cur center by detecting short-lived enzyme
intermediates. These short-lived transient intermediates
were further characterized by using Uv-vis optical (Clore et
al., 1980) and EPR (Karlson et al., 1981; Chance et al.,
1975) spectroscopic techniques. The results from these
studies indicated that the reaction of reduced cytochrome
oxidase with dioxygen proceeds via at least three inter-
mediates (termed compounds A, B, and C in the Chance et al.,
(1975) terminology; or compounds I, II, III in the Clore et
al., (1980) terminology). Recent attempts to study these
intermediates by resonance Raman sepectroscopy have been
reported by Babcock et al. (1984 & 1985). By using flow-
flash CO-photolysis and time-resolved resonance Raman spec-
troscopy during the oxidation of reduced cytochrome oxidase
by oxygen, Babcock et al. (1984 & 1985) were able to detect

the initial occurrence of a photolabile oxy-intermediate as




the precursor to oxygen reduction, with the subsequent
formation of a more stable oxygen-intermediate at the
cytochrome a; /Cup site. Another important finding with
respect to the existence of these enzyme intermediates has
been the recent resolution of this "oxy" intermediate at
room temperature by using CO-flash-photolysis accompanied by
rapid-scanning spectrophotometry (Orii, 1984). Therefore,
the available data accumulated on the oxidation products of
reduced cytochrome oxidase by oxygen support the formation

" n

of an "oxy" intermediate during the first stages of the
reaction, which is subsequently followed by fast inter-
molecular electron transfer to dioxygen.

Research on the proton pumping mechanism of cytochrome
oxidase was initiated by Wikstrom (1977) and later by Sigel
and Carafoli (1978). The proton pumping action of cytochrome
oxidase has been investigated in whole mitochondria as well
as in isolated cytochrome oxidase reconstituted into phos-
pholipid vesicles (Wikstrom and Saari, 1977). Recently, it
was suggested that cytochrome oxidase depleted of subunit
III did not show significant proton pumping activity even
though the electron transfer capabilities were not signifi-
cantly altered (Penttila, 1983). In addition, in order to
maintain the obligatory coupling between electron transfer
and proton translocation in cytochrome oxidase, two redox-
linked proton pumping models have been suggested at the
molecular level for cytochrome a (Babcock and Callahan,

1983) and Cua (Blair et al., 1986; Gelles et al., in press),
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respectively. The mechanistic implications of both models
and their relevance to the present study will be presented

in Section III of this Chapter.

II.Cytochrome Oxidase: Structure and Metal Active Sites.

A. Subunit Composition and Protein Structure

Cytochrome oxidase from bovine heart muscle is composed
of more than 12 polypeptide subunits (Capaldi, 1982; Azzi,
1980; Buse et al., 1985) with molecular weights ranging from
6000 to 40,000 Da. It has a total molecular mass of ~200,000
Da. The subunit arrangement is shown in Figure I-1. The
three largest subunits (subunits I, II, III) are coded for
by mitochondrial DNA (Tzagoloff et al., 1979), while the
smaller subunits are coded by nuclear DNA. Cytochrome oxida-
se has been purified also from prokaryote sources with much
simpler subunit composition. These range from an aas-type
oxidase with two subunits (Yamanaka et al., 1979; Honami and
Oshima, 1984; and Fukumori et al., 1985), to oxidase with
three subunits (Sone and Yanagita, 1982; De Vrij et al.,
1983), to the recent characterization of cytochrome oxidase
from Thermus thermophilus with just one subunit (Yoshida et
~al., 1984). As with bovine oxidase, these bacterial type
oxidases have been reported to show proton pumping activity.
Examples of these are Thermus thermophilus (Sone et al.,
1984; Yoshiba and Fee, 1984), the Thermophilus bacterium PS3
(Sone and Hinckle, 1982), and Paracoccus denitrificcans

(Solioz et al., 1982). Subunits I and II are known to
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Figure 1.1: The geometrical arrangement of the polypep-
tides (subunits) in cytochrome c oxidase in the mitochon-
drial membrane. Subunits I and II contain the two pros-
thetic heme groups and the two copper atoms. The binding
site-for ferrocytochrome ¢ is located on the outside of
the membrane in close contact with the electron acceptor

site, cytochrome a/Cu Adapted from Azzi (1980).
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cytochrome a3, and Cus most likely located in subunit I and
Cua in subunit II (Winter et al., 1980). From labelling
experiments with 51Cr2+, it has been suggested that subunit
II contains the electron entry site from cytochrome ¢ (Jones
and Wilson, 1984). It has been recently suggested that the
depleted subunit III oxidase does not exhibit proton trans-
location even when 50% of the electron transfer activity is
retained (Thelen et al., 1985; Nalecz et al., 1985; and
Penttila, 1983). However, experiments with bacterial
oxidase, with two subunits (I,II), from Paraccocus (Soliocz
et al., 1982), have made this interpretation of the role of
subunit III on the oxidase proton pump somewhat uncertain.
The general consensus about the role of subunit III in the
proton pumping activity of cytochrome oxidase is that it has
a regulatory function for the pump rather than being an

integral part of the mechanism (Thompson et al., 1985).

The structure of cytochrome oxidase has been studied by
electron microscopy and image reconstitution of a two-
dimensional crystalline array of the protein (Fuller et al.,

1979 & 1982). Results from these studies revealed a three

domain structure in the form of a Y shaped molecule, where
the arms of the Y each span the membrane bilayer and
protrude approximately 15-25 A° on the matrix side of the
membrane; the stalk of the Y extends from the mitochondrial
inner membrane into the intermembrane space (see Figure 1.1)

(Terrence et al., 1985; and references therein). The aggre-
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gation state of the oxidase has been controversial, but it
has been recently proposed from experiments with vesicle
reconstituted oxidase that the enzyme from bovine heart
muscle is a dimer of cytochrome aas; molecules (Capaldi,
1982; and references therein). The monomeric form of
cytochrome oxidase from rat liver (Thompson and Ferguson,
1983) and bovine (Nalecz et al., 1983; Suarez et al., 1984)
materials have been also described. Monomers of bovine
enzyme could be prepared by treatment of the oxidase with
high detergent concentrations and alkaline pH, which
appears to be correlated with the loss of protein subunits
(Georgevich et al., 1983). Kinetics studies (Reinhard et
al., 1985) of cytochrome oxidase activity in its dimeric and
monomeric forms indicate biphasic kinetics for the dimeric
form and monophasic behavior towards the oxidation of
reduced cytochrome c?+ in the momeric form. Changes in ionic
strength, enzyme concentration, and type of detergent used
to suspend the oxidase appear tovinfluence the association
properties of the oxidase (Thompson and Ferguson-Miller,
1983; Suarez et al., 1984; Thompson et al., 1985). The dimer
structure appears to be necessary for the enzyme proton
pumping activity, whereas the monomer structure may only be
active in electron transfer (Wikstrom et al., 1981). On the
other hand, recent kinetics experiments on the monomeric
cytochrome oxidase from shark have suggested that the
monomer containing the four metals is the basic functioning

unit for dioxygen reduction (Bickar et al., 1985;
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Georgevich et al., 1983).

The determination of the heme a-copper (or heme-heme)
distances within the isolated oxidase has been an active
area of research for the last few years. Two physical
techniques, electron paramagnetic resonance (EPR) and X-ray
absorption spectroscopy (EXAFS), have been widely applied to
address these questions. For instance, by studying the
effect of cytochrome a on the EPR-spin relaxation properties
of NO-bound ferrocytochrome as, a distance of 15-20 Ac°
between the irons of the two hemes was estimated (Boelens et
al., 1984; Scholes et al., 1984; Brudvig et al., 1984;
Ohnishi et al., 1981). Similarly, a distance of 8-12 A° was
estimated between Cuas and cytochrome a, while between Cus
and cytochrome as; this appears to be “3-4 A° (Stevens et
al., 1982; Naqui et al., 1986).

The interaction of cytochrome oxidase and its physiolo-~
gical electron donor, reduced cytochrome c, have been
studied by fluorescence measurements (Dockter et al., 1978).
Electron transfer is believed to occur through the heme edge
of cytochrome ¢ (Timkovich,1980; Britain and Mattews,

1986) to the electron acceptor pole of cytochrome oxidase,
cytochrome a/Cua. The precise distance between the heme ¢
and the oxidase electron accepting center is still

uncertain.

In addition to the mammalian mitochondrial and bacte-
rial oxidases, cytochrome oxidase has been also studied in

higher plant mitochondria (Denis, 1981; Dutch et al., 1986).
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Initial results reported by Denis and Clore (1981) and Denis
and Richaud (1982) suggested the possibility of differences
in the heme a3;-Cus environment in the plant system. Their
results on the CO recombination studies in fully reduced
cytochrome oxidase after low-temperature flash photolysis
revealed a multiphasic rebinding of different conformers in
the heme a3/Cus site (Denis and Richaud, 1982). Near infra-
red studies on the components of plant mitochondria (Richaud
and Denis, 1984) reveal a reduced minus oxidized difference
spectrum assigned to Cus, whereas in the mammalian material
no Cup signal is observed. Interestingly, recent EPR studies
on this plant material (Denis et al., 1984) suggested that
the antiferromagnetic coupling responsible for heme as; and
Cus being EPR silent in the resting state of bovine oxidase
(Tweedle et al., 1978) was not apparently present in resting
whole plant mitochondria.

Recently, another plant oxidase, that from etiolated
corn seedlings, was successfully isolated with high activity
in the laboratory of Prof. Sheilagh Ferguson-Miller (Ingle,
R. and Ferguson-Miller S., Michigan State University, unpu-
blished results). The resonance Raman vibrational analysis
of maize mitochondria and isolated corn protein was conduc-
ted in our laboratory yielding surprising results on the
cytochrome a heme structure (Dutch et al., 1986). The
optical absorption spectra of this enzyme, as well as our RR

analysis, indicate that the heme a environment of maize




to
00}
oer
nit
li;
&

cer

for
it
Ch-
the
g

Cay

She
oy
$pe
Y

Doy



14

cytochrome a is altered as compared to the bovine heart
enzyme, suggesting that this change is associated with the

formyl substituent of the heme a porphyrin ring.
B. Metal Centres: Structure and Protein Environment

Cytochrome oxidase catalyzes the reduction of dioxygen
to water by using two different metals, heme iron and
copper, which are organized in three different redox
centers: cytochrome a is low-spin and six-coordinate with
nitrogén from histidine residues as its fifth and sixth
ligands (Martin et al., 1985) and is in rapid redox
equilibrium with the EPR visible Cua(S=1/2). The third redox
center, thecytochrome as3/Cus binuclear site, is reduced
by cytochrome a /Cua. This binuclear center is responsible
for the binding and reduction of dioxygen and is the binding
site for a number a small respiratory inhibitors such as CO,
CN- , NO, HN3-, and HCOO-. Recently, it has been suggested
that cytochrome oxidase preparations may contain zinc and
magnesium in addition to Cu and Fe (Einarsdottir and
Caughey, 1984 & 1985).
shown in Figure 1.2A, where it is compared with that of the
more commonly occurring protoheme species. The protoheme
sSpecies contains vinyl groups at positions 2 and 4, as well
&S‘propionic groups at positions 6 and 7, with the remaining

porphyrin positions occupied by methyl groups. In contrast,
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for heme a two major structural differences are present: the
vinyl group at position-2 in protoheme has been replaced in
heme a by a hydroxy-farnesyl group, and the methyl group at
position 8 in protoheme has been oxidized to a formyl group
in the heme a macrocycle. Owing to the more delocalized
electronic distribution of the formyl and vinyl groups, and
to the well known electron withdrawing capabilities of the
C=0 group (Vinogradov and Linell, 1972), it is expected that
the optical absorption spectra of cytochrome oxidase will be
significantly altered as compared to hemoglobin and
myoglobin hemeproteins. 1Indeed, protoheme derivatives
show o -band maxima in the range from 545-565 nm while
cytochrome oxidase heme a derivatives display a-bands which
range from 588 nm to 598 nm.

The electronic optical absorption spectra of oxidized
and reduced cytochrome oxidase are presented in Figure 1.3
(Vanneste, 1967; Halaka, 1981). The uv- and visible regions
of the spectrum are dominated by.the heme chromophores of
cytochrome a and cytochrome as;, and are dependent on changes
on the redox and spin state of the heme iron. By assuming
no optical interactions between cytochromes a and as; and by
using difference spectroscopy on ligated oxidized and
reduced cytochrome as, Vanneste (1967) was able to separate
the individual contributions of cytochrome a and cytochrome
283 to the optical absorption spectrum of cytochrome oxidase,
However, it was recognized by magnetic circular dichroism

(MCD) (Palmer et al., 1976; Babcock et al., 1976) and
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Figure 1.3: Electronic optical absorption spectra of oxidized (
and reduced (----) cytochrome c oxidase in the Soret, visible, and
near-IR regions. Extinction coefficients are expressed per enzyme
functional unit containing two hemes and two copper atoms. The broad
band at 830 nm is attributed to CuA. Similarly, the stronger shoulder
at ~ 662 nm is attributed to the Fe,3-L-Cup binuclear center. Repro-
duced from Halaka (1981).
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resonance Raman (Babcock et al., 1981) experiments that
strong redox interactions between cytochrome a and
cytochrome as were present. These results came from
anaerobic redox titrations followed by MCD measurements
(Palmer et al., 1976; Babcock et al., 1976). Similarly,
resonance Raman spectroscopy (Babcock et al., 1981)
experiments showed that cytochrome a and cytochrome as: are
indeed spectrally distinct in both the absence or presence
of ligands, and confirmed Vanneste’s original work.

-In addition to the heme a groups, the copper ions
(mainly Cua) also contribute to the optical absorption
spectrum of resting cytochrome oxidase. The near infrared
region of beef heart cytochrome oxidase displays a broad and
weak band centered at 830 nm (A€=2 mM-! cm-!) (see Figure
1.3), assigned to oxidized Cua (Wharton and Tzagoloff, 1964;
Yong and King, 1972), which vanishes upon copper ion
reduction. The contribution of Cus to the 830 nm band has
been estimated to be “15% (Powers et al., 1979); however
this falls within the range of experimental uncertainty
(Beinert et al., 1980).

The spectral properties of the four metal ions have
been most widely studied by electron paramagnetic resonance
(EPR) spectroscopy owing to the fact that both the heme
groups and the copper atoms may be identified in the EPR
spectra. In the case of oxidized resting cytochrome oxidase,
the low-spin, six-coordinated cytochrome a contributions are

observed with g-values at 3.03, 2.213, and 1.5. The Cua
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contribution is seen as an intense signal with a g-value of
~2.0 (Hartzell and Beinert, 1976; Aasa et al., 18976). The
EPR signal from Cua was found to be unique for cytochrome
oxidase (Aasa et al., 1976; and references therein) in that
it displays low g-values (g=2.18, 2.03, 1.99), no resolvable
copper hyperfine structure, and unusual EPR-signal satura-
tion properties (its EPR signal is easily saturated at 10K
in contrast to other Cul! complexes). The unusual Cua EPR
properties were suggested to originate from a unique ligand
coordihation (Chan et al, 1979). To account for these Cua
spectral properties, Stevens et al. (1982) conducted elec-
tron nuclear double resonance (ENDOR) experiments on 15N-
isotopically substituted yeast cytochrome oxidase. Their
findings reveal the presence of methylene protons of one or
two cysteines and the presence of at least one nitrogeneous
ligand from a histidine residue. Accordingly, Cua ligation
with two cysteine-sulfur ligands and two histidine-nitrogen
ligands was proposed (Stevens et al., 1982). A recent com-
parison of the amino acid sequence of subunit II of cyto-
chrome oxidase with subunit II of a series of blue copper
proteins appears to indicate that Cua is structurally

related to type I copper while Cup is related to type 3
oxidases (Malmstrom, 1986). In the case of Cus, the ENDOR
data reveal strong similarities with type-3 Cul! as in the
caée of laccase, and a ligand coordination of three

nitrogens was proposed (Cline et al., 1983).

The binuclear center heme a3/Cusp is EPR silent in







20

the resting oxidized oxidase. This was initially interpreted
by Van Gelder and Beinert (1969) as due to a strong anti-
ferromagnetic coupling between the high spin heme as; iron
(S=5/2) and the Cus ion (S=1/2) resulting in a total S=2
system. The magnetic interaction of this binuclear center is
believed to be mediated by a bridging ligand (Van Gelder and
Beinert, 1969). In the optical absorption spectrum of
resting oxidized cytochrome oxidase, a relatively weak band,
centered at 662 nm, has been attributed to the heme a3;-L-Cus
structure interaction (Beinert et al., 1976). For fully
reduced cytochrome oxidase this band disappears, indicating
the decoupling of the Fea:-Cus interaction. Upon ligand
binding to the cytochrome as; site, the occurrence of the 662
nm band is observed for ligands that maintain the Feas in a
high-spin configuration (i.e, HCOO-), whereas for ligands
inducing a low-spin transition, the 662 nm band vanishes
(i.e., CN-).

Partial reduction of cytochrome oxidase removes the
antiferromagnetic coupling within the binuclear Fea3-Cus
center rendering this site EPR detectable. This allows for
the formation of the g=6 high-spin signal ascribed to ferric
heme a3 (probably with Cuas in the reduced state). However,
this signal is not observed during enzyme turnover (Wilson
et al., 1982), which suggested that Cup might be optically
and EPR silent in all redox states of cytochrome oxidase.

To explain the EPR spectral properties of cytochrome

83/Cus in the resting enzyme, Seiter and Angelos (1980) and
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latter Hagan (1982) suggested the possibility of a
cytochrome as/Cusp pair in which the iron is in a high-spin
ferryl (Fel!Y) state and Cus* is in the reduced cuprous
state. However, the accumulated data on magnetic suscepti-
bility, MCD, RR and Mossbauer spectroscopies (Kent et al.,
1982 & 1983; Babcock et al., 1979) strongly argue against
this suggestion. All these data are consistent with the
original proposal that cytochrome a3 is spin-coupled to the
cupric copper ion as Fea3-L-Cus.

Recently, X-ray absorption spectroscopy (Powers, 1982)
was used to study metal atoms and their immediate environ-
ment in biological membranes. The application of this
technique to oxidized cytochrome oxidase was pioneered by
Powers et al. (1981) and their results suggest that the iron
of cytochrome as is coordinated at the proximal site by a
histidine and at the distal site by a sulfur atom, this
latter ligand being responsible for the antiferromagnetic
interaction by bridging to Cus. ‘The interpretation offered
by Powers et al. (1981) relies heavily on comparison with
known model compounds and on assumptions that the Cus was
comparable to the type-I "blue copper” (as in stellacyanin),
and that Cus was responsible for the absorbance at 830 nm.
TyPe-I blue-coppers are known for their strong optical
electronic transitions on the 600 nm region, which upon
reduction of Cu!! to Cul! are abolished (Siiman et al.,
1976). In reduced cytochrome oxidase, the largest contri-

bution (80-100%) to the visible absorption o-band at 605 nm




arises from cytochrome a2?*+ (Lemberg, 1969; Nicholls and
Chanady, 1981). 1In addition, type-I coppers, such as in
plastocyanin (Colman et al., 1978) and azurin (Adman et al.,
1978), are known to be ligand coordinated by two histidine
nitrogens, at least one cysteine, and one methionine sulfur
atom, arranged in a near tetrahedral geometry. Resonance
Raman studies in these blue-type-I copper compounds indicate
that copper-ligand stretches, ligand deformations, and
metal-ligand deformations are strongly enhanced in the low-
frequency (<550 cm-! ) region of the spectrum (Woodruff et
al., 1984; Musci et al., 1985; Bovil et al., 1986). However,
resonance Raman spectra in the visible region of resting,

oxidized plus cyanide, mixed-valence, and reduced cytochrome

c oxidase (Bocian et al., 1979; Centeno and Babcock,
unpublished results; see Chapter IV) fail to show any
copper-ligand related modes in the low-frequency region.
Furthermore, several authors have convincingly established

that Cua2+ is the responsible metal for the 830 nm band

(Greenwood et al., 1983).

C. Chromophore Geometry and Ligand-Coordination

The main geometrical disposition, proposed coordi-
nation, and ligand binding parameters of cytochrome a /Cu,
and cytochrome a3/Cus are displayed in Figure 1.4 (Brunori
and Wilson, 1982; Callahan, 1983). Cytochrome a, as
previously mentioned, is always in its low-spin, six-

coordinated configuration independent of the iron redox
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Figure 1.4: Geometry and coordination properties for cyto-

chrome a, cytochrome as, CuA, and CuB in cytochrome ¢ oxi-

dase. Metal distances and Cu-Tigand coordination geometries

as suggested by Powers et al. (1981). Heme a chromophore
and CuA contributions to the optical absorption spectra of
resting and reduced cytochrome C oxidase as estimated by
Vanneste (1967) and Beinert et al. (1972), respectively.

Electron paramagnetic resonance (EPR) and carbonyl vibra-

tional parameters as investigated by Babcock dnd coworkers

(1978, 1981, and 1983). The identity of the bridging 1i-

gand (L) within the Fea3-CuB binuclear center is unknown;

however, a sulfur ligand has been proposed based on EXAFS

studies (Powers et al., 1981).
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state (i.e., ferric or ferrous Fe a). 1Its associated Cua
atom appears to be ligated by two cysteine sulfurs ligands
and two histidines nitrogens in the Cu?t* state (Stevens et
al., 1982). However, the redox state and ligand-coordination
geometry around the Cua in resting oxidase are matters of
controversy since, on the basis of EXAFS (Powers et al.,
1981) and MCD (Greenwood et al., 1983) studies, a Cu?t state
was preferred. On the other hand, results from the amino
acid sequencing of subunit II and studies on the unusual Cua
EPR properties (Steffens and Buse, 1983; Chan et al., 1979),
propose a Cua* state. Cytochrome ai in its resting oxidized
state is six-coordinate, high-spin (S=5/2) and exchange
coupled with jits associated Cus partner through a bridging
ligand. The identity of this bridging ligand is still
unknown, although‘Powers et al. (1981) have suggested the
ocurrence of a sulfur ligand based upon EXAFS studies on
resting cytochrome ¢ oxidase. In its reduced form
cytochrome as is five-coordinate, high-spin (S=2) with
histidine nitrogen as the proximal ligand and with the
sixth-ligand distal position available for further
coordination.

The carbonyl group at position-8 contributes to the
optical absorption properties and vibrational spectrum of
cytochrome a and cytochrome ai;. Resonance Raman evidence
from heme a model compounds has convincingly established
that the formyl group of cytochrome a lies in a hydrophobic

environment buried inside the protein surroundings
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(VanSteelandt-Frentrup et al., 1981). However, for
cytochrome a the carbonyl group appears to be involved in a
hydrogen-bonding interaction with a protein polypeptide

residue which serves as a structural intermediary in

communicating redox events originating at the heme iron to
the protein surroundings. The strength of this formyl
(C=0...protein) hydrogen-bond interaction was observed to
strongly depends on the redox state of the cytochrome a iron
ion, and accordingly, a proton pump model that relies on a

H-bond geometrical change was proposed (Babcock and

Callahan, 1983).

IITI. Proton Pumping

Despite some arguments about the function of the
oxidase as a redox-linked proton pumping system (Mitchell
and Moyle, 1983; Lorusso et al., 1979; Papa et al., 1983),
the available data strongly support proton pumping activity
as an integral part of this mitobhondrial terminal enzyme.
Subunit III has been reported to play an important role
in the electron-transfer activity and proton pumping
mechanism of oxidase from eukaryotic (mammalian) cells, as
indicated by inhibitory experiments with dicyclohexylcarbo-
imide (DCCD), whose binding site was located in subunit I1IT
(Prochaska et al., 1981). DCCD is a well known inhibitor of

the cytochrome oxidase proton pumping activity (McGovern-

Moroney et al., 1984; Casey et al., 1979). 1In experiments

with oxidase from eukaryotic cells depleted of subunit III
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it was. observed that the oxidase retains its electron
transfer activity but was totally deprived of proton pumping
activity (Penttila, 1983; Thelen et al., 1985; Suarez et
al., 1984; Prochaska and Reynolds, 1986). However, other
groups had reported a partial proton pumping activity from
subunit III depleted bovine oxidase (Puttner et al., 1985).
The suggestion of subunit III being an integral part of the
oxidase proton pump is also contradicted by experiments with
bacterial cytochrome oxidase, which apparently does not have
subunit III but nevertheless displays full proton pumping
activity (Solioz et al., 1982; Sone and Hinkle, 1982;
Yoshiba and Fee, 1984).

A simplified scheme of the proton pumping mechanism of
cytochrome oxidase is depicted in Figure 1.5. Overall, the
transfer of electrons from reduced cytochrome c to the
cytochrome a/Cua metal active site is linked to the uptake
of mitochondrial protons from the matrix side of the
membrane and their subsequent release to the cytosol side,
presumably triggered by conformational changes at the
cytochrome a/Cua metal active sites. To complete the
reduction of oxygen at the cytochrome a3i/Cus binuclear site,
additional protons from the interior of the protein are used
in the subsequent formation of H:0. Cytochrome a and its
associated Cua have both been suggested to serve as the site
where the oxidase redox link to the proton pump occurs
(Wikstrom et al., 1981). This is supported by resonance

Raman studies, EPR, and other spectroscopic approaches used
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to study the molecular protein environment of the heme a and
Cua sites in cytochrome oxidase and its derivatives
(Callahan and Babcock, 1983; Babcock and Callahan, 1983;
Blair et al., 1986; Gelles et al., in press). Two models
have been proposed, one involving the heme a of cytochrome a
and the other Cua, as individual molecular sites for the
proton pumping mechanism. On the basis of resonance

Raman spectroscopy, Babcock and coworkers had proposed a
direct mechanism in which the peripheral formyl group of
heme g'is involved in a hydrogen bond interaction with a
protein residue acting as the H-donor. In this molecular
model, the hydrogen-bonded proton is pumped during the redox
cycle, with the strength of the C=0...H(protein) H-bond
strongly dependent upon the redox level of the Fea atom of
heme a. Recently Copeland and Spiro (1986) presented
additional evidence for the involvement of the cytochrome a
carbonyl group in a H-bond interaction as initially
suggested by Babcock and Callahan (1983). However, the
direct participation of the cytochrome a carbonyl group in
the oxidase redox-linked proton pumping mechanism was
questioned by the above authors and recently by Argade

et al. (1986). On the other hand, the molecular basis of
the cytochrome oxidase proton pump had been recently
suggested to occur at the Cua site rather that at the
cytochrome a carbonyl site. This was proposed on the basis
of extended x-ray absorption fine structure (EXAFS) studies

and EPR data on the coordination and ligation properties of
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Cua in.cytochrome oxidase (Chan et al., 1979; Stevens et
al., 1982; Blair et al., 1986; Gelles et al., in press).
Chan and coworkers had suggested a model in which redox
events at the Cua metal site could be coupled to the oxidase
proton pump through a redox-linked ligand displacement at
the Cua metal site with a protein H-donor in the immediate
vicinity of the Cua ligation sphere.

Both proton pumping models predict the occurrence of
protein exchangeable protons in the near vicinity of the
metal center active sites. To test these two models I have
used resonance Raman spectroscopy and H/D exchange at the
cytochrome a...protein interaction site and electron nuclear
double resonance (ENDOR) spectroscopy at the Cua metal site,
Our results with resonance Raman spectroscopy support the
involvement of the cytochrome a formyl group in an H-bonding
interaction with an exchangeable protein H-donor; the ENDOR
data reveal the existence of exchangeable protons in the
Cua2* protein vicinity, nevertheless, their identity and

involvement in the oxidase H*-pump remains unclear.
IV. Concluding Remarks:

Cytochrome c oxidase is a multi-metal enzyme responsi-
ble for the terminal reduction of molecular oxygen in the
formation of H.0 during respiration in eukaryotic and
prokaryotic cells. The marked difference and complexity of

oxidase from mammalian, bacteria, and plant materials is
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recognized by their differences in protein subunit
composition. Thus bovine cytochrome oxidase contains 12
polypeptide subunits while bacteria cytochrome oxidase has
been reported to contain one (Yoshida et al., 1983), two
(Ludvig and Schatz, 1986), and three subunits (De Vrij et
al., 1983). However, common features among these oxidases
appear to be conserved, such as the following: (1) the
enzymatic minimum functional unit contains two heme a
iron-containing chromophores and two copper atoms; (2) all
these oxidases catalyze the electron transfer reaction from
reduced cytochrome ¢ to molecular oxygen to produce H:0; (3)
it is widely accepted that electron transfer in cytochrome
oxidase is linked to proton pumping activity.

The magnetic properties of the heme a metal sites
appear to be fairly well established. Cytochrome a and Cu,
are magnetically isolated and presumably separated by an
average distance of >12 A°., Cytochrome as: and its associated
Cus atom are close to one another (<3-4 A°) and there is an
antiferromagnetic interaction between the two. Considerable
progress has been made in understanding the cytochrome a and
cytochrome a; ligand geometries. Cytochrome a is ligated by
two histidines, and these remain bound throughout the
enzymatic redox cycle, while cytochrome a3 is known to
possess one histidine ligand on the proximal side but lacks
a ligand on the distal side in the reduced state. Research

on the ligand and coordination geometry around the metal
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centers is still a matter of controversy, especially with
respect to the ligand coordination around the Cua and Cus
atoms.

The molecular basis of the oxidase redox-link to the
proton pump is suggested to occur at the level of the
cytochrome a /Cua metal active sites. In the following
chapters, research on the spectroscopy of cytochrome
oxidase, its ligand bound derivatives, and heme a model
compounds is described. The H:0/D2:0 exchangeabilities of the
a/Cus sites has also been studied. I have used optical
absorption, resonance Raman spectroscopy, EPR and ENDOR
spectroscopies in order to investigate the molecular
characteristics and hence functional involvement of
cytochrome a as well as Cua in the oxidase proton pumping

mechanism.
V. Aims and Strategy of This Thesis:

The aims of this thesis are two-fold: (1) to develop
systematic vibrational analysis of the heme a (N-MelIm).,
spectra with the goal of elucidating formyl related
vibrational and deformation modes, and to establish their
sensitivity to in vitro H-bonding effects; (2)
identification of cytochrome a H-bonding sensitive modes and
the structural relationship between the cytochrome a formyl
group and the redox-linked proton pumping activity of
cytochrome oxidase. To obtain the neccessary information on

the heme a model compounds, results on the isotopic
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replacement at the -HC=0O group (i.e., deuteration of the
formyl proton and substitution of 180 for 160 at the formyl
group of heme a) will be discussed. Identification of
cytochrome a H-bonding sensitive modes will be studied by
mild denaturation of cytochrome oxidase (disruption of the
cytochrome a hydrogen bond) and by H/D-exchange experiments.
The redox dependent incorporation of D-atoms at the protein
interacting site will be studied under turnover conditions.
The ligand-structure around the copper atom and its
relationship with the oxidase proton pumping activity will
be studied by using electron nuclear double resonance spec-
troscopy with the specific aims of investigating pathways of
redox-linked proton pumping through the Cua-coordination

sphere.
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CHAPTER 11

MATERIALS AND METHODS

I. Introduction:

In order to obtain information on the structure of the
cytochrome a in vivo active site in cytochrome ¢ oxidase, we
have conducted resonance Raman experiments on submitochon-
dria particles, detergent-solubilized cytochrome oxidase,
ligated cytochrome oxidase, and isolated, as well as syn-
thetic, heme a model compounds. Experiments with intact mi-
tochondria membranes were conducted with the specific aim of
identifying structural effects from the cytochrome aas
moiety in the mitochondria surrounded protein and comparing
these to the spectra obtained for purified oxidase; in this
way possible contributions from other mitochondrial compo-
nents that might arise from heterogeneities in the prepara-
tion can be eliminated. Our studies with isolated heme a
model compounds are expected to improve our understanding of
the structure of the in vivo active site of cytochrome a, to
predict molecular influences that might affect heme-protein
interactions, and to determine structural changes occurring
at the heme metal ion. To achieve our goal, we were involved
in the preparation of a series of H-bonded heme a compounds
as well as the preparation of isotopically substituted for-

myl compounds. This Chapter describes in detail these pre-

34
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parative procedures and the experimental physical techniques

used in the study.

II. Materials:

Cytochrome ¢ oxidase from beef heart mitochondria was
prepared according to the procedure of Hartzell and Beinert
(1974), as modified by Babcock et al. (1976). The final
precipitate was dissolved in a minimum volume of 50 mM HEPES
(pH 7.4) buffer containing 0.5 % lauryl maltoside. The re-
suspended oxidase was dialyzed against buffer of 50 mM HEPES
(pH 7.4), 0.5 % lauryl maltoside and 0.1 mM EDTA for three
hours, and for two more hours against the same buffer but
without EDTA. This dialysis results on the removal of
excess (NH:):S0; and cholate. Enzyme prepared by the method
of Yonetani (1960) was a generous gift from Dr. Patricia
McGovern-Moroney. Both oxidase preparations were frozen and
stored in liquid N: until use. The enzyme concentration,
expressed in terms of two molecules of heme a/enzyme, was
determined from the optical absorption spectrum as the redu-
ced minus oxidized difference spectrum ( A€ = €445 - €544
= 27 mM-1 cm-1) (Van Gelder, 1966; Babcock et al., 1976).
Mitochondria membranes used for resonance Raman experiments
were resuspended in a buffer containing 0.25 mM sucrose,
10 mM phosphate (pH 7.4), and the concentration was

determined at 605 nm using the reduced minus oxidized
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difference spectrum with an extinction coefficient of 11.5
mM-lcm-! (Baker et al., 1987).

B. Preparation of Cytochrome ¢ Oxidase Derivatives

Resting or native cytochrome oxidase is the enzyme as
isolated. All of its redox metal centers exist in their
oxidized, high-valence state (i.e.; a3+/Cua?* a33*/Cup?t).
The Soret maximum of resting oxidase is usually observed in
the range from 420 to 424 nm (the position of the Soret
maximum varies trom preparation to preparation); however,
from the photoinduced deconvoluted spectra of Vanneste
(1967), it has been shown that cytochrome a3+ absorbs at
427 nm while cytochrome as?* absorbs at 415 nm. The overall
catalytic activity of isolated cytochrome oxidase appears to
depend upon protein purificatibn procedures (Suarez et al.,
1984) and it has been shown that, for oxidized cytochrome
oxidase, three different conformations can be detected
(Brudvig et al., 1981). To simplify this apparent oxidase
heterogeneity, we have made use of ligand-binding experi-
ments with the specific aims of deconvoluting the different
spectral contributions of each chromophore to the optical
absorption (and resonance Raman spectra) of oxidized, mixed-
valence, and reduced cytochrome oxidase. We used cyanide,
azide, and formate as ligands to cytochrome oxidase. While
cyanide and azide convert the heme of cytochrome a3 into a
loﬁ-spin iron, formate maintains the as in a high-spin
configuration. To form the cyanide and azide complexes, a

near neutralized solution of NaCN (pH 8.0) and NaNj; (pH 6.2)
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was added to the resting oxidized protein and the binding
was followed by the characteristic optical absorption
spectral changes. The formation of the a3*a;3*-CN was fol-
lowed by increased intensity of the 428 nm Soret band,
increased intensity of the 545 nm visible band, slight biue-
shift of the o -band from 599 nm to 597.5 nm, and the con-
comitant disappearance of the 662 nm near-IR band. In the

case of the a3*a33+-HN3- complex, while the Soret band is

shifted to 428 nm, the o -band is now red-shifted to 601 nm

and the 662 nm absorption retains its intensity and red-
shifts to 672 nm. In the fully oxidized enzyme plus formate
and the mixed-valence with formate, cytochrome as;3+-HCOO-
display absorptions at 415 nm and 662 nm. The cytochrome

adt and a?* transitions in these two formate-inhibited

oxidase forms are observed at 427 nm and 600 nm and at 441
nm and 603 nm, respectively.

C. Alkaline and Acidic pH-Modification of Purified
Cytochrome ¢ Oxidase

pH Modification studies on oxidized (non-inhibited),
mixed-valence, and reduced cytochrome oxidase were conducted
with the goal of analyzing the vibrational spectrum of

cytochrome a under conditions in which the H-bonding inter-

action has been disrupted. Modes sensitive to the cytochrome
a formyl H-bonded to the protein H-donor in intact native
oxidase (Callahan and Babcock, 1983) are expected to display
intensity and/or vibrational frequency changes upon removal
of the protein H-bonded proton. To study the enzyme under

acidic conditions we used a buffer containing 50 mM MES

|
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(2-N-morpholinoethanesulfonic acid)l. To achieve the desired
pH level we used 0.1 N NaOH and 0.1 N HCl. The formation of
precipitates (due to protein denaturation) at the extreme pH
values (pH 4.0 and 11.5) was somewhat more problematic in
the acidic treated sample. The precipitate formed was
quickly removed by gentle filtration using 0.45 yM(Millipore
Inc.) filters. The pH induced effects in oxidized, mixed-
valence, and reduced protein derivatives were immediately
established; no incubation time was required. The progress
of the pH-modification effects in cytochrome oxidase was
followed by the resonance Raman difference technique. The
non-pH treated and the pH-modified protein samples were
placed in separated compartments of a divided Raman spinning
cuvette. The resonance Raman spectra of these two oxidase
samples were simultaneously recorded and directly compared;
the relative uncertainty in peak positions was calculated to
be no greater than 0.4 cm-!.

D. Redox-Cycled Cytochrome bxidase

Redox-activated cytochrome oxidase was prepared by the
following method: concentrated cytochrome oxidase was redis-
solved in 3-5 mls of deuterated or protonated buffer (final
oxidase concentration “80 uM), the solution was aerated for
15-20 minutes, and then reductant ascorbate (4.8 to 10 mM)
/TMPD (20 uM) was added in the presence of excess dioxygen
with constant stirring. After 45-60 mins of reaction,
neutralized cyanide (pH(pD) 8.0) was added to a final

concentration of 10 mM, and the resonance Raman spectrum of




39

the a?2*a33+-CN- complex was immediately obtained. Redox-
cycled oxidase used for the ENDOR experiments was similarly
treated, with the following exceptions: the oxidase concen-
tration was 0.6 to 0.8 mM; after the reduction and reoxida-
tion cycles the reoxidized protein was reprecipitated by
increasing the (NHai):S804 concentration from 0O to 43% and no
cyanide was added to the redox-activated protein.

We also studied the addition of cyanide to a resting
{non-redox) activated protein. For this sample, cytochrome
oxidase (80 u M) was added to a D20/ or H20 buffer already
containing cyanide (10 mM), and the resulting sample was
incubated for 45 to 60 mins.

E. Preparation of Heme a Derivatives

The chloride complex of ferric heme a (high-spin, pen-
tacoordinated) was isolated by acid/acetone extraction from
purified cytochrome oxidase (Babcock et al., 1979). Low-
spin, six-coordinate and high-spin, six- and fivefcoordinate
heme a model compounds were prepared according to Van
Steelandt-Frentrup et al. (1981) and Callahan and Babcock
(1983). The high-spin, six—coordinafe ferric heme a (DMSO),
complex was produced by small additions of DMSO-ds to heme
a3+ Cl- and monitored by the optical absorption spectrum.
To produce the low-spin, hexacoordinate derivative, 0.6 M N-
methylimidazole was added to the freshly prepared heme a3+
Cl- solution.

Incorporation of deuterium at the heme a formyl proton
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{i.e.,. -CHO --> CDO) was conducted as reported by Chancellor
et al. (1978). The purified heme a3+ Cl- was dissolved in
4.0 to 6.0 mls of a buffer consisting of 10 mM phosphate (pD
11.4), 0.07 M cetryltetramethyl ammonium bromide (CTAB),
0.001 M EDTA, and 0.6N N-methylimidazole in D:0. Solid KCN
(in a molar ratio of 3:1 KCN/heme a) was added to the above
heme solution and incubated (under constant stirring) at 4
°C. To avoid precipitation in the presence of cyanide, CTAB
was used instead of other surfactants such as Brij-35 or
sodium dodecyl sulfate (SDS). To monitor the progrees of
the exchange reaction, small aliquots (725 ults) were
periodically taken, dissolved in the same buffer/detergent
system, reduced with minimum amount of Na.S.0s and the RR
was obtained. For a fully exchanged sample, the RR dis-
played a slight shift in the high-frequency region from 1633
cm-! to 1629 cm-! and the appearance of a new band at 1083
cm-!, After the exchange was completed, the bis-imidazole
heme a3+(-CDO) was washed several times with a slightly
acidic solution of 10 mM succinate (pD 5.8-6.0) in D20 and
extrated in CH:Cl:.

Reduction of heme a3t(N-Melm): in aprotic solvents was
carried out by using the "Freeze-Pump-Thaw" (FPT) technique
to remove oxygen, and a methanolic solution of 2,2,2-
cryptand solubilized sodium dithionite as the reducing agent
in a molar ratio of 2:1 (cryptand/dithionite) (Mincey and
Traylor, 1978; Van Steelandt-Frentrup et al., 1981). The

glassware used tor these experiments consisted of a two-side
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arm apparatus with an attached optical (1 cm pathlentgh)
cuvette. Reduced heme a2+(N-MeIm): in aprotic solvents
displays optical transitions at 435 nm (Soret), 510 nm,

532 nm, and 588 nm. Special care in the reduction of heme a
should be exercised, since it is known that excess reductant
results in the saturation of the peripheral aldehyde group,
leaving a monovinyl heme macrocycle (Vanderkoii and Stotz,
1965). Chemical saturation of the formyl group was detected
by a new emerging band in the optical absorption spectrum at

565 nm independent of the presence of aprotic or protic

solvents.
Metal removal (i.e., iron) and insertion (i.e., Cu?#+,

Ni2+) at the free base of porphyrin a was conducted by

standard procedures (Fuhrop and Smith, 1975). The iron was
removed by HCl/acetic acid treatment of heme a3* Cl- and the
Cu?+* and Ni2* metal ions were inserted by the acetate meth-
od. The purity and separation of the metalated and free-
base porphyrin of all the compounds used in this work was
routinaly carried out by thin layer chromatography (TLC),
followed by Sephadex G-10 column chromatography. The
utilization of Cu2?+ and Ni2*-substituted porphyrin a was
neccessary in order to study the formyl C=0O H-bonded
structure under strong H-bonding conditions. These metal
substituted derivatives of heme a are known to mimic the

charateristic vibrational properties of ferric heme a3+
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(N-MeIm):. (Callahan and Babcock, 1983), and in contrast to
heme a, they appear to be unaffected by the oxidizing
potential of phenol-OH compounds.

Synthetic porphyrin model compounds that mimic the
trans- structural disposition of the heme a vinyl-formyl
groups were also studied. The free base of 2,6-dipentyl-4-
vinyl-8-formyl porphyrin was a generous gift from Prof. C.K.
Chang’s research group (Michigan State University). The
structure of this porphyrin is shown in Figure 2.1, where it

is compared with the porphyrin a structure. Cu?* and Ni2*

were inserted by standard procedures (Fuhrop and Smith,
1975). Replacément of 1860 for 180 at the formyl group of
this model compound was conducted by hydrolysis of the
protonated Schiff’s base porphyrin derivative in the
presence of 180-labelled water (H:180, 98% 180) by the
following procedure. The Schiff’s base was prepared by
mixing ~20-30 mg of Cu2+ (-CH!60) porphyrin with a four-fold
excess of N-butylamine (Ward et al., 1983). The Cuz+
porphyrin/amine solution was allowed to react for “45-60
mins under an inert (Ar) atmosphere. Since aﬁy presence of
H20 is expected to establish an equilibrium between the
amount of C=0 available and the -C=N formed, an azeotropic
mixture of benzene/CH:Cl: was used, thus shifting the
equilibrium towards the formation of the Schiff base. The
solution was refluxed for 6-10 hours resulting in the com-
plete formation of the Cu2?* (~C=N) Schiff’s base porphyrin,

as evidenced by the absorption spectrum shown in Figure 2.2,




T iToour o < . a4 ¢ structures of TfTree base porphyrin a (1) and its porphyrin
analog c2) .
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Figure 2.1: Structures of free base porphyrin a (1) and its porphyrin
analog (2).
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with Soret maximum at 408 nm and o -band at 586 nm (Ward et
al., 1983). Addition of HCl vapors to this solution resulted
on the spectrum of the protonated Schiff base (-C=N*H) as
noted by the split Soret (379 nm and 435 nm) and the large
red-shift on the @ -band to 632 nm. To reconstitute the
formyl group with labelled- 180, the Schiff base (dissolved
in highly dry CH.Cl.) was placed in H2180 under an Ar
stream for 12-14 hours. After this, the aqueous and organic
phases were removed by vacuum pumping at reduced pressure,
leaving behind the reconstituted Cu2+(-CH!80)-porphyrin.
This material was redissolved in dry CH:Cl:, distributed
into small vials, and stored under Ar until use. The
optical absorption of the Cu?* (-CH!60) and Cu2?* (-CH!80)-

porphyrins were identical (see Figure 2.2).

II] .Methods:

derivatives I have used electronic optical absorption, reso-
nance Raman (RR), infrared (IR), and, to a lesser extent,
electron nuclear double resonance spectroscopy. In the fol-
lowing sections a brief description of the basic theory of
metalloporphyrin absorption and resonance Raman spectroscopy
will be presented, with the aim of reviewing some of the

most important and relevant concepts used in both techniques

to interpret hemeprotein spectra.
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Figure 2.2: Absorption spectra of formyl-substituted deriv-

atives of 2,6-d1penty1—4-v1ny1-8-formy] Cu2+ porphyrin. Sol-

vent is dry CH2C12, except in protonated Schiff's base spec-

trum which contains HC1 vapors. The samples are: A) cu?t

porphyrin with -CH16O; B) Cu2+ Schiff base (——) and pro-

tonated Schiff's base (----)5 and () Cu2+ porphyrin recons-

tituted with 180 at the formy] group.
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A. Electronic Optical Absorption Spectroscopy

Typical optical absorption spectra of a metal-
substituted heme and its metal-free (or free base) deriva-
tives are shown in Figure 2.3. For the metal-substituted
model, the absorption spectrum consists of a strong near UV-
transition (~400-450 nm) called the Soret (or B) band (€~100
mM-! cm-1) and weaker transitions in the visible region
(“500-610 nm) called the Q-bands ( €710-20 mM-! cm-1), The
lowest energy Q-band is called the a-band, and like the
Soret transition, is a fundamental electronic transition
often referred to as the Qy(o-0). It arises from a transi-
tion from the zeroth® vibrational level of the ground elec-
tronic state to the zeroth vibrational level of the first
electronic excited state and occurs through a y-polarized
transition dipole. The higher energy band to the blue of
this oa-band (~520 - 565 nm) constitutes a vibronic overtone
labelled Qy(o-1). For totally symmetric hemes, i.e., those
under D4n point group symmetry, these two transitions are of
Eu-symmetry, and hence doubly degenerate and x,y-polarized
in the plane of the porphyrin plane (Goutermaﬁ, 1959).
These symmetry properties have given rise to Gouterman’s
four-orbital model, which is widely applied in the interpre-
tation of hemeprotein absorption spectra. The model predicts
that the Soret (B-) and Q-bands arise from transitions in-
volving electrons from the highest occupied porphyrin mole-
cular orbitals (HOMO) of aiu ( 7 ) and azu ( 7 ) symmetry,

to the lowest unocupied molecular orbitals (LUMO) of ey
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Figure 2.3: Absorption spectra of free base porphyrin a
2+

(——) and Cu“"-substituted uoxn:kxiz_m (----). Solvent is
n:mndm. The components of the the split Q-bands on the
spectrum of the protonated free base porphyrin a are indi-

cated.
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(7 ) symmetry (see Figure 2.4). If the molecular symmetry
of the porphyrin macrocycle is perturbed by the placement of
inequivalent peripheral substituents or by protonation of
the opposite pyrrole nitrogens, then the degeneracy of the
X- and Y-axes is usually lifted and results in split Q-bands
with additional X- and Y- components. This is clearly
illustrated in Figure 2.3 by the spectrum of free base por-
phyrin, with new energy transitions at Qy(o-0), Qy(o-1),
Qx(0-0)y, and Qx(o-1)s, in order of increasing energy,
respectively.

In the case of isolated heme a, with its vinyl and
formyl groups trans to each other, it is expected that the
symmetry of the porphyrin will be lower than D4n, and hence
additional optical features should be observed (Babcock,
1986). The situation is even more complicated when we
consider the absorption spectrum of the in vivo cytochrome a
chromophore in which heme-protein interactions are expected
to influence the chromophore transitions as well.

The optical absorption spectra of heme proteins is also
affected by other electronic factors such as, metal oxida-
tion state, spin state, and axial-coordination, as well as
by charge-transfer transitions. Charge-transfer bands arise
from a sharing of energy between the porphyrin aiu and a,,
orbitals and the metal dﬂ -orbitals (dxy and dyz) (see

Figure 2.4), and are usually observed in the near-IR region

of the spectra of high-spin hemes (Spiro, 1983).
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To interpret the optical absorption spectra of cyto-
chrome oxidase and its heme a model compounds, we have taken
all the above factors into consideration and their signifi-
cance will be presented in the pertinent chapters. The
absorption spectra reported here were obtained by using a
Perkin-Elmer Lambda 5 UV/visible spectrophotometer. Optical
cuvettes of 1 cm pathlength were routinally used.

B . Resonance Raman Spectroscopy

Raman spectroscopy is a powerful tool to study struc-
tural perturbations of molecules by following their charac-
teristic molecular vibrations. The fundamental principle of
the Raman process relies on the Raman effect (Raman, C.V.,
1928; Krishnan and Shankar, 1981), which is a phenomenon
describing the inelastic scattering of light by molecules;
that is, the scattering process will result in a gain or
loss of energy by the scattered molecules. A simplified
diagram describing the energy of the Raman process is
depicted in Figure 2.5. Notice that the normal (or
spontaneous) Raman process can occur with two types of
tradsitions; one at lower energy than the incident energy at
Vo - Av(called Stokes transitions), or a transition to state
of higher energy, Vo *+ Avicalled anti-Stokes transitions).
When the incident and scattered frequencies are equal, the
scattering process is known as Rayleigh scattering (Av =0),
In Figure 2.5 the resonance Raman effect is also illustrated
as a scattering phenomenon in which the incident laser

radiation is of sufficient energy to bridge the gap between
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the virtual (or intermediate) states and the continuum
states denoted by the darker zone. The electronic and vi-
brational nature of the resonance Raman scattering will be
described later in this section.

Returning to the definition of Stokes and anti-Stokes
transitions in spontaneous Raman, even when these transi-
tions are equally separated from the Rayleigh line, their
Raman intensities may not be equal owing to the fact that
each observed transition is proportional to the population
of the energy level from which the transition originates;
the population at each energy level is given by the
Boltzmann distribution function (Rousseau et al., 1981;
Clark and Stewart, 1979). This is diagramatically illus-
trated in Figure 2.5B.

The intensity of the Raman scattering also depends
on the fourth power of the scattering frequency and on the
square of the polarizability tensor, as given by the

following expression:

4
8nWwsg IL (2.1)

9c4

I =

2
s 5oll %00 JgF |

where R_is the intensity of the incident laser, uw; is the
scattering frequency, and oo 1is the polarizability tensor
for a transition from the ground | G> to the final excited
state | F>. The o and o describe the direction (in x,y,
and z Cartesian coordinates) of the incident and scattered
polarizations (Rousseau et al., 1981; Clark and Stewart,

1979). In Raman spectroscopy we are primarily interested on
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the form of the polarizability tensor, which is described

as:
() = 1 'zf<9r_1f| Rglif><if| Rolgn> (2.2)
LR (1T _ ggn _ oo
( - EL 7 i)
where |gn> and |if> are the wavefunctions for the ground

and excited state transitions, R is the electric dipole mo-
ment operator, (Eiv - Ef8) is the difference in energy be-
tween the ground state and excited state, E. is the laser’s
energy, and Fif is the halfwidth at half-maximum of the
elecfronic excited state transition and hence it represents
a measure of the excited state ( |if>) lifetime (Spiro,
1983; Clark and Stewart, 1979). The denominator in equation
2.2 is known as the resonance Raman term, since it is evi-
dent that as the energy of the laser (E.) approaches the
difference in energy between the ground and final state
(Eiv - Ee¢n), the denominator will approach zero; however,
due to the damping factor [ the term does not vanish,
Therefore, resonance Raman spectroscopy is simply accom-
plished by tuning the laser frequency to match the energy of
the electronic transition of the chromophore of interest. A
direct consequence of the process is the dependence of the
Raman intensity on the transition electric dipole moment, or
to a first approximation, on the extinction coefficient of
the transition of interest. As previously mentioned in the
section of absorption épectroscopy, heme proteins have
strong 1 ----> 7% electronic bands in their absorption

spectra, and hence they appear as one of the most suitable
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systems to be studied by resonance Raman spectroscopy. Since
resonance Raman is specific for the heme chromophore vibra-
tions (Spiro, 1983), other modes, such as those arising from
the protein amino acids can be nearly eliminated. Other
aspects of resonance Raman spectroscopy are: 1) the opera-
tive mechanisms responsible for mode enhancement such as
Franck-Condon and Herzberg-Teller (vibronic coupling)
mechanisms; the former is responsible for modes observed
with Soret (B-state) excitation, while the latter is the
operative mechanism in the RR spectra of heme proteins

obtained with Q-band excitation (Spiro, 1983); 2) a second

important aspect in the resonance Raman spectra of heme
proteins is the polarization properties of the heme molecu-
lar vibrations (Rousseau et al., 1981; Ondrias, 1980;

Callahan, 1983).

1) Resonance Raman Difference Spectroscopy

Resonance Raman difference spectroscopy (RDS) is a
technique which allows for the simultaneous detection of
Raman spectra from two different samples, reducing the
uncertainty in peak position from 2-3 cm-! obtained with
conventional spectrometers to as low as 0.1 cm-! (Shelnutt
et al., 1981). The technique was originally reported by
Keifer and coworkers (Keifer, 1973; Keifer et al., 1975),
and modified latter by Rousseau (1981) and Shelnutt et al.
(1981). A block diagram of our RDS setup is depicted in
Figure 2.6, and in Figure 2.7 I outline the RDS hardware

components. A custom made spinning cuvette (Presicion Cells
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Figure 2.7: Schematic of the Raman difference hardware (A) and split
spinning cuvette (B).
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Inc.) which is divided down the center to provide two sep-
arate compartments is used. Figure 2.8 describes the neces-
sary digital and timing logic used in the implementation of
the RDS. As the cuvette spins (at “32 RPS) the two compart-
ments are alternatively illuminated by the laser beam and
electronically detected as the cuvette rotates. Two opto-
electronic modules on the motor mount are used to generate
pulses which are 180° apart, and synchronized with the
partitionin the cuvette. The pulses are shaped in two
comparators which subsequently trigger a Flip-Flop (F-F).

The complementary outputs from the F-F control two gates
which are fed by the count pulses from the photomultiplier
tube (PMT) and the shaped optoelectronic pulses. The
position of the adjustable windows, which rotate with the
spinning cuvette to provide the optoelectronic pulses, is

set so that counts associated with samples in each half of
the cuvette are separated and detected separately. A
synchronizing pulse is taken from one of the shapers to
provide a reference. The signals are accumulated in their
respective counters and subsequently stored in the DEC LSI-
11/2 computer. The two separate spectra can be plotted,
subtracted, or ratioed (i.e., channel 1/ channel 2) to
obtain accurate peak positions. In the RDS spectra repor-
ted here, the monochromator was advanced in steps ranging
from 0.1 to 0.50 cm-! allowing a better determination of the
magnitude of the shift in th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>