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ABSTRACT

THE APPLICATION OF OPTICAL ABSORPTION AND
RESONANCE RAMAN SPECTROSCOPY TO THE STUDY
OF HEME PROTEINS AND MODEL COMPOUNDS
By

Robert T. Kean

A variety of experiments have been performed with the goal of
elucidating the reaction pathway for the reduction of oxygen by
cytochrome oxidase. Because of the complexity of cytochrome oxidase,
much of this work has involved studies of heme compounds in solution
and species of simpler heme proteins as models for species in the
cytochrome oxidase catalytic cycle. These studies have focused on
ferrous oxy (FeII-OZ) and ferryl oxo (FeIV-O) hemes, which have been
identified as key intermediates in other heme enzymes. Since ferrous
oxy and ferryl oxo hemes are unstable at room temperature, low
temperature optical absorption and resonance Raman spectroscopic
techniques have been developed for characterization of these species.
Low temperature studies of solution species have been used to interpret
results from the corresponding protein species. Raman studies with cold
trapped cytochrome oxidase species support the hypothesis that both
ferrous oxy and ferryl oxo species are active in the catalytic cycle.
These studies, in conjunction with studies of other ligand bound heme
species, demonstrate that the peripheral porphyrin substituents have

little or no affect on the bond strengths of the axial ligands as




monitored by their Fe-ligand vibrational frequencies. The chemistry of
species such as the ferrous oxy (FeH-OZ), ferryl oxo (FeIV 0) and
ferric cyanide (FelII.CN") seem to be controlled by out-of-plane
effects such as trans ligand strength, steric_ constraints, and hydrogen
bonding. However, comparison of the optical absorption spectra of
protein and solution hemes suggests direct perturbation of the porphyin
ring by specific amino acid residues in the protein species. Studies
with a copper chelating heme model species indicate a structure
analogous to that of the cytochrome oxidase oxygen reduction site. This
model duplicates the six-coordinate high-spin heme geometry of
cytochrome oxidase as detected by Raman spectroscopy. EPR studies

indicate that the presence of an oxo (0'2) bridge between the two metal

centers can produce magnetic exchange coupling like that observed in
the resting staté of cytochrome oxidase. Optical absorption studies of
various ligated states of this model suggest a possible identification

of the 655 nm absorption band observed in resting cytochrome oxidase.
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CHAPTER 1

INTRODUCTION

OVERVIEW OF HEME PROTEINS

Heme proteins are well known for their role in oxygen transport
moglobin) and oxygen storage (myoglobin). Less well known are the
ltitude of other heme proteins and enzymes which are amazing in their
‘iations of structure and function and their occurrence in nearly all
logical systems. The basic structure of a heme can be seen in Figure
. It consists of a central iron ion strongly chelated by the four
role nitrogens of the conjugated porphyrin macrocycle. What
tinguishes one heme from another is the pattern of substitution at

labeled peripheral positions. The biochemical function and the

sical properties of a heme protein or enzyme are controlled by these
substituents, and specific environmental factors produced by the
ounding protein. The latter effects include hydrogen bonding,

tion (from amino acid residues) to the axial position of the ironm,
tron transfer pathways, and hydrophobic or hydrophilic “"pockets"
ssible to exogenous ligands. It is the variability of the above

ined effects which allows for the great variety of heme

eme proteins and enzymes are generally categorized into groups
ding to the heme which they contain or their general functional

ties (see Adar 1978). Cytochromes b utilize unmodified protoheme

1






Figure 1.1 The structure of a heme
(from Callahan, 1983).
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3
(Figure 1.2a) as the prothetic group, with the heme held in the protein

y axial ligation (normally the nitrogen of a histidine residue).
ytochromes ¢ are protoheme containing globular proteins, in which the
rotoheme is covalently linked to the protein through the thiocether
inkages to the 2,4 vinyl groups (Figure 1.2b). Although some of the
emes in these proteins will bind exogenous ligands (Andersson et al.
986; Ondrias 1980), the axial ligation of cytochromes b and c does not
\ange under normal activity. They appear to function primarily as
ectron carriers with the iron undergoing redox changes between the +2
d +3 states. In contrast to these, there exists a large number of

me enzymes and proteins in which changes in the axial ligation is
lerent to normal activity. In these systems, one of the iron axial
sitions is accessible to exogenous ligands that can bind to or react
h the heme iron. The chemistry of these heme systems is generally

e complicated than that of the cytochromes b and ¢ and owing to

ir prominence in biological systems, they have been the subjects of
ensive research. Included in this group are the globins, cytochromes
)0, peroxidases, catalases, and cytochrome oxidase. Hemoglobin and
lobin bind 0 for transport and storage respectively. Cytochromes
use Oy to metabolize various cm‘npounds via specific oxygen

rtion (Griffin et al. 1979). Peroxidases use peroxide (Hy03) as a
ical oxidant. They react with a wide variety of substrates and are
ional, for example, in anti-infection defense systems. Catalases
e peroxides from biological systems by catalyzing their
oportionation to Oy and Hp0 (Hewson and Hager 1979). These

ins usually contain protoheme, the most commonly occurring heme,

> active site. Cytochrome oxidases catalyze the exothermic







CH CHy
a)
H3C CH=CH,
H3C CHg
CH, CH,
|
CHa CH,

| |
COOH COOH

protoheme
b) $CH,CHNH,)COOH
CH CHy
NH,
H
3¢ CHSCHCH
CHy 600'4
HaC CHy
CH, CHy
CHp CH,

COOH COOH

thioester—linked protoheme

Figure 1.2 The structure of protoheme: a) unmodified,
b) thiocether-linked to the protein.
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5
duction of 0y to Hy0, thereby providing the thermodynamic driving

rce for the synthesis of ATP (stored chemical energy). Cytochrome
idase is unusual and complex in that it utilizes two hemes and two
per ions in the catalytic process (Wikstrom, M. et al. 1981). The

es of cytochrome oxidase are heme a, the structure of which is seen
Figure 1.3. The common factor in all these heme enzymes is that they
lize oxygen (0 or Hp0p) as a ligand or reaction substrate. Although
se heme systems can bind other small ligands (CO, CN-, NO, etc.),
ctivity is predominantly restricted to oxygen. To understand this
cific and unusual chemistry, the following questions must be

vered: (1) what is the physical nature of the interaction between

s and oxygen; (2) what are the specific mechanisms of these

erent enzyme reactions; and (3) what factors control the rate and
ificity of these reactions? The results of my research will be
ented in later chapters and the discussion will address these
“ions. The remainder of the introduction will summarize the

ts, tools and ideas which have brought this area of science to its

nt state.

STRUCTURE AND REACTIVITY OF MOLECULAR OXYGEN

> understand why molecular oxygen binds to and reacts with hemes
dily, it is useful to examine the structure of molecular oxygen.
bital diagram of dioxygen is shown in Figure 1.4. The ground
contains a double bond and has two unpaired electrons (triplet

. Conservation of spin requirements severely limit the reactivity
let species. The lowest singlet state is ~22.3 kcal/mole higher

gy (Jones et al. 1979). Peroxides, which contain two more
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HO —CH
CH3
HsC CH=CH,
O:C CH3
H
?"2 CHz
CHz CHz
COOH COOH
heme a

Figure 1.3 The structure of heme a.
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Figure 1.4 The molecular orbital description of dioxygen
(07) (adapted from Jones et al., 1979).
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8

trons, are singly bonded and have no unpaired electrons (singlet).
four electron electrochemical reduction of 0j, through the peroxide
e, to water has been studied by Sawyer and Nanni (1981) in aqueous
tion under conditions of different pH. These results are reproduced
igure 1.5. Several important points can be observed in these data:
he overall four electron process is highly thermodynamically

able (large positive reduction potential) at all values of the pH;
he reaction becomes more favorable at lower pH values; and (3) one
ron reduction of 0 is unfavorable at all values of pH (more so at
H). It is the triplet ground state of 0, coupled with the
dynamically unfavorable first reduction step, that makes 0,

inert in the absence of a catalyst (Malmstrom 1982). Peroxide,

. singlet ground state and exothermic reduction steps (except at

H), is a much more reactive species.

> energies of the iron 3d orbitals in hemes are close to those of
’gen HOMO's (2Pxg). In addition, the symmetries of the iron out
e orbitals are suitable for both o and = type bonding

tions. These can be seen schematically in Figure 1.6. Oxygen is
o donor but a stronger n acceptor. The net result of the bond is
alization of electron density (ca. 0.1 e”, Olafson and Goddard
om the iron to the oxygen. Calculations of the electronic

e of oxygen bound hemoglobin by a variety of methods have

d on roughly the same physical model (see Gubelmann and

1983 pp. 26-27). Oxyhemoglobin is pictured as a mixture of two
itions: the first is a low spin Fet? (S = 0) bound to singlet

he second is an intermediate spin Fet2 (8 = 1) bound to
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STANDARD REDUCTION POTENTIALS FOR DIOXYGEN SPECIES IN WATER

+1.66
ll’ +108 :
02 =005 Hoz. +1.44 HZOZ +0714 Hzo + oOH +2.813 ZHZO
| +0695 J +1.763 J
+0.70
+1.229
pH O (IM H*)
+1.20
+0.59

[ 1
0,—=033 0 ;4089 H,0, +0.30 Hp0 + e0H—*2:40 2H0

+0.281 Jnil +1.349 J
‘ J +0.29 ]

+0.815
pH 7
+0.65
l -003 :
), =033 o|2, +020 Ho,~ 0251 - 4.on—tl988 4 -
~0.065 J 1 +0.867
[ —ou3 i
+0.40!

pH 14 (IM OH™)

Figure 1.5 The one electron reduction potentials of 0y
in solution at different pH values.
Potentials are solution versus a normal
hydrogen electrode (NHE)
(from Sawyer and Nanni, 1981).
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iplet oxygen. The latter configuration is the one depicted in Figure
6, with each species contributing an electron to the ¢ and = bonds.
nce the spins couple in the second case, both these configurations

e net S = 0 (singlet). A third configuration corresponding to eletron
ansfer from the iron to the oxygen (Fe+3, 07) can be included in the
culations but it makes only a minor contribution. The heme bound
gen can be considered "activated" in that the triplet state barrier
reaction has been removed. This description of oxygen binding to
oglobin has served as a model for the initial binding of oxygen to
ctive heme systems. Transfer of electrons from the heme to the

er energy anti-bonding oxygen orbitals results in cleavage of the

) bond (Gubelmann and Williams 1983 pp. 20-24). This is the
lamental step in the reaction of heme proteins with oxygen. Although
111l only bind to and react with reduced hemes (Fe*’z), peroxide will
react with oxidized hemes (Fe*3). The reactions of hemes (in

tion) with Oy and peroxide have been studied and these results have
1 clues as to reasonable mechanisms in the protein species (James

~ Chin 1980). These mechanisms will be discussed in later chapters

e analysis of our experimental results.

PHYSICAL TECHNIQUES FOR HEME PROTEIN RESEARCH

1 an ideal biochemical world, we would isolate the enzyme of

st in a pure form, perform an elemental analysis (to identify
and other non-protein components), sequence all the peptides and
a crystal structure. Although enzymes don’t normally function in
lline form, this would give us the necessary structural

tion to begin intelligent investigations of the mechanism. It



e LB oA

OQQ\U,




o Q=

z
o)
i
o

SRS

m

S

The interaction of iron out of plane orbitals
with the n* orbitals of 0, in Fell moxy"
heme complexes (from Reed, 1978).

Figure 1.6
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12

d be better yet to obtain crystal structures of the reaction
rmediates as well. Once the reaction pathway was known, theoretical
ies could be employed to try to understand why this mechanism is
erred. With some of the simpler heme systems (such as cytochrome c,
globin, and myoglobin) these steps have already occurred to a great
t. Unfortunately, the biochemical world is still real. For large
ules, crystallography can be a very slow process and at present,
ems to be limited to small proteins and very stable intermediate
es. Many enzymes, especially membrane bound enzymes like

rome oxidase, have not been successfully crystallized. Although
solation and chemical reactivity of many of the heme enzymes have
vell characterized, structural and mechanistic information is
lacking. In most heme enzymes, the structural information that is
mportant is that in the immediate vicinity of the heme, since

s where the important chemistry occurs. Since we cannot always
this information directly by crystallographic means, we must

to less direct techniques. Some of the possible techniques, and

1sefulness, will be discussed below.

- techniques of infrared (IR) and nuclear magnetic resonance
ectroscopies have been of limited use for the study of heme

ng proteins, as they are not very specific and the observed

s dominated by bands from bulk protein. In addition, for both
es, aqueous solution systems present technical problems for
lection. Electron paramagnetic resonance (EPR) and magnetic
bility are useful for the study of heme proteins. The observed

ovides specific information about the metal centers because
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ignals arise from unpaired electrons on the metal centers.
ugh EPR is limited to odd spin systems, it has been of great
ty for the identification of imidazole ligation in a number of
proteins (Peisach and Mims 1977). This technique has been an
ially valuable tool in the study of cytochrome oxidase since both
eme and the copper contain unpaired electrons and can be detected
various conditions (Blair et al. 1983). A companion technique,
on nuclear double resonance (ENDOR), has not yet been used
sively in heme research but shows great promise (Palmer 1979).
allows the observation of nuclear transitions via changes in the
gnal. The technique gives NMR like resolution in the restricted
nment of paramagnetic centers. Magnetic susceptibility is
1 by the lack of structural detail it provides, but it is
le for the study of both odd and even spin systems (Tweedle et
'8). Magnetic circular dichroism (MCD) is another magnetic
ue which has allowed identification of the iron spin state in
oteins (Babcock et al. 1976). Mossbauer spectroscopy provides
information about the iron environment and oxidation state but
f limited use if the system cannot be enriched in the percentage
(Munck, E. 1979). X-ray absorption fine structure spectroscopy
s a technique that has been applied extensively to heme
Although interpretation of the results has not been a simple
is method is capable of providing direct structural information

vorable conditions (Powers et al. 1981, 1982).

echniques that have been used extensively for heme

ization and structural investigation are optical absorption
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-esonance Raman spectroscopies. Since these are the techniques I
used most extensively in my research, they will be described in
detail than the techniques mentioned above. A typical heme
ption spectrum is seen in Figure 1.7. The strong band (e= 100 my1
at "400 nm is referred to as the "Soret" or "B" band. The weaker
(e="5 to 20 mM"L cm"l) to the red of the Soret are called the "Q"
. These consist of the a band, which is a fundamental electronic
ition (0-0), and the B band, which is the first vibronic overtone
 Of the theoretical treatments applied to heme spectra (see
‘man 1978), the four orbital model (Gouterman 1961 and 1978) seems
ount best for the observed behavior. In this model only the 2
and 2 LUMO’'s are considered. These orbitals, which are based on
le Huckel model (Longuet-Higgins et al. 1950), are shown
tically in Figure 1.8. The circles represent contributions of the
orbitals, centered on the enclosed atoms, to the molecular
s. Dashed circles represent orbitals of opposite sign and nodal
are represented by the heavy lines. Under the "D, symmetry of
he HOMO's, designated bj and by, are of ap, and aj, symmetry
ively; the LUMO'’s (cl and cj) are a degenerate set of eg

If one assumes that the HOMO's are nearly degenerate, the
ic levels should mix through electron interactions, yielding a
allowed) high energy transition (Soret) and a weaker
en) low energy band (Q) (Gouterman, M. 1959). The theory
that, as this degeneracy is relaxed, the Q band will become
in relation to the Soret. In addition, if the degeneracy of
1Y axes is removed, the Q bands will split into their X and Y

s. These predictions agree with the observed spectra of hemes
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Figure 1.7 The_optical absorption spectrum of
Fell cytochrome C.
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Figure 1.8 The 2 HOMO's and 2 LUMO’s of porphyrins,
within the 4 orbital model
(from Longuet-Higgins, 1950).
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sith asymmetric ring substitutions. These effects result from the
substituent perturbation of one of the HOMO's (or LUMO’s) but not the

ther.

Absorption spectra of hemes are more complicated than other
etalloporphyrins owing to the closeness in energy of the iron d
bitals to the HOMO's of the porphyrins (and compatible symmetries),
ich results in mixing. This can be seen in Figure 1.9 where the
ecific mixing varies with different axial ligation (Zerner et al.
66). Spectra of high spin hemes are also complicated by fairly strong
arge transfer bands. These are most often seen in the 500 to 700 nm
zion and arise primarily from HOMO to drx transitions (Spiro 1983, pp
'-114) . The charge transfer bands in other heme states are often
ker and at higher energy wavelenghts (near IR) and are typically not
erved. Other aspects of heme absorption theory will be discussed as
ded in future chapters. For a more detailed discussion of the above

erial, see Callahan (1983, Chapter 2).

Raman spectroscopy is a technique which provides structural
rmation, similar to IR spectroscopy, through the detection of
cular vibrations. The advantage of Raman spectroscopy for the study
eme proteins is that it can be used in a resonance condition to
information specific to the heme vicinity. To understand the

‘e of this resonance, a brief theoretical discussion is useful.
light scatters off a molecule, the scattered frequency will

1ly be the same as the incident frequency (Rayleigh scattering).

Raman scattering, the electromagnetic oscillations of light couple
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Figure 1.9 Relative energy levels of porphyrin (---) and
iron (—) orbitals for ferric porphyrin
complexes (adapted from Zerner et al., 1966).
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[th the vibrations of the molecule to produce light shifted by + or -

vibrational frequency. This is shown schematically in Figure 1.10;
te that Raman scattering is weaker than the Rayleigh scattering by a
ctor of approximately 105. The designations® "Stokes" and
nti-Stokes" indicate that the scattered light is of lower or higher
2quency, respectively, relative to the incident light. At room
iperature or lower, the Stokes Raman scattering will dominate, as it
ginates from the ground vibrational state. The intensity of the

an scattering is proportional to the incident intensity, the

ttered frequency to the fourth power, and the polarizability

ared. The polarizability is defined as the change in the molecule’s
le moment in response to an applied electric field (Tang and

echt 1970). A second order perturbation expression for this, known

he Kramers-Heisenberg dispersion formula, is seen below.

(°p0>gf -% Z <f e> <elp + <f[yz e> <e(yi!g>
ry "eg"‘o*'“-e Vef + vo + e
gt 1s the transition polarizability tensor, with incident and
ered polarizations indicated by p and o respectively. By and p,
ipole moment transition operators of polarization p and o; [g>,
and [£> are the wave functions for the ground, excited, and final
5, and Yeg and vgg are the frequencies for the transitions

n the subscripted states. Ty is the transition halfwidth, which
unction of the lifetime of the excited state |e> (Spiro 1983, pp.
. The integrals in the numerators of the two terms evaluate to
tensities of the electronic transitions; the denominators define

lationships between the incident frequency and the frequencies of
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Stokes Rayleigh Anti—Stokes

Figure 1.10 Raman (Stokes and anti-Stokes) and
Rayleigh light scattering.
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the electronic transitions. The resonance effect is observed when the
incident frequency is very close to the frequency of the electronic
transition Veg: This will cause the first term to dominate. If we
consider all the variables of Raman scattering together we observe the
following behavior: (1) Raman scattering increases linearly with
incident intensity; (2) blue light scatters better than red light with
2 fourth power dependence; and (3) if the incident frequency is close
n energy to an allowed electronic transition, the first term in the
olarizability expression becomes large and the total observed Raman
cattering will be dominated by the resonance contribution; especially
f the excited state has a long lifetime (small I'y). Resonance Raman
bectroscopy is simply the use of the resonance effect to obtain
lective scattering from a light absorbing species. A comparison with
rmal Raman is seen in Figure 1.11. Since hemes have strong absorption
nds in the visible region of the spectrum, the use of incident light
wavelengths close to these absorption bands results in strong Raman
attering in the immediate heme vicinity with negligible scattering

m the bulk of the protein. This process is also advantageous for

e models in solution, since the heme vibrations will be greatly
anced over those of the solvent. A more detailed analysis of the

ory (Clark and Stewart 1979; Spiro 1983) yield the following
dictions: (1) resonance with the Soret band will enhance

lominantly the totally symmetric heme vibrations; (2) resonance with
Q bands will enhance the non-totally symmetric vibrations; and (3)
polarization of the scattered light, relative to the incident

t, is characteristic of the vibrational symmetry. These

ictions, in conjunction with calculations of metalloporphyrin
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E2

£ hy, hyg
Normal Resonance
Roman Raman

Figure 1.11 A comparison of normal and resonance Raman
light scattering (from Ondrias, 1980).
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normal modes of vibration (Abe et al. 1978; Gladkov and Solovyov 1986)

have made possible the assignment of many of the observed heme
syibrations. This has made resonance Raman spectroscopy a powerful tool
‘or the analysis of the heme structure and of the immediate environment
n heme proteins. A more detailed analysis of the above theory can be

ound in Callahan (1983, Chapter 2) or Ondrias (1980, Chapter 5).

PEROXIDASES, CATALASES, AND CYTOCHROMES P-450

Peroxidases and catalases are often discussed together because they
are many structural and reactive similiarities. The biochemistry of
ese enzymes has been summarized by Hewson and Hager (1979), and Frew
d Jones (1984). Peroxidases and catalases usually contain a protoheme
>thetic group which, except for the subgroup chloroperoxidases, are
ated by an axial histidine imidazole. The heme pocket is accessible
small ligands. Peroxide is the oxidant common to both these systems,
the resting forms of these enzymes have iron in the +3 oxidation

te. The catalytic cycle of peroxidases is summarized below:

lative Enzyme + Hy0y ---> Compound I
Compound I + AHy ---> Compouhd II + AH
Compound II + AHp ---> Native Enzyme + AH

is a substrate to be oxidized and compounds I and II are reaction

‘mediates. The catalytic sequence of catalases is similar:

ive Enzyme + Hp0p ---> Compound I + Hy0

Compound I + H,0: ---> 09 + HpO + Native Enzyme
202 2 2 Yy
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'n addition, peroxidases can display catalase activity and vice versa.

he compounds I are two oxidizing equivalents above the resting enzyme
ind they are believed to have a ferryl =x-cation radical structure. This
.s‘ an FelV=o species in which an electron has also been removed from a
orphyrin orbital to yield a cation radical species. The compounds II,
hich are only one oxidizing equivalent above the resting enzyme, have
een positively identified as ferryl species for some peroxidases,
Hashimoto et al. 1984). Although some of these enzymes have been
rystallized (Finzel et al. 1984), the full catalytic cycle and
tructural changes under turnover conditions have not been well
naracterized. The factors which control substrate specificity are not
211 understood either. Horseradish peroxidase is probably the best
\aracterized of this group of enzymes and future chapters will refer

it frequently.

Cytochromes P-450 are a group of heme enzymes which catalyze the
ertion of one molecule of oxygen into a substrate. The degree of
strate specificity varies with the particular enzyme. A thorough
iew of this field can be found in Griffin, et al. (1979) while

itional recent results have been discussed by Dolphin, et al.
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1981), Groves (1985), and Eble and Dawson (1986). The basic reaction

italyzed by this class of enzymes is as follows:

YT P-450 + 2e” + 2HY + 0y + RH ----- > CYT P-450 + ROH + Hy0

ilere RH is the substrate and ROH is the product with oxygen inserted

| the C-H bond. It is this ability to activate the normally unreactive
H bond, at a specific substrate position, that accounts for the large
ount of attention that cytochromes P-450 have received. These enzymes
ntain protoheme in the active site, but the axial position is

cupied by an RS” ligand (from a cysteine residue) instead of the more
mmon histidine imidazole. Like the other heme enzymes, their

*hanisms are still not well understood. The evidence to date suggests
it the heme is initially reduced to Fe*2. It can then bind oxygen to
m a species analogous to oxymyoglobin. Later steps are not clear but
re is a general consensus that a ferryl species is involved (Groves
‘5). Although the chemistry of cytochromes P-450 are quite different
m that of the peroxidases and catalases, their reaction

rmediates may contain some analogous structures.

CYTOCHROME ¢ OXIDASE

The enzyme cytochrome ¢ oxidase (cytochrome oxidase) has been a
r focus of research in the laboratory of G. T. Babcock and it will
scussed in greater detail.than the previous enzyme systems. It is
ps the most complex of the heme enzymes and its dominant role in
)rocess of aerobic respiration has made it the subject of intense

. Several books and extensive reviews have been written on the
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subject of cytochrome oxidase (see King et al. (ed) 1979; Malmstrom

1979; Wikstrom et al. 1981; and Naqui and Chance 1986) and the reader
is referred to them for details of its chemistry or biochemistry. The
summary below will provide a brief overview of the structure and
function of the enzymes. The role of the metal centers in catalysis

7i11 be emphasized.

Cytochrome oxidase (labeled as "Cytochrome a3" in Figure 1.12)
unctions at the terminus of the electron transport chain. Reducing
quivalents (electrons) from the tricarboxylic acid cycle are passed to
ncreasingly better electron acceptors (more positive reduction
otential) until they are used to reduce Oy to Hy0. The overall

eaction is shown below, where CYT stands for cytochrome.

4HY + 4CYT ¢*2 + 0p ---> 2Hp0 + 4CYT ¢*3

upled to oxygen reduction is the generation of a transmembrane pH
adient which is functional in the production of ATP (stored
chemical energy). Because of the large thermodynamic driving force
vided by the reduction of oxygen, aerobic organisms can produce 36
ecules of ATP per molecule of glucose as opposed to only 2 for
erobic organisms (Lehninger 1975 p. 517). Cytochrome oxidase is
alized on the inner membrane of the mitochondria with portions
truding on both sides. The shape and dimensions of the enzyme

mer have been reported by Henderson et al. (1977) and can be seen
igure 1.13. This result was obtained through the use of electron

oscopy of oriented membrane layers. Cytochrome oxidase has been
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Figure 1.12 Aerobic respiration

(adapted from Lehninger, 1975).
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Figure 1.13 The shape of cytochrome oxidase
(adapted from Henderson, 1977).
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ifficult to study for several reasons. It is a very large protein,

ith a total molecular weight of "140,000 to "200,000 and 7 to 12
ubunits in eukaryotic cells. Bacterial oxidase is smaller and is
o‘mposed of only two subunits which are roughly equivalent to the two
arger units of the eukaryotic system. Cytochrome oxidase contains four
ctive metal centers: two hemes and two chelated copper ions, with each
e serving a different specific function. At physiological

mperature, the enzyme can turnover at a rate of 500 s°1, which makes
e study of intermediates difficult. Cytochrome oxidase, like many

mbrane bound enzymes, easily denatures. This makes it difficult to

olate and study in an active form, relative to other heme enzymes.

The heme of cytochrome oxidase is heme a; the structure of which
5 been shown in Figure 1.3. The peculiar features of heme a are the
g, partially unsaturated "tail" attached to ring position 2, and the
myl group at ring position 8. The tail may serve the purpose of
horing the heme in the protein, or it may be functional in charge
nsfer into the heme site (Caughey et al 1975). The formyl group has
n postulated to participate in the proton pumping function of the
e (Artzatbanov et al. 1979). The purpose of these particular ring
tituents is still a very active area of research, as this
icular heme seems to be unique to cytochrome oxidase. A schematic
esentation of the placement and ligation of the four metal centers
e seen in Figure 1.14. This picture, which was proposed by Blair
(1983), is based on both his own recent data and cumulative
edge about the structures of the metal centers. For historical

ns, the two metal centers in the upper half of Figure 1.14 are
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Figure 1.14 The relative locations of the metal centers
in cytochrome oxidase (from Blair, 1983).
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referred to as cytochrome a (with the individual metals Fe, and Cuy)

while the lower half is called cytochrome a3 (with Fey3 and Cug). The
figure is drawn so that the heme axial ligands are clearly seen. Fe,
has two imidazole ligands from histidine residues. The ligation of the
Cuy 1s less certain but probably includes one or two sulfur ligands
(from cysteine) and probably one or two imidazole ligands. The ligation
of these two metal centers does not appear to change during turnover
conditions. They appear to function primarily as redox centers for
electron transfer (although they may have a role in proton pumping).
The distance between these two metal centers has been estimated at 15
angstroms. The cytochrome a3 metals have been identified as the 0y
eduction site. Fep3 contains one imidazole ligand throughout the
atalytic cycle. A sixth ligand is present in the resting enzyme, which
ridges and magnetically couples the Fe,3 to the Cup (Tweedle et al.
978). The identity of this bridging ligand and the ligands to the Cup
ave not been determined with any certainty. The distance between these
7o metal systems has been estimated at "5 angstroms. This is
ifficiently close to allow for a wide variety of possible bridging
.gands; both amino acid residues and exogenous ligands are currently
der investigation. The optical absorption spectrum of cytochrome
idase in the fully oxidized and fully reduced states is seen in
gure 1.15a. This composite spectrum of the two hemes has been
onvoluted by Vanneste (1966) into the components of the individual
e centers. These results are seen in Figure 1.15b. These spectra of
individual heme sites have been closely approximated with the use
heme a models (Callahan and Babcock 1981; and Van Steelandt-Frentrup

al. 1981) in terms of a six-coordinate, low-spin heme in cytochrome
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CYTOCHROME OXIDASE
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Figure 1.15 a) The optical absorption spectrum of
oxidized and reduced cytochrome oxidase,
b) The approximation of the spectral
contributions from the individual
heme centers (from Vanneste, 1966).
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and a high-spin heme in cytochrome aj which is six-coordinate in the

xidized enzyme and five-coordinate in the reduced. These spectra are
eproduced in Figure 1.16. Note that the different absorption maxima of
e two heme centers make it possible to obtain selective resonance
aman spectra of the two centers by careful choice of laser exciting
ine. Resonance Raman spectroscopy of cytochrome oxidase has been
eviewed recently by Babcock (1986). This topic will be discussed

irther in the later chapters in the discussion of my results.

The catalytic cycle of cytochrome oxidase has been the subject of a
reat deal of research and the source of a great deal of speculation.
1e scheme presented in Figure 1.17 is representative of the types of
itermediates that have been proposed (Blair et al. 1985). In this
igure only the two metals of cytochrome a3 and the space between them
ce shown. The first species contains the metals in their resting
tidation states. Upon reduction of the metal centers, the heme may
nd oxygen to form an "oxy" structure. Bridging structures may be
volved as the oxygen is reduced to the level of peroxide. The
eavage of the 0-O bond may be associated with the formation of a
rryl intermediate. Unfortunately, despite a great deal of research,
sre is still no definite evidence that any of these intermediates
sts as drawn. Results discussed in later chapters will comment on

: possibility of these structures being correct.
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a) OXIDIZED

heme a3* (NMeim), CI~
heme g3+ (DMSQ), CIO;
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heme g%*(N MeIm),

—105
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o= \
1 1 =
500 600 700
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Figure 1.16 Heme a models for the heme centers in

cytochrome oxidase
(Figure courtesy of G. T. Babcock).
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Figure 1.17 A proposed catalytic cycle for oxygen
reduction by cytochrome oxidase
(Figure courtesy of G. T. Babcock).
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CHAPTER 2

EQUIPMENT AND TECHNIQUES

RESONANCE RAMAN SPECTROSCOPY

To obtain Raman spectra, several components are necessary. These
clude: (1) a high intensity monochromatic light source (usually a
ser), (2) a sample holder, (3) a high resolution monochromator or
her chromatic dispersing component (prism or grating), (4) a light

tector, and (5) a data output device. The components available in our

boratory for resonance Raman spectroscopy consist of the following:

sources: Kr ion, Ar ion, tunable dye,
and He-Cd lasers

sample holders: cuvette, capillary, spinning cell,
spinning difference cell and low
temperature EPR tube

monochromator: scanning double grating

detector: photomultiplier tube

lata collection: dedicated computer

utput device: chart recorder and digital plotter

commercially manufactured components of this system are listed in
ndix 1. The variety of laser sources provide different excitation
lencies throughout the visible region of the spectrum. This allows

‘esonance Raman investigation of hemes utilizing both Soret and

36
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"visible" (Q band) excitation. The cuvette and capillary cells are

lexcellent for stable samples, but the alternate cells are necessary for
light or temperature unstable samples. The combination of a scanning
nonochromator and a PMT produces excellent spectra in terms of
esolution, rejection of the strong Rayleigh scattering, and light
throughput. Although a chart recorder output is sufficient for many

amples, a major deficiency of an earlier version of the Raman system

as the inability to signal average or reformat data. Another
ficiency resulted from the mechanical limitations of the grating
ive. Differences in the peak positions of less than 2 cm'l, between
o different samples, could not be assigned with confidence since the
an to scan variability of the instrument was +/- 1 cn'l. The first
oblem was solved by the construction of an interface which provided
mputer control of the instrument and allowed collection and storage
the data. The second limitation was alleviated by the construction
a Raman difference apparatus, which allows for simultaneous
.lection of Raman spectra of two different samples. The difference
aratus utilized the interface and required only minor hardware and
tware modifications. The design and operation of these two systems

described in the following paragraphs.

A schematic drawing of the Raman system layout is seen in Figure

~ The Digital Equipment Corporation (DEC) LSI-11/2 is linked the the
log spectrometer through a house built interface. This interface
designed and assembled by Martin Rabb with assistance from Thomas
nson and me. The interface allows the computer to actuate the

trometer stepper motor and drive the gratings. Since the level of
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light observed for Raman spectroscopy is typically very low, the signal

from the PMT is observed as distinct pulses, each corresponding to a
single photon. These pulses are shaped by a discriminator/preamplifier
an‘d then passed on to a ratemeter where the pulse rate is converted to
an analog value which is sent to the chart recorder. A digital output
on the ratemeter makes the photon pulses available directly. Since
these photon pulses were very similar in shape and size to computer
logic level pulses, we connected the raw pulse signal directly to a
digital counting chip in the interface. This design was an improvement
over the commercial systems available at the time which redigitized the
‘atemeter analog signal at the loss of collection speed and data
iccuracy. The software is written in FORTRAN and MACRO and operates in
. menu fashion for user convenience. The data file name and all current
arameter are displayed continuously; the spectrometer wavenumber and
hoton count values are updated as available. Some data manipulation

nd graphics routines are also available directly from the program. The
ser specifies the scan limits, point spacing, counting time, and the
mber of scans to be averaged. The computer counts photons for the
ecified time interval, moves the spectrometer to the next point and
unts again, etc. Since the computer is in control during the entire
an time, the operator can now do other things while it is running and
ilize time more efficiently. The greatest advantage of this system is
at it allows for long signal averaging experiments that were

bossible before. Implementation of this capability was essential for
experimental work since many of the peaks I was interested in
ntifying were extremely weak and could not be resolved from the

se with only a single scan.
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The Raman difference apparatus utilizes a short cylindrical cell

ch is divided down the center to provide two compartments. This cell
spun by a motor drive such that alternate halves are illuminated. In
ration, a synchronization pulse is generated from a circuit on the
or mount each time the cell rotates through the cell divider
itches from one cell half to the other). This pulse activates the
ing of the PMT output from one counter to another. The net result is
accumulation of data from the two different samples in two
ferent counters. The scans can be plotted separately or one
tracted from the other to accentuate the differences. Collection of
two spectra simultaneously eliminates the uncertainty which may
11t from grating slippage. Use of this technique allows confident
gnments of peak differences of "1 em™l. For these spectra, the user
cts the photon counting time in terms of cell rotations rather than
nds, since the cell must complete full rotations for the signals on
two channels to be equivalent. The electronic hardware and motor
t were designed by Martin Rabb and Jose Centeno; Jose and 1
ed the difference cell, and I wrote the necessary software. The
of this equipment is based on that of Kiefer et al. (1975);
er the use of digital counting and switching logic, rather than
eported mixture of analog and digital processing, turned the
el separation from a difficult task to a nearly trivial one. The
are schematics and mechanical details of the instrument can be

in Centeno (1987).




. LOV TEMPEE
Hany of the
tenperatures or
intention was t
spectroscopy, 1
then in the san
possible, it wo
introduce addit:
(outside dimens:
Qualities: (1) |
lass shop; (2)
tperiments wi g}
Teagents or i £y
flindrica) shap
U ang the ¢
©) quartz 4 in
tansparens In ¢
definition they |
temperature rig |
for Ramap Spectr
*uipneny (eithex

toulq pg tasily



41
LOW TEMPERATURE SPECTROSCOPY

Many of the compounds I have worked with are stable only at low
mperatures or under anaerobic conditions or often both. Since my
tention was to study these compounds with different types of
ectroscopy, it was desirable to be able to make them and characterize
em in the same cell. Even if transfering them to different cells was
ssible, it would make the experiments more difficult and possibly
troduce additional variables. The standard cell chosen was a 4 mm
utside dimension) quartz EPR tube. These displayed many positive
alities: (1) they were inexpensive and easily manufactured by our
ass shop; (2) their small dimensions made it possible to do
beriments with small volumes of sample, thus conserving valuable
igents or difficult to isolate biological substances; (3) the
indrical shape of tubing makes it structurally able to withstand
uum and the freezing and thawing of aqueous and organic solutions;
quartz is inert to esentially all solvent systems and optically
nsparent in the UV and visible regions of the spectrum; (5) by
inition they could be used for EPR spectroscopy and a low
erature rig had already been constructed for the use of these tubes
Raman spectroscopy; (6) they could be easily connected to anaerobic
pment (either direct seal or heat shrink tubing); and (7) samples

d be easily stored in a liquid nitrogen freezer in them. The only

-backs of using these tubes were: (1) the sophisticated sequence of
ts required to produce most of the samples was difficult to perform
he small tubes; and (2) we had no practical way to obtain optical
rption spectra of samples in these tubes, especially frozen

les. I had to learn to live with the first problem but the second
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was eliminated by the design and construction of a low temperature

optical absorption rig for samples in EPR tubes. Details of this and

the other low temperature rigs are presented below.

The original functional low temperature Raman backscattering system
was designed by W. Anthony Oertling and is seen in Figure 2.2. The
laser beam enters from below, is horizontally moved by two 90 degree
prisms, and reflects off the backscattering mirror on to the sample.
Light scattered from the sample at ~180 degrees to incidence is
“ollected by the optics and focused into the monochromator. This is in
ontrast to a traditional Raman experiment in which the laser passes
ertically through the sample (in an optical cuvette for example) with
he scattered light collected at 90 degrees to incidence. The EPR tube
s held by friction against two O-rings in a plastic "spinner" which is
pun in the mounting block by tangential air jets. The tube is spun to
btain a more homogeneous sampling and to minimize the photo or thermal
sgradation that may occur if the same region were continuously exposed
> the laser beam. Temperature is controlled by the flow of nitrogen
s through copper coils (submerged in liquid nitrogen) and through the
ner passage of the dewar. The temperature, which is continuously
ntrollable from room temperature to -130 C, can be monitored by a
ermocouple positioned directly below the EPR tube. Thermal leakage
rough the dewar walls, transfer tubes, and connections, make it
practical to attempt to use this system at lower temperatures.

“hough there are reflective losses at each optical surface, this
stem produces excellent spectra for both liquid and frozen samples

oughout its full temperature range. In addition, for room
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Figure 2.2 Low e Raman back ing Dewar.
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mperature work, the Dewar flask can be removed to reduce the

flective losses. For resonance Raman spectroscopy of strongly

sorbing samples in organic solvents, backscattering is the preferred
chnique over 90 degree scattering. Since much higher concentrations
1 be used, stronger resonance scattering relative to the background

lvent scattering is obtained.

Although the above mentioned Dewar flask works well and is easy to
, temperatures low enough for some of the planned experiments were
attainable with it. We needed to maintain temperatures near that of
uid nitrogen. Immersion Dewar systems are effective but offer no
perature regulation and the spontaneous bubbling of the liquid
rogen interferes with the signal collection. For this reason, I
igned and had constructed the Dewar system in Figure 2.3. It
‘ates on a flowing gas principle but it is designed to minimize heat
y surfaces. Nitrogen gas flows through the coils in the central
voir and directly out through the tube imbedded in the sidewall.
sample is again suspended and spun in this tube. Because the back
he sample compartment is the reservoir and all connection points
submerged in liquid nitrogen, ch‘e only heat leakage surface is the
> wall and that seems to be neglegible. Again, temperature is
ored by an imbedded thermocouple and regulated by gas flow. This
g system, despite its awkward appearance, produces signal equal to
lctet than the original Dewar arrangement. The temperature is
ly controlled in the range of -192 C to -182 C (liquid Ny = -196
h warmer temperatures possible with some effort. Since this

is more difficult to set up, it is not normally used for routine
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Liquid nitrogen temperature backscattering
Dewar system.
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rk with the more stable compounds, but it has added the capability to

tain Raman specta of highly unstable compounds and enzyme

termediates.

The basis of the low temperature optical absorption spectroscopy
g is a system like the original Raman Dewar arrangement. However, the
> of EPR tubes for absorption spectra presented a slightly different
blem. The width of the light beam in the average absorption
ctrometer is “2 to 4 mm. The narrow inside diameter of the tubes (73
and curved edges allowed light from the spectrometer to bypass the
ple giving erroneous absorption values. The situation was improved
h the acquisition of a Perkin-Elmer Lambda 5 spectrophotometer,
ch has a focused beam width of "1 mm, however light throughput was
11 poor relative to the light bypassing the sample. The situation
considerably worse with frozen samples. These problems were
mized by the use of a cylindrical lens to focus the incident light

to a width of 0.2 mm at the sample. Another lens was added after

sample to recollimate the light diverging from the sample so that
of it would reach the detector. A drawing of this Dewar system is
in Figure 2.4. Inset in the top is a schematic of the light path.
a clear liquid as a blank, approximately 15% of the light is
mitted relative to the unhindered reference beam. Although this is
smaller than hoped, there is still enough dynamic range in the
ent to achieve good spectra even with concentrated samples. The
ne with this rig is flat over most of the visible range and the
ngth calibrates to 3 mm, indicating that the beam is narrow and

ed. This rig has been an essential part of my research. Positive
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Pre-Focus Lens

Light,
Path

Post-Focus Lens

Figure 2.4 Low temperature Dewar system for optical
absorption spectroscopy.
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[dentification of sample species by their absorption spectra allows

ore confident interpretation of their Raman spectra. With this low
emperature system, the absorption spectrum taken after a Raman
pectrum can be compared with the one taken before as a test for sample

composition in the laser beam.

ANAEROBIC TECHNIQUES

Many of the compounds I have worked with have been oxygen and water
nsitive. Since the normal atmosphere contains large amounts of both,
e basic requirement for such work is a well made glove box or a good
erobic/vacuum train. The latter was chosen for my experiments since
offered a higher degree of anaerobicity at a lower cost. The
lerobic train I designed for this purpose is shown in Figure 2.5.
s design is based on one designed and used by Dr. John Ellis
rsonal communication) at the University of Minnesota for work with
hly reduced metal species. The vacuum part consists of alternately
sctable rough or oil diffusion pumps with two cold traps in series.
anaerobic part consists of an Ar gas source, BASF (R3-1l catalyst)
en scrubbing column (generously donated by Dr. James Dye), moisture
or solvent saturation bubbler, Ar gas reservoirs, and mercury pool
sure releases. The connecting unit between the vacuum line and the
‘obic line is the Schlenk manifold which allows an apparatus to be
nately evacuated or pressurized with Ar gas. The specific vessel
with this can take on any variety of forms but it must be vacuum
and able to attach to the ground glass joint on the Schlenk

1d.
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Figure 2.5 Anaerobic/vacuum system.
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Examples of some of my more versatile and frequently used anaerobic

lasks are seen in Figure 2.6. The upper flask attaches directly to the
anifold and features only a septum port. The plate of glass is clamped
ver the septum to assure a complete seal during the vacuum cycles. If
he flask is under a positive pressure of Ar gas, this plate can be
emoved to allow syringe access to the flask. The lower flask has an
“tached high vacuum stopcock. When this is closed, the cell can be
moved from the manifold without risk of air contamination and
attached later as needed. This flask also features a syringe port and
EPR tube, which are connected to the main body with FLOTITE (Pope
ientific) high vacuum heat shrink tubing. This is useful because it
lows modular pieces to be assembled quickly for a specific

eriment. Otherwise, specific cells would have to be made by the

ss shop for each experiment, which would be both time consuming and
ensive. The other advantage is that it allows for easy "seal-offs".
ution from the main body of the flask can be poured into the EPR

> arm. When the bridging part of the FLOTITE is heated, it will

.apse on itself. If it is crimped while warm, the tube will be

tly sealed and can be cut off the main body without loss of
robicity. Unlike a traditional glass seal off, this is

lestructive. The FLOTITE can be easily removed later and the EPR
reused. This procedure was especially useful for the preparation
man samples, since the EPR tube cannot be spun unless it is

ed from the main body of the flask.

len a flask is first attached to the manifold, the sample within

e purged of oxygen by "freeze, pump, thaw" cycles. As the name
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Glass Plate

Figure 2.6 Anaerobic glassware.



implies, the

completely fr
pumped out un
nitrogen is re
Ar gas simply

evaporation as
gases to be re;
or other volat
depends on the
the sensitivity

%eles are pers,

Although hi,

Septug ports, g
$Yringe Need]eg

nder g Positive
Septug will caus,
the Second gpg s

dbove atm°sphere)

ﬂn&erobicllly' If



52
implies, the cell is immersed in liquid nitrogen until the sample is

completely frozen. While still immersed in the liquid Np, the flask is
pumped out under vacuum for 5 to 30 minutes. Finally, the liquid
nitrogen is removed and the cell is filled with Ar gas as it thaws. The
Ar gas simply provides an inert atmosphere which minimizes solvent
evaporation as the solution thaws. This allows for oxygen and other
gases to be removed from the sample without losing much of the solvent
or other volatile components of the sample. The number of cycles used
depends on the sample size, the surface area of the frozen sample and

the sensitivity of the final product to oxygen. Ordinarily 5 to 12

cycles are performed.

Although high quality gas tight syringes can be used with the
septum ports, cannulae are generally more useful. These are long
yringe needles with points on both ends. If a flask is maintained
nder a positive Ar gas pressure, insertion of the cannula through the
eptum will cause Ar gas to flow out preventing air from flowing in. If
e second end is inserted in a flask of lower pressure (but still
ove atmosphere), Ar gas will flow from one to the other, still
aerobically. If the cannula point is pushed below the fluid level in
e higher pressure flask, liquid will be transferred. The ability to
ansfer these solutions anaerobically is the final tool necessary to

complex anaerobic chemistry as will be described in later chapters.
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