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ABSTRACT

Increasing citrate concentration, at constant ionic strength (30 mM)

decreases the rate of cytochrome c_ reduction by ascorbate. This effect

is also seen at both high (600 mM) and low (19 mM) ionic strengths, and the

K for citrate increases with increasing ionic strength. Citrate binds

both ferri - and ferrocytochrome c , but with a lower affinity for the

OX -!P6d
latter form (K = 2 mM, IC = 8 mM) as shown by an equilibrium assay

with N,N,N',N', Tetramethyl £- phenylenediamine. The reaction of

ferricytochrome c_ with cyanide is also altered in the presence of

citrate: citrate increases the ^. for cyanide. Column chromatography

of cytochrome £-cytochrome oxidase mixtures shows citrate increases the

dissociation constant of the complex. These results are confirmed in

kinetic assays for the "loose"site (K = 20 iiM) only. The effect of

increasing citrate observable at the "tight" site (K = 0.25 uM) is on
m /

the turnover number and not on the K . These results suggest a mechanism
m °°

where anion binding to cytochrome £ at the tight site affects the

equilibrium between two forms of cytochrome c bound cytochrome oxidase

:

an active and an inactive one.
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CHAPTER ONE

Introduction and Literature Review

(A) Cytochrome Oxidase

In 1885, Ehrlich demonstrated that animal tissues were capable of

converting a mixture of « - naphthol and dimethyl - g-phenylenediamine

to indophenol in the presence of oxygen (Ehrlich, 1885). This enzyme,

later known to be an intracellular enzyme was named indophenol oxidase

(Keilin, 1925; Slater et al, 1964; Caughey et al, 1976).

It was mainly through the work of Warburg that the characteristics

of the terminal oxidase (Atmungsferment) were established. Warburg cor-

rectly predicted the iron component of the enzjnne and concluded that

cyanide and carbon monoxide inhibited the enzymatic activity by binding

the heme iron (Warburg, 1927).

Dviring the same period, Keilin was working with the cytochrome

system (initially discovered by MacMunn in 1886. Keilin (1925)) demon-

strated that the cytochromes were involved in cellular respiration and

deduced the order of electron transfer between the cytochromes in living

tissue (see also Keilin, 1966). He demonstrated similarities between

Warburg's Atmungsferment and the enzyme which oxidized his cytochromes

by studying the effects of cyanide and carbon monoxide on the rate of

respiration. Later Keilin and Hartree identified the carbon monoxide

spectrum of the terminal electron acceptor (Keilin, 1927; Keilin and

Hartree, 1938a).

In 1938 Keilin and Hartree (Keilin and Hartree, 1938b) showed that

the indophenol oxidase activity of tissue preparations was dependent

on cytochrome c_ , thus showing conclusively that cytochrome oxidase

and Warburg's Atmungsferment are the same enzyme. Cjrtochrome £ was re-

duced by dimethyl - p - phenylenediamine and oxidized by oxygen in a
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reaction catalysed by the cyanide and carbon monoxide sensitive enzyme.

The enzyme was renamed cytochrome c oxidase (cytochrome oxidase, cy-

tochrome aa-, cjrt. aa , cytochrome c_ 0_ oxido reductase, E.G. 1.9.3.1)

(Keilin and Hartree 19 38b, 1966; Caughey et al, 1976).

Cytochrome c oxidase is a membrane protein found in the inner mi-

tochondrial membrane. The protein is transraembraneous and on either side

of the membrane part of the enzyme protrudes into the aqueous solution

phase (Erecinska and Wilson, 1978; Henderson et al, 1977). It contains

four metal centres: two iron atoms contained in heme a groups, and two

copper atoms bound to the protein moiety one of which is reported to

be in a tetrahedral configuration (Blumberg and Peisach, 1979). All

four metal centres appear to participate in the catalytic cycle (Green-

wood and Gibson, 1967; Wilson et al, 1975; Chance et al, 1975 a 6 b;

Antonini et al, 1977; Nicholls, 1971+; Lemberg, 1969 and Weintraug and

WhcU?ton, 1981) although some controversy over the redox states of these

components in "resting" and "active" enzymes exists (Chance and Leigh,

1977; Blumberg and Peisach, 1979).

The four metal centres are detectable when the oxidase is titrated

potentiometrically. Button and Wilson (1974) suggest that two high po-

tential (Eq = +360, +380 mv ) and two low potential centres (Eo= +220 and

260 mv ) exist. On spectroscopic grounds these have been assigned as

follows: 220 mv centre = cytochrome a, 260 mv centre = Cu , 360 mv

centre = cjrtochrome a„ and 380 mv centre = Cu , where subscripts de-

note copper atoms associated with either a or a_ (see below).

Although four distinct potentiometric species are observed, the

contribution of these metal centres to the observed absorption peaks has

been the siabject of intense controversy since the proposal by Keilin
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and Hartree (1938b) of the existence of two separate cytochromes: a

and a„ following an analysis of the « and V peaks of the enzyme in the—

o

presence and absence of Ccurbon monoxide. Currently three separate

theories exist to explain the contributions of a and a„ to the ab-— —

o

soprtion spectrum under different conditions (see Nicholls, 19 74 a;

Malmstr6m, 1974):

(i) Classical viewrwhere heme a and a^ are functionally and chemi-— —

o

cally distinct. Both cytochromes act independently. This is the view

originally proposed by Keilin and still used by Chance and his col-

leagues (Chance et al, 1975 a £ b, Chance and Leigh, 1977).

(ii) Neo-classical view: where heme a and a. are chemically dis-— —

o

tinct but interact with 6Ui energy equivalent to 0.16 volts. This

theory predicts changes in one heme will affect the characteristics of

the other (Nicholls, 1974 a , Wikstrom et al, 1976).

(iii) Unitarian theory: where only one type of heme group exists.

All differences in spectral and chemical properties are due to heme-

heme interactions. This view has been advocated by Muijsers et al

(1971).

These alternatives have been proposed because of the differences

in the apparent contributions of the two cytochromes to the reduced «-

band of the intact cytochrome aa^. The failure of workers to separate

cytochromes a and a- has fuelled the unitarian view.

Assignment of characteristic absorption bands to the copper com-

ponent of the enzyme has proven more difficult. An absorption band

occurs at 830 nm (see Wilson et al, 1975). The appearance of this band

upon oxidation follows the detetable copper signal in e.p.r. measure-

ments (Lemberg, 1969) and has therefore been tentatively assigned to the
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e.p.r. visiile Cu.

The remaining Cu is e.p.r. invisible in the resting enzyme as is

one of the two heme irons. This has led to the suggestion that cytochrome

a and a copper atom are "anti ferromagnetically" coupled (ie., the lone

electrons are in such close proximity that they are spin coupled and

produce no e.p.r. detectable signal). However, other authors suggest that

the iron of resting cytochrome aa is in the ferryl (Fe ) state and the

associated Cu in the cuprous (Cu ) state (ie., neither has a lone elec-

tron), ( Seiter and Angeles, 19 80 ; Blumberg and Peisach,19 79 ) . If the a^ iron

auid copper are "anti-ferromagnetically coupled" then they must be in

very close proximity to one another. Recent EXAFs by Chance et al (1981)

suggest the two metal atoms are linked by a sulphur in the resting state:

his — Fe Cu /
\

'^3

This may account for the invisibility of both a^ and Cu ag in the e.p.r.

Beef heart cytochrome oxidase contains at least seven different

polypeptide subunits (Erecinska and Wilson, 1978). It appears that sii)units

II, V and VI are situated on the outside of the inner mitochondrial mem-

brane (I.M.M.), while svibunit III is on the matrix side of the I.M.M. and

subunits I, IV and VII are located within the I.M.M. Whether or not all

of these subunits are necessary for (a) oxidation of cytochrome c^ by

oxygen and (b) hydrogen ion pumping or energy conservation, remains un-

clear. A minimal amount of two subunits (I and II) may be necessary for
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FIGURE 1

Absorption spectra of reduced and oxidized cytochromes: absolute spectra.

Either 3 \iM cytochrome aa (spectrum a) or 17.9 uM cytochrome c_

(spectrum b) was suspended in 2.7 mL, 67 mM phosphate buffer, pH 7.4

and an oxidized spectrum was taken against buffer ( ). The samples

were then reduced by the addition of a few grains of sodium dithionite.

After the samples were fully reduced (1000 seconds) the spectrum was

taken (- - -). The baseline ( ) is the spectrum of buffer versus

buffer. Absorbances are as indicated.
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the cyt. c - oxygen reaction (King e;t aJ., 1979) but several workers

(Phan and Mahler, 1976; Koraai and Capaldi, 1973) report that other sub-

units may be necessary and the situation is unclear at present.

It appears that the functional enzyme is a diraer. Preparations of

cytochrome oxidase yield a heme a^ to protein ratio of approximately

10 to 11 nmoles heme a^ per rag protein. This corresponds to a molecular

weight of approximately 90,000 dalton. This molecular weight is very

close to that estimated by amino acid analysis ( 80,000, Kuboyama et al,

1972 and 9"+, 000, Matsubara et al, 1965). However sedimentation analysis

gives a molecular weight of 220,000 dalton (Love et^ al, 1970). This

would therefore suggest, that the active enzyme in solution is a dimer.

Where are the metal centres located in the enzyme? King ei^ al

(1979) claim that copper is present in both subunits II and I, and that

heme a^ is located in subunit I. Thus, cytochrome a^ is in subunit

I and Cu is in subunit II. However, Chance suggests this is not the case
3.

(see King et_ al, 1979). Weintraub and Wharton (1981) have found copper

in subunits I and II in agreement with King's results but an analysis

of heme location by Winter et al (19 80) suggests heme _a is found in

subunits I and II. In our laboratory, J. K. Kim found heme a^ in siabunits

I and IV (Kim, personal communication). Such findings would confirm

those studies which implicated subunits I and II in the catalytic activity

of cytochrome oxidase.

With what are the other five subunits involved? Several authors have

suggested a structural role but it would also seem likely that they play

a role in energy conservation. The reaction of cyt. c oxidase involves
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accepting electrons from cyt. c^ on the cytosollc side of the inner mito-

chondrial membrane (I.M.M.) and the reduction of oxygen on the matrix

side (Fig. 2). This asymmetry of reactions has a physiological conse-

quence: the generation of a membrane potential across the I.M.M. This

potential is positive on the cytosolic side and negative on the matrix

side of the I.M.M. (see Fig. 2) and may be related to the proton motive

force as shown below (see Mitchell and Moyle, 1967)

Au= A0 + ZA pH
.(i)

where A |J : is the proton motive force

, Ay): is the membrane potential

ApH : is the pH difference across
the membrane

Z: is a numerical factor

Whether or not the oxidase transports protons across the I.M.M.

remains to be unambiguously resolved ( Wikstrom and Saari,1977; Mitchell and Moyle,

1978; Nicholls, 1975), but the majority of workers in the field prefer

to regard the cytochrome oxidase enzyme as a proton pump, using the

energy derived from the reduction of oxygen to force protons across the

membrane against the thermodynamic gradient (from the matrix to the cy-

tosol) . The resulting proton motive force drives the formation of ATP

from ADP and inorganic phosphate via the ATPase (Fig. 2).

What is the current view of cytochrome oxidase? From kinetic,

e.p.r., NMR and inhibitor studies it appears that the enzyme is very

complex. A simplified picture is presented in Figure 3. Reduction of

the cjrtochrome a^ heme first followed by Cu is supported by studies by
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FIGURE 2

A simplified version of the mitochondrial electron transport chain.

Abbreviations are as follows: I.M.M. (inner mitochondrial membrane),

H (hydrogen ion), P. (inorganic phosphate).

Solid arrows show electron transfer, half arrows indicate reversible

binding. Dotted arrows demonstrate H ion flow.
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FIGURE 3

Hypothetical structure of the cytochrome c oxidase molecule. Subunits

are represented by large roman numerals. Solid arrows represent elec-

tron transfer. Adapted from Seiter and Angeles, (1980).
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Gibson et_ al , 1965; Gibson and Greenwood, 1965 ) . The reaction rates between Cu a

and Fe a, are from Nicholls ( 1976), Yonet ani (1960, 1962, and Ray, 1965)

and Van Burren et al (1971).

(B) Cytoch]?ome c

Several types of c cytochromes exist. Although all possess heme c^

(fig. 4) their redox potentials vary from -290 to +400 mv and some con-

tain as many a 4 hemes per polypeptide chain. We will only consider mito-

chondrial cytochrome c^ and the analagous prokaryotic cytochromes.

Cytochrome c itself is relatively well characterized. It is a water

soluble protein with an overall charge of +9 at pH 7 (Barlow and Mar-

goliash, 1966) due to an excess of lysine over glutamic acid residues

on the surface of the protein molecule. This also gives it an iso-

electric point of 10 (Barlow and Margoliash, 1966; Keilin and Hartree,

1945). Initially discovered by MacMunn (1887) and rediscovered by

Keilin (1925), who demonstrated its position in the path of electron flow

from succinate to oxygen, cytochrome c_ was named according to the po-

sition of the (H band of its hemochromogen (Fig. 1). It is a one-electron

+3 +2
redox agent ( Fe « ^ Fe )

.

(i) Evolutionary Conservation

The complete amino acid sequence is known for c cytochromes from

116 organisms including the analogous proteins found in prokaryotes

(Dickerson, 1980 a 6 b). A comparison of several c cytochromes has shown

that although several deletions and substitutions occur, the changes

are usually conservative. Thus, electrophoretic mobilities and iso-

electric points are strikingly similar (see Margoliash et al, 1970).

The other approximately constant feature of cytochromes c_ from
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FIGURE H

Structure of heme c

From Dickerson and Tlmkovich (1976). Ring system is numbered according

to Dickerson and Timkovich (1976). Arrows show binding of heme groups

to cysteine residues of cyt. £ protein. In cyt. £ the heme iron is also

bonded to methionine sulphur and histidine nitrogen.
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various organisms is the organization of residues around the heme

moiety (Fig. 5a through e). The heme group is surrounded by hydro-

phobic residues (Dickerson and Timkovich, 1976). The heme crevice, a

gully which runs from top to bottom when viewed heme edge on (front,

see Fig. 6) is remarkably well conserved (see Fig. 5) as are the two

iron ligands: methionine and histidine. The heme group is usually at-

tached via 2 sulphurs from cysteine residues to the protein, exceptions

being found in euglena and crithedia (Dickerson and Timkovich, 1976).

Although the polypeptide chain length of cyt. c varies, two con-

served areas are apparent. The segment of residues from 70 to 80

(Ferguson-Miller et al, 1978a):

70 80

Asn - Pro - Lys - Lys - Tyr - He - Pro - Gly - xhr - Lys - Met

has been essentially preserved throughout eukaryotic evolution with the

exception of five proteins (Ferguson-Miller et al, 1978a). This would

lead one to expect a vital role for these residues. This is partially

true as the latter three residues directly surround the heme group, with

met -80 being bonded directly to the heme iron.

The other usually conserved area of the protein contains the two

cysteine residues (discussed above) and the heme-linked histidine.

Knowledge of the amino acid sequence from various cytochromes c

from all kingdoms has permitted construction of evolutionary models and

phylogenetic trees (see Dickerson, 1976; 1980 a, b). Maintenance of the

structure of cyt. £ throughout billions of years has led some authors to

propose a co-evolution with another protein essential to survival, while

others have proposed a non-Darwinian evolution of cytochromes c to account

for the observed rates of change (cf. reviews by Dickerson, 1976; 19 80 a,b;
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FIGURE 5

Different cytochromes c from various sources (from Dickerson, 1980a).

"Short" cytochromes ( ~' 80 residues)

(a) c551 from Pseudomonas aeruginosa

(b) £555 from Chlorob ium thiosulfatophilum

"Medium" cytochromes ( -^-^ 100 residues)

(c) cyt. c from tuna

"Long" cytochromes ( '-^ 130 residues)

(d) £ from Rhodosprillum rubrum

(e) cSSO from Paracoccus denitrificans

Note: the highly conserved overall structure. The roman numerals re-

present the areas of additional residues which do not occur in the

short forms.
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FIGURE 6

X-ray structure of Tuna ferrl cytochrome £ at 2.0 A resolution (from Ferguson-

Miller £t al , 1978a). The protein is viewed from the front (heme

edge on)

.

The amino acid sequence is:

I (N term) 10

gly - asp - val - ala - lys - gly - lys - lys - the^ - phe -

II 20

val - gl» - lys - cys - ala - gin - cys - his - thr - val -

21 30

glu - asn - gly - gly - lys - his - lys - val - gly - pro -

31 10

asn - leu - trp - gly - leu - phe - gly - arg - lys - thr -

41 50

gly - gin - ala - glu - gly - tyr - ser - tyr - thr - asp -

51 60

ala - asn - lys - ser - lys - gly - ile - val - trp - asn -

61 70

asp - asn - thr - leu - met - glu - tyr - leu - glu - asn -

71 80

pro - lys - lys - tyr - ile - pro - gly - thr - lys - met -

81 90

ile - phe - ala - gly - ile - lys - lys - lys - gly - glu -

91 100

arg - gin - asp - leu - val - ala - tyr - leu - lys - ser -

101

ala - thr - ser (103; C term)



:-l) no.'-'.Iorn.i -^ 'na.iJou'-i.



p\& <b

.^--.

^
^^r^

f ...





15

FIGURE 7

Position of lysine groups on Tuna ferri cytochrome c.

Solid circles represent lysines which are seen from the front of the

molecule

.

Dashed circles represent lysines on the back of the molecule.

(From Smith et al, 1980)
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Ferguson-Miller et al, 19789and references therein).

(ii) Properties of Cytochrome c_

The spectrum of cytochrome £ has three distinct absorption peaks

in the oxidized form: 418, 444 and 695 nm. The 695 nm peak is attributed

to the presence of the bond between the methionine-80 sulphur and the

ferric heme iron (Dickerson and Timkovich, 1976). When the protein is

treated with denaturants or other reagents which disrupt this bond the

695 nm peak is lost. This may also be achieved by increasing the pH to

9.0 or higher (Osheroff e_t al,1980 )or lowering the pH to 2.50 (Dickerson

and Timkovich, 1976).

Figure 8 shows the relationship between three states of cytochrome

£. At very low pH (< 0.42) or very high pH ( > 12.8) the cytochrome c_

heme iron is ligated to H„0 or OH respectively. These two forms of cyto-

chrome £, called state I (low pH) or state V (high pH)j do not resemble

the native protein (state III) in protein conformation or in reaction with

iron-binding legends. State II represents an unfolded protein in which

the heme crevice is open (see Dickerson and Timkovich, 1976). The most

widely studied transition is the state III (native) to state IV transi-

tion. As stated above the conformations of both states is identical, the

only difference being the replacement of the met (80) sulfur by (probably)

lys 79 . If the transition pK is related only to deprotonation of lysine

79, then one would expect this transition to have the same pK for all

similar cytochromes £. This appears not to be the case . Recently Osheroff

et al.(19 80) have studied this transition cjrtochrome c_ from various

mammals (human, spider, monkey, and several other monkeys). They found

that lysines 13 and 79 were directly involved in heme crevice stabili-

zation (when bridged to the carboayl groups of glu 90 and 47) and that
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FIGURE 8

Interrelationship between oxidation state, heme ligating and reducibility.

Adapted from Dickerson and Timkovich (1976) pK values are those reported

by Dickerson and Timkovich (1976). Solid arrows represent irreversible

reactions. Half arrows represent equilibria.
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the pK of the state III-IV transition varied among proteins from dif-

ferent primates as well as between them and horse. Thus slight modi-

vications in cjrt c conformation affect the transition pk of the 69 5 nm

band. (reflecting heme crevice stabilization). State IV cytochrome £

has lysine 79 as a heme ligand instead of methionine- 80. This lysine-

substituted heme iron is remarkably stable towards added ligands which

react with native cytochrome £ (ie., CN~, N„", F , NO). This indicates a

fvmction for the sulfur(cysteine)- iron bond. As yet its specific role

is to be determined. However, it is remarkable that throughout evolution

the weaker S-iron structure should have been preferred over the more

stable N-iron ligand.

The other dynamic property of cyt. £ is its change in redox state

during catalytic function. Although early x-ray pictures of reduced and

oxidized forms of cytochrome £ suggested large conformational changes be-

tween the two forms (see Nicholls, 1974) more recent data suggests only

small changes in residues 55, 53 and 39 (bottom left of figvire 7: see

Bosshcur-d and Ziirrer, 1980).

(iii) Model Systems for Cytochrome c reactions

The reaction between cytochrome £ and a variety of non-physiological

reductants as well as physiological reduction/oxidation proteins has been

studied extensively. The aim of several of these studies has been to pro-

vide relatively simple model systems for the more complex cyt. £ - cyt. aa

reaction. Several such studies have employed cyt. c - anion complexes and

specifically modified amino acid groups. A brief discussion for these two

methods will be attempted first.
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(a) Chemical modification of cytochrome £:

Although modification of several different amino acid residues has

been achieved through the use of specific reagents, the results are some -

times hard to interpret. This can be due to the presence of several

reaction products, or to the occurence of modifications in cyt . c^ which

lead to different spectral properties and to protein conformational

changes

.

(1) Tryptophan and Tyrosine . These studies were performed to deter-

mine what structural or catalytic role the aromatic amino acids played

In cyt. c^. As several reagents have been used (see Ferguson-Miller et al,

1978a) one expects the problem to be well resolved. However, several prod-

ucts may result from such a treatment and purity is often hard to

achieve. One study . - involved the enzymatic iodina-

tion of tyrosine 74 (see Table I) (Feinberg and Brautigan, 1975). They

concluded that tyr. 74 does not participate directly in the electron

transfer function of cytochrome c_.

(2) Histidine and Methionine . Modification of these residues was

mainly used to elucidate the structure of the iron-protein complex before

the x-ray picture was available. However, more recently, Vanderkooi and

Erecinska (1974) obtained spin-labelled methionine 55 and 103 (see Table I).

From their study they concluded that cyt. c. binds either succinate-

cytochrome c_ reductase or cytochrome oxidase ( nMR relaxation studies of
135 I- met. 80)

(3) Lysine . Extens ive studies of lysine modified cytochrome c_

have been performed. Initial studies were aimed at discovering the

non-heme ligands but presently specific modifications have been used

to determine whether an active enzyme-substrate complex exists during

enzymatic catalysis (see section C) and the binding domain of cytochrome

c_ with various proteins (see below). Cjrtochrome c^ has been modified at lysines
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TABLE I

Chemical Modifications of Horse Cytochrome c

Residue
Modified Reagent Product

Tertiary-

structure
change

Normal
electron
transfer

tyr 74
(a)

KI, R-CH, binds CO NO

auto

oxidizible

met 65

103

(b)

lys
(c)

lys
(d)

lys
(e)

lys
(f)

N-(2,2,5,5)
tetramethyl -

3-pyrrolidinyl
l-inyl-05C7l)
acetimide

R
CH^-CH^-S^CHg

o-methylisourea
\
NH
1

C

NH,

NH

succinic
anhydride

RCCH^)^^ - ll"

NO

NO

YES

COOH
H

acetic
anlydride

trifluoro

acetic acid

R(CH2)^ - N YES

C =
/

CH,

H

R(CH-)i, - N NO
2 4 ^

C =
/
CF„

NO

NO

K affected
m

NO

NO

NO
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Table I - Chemical modifications of horse cytochrome c (cont'd)

Residue
Modified Reagent Product

Tertiary-

structure
change

Normal
electron
transfer

lys (g)

lys(g)

lys
(g)

lys
(g)

4-chloro-3,5
dinitro-
benzoate

i|-carboxy-2-6

dinitrophenyl
amino methane

(trifluoro
methyl) phenyl
carbonate

4-chloro-3,5 -

dinitrobenzoate

RCCH^)^ —

N

NO

NO, or^°2
COOH

H

R(CH )4 /
^N

I

NO

C =

RCCH^)^

/H

RCCH^)^ - N

References

:

(a) Ferguson-Miller et al (19 78)

(b) Vanderkooi and Erecinska (1974)

(c) Harbury (1964)

(d) £ (e) Feinberg et al (197?)

(f) Ahmed and Millett (19 80)

(g) Brautigan et al (1978)

NO

NO

NO

NO
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using several chemical reagents (see Table I). The reactions are non-

specific and yield a variety of products. Initial studies were performed

by Harbury et al (1964) who guanidylated cyt. c_ and discovered this led

to a loss of activity with cytochrome oxidase. Other experiments have

involved acetic anhydride, succinic anhydride, trifluoro acetic acid,

4-chloro-3, 5, dinitro-benzoate , U-carboxy-2,6-dimitrophenyl amino me-

thane and ( trifluoromethyl) phenyl carbamate (see Table I). These modi-

fications produce either negatively charged modified lysines (4-chloro-3,

5, dinitrobenzoate) or neutral residues ( trifluoro acetic acid).

(b) Anion binding

Because of the excess of lysine groups present on the surface of

cytochrome c_, the protein binds einions (Margoliash et al, 1970; Beirlow

and Margoliash, 1966). The binding of anions to cjrtochrome c has several

effects on the physical and chemical properties of cytochrome c.

(l) Specific ligands

Heme ligands, such as fluoride, cyanide, azide and nitric oxide,

bind the heme iron and subsequently displace the sulphur (of methionine

80) normally bound to the cytochrome c heme iron. The resulting spec-

trum is different in both the reduced and oxidized forms and shows a

disappearance of the 695 nm bond. These reactions have initially been

studied by Butt and Keilin (1962) and more recently by Nicholls and

Mochan (1967) and Dyer et al (1979). These studies have demonstrated

that the vulnerability of the

sulphur ligand to displacement is affected by (a) heme crevice stability

and(b) ionic strength. The former may be affected by surface binding

anions, such as phosphate and citrate (Osheroff et al, 1980), and the

latter by the concentration of buffer in the reaction mediiim. The effect
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of ionic strength on the reaction between cytochrome c_ and heme ligands

occurs because of the nature of these heme ligands: they are negatively

charged species. This was shown, for cyanide binding, by George and Tsou

(1952), who demonstrated that cyanide anion reacts more quickly (about

one hundred times) than the undissociated acid.

(2) Surface ligands

Surface ligands, such as chloride, phosphate, citrate and phosvitin,

affect the cytochrome c - cytochrome oxidase reaction, increasing the

apparent Km for cytochrome c_ binding. Studies performed with polyanions

(such as phosvitin) indicate a decrease in the redox potential of 22 mv

occurs upon cytochrome £ binding (Petersen and Cox, 1980). This implies

a four-fold difference in affinities for phosvitin between ferri- and

ferro-cytochrome c (with binding favoring ferric cytochrome _c) . Binding

of monoanions to cytochrome c shows the same preference for oxidized

cytochrome c suggesting a change in redox potential occurs for all anion

binding. The binding also decreases the rate of reduction by ascorbate

(about 93% in the case of phosvitin) (Petersen and Cox, 1980), but not

that by non-ionic reducing agents (Andersson et al, 1979, 1980; Osheroff

et al, 1978, 1980). As a change in the redox state of cytochrome c_ pro-

duces only minor conformational modifications, the differential binding

of anions must reflect either (a) the change in overall charge of the

protein, or (b) a close proximity between bound ligand and the heme iron.

Recent studies performed by Osheroff et al (1980) suggest that anions

such, as phosphate (at phosphate binding site I) and citrate bind the top

left side of the protein (near lys 87) . This binding stabilizes the heme

crevice (Osheroff et al, 19 80b). The many other anions which bind cyt. _c

(such as CI , acetate, borate, cacodylate) apparently bind alternative
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sites on the molecule. Molecules such as nucleotide di- and tri-phosphates

and phosphate (site II) bind the lower right front surface of the pro-

tein (near lys 25 and 27).

(c) Redox reactions between cytochrome c and inorganic reagents

Studies of electron transfer between cyt. c_ and small inorganic rea-

gents have shed some light on the possible mechanism of electron transfer.

There cire two types of electron transfer mechanisms: inner- and outer-

sphere. Inner-sphere electron transfer mechanisms occur across a ligand

bridge ( ie
.
, in the transition complex one ligand is common to both metal

centres). Since this process is usually slow and involves ligand rearrange-

ment, the rates of inner-sphere electron transfer are slower than outer-

sphere electron transfer. Outer-sphere mechanisms involve only peripheral

contact between the two reacting species and may involve electron tunnel-

ling (see Ferguson-Miller et al, 197fe).Two other featxires are necessary

for an inner-sphere mechanism to occur: a ligand which can bind two metal

centres and an easily opened structure (see Bennett, 1973).

In order to analyze the cyt. c - redox reagent reaction, the cyt, c

molecule can be treated as a transition metal complex (see Ferguson-Miller

et al, 1978 aXConsequently, cytochrome £ has been tested with a variety

of oxidants and reductants (see Table II). Although inner-sphere reactions

are known to occur with chromous ion (Hodges et al, 1974) and bromomaia-

lonitrile (Castro and Bartnicki, 1975) these reactions appear to be the

exceptions rather than the rule. The reactions have a pH optimum of 3.7

and a rate of approximately 60 s~ at pH 6.1, corresponding to the ligand

rearrangement rate at the heme iron. Also they are zero order with respect

to reductant or oxidcint concentration. Data such as that in Table II led

Sutin (1972) to conclude that cytochrome c normally reacts via an outer-
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TABLE II

Reaction of Cytochrome c_ with various Inorganic Redox Reagents

Conditions ReferenceReductant

aq

kCM'-'-S"-^)

malate free radical

carboxylate radical

10
11

10

10

1

1

Feinberg et al (1978)

Fe (EDTA)
2-

3 X 10

3 X 10

2

1

Wherland 6 Gray (1976)

Feinberg et al (1977)

Ferricyanide

Ru (NHg)^
2+

TMPD

ascorbate

3-
6.7 X 10

4 X 10^

10^

10^

1: pH 7.0, low ionic strength 25 C

2: pH 7.0, 25°C, ^ = 0.1 M

3: 25°C, 67 mM phosphate, pH 7.4

2

2

3

4

Wherland 6 Gray (1976)

Wherland S Gray (1976)

Yu et al (1973)

Minnaret (1961b)

4: 25 C, 65 mM phosphate, pH 7.4
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sphere mechanism. This interpretation has recently been adopted by others

(Ferguson-Miller et al, 1978a; Ryan et al, 1979; Ahmed and Millett, 1981

and Seki and Imamura, 19 81). It is further suggested that the reductants

and oxidants react at the heme edge.

Changes in ionic strength affect the reactions of charged redox

reagents with cytochrome c (see section IC and ID). These may be an in-

crease in the electron transfer . rate as ionic strength increases (suc-

cinylated cyt. £ with negative reductants) (IIan et al, 1979) or a decrease

in the rate as ionic strength increases (native cytochrome c_ with ferri-

hexacyanide) (Feinberg and Ryan, 1981). The dependence of the rates of

reaction on ionic strength can be related to the charges of the reacting

species and their interacting radii. This theory (Debye-Marcus theory) is

discussed in greater detail below. Current calculations show cytochrome

c_ acts like a charged sphere rather than a specific protein with a

localized charge (Z cyt. £ = +9) (Feinberg and Ryan, 1981; Van Leeuwen

et al, 1981).

Other studies involve the use of specifically modified cytochrome c

lysine groups (see section B (iii)b). These modifications have a two-fold

effect; they change the overall charge on cytochrome £ and they modify-

specific residues. Several studies (Ferguson-Miller et al, 1978 bj Feinberg

and Ryan, 1981; Ahmed and Millett, 1981) may be summarized as follows:

(a) lysines surrounding the heme crevice (especially 13, 72, 79 and

27) play an important role in small reagent - cyt. £ electron transfer.

(b) there is an approximately inverse exponential relationship be-

tween the distance from the exposed heme edge (see Fig. 7) and the effect

of substitution (ie., the further from the heme edge the less noticible

the effect )

.
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(c) Modifications of Ijrsines on the back side of cytochrome £

(see Fig. 6 and 7) have little or no effect on the electron transfer

rates

.

These conclusions are difficult to reconsile with ionic strength

data which predict that cyt . £ reacts as a charged sphere of +9 . Indeed

if this were the case, any change in the overall charge would affect

the transfer rate. This should be the case even if one includes dipole

moment calculations (see section D, below) .

-

(d) Cjrtochrome c and cytochrome b :

Cytochrome b- is an amphiphilic protein found in the outer mito-

chondrial membrane and endoplasmic recticulumi It is attached to the

inside of the outer membrane by a hydrophobic tail (

—

^45 amino acids

long) which can be cleaved by peptic degradation. The latter process

yields a hydrophilic molecule of about 95 amino acids long which reacts

at the same rate with cytochrome c as does the bound form. Normally the

protein is reduced by a NADH - cyt. bj. reductase situated in the outer

mitochondrial membrane. When the structures of both proteins were known,

Salerame (1976) constructed a hypothetical model for the activated complex

between b^. and £. He based his structure on finding a "best fit" between

lysines on cytochromes £, carboxyl groups on cytochrome b^ and minimal

distance between the heme planes . As only one cytochrome £ binds to one

cyt. b^, examination of the kinetics was a relatively simple task. Smith

et al (19 80) studied the reaction kinetically, using cytochromes £ modi-

fied at specific lysine residues, trifluoroacetate , and trifluoro

methylphenyl carbamoyl. They discovered that modification of lysines 22,

55, 99 and 100 had no effect on either the apparent binding affinity
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(Km) or the maximal electron transfer rate (Vmax ). However, lysines 13,

25, 27, 72 and 79 appeared to "contribute" to the Km. These studies were

extended by Stonehuemer et al (1979) and Smith et al (1980) to include

other lysine modifications (tosyl-amide - 2 - phenylethyl ketone). They

confirmed the previous results and concluded that cyt . bg reacts with the

top of the heme crevice, especially residues 13, 79, 27 and 72.

(e ) Cytochrome _c and Cytochrome _c Peroxidase

Cytochrome c Peroxidase (C c P) is a yeast enzyme which was initially

isolated by Abrams in 1940. The enzyme catalyses the oxidation of ferro-

cytochrome c_ in the presence of hydrogen peroxide.

+2 ^£^ +3
U^O^ + 2 c > 2 c + 2 OH

It is a protoheme enzyme, molecular weight 34,100 daltons and ap-

parently possesses one cyt. c binding site. A kinetic scheme for the

reaction required several years of investigation due to the complexities

of a two substrate reaction. Beetlestone (1960) investigated several

properties of C c^ P. He observed that the reaction of cyt. _c with excess

hydrogen peroxide obeyed first order kinetics, and that the reaction was

dependent on both ionic strength and pH. From the ionic strength data

Beetlestone was able to calculate the charge product of the complex

( Z Z eq XX , section ID): -5.3; this demonstrated that the cytochrome

c_ reaction is rate limiting. Earlier the reaction had been examined by

Chance (Chance, 1959) who identified spectrophotometrically a distinct

compound formed during the reaction cycle which he called compound II,

based on the analogy with horse radish peroxidase . He assumed that it was

preceeded by a green compound I. Later Yonetani (1965) and Ray (1965,

1966) discovered that only the pink compound II is formed with H^O . This
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compound, which he renamed complex ES, later reacts with cytochrome c_

in two steps. Nicholls had originally agreed with the interpretations

offered by Chance and Beetlestone (Nicholls, 1964) but later (Nicholls

and Mochan, 1971) had proposed the upper scheme in Figure 9. This was

based on additional data which suggested cytochrome £ - C £ P complexes

could occur in the absence of hydrogen peroxide. Yonetani (19 76) re-

viewed the pertinent literature and proposed a mechanism similar to that

proposed by Nicholls. He favoured a cycle between iron redox states of

+3 and +4; cyanide can bind and inhibit the reaction and carbon monoxide

can not. Epr measiirements revealed that compound ES contains a stable

free radical, in approximately one equivalent per mole (Yonetani, 1976).

o

NMR studies suggest that the hemes must be 25 A apart to account for the

observed chemical shifts upon cytochrome c_ binding.

The formation of an active complex between the two proteins was

originally proposed. because of the effects of ionic strength, salmine

inhibition and the analogy with the centrifuged cytochrome oxidase complex

reported by Nicholls (196U). Smith and Millett (1980) examined the re-

action between specifically tri fluoro acetylated cytochrome c and C £ P

and showed that lysines 13, 25, 79 and 87 are involved in binding (shown

by Kang et al earlier in 1978). The binding domains on cjrtochrome c for

cytochrome hj. and C c^ P appear to be almost the same. From ionic strength

data. Smith and Millett (1980) calculated a Z Z value of -6, agreeing

19with the earlier estimate of -5.3 (Beetlestone, 1960). Using F NMR and

o
e.p.r. data they concluded that the iron atoms were approximately 15-20 A

apart and proposed that electron tunnelling must be involved in the trans-

fer of reducing equivalents. Recently Poulous and Kraut (1980) proposed

a model of cyt. c - C c P interaction based on the x-ray structures of
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FIGURE 9

Mechanisms of C c P reaction:

Figure A is from Nicholls and Mochan (1971). The proposed complexes

are based on centrifugation and spectral data.

Figure B is from Yonetani (19 76). Complexes are based on spectroscopic

and kinetic data.
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FIGURE 10

Proposed complex between C c P and cytochrome c_

Taken from Poulous and Kraut (Fig. 6 of the 19 80 paper). C c_ P is on the

right side, cyt. c^ is on the left.

Note: The bridge structure formed through his 180 of C £ P in Fig. B.

The structures in Fig. A are those from the original x-ray data.
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both proteins. This model involved minimizing the distances between

o

binding groups and leads to a heme to heme distance of 16.5 A (see Fig.

10). The model leads to a mechanism for electron transfer between the

two proteins. A bridge can be formed between the heme edges via aromatic

residues, and a hydrogen bond (Fig. 10). This is the first proposed

mechanism of its kind and the involvement of the tT - Tf bridges suggests

a possible reason for the evolutionary conservation of aromatic resi-

dues around the heme moiety of cytochrome c^. This differs from the

cytochrome c_ - cytochrome hj- electron transfer mechanism (Salemme, 1976)

which is proposed to occur directly between the two hemes because of the

close proximity of the hemes (8.U A),

(f

)

Sulphite Oxidase

Sulphite oxidase is a dimer of molecular weight 120,000 daltons. It

contains two identical polypeptide chains each with two different pro-

sthetic groups: molybdenxim and heme iron, which can be separated by

proteolytic cleavage of the protein. Sulphite oxidase is the terminal

enzyme in the degradation of sulphur amino acids and is found in the

inter membrane space of liver mitochondria. Recently the interaction do-

main between sulphite oxidase and cytochrome c^ has been investigated

using specifically modified cytochrome c_. It was concluded that the

reaction domain is essentially the same as that for cytochrome h_^ and

C c P (see Webb et al, 1980).

(g

)

Cytochrome c^.

Cytochrome £ is part of the CoQ cytochrome _c reductase complex

found in the I.M.M. Thus it accepts electrons from CoQ (reduced by

Succinate or NADH) and donates them to cytochrome c (see Fig. 2).
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Initial studies of cyirochrome c_^ - cytochrome _c interactions were per-

formed with Keilin-Hartree particles as solu ble preparations were not

available.

The reaction mechanism involved only one cytochrome £ binding site,

as shown by linear Eadie-Hofstee plots (see section I.C.). The kinetics

of the reaction are apparently first order. Measiirements of the equi-

librium constant (Keq):

Keq = ^1
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reductase. Smith et al (1980) have examined the interaction between the

two proteins using the Yu preparation and cytochrome c_ with specifically

modified lysine groups. Their results agreed with those of Ferguson-

Miller et al (1979) and Rider and Bosshard(1980) who used the particulate

enzjntne preparation (Kgiiin and Hartree preparation). The use of modi-

fications at specific lysines on cytochrome £ gives an estimate of the

contributions of these lysine residues to the active complex formed be-

tween cytochrome £ and cytochrome £^ . The order of contributions is

approximately (see also. Speck et al, 19 79):

13 > 72 - 79 - 27 - 87 > 8 > 88

It appears the reaction domain was essentially identical with that

for cytochrome b^ , C £ P and sulphite oxidase.

One focus of these studies has been to study the possibility of

forming a 1:1:1, cytochrome £ :cytochrome £: cytochrome aa complex ca-

pable of electron transport. Since the reaction domain on cytochrome c

for cytochrome £^ and cytochrome aa^ is essentially identical (see below)

one does not expect that such a complex could occur. However, King et al

(1954) have shown such a complex exists and Yonetani and Ray (1965) have

observed direct electron transport between cytochrome £^ and cytochrome

aa^ (this however, was slow). These results suggest that the arrangement

of cytochrome c. and cjrtochrome aa^ in the mitochondrial membrane is

such that a single binding site for cytochrome c exists: cytochrome c

binds in such a manner as to bridge the hemes of the reductase and oxi-

dase (see Ferguson-Miller et al, 1978b).

(C) Cytochrome c and cytochrome c oxidase

(i) Kinetic studies . The reaction of ferrocytochrome c with cyto-
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chrome £ oxidase (Fig. 2) has been the subject of intense study since

its discovery by Keilin (1930). Kinetic studies may illuminate reaction

mechanisms; however, in the case of the cytochrome £ - cytochrome aa

reaction, such studies have continued for fifty years and the reaction

mechanism is not yet thoroughly understood. As kinetic data are often

interpreted on the basis of a postulated kinetic mechanism (which in-

volves a model for cytochrome c_ - cytochrome aa reaction) both the

model and experimental data are presented together.

Although Warburg first introduced the idea of an "electron" trans-

port chain, it was Keilin and Hartree (1947, 194-9) who first used non-

physiological reductants (phenylenediamine or hydroxyquinone ) to monitor

the cytochrome c^ - cytochrome c^ oxidase reaction experimentally. The

added reductants reduced cytochrome c^ which then reacted with cytochrome

oxidase. Later, ascorbate had been used as the reductant until Jacobs

(1960) introduced tetramethylphenylenediamine (TMPD). TMPD reacts

faster with cytochrome c_ than does ascorbate and produces almost

complete reduction of cytochrome c_ in the presence of cytochrome oxidase

at levels at which ascorbate reduces only part of the cytochrome c^.

Using cysteine or hydroquinone , Keilin (19 30) demonstrated saturation

kinetics occured for the cyt. £ - cyt. aa reaction. Stotz et al (1938)

first proposed that the enzyme obeyed the Michaelis equation (eq iv):

V = keS/(K t S) ...(iv)
m
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This led to the idea that an active complex was formed between

+2
cyt. c and cytochrome oxidase:

.2 '^l,
c + aa,

+2
c - aa

^^2 +3 , .
» c + aa„ . . .(v)

Slater (19U9) performed a number of experiments using the system

of eq. (v). Slater concluded that it was not necessary to assvime an

active complex between cytochrome c and cytochrome aa„ occured. His

mechanism (eq. vi) involved no active complex formation:

...(vi)
c+^ + RH k. c"^^ + R + H"^ (a)

£"^ + JcO_ + h"^ ^. c*"^ + ^ (b)

^2

He also observed that Km values were different for different en-

zyme concentrations, and that high concentrations of enzyme inhibited

oxygen uptake. As ascorbate was the ultimate electron donor he explained

these results by postulating that bound cytochrome c was not reducible

by ascorbate (later confirmed by several workers).

A more critical evaluation of the role proposed for an enzjnne-

si^strate complex came from Smith and Conrad (1956). They circumvented

the first step of eq (vi) by adding ferrocytochrome c directly to cyto-

chrome oxidase and monitoring its oxidation spectrophotometrically (see

materials and methods, Fig. 22c). They observed first order kinetics

(with respect to tme) up to a cytochrome £ concentration of 128 uM: the

second-order rate constant for the reaction decreased with increasing

cytochrome £ concentration. Thus, it appeared that cytochrome c inhibi-

ted the reaction. Added ferricytochrome c did competitively inhibit the

reaction. These results did not require the postulate of an active en-

zyme-substrate complex. In fact, they concluded that both forms of
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cytochrome c formed only inhibiting complexes with cytochrome oxidase.

Minnaert (1961 a £ b) re-examined the reaction kinetics, and pro-

posed several reaction mechanisms of which his mechanism IV is the most

famous (perhaps because it has stood the test of time):

+2 k, , +2 V k- . +3 . k„ +3 ^ /„•.^
c + aa^ 1, (c - aa_) 2 (c - aa^) 3^ c + aa^ ...(vii)

• — ^-^ > —

This scheme gives rise to the following steady state equation:

k_j_ k^ e t1 1

(k_^ + k^)

V =
r +3 ^ +21 ,

1 ...(viii)

When K = K. (binding of substrate is equal to binding of product),

this equation predicts first order kinetics.

However, Minnaert could not distinguish this model (eq viii) from

another which assumed that soluble cytochrome c^ reduces endogenous cyto-

chrome c_; only endogenous cytochrome c reacts directly with the oxidase.

In his second paper Minnaert (1961 b) observed that steady state

reduction of cytochrome c_ by ascorbate in the presence of the usual level

of cytochrome aa^ was not 100% but closer to 20%. He therefore extended

his mechanism IV (eq vii) to include the reaction with ascorbate (eq ix):

c*"^ + AH^ _k^ c'^^ + AH+H* ...(ix)

If we add equation (ix) to equation (vii), the new rate equation is:

...(x)

(^1 U"^^ + 1^] + I^_i>(l^_i + kj)'^' • [AH2] + k^ k_^ k
2

^

Thus the rate of the overall cyt. c_ - cyt. aa reaction was pro-

portional to reductant concentration as well.
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After an elegant review of the current hypotheses regarding cyt. c_

- cyt. aa„ kinetics (in which he refuted the proposal of Yonetani , eq (xi))

Minnaert described the mechanism of the cytochrome aa reaction as "rather

complicated" and simply concluded ". . .ascorbate interferes with the cyto-

chrome oxidase reaction."

During the early to mid 1960 's several people were working on the

oxidase problem. Yonetani and his group in a series of papers (Yonetani

1961, 1962; Yonetani and Ray, 1965) examined the cyt. £ - cyt. aa„ reaction

imder various conditions. Their original idea:

£, »• c ( ^£3^ ^ ^2 ...(xi)

t
_a

derived from Yakushiji and Okunuki (1940), seemed to be forgotten by 1965

and they agreed with Minnaert and with Smith and Conrad regarding the

oxidase mechanism.

Nicholls was working on the system as well (Nicholls, 1961, 1964- a, b).

He concluded Minnaert 's mechanism IV was correct, but that not one but

T
two binding sites existed on cyt. aa. for cyt. c: a tight site (K = 2 jjM)

and a loose site (K = 20 uM) (Nicholls, 1964 b). These conclusions were

based on centrifugation data (£/aa_ > 1) and on studies with exogenous and

endogenous cyt. £ using several different enzyme preparations. Thus,

Nicholls' scheme for the mechanism was:

'» c (exogenous)

succinate

-

a

/
£

^

. . .(xii)

0,
2

Studies by Gibson and Greenwood (1965 a, b, 1967) with reduced oxi-

dase and oxygen, or with reduced cyt. c and cyt. c oxidase established
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electron flow proceeded from cyt. £ to cyt. a. Experiments with either

"anaerobic" (1 x 10 M 0„) or cyanide boimd cyt. aa^ showed two dis-

tinct phases occured in the initial (^ 20ms) reaction. A fast phase

7 -1 -1
(k — i^ X 10 M S ) was assigned to reduction of the a^ heme of cyto-

chrome oxidase and an associated copper. Their results suggested:

+2 e" e" ^ -
c * a a_ *" 0„ ,...•.- —3 2 ...(xiii)

11
Cu

a

In 1976 Errede et al proposed two kinetic models to account for

the now accepted postulate of two active binding sites for cyt . £ on

cyt. aa„ (see also Ferguson-Miller et al, 197ea). They showed that two

different models, based on different assumptions, lead to kinetic equa-

tions of the same general form (see Fig. 11). Even though the idea of an

ac tive enzyme-substrate complex had been supported by indirect kinetic

evidence (see above) and by direct binding studies (Nicholls, 196U a 5 b)

the only observed interaction was contained in the Smith and Conrad

study (1956) which demonstrated that inactive ferric5rtochrome £ - cyto-

chrome aa„ complexes are formed. Thus, both the mechanisms in figure

llA (active complex) and IIB (dead-end complex) are possible. The most

convincing evidence for complex formation has come from ionic strength,

anion binding and specifically modified lysine residue studies (see

section ii). Anions and ionic strength decrease both activity and binding

affinity of cytochrome £. The postulate of an active enzyme-substrate

complex is supported by these data (Ferguson-Miller et al , 1978a; Slater, 1949).

Two kinetic models for cytochrome c oxidation are currently in favor.

Ferguson-Miller et al (1976, 1978 b, 1979) and Osheroff et al (1978) have

advocated a model in which two separate binding sites are present on cyt.
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FIGURE 11 "^0

Kinetic models proposed by Errede et al (1976)

A: Steady state (or active complex) mechanism. This mechanism is an

extension of Minnaert's mechanism IV (eq vii) and includes the

following assumptions:

(i) Reoxidation of oxidase is fast,

(ii) Reverse reaction is negligible.

(iii) k^ = k_3;k.i= kg; k^ = k_g = k^ =kg;

k_i+= kg = k_^ = kg ; k^ = kg

(K = K. , see text)
m i'

B: Rapid equilibrium approximation (dead-end complex). This mechanism

is based on the results of Smith and Conrad (1956) and includes

assumptions (i) and (ii) above, but also:

(iii) k^/k_^= k3/k_3;k^/k_^= kg /k_g = k^ /k_^= kg /k_g; k^ = kg
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oxidase. Each of these sites possesses a characteristic maximal velocity

intrinsic to its interaction with cyt. oxidase. The "tight" site

(K =0.04 uM) is involved in electron transfer between cyt. £, and

cyt. aa^ (Ferguson-Miller et al, 1978), as demonstrated by Nicholls (1964 a).

The loose site (K =20 uM) reacts at another site on cytochrome aa .

As each site posses its own turnover, the steady state equation for

such a reaction is a sum of two Michaelis expressions:

v"^ • S V^ • S f . .v= —

=

+ —

=

...(xiv)

K + S K ^ + S
m m

T T

where K and K "* are the Michaelis
m m

binding constants for the tight and

loose sites respectively and V and V^

are the rates at infinite cyt. c_ concentration

at each site and S is the concentration

^, . . -, . ^ of ferrocytochrome c

.

this gives a velocity —

mm mm
This equation correctly predicts biphasic Eadie-Hofstee plots (see

curve a in Fig. 12) as observed experimentally by Ferguson-Miller et _al

(1978 b) and Smith et _al (1979). The observed ^^^^ is in fact the sum

of V*^ and V^.

However, one possible mechanism, which would account for the re-

sults of Yonetani and Ray (1965), Nicholls (1964 a), Nicholls and Peter-

sen (1974), Hill et al (1980) and Chessa et al (1980) postulates a max-

imal velocity which is identical for both tight (T) and loose (L) sites

under special conditions: infinite reduction of cytochrome c and a high

dissociation rate constant for the T site. Under the usual experimental
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conditions the reaction at the T site may be limited either by the off

constant for this site (Ferguson-Miller et al, 1978 a, b) or by the degree

of reduction of bovind cytochrome c_ at this site (Nicholls et al, 1980).

Consequently the v' represented in equation xv (see Fig. 12a) is not

the maximal velocity of a separate L site but is in effect the maximal

velocity of the system.

The reactions of cytochrome c and cytochrome oxidase are presented

in Fig. 13. In this figure, two binding sites are included j a tight site

(T) and a loose site (L). The reactions shown assimie active complex

+2
formation occurs between cytochrome c and cytochrome aa„ prior to

electron transfer. For simplicity in this scheme, cytochrome c^ is com-

T L
plexed to the L site only when the T site is occupied (K < K_ ) •

The scheme also incorporates the results of Smith and Conrad (inhibitory

complexes between cytochrome c^ and cytochrome oxidase exist).

Since the reaction between cytochrome a^ and a- heme is slow in the

absence of added cytochrome c (Nicholls, 1964 a) it appears direct

electron transfer between cytochrome c at the L site and cytochrome a.^ —

o

must pass via cytochrome c_ boxind at the T site. For this reasonionly

+2
the c_ aa (c""") species (Fig. 13) reacts with oxygen. Thus, our reactions

are similar to those in Fig. 13 but:

..1 / +2 . ^ , , +2 +2. ^ , . +2 +3. f '\

which says the rate constant, at low cytochrome _c concentrations, is

limited by the amount of ferrocjrtochrome c in the cyto-

chrome c_ - cytochrome oxidase complex, and at high cytochrome c

concentrations the rate is governed by the rate of reaction of both

+2 +2 +2 +3
the ic_ aa. _c ) and (c^ aa„ c^ ) species . As the latter species is
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FIGURE 12

Comparison of Eadie-Hofstee parameters for equations xviii and stvi.

The following constants were used: K = 20 jjM; v = 180 sec ;

m
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FIGURE 13

+2
Generalized reaction scheme for cytochrome c^ oxidation by cyto-

chrome aa„.

T LK and K represent binding of ferrous cytochrome c to the enzymemm —
T L

at the tight (T) and loose (L) sites respectively. K and K
P P

represent ferricytochrome c^ binding to T and L sites respectively.

k. , kg, k , k and k are the rate constants for the oxidation of

ferrocytochrome c_ in the complexes. K represents an equilibrium of

electrons between tight and loose sites on the enz5mie.
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formed by an intermolecular electron transfer equilibrium, K (Fig.
etj

13), the rate becomes:

/ +2 V , , +2 +2. , . +3 +2. . ..s
V = k. (c aa.) + k„ (c aa. c ) + k (c aa. c ) ...(xvii)

A — —

3

B — —3 — eq ~ —3 —

which when extrapolated to V (S—»-So, P—* 0) , yields:
max

2 T L
V S + V K S
max m

K^ K^ + SK^ + S^mm m

. ..(x viii)

where V is the rate at infinite
max

T
cytochrome c concentration and V is

the maximal turnover of the T site.

T L
K and K are binding of ferrousmm ^

cytochrome c to the respective sites

,

(11) Cytochrome c - cytochrome aa_ complex formation. Since the

I

proposal by Stotz et al (1938) that cytochrome £ and cytochrome oxi-

dase form a Mlchaells type complex dxiring their reaction cycle, several

authors have speculated about Its existence. Slater (1949) had ob-

served early on, that Ionic strength had an effect on the oxidation of

ascorbate by cytochrome c^ and cytochrome _c oxidase. These results were

later confirmed by Yonetanl (1960) and examined by Nlcholls (1964 a).

Nlcholls (1964 b) concluded that the oxidase bound up to two molecules

of cytochrome c. Thus, there appeared to be two sites for cytochrome c

binding on cytochrome oxidase, both sites were apparently affected by

ionic strength.

An effect of ionic strength on the K values for the Tm

and L sites argues for active complex formation. However, the results

of Smith and Conrad (1956) argued against complex formation (see

section I (11)).
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The use of anions (phosphate, ATP, ADP) to monitor the cytochrome

c - cytochrome oxidase reactions was begun by Ferguson-Miller et al

(1976 a, b). These anions had previously been shown to bind cytochrome

c (Margoliash et al, 1966). These anions appeared to decrease activity

and binding to a similar extent (Ferguson-Miller et al, 19 76 a, b) which

strongly supported the postulate of an activated complex. Later,

Osheroff et al (1978), extended their studies of anion effects to in-

clude citrate. Citrate acts like ATP and inorganic phosphate: it appears

to affect the reaction at low cytochrome c concentrations (T site).

This was incorporated into an overall mechanism whereby anions affect

the'k xrJ' (k„) of cytochrome £ thus reducing the amount of enzyme sub-

strate complex present (eq xix):

E + S "• Fes —^ EP 1 ^^3. E + P ...(xix)

TMPD

The behaviour of these anions can be explained assuming that they

bind the same region of cytochrome c_ as does cytochrome aa„. This appears

to be so (Osheroff et al, 1980).

A number of studies (Rieder and Bbsshard, 1980; Dethmers et al,

1979; Osheroff et al, 1980; Speck et al, 1979; Smith et al, 1980; Brau-

tigan et al, 19 78 a and b; and Ferguson-Miller et al, 19 78b) concur in

finding that the binding on cytochrome c for cytochrome aa_ is in fact

identical (or nearly so) with the domain for other proteins. These

studies were performed using cytochrome c with specifically modified

lysine residues. However, another interpretation of these results has

been recently advanced. Chessa et al (1980) have re-examined the cyto-

chrome c - cytochrome aa_ reaction varying the salt concentration, using
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cytochrome c^ derivatives and adding cytochrome c^ fragments as specific

inhibitors. They concluded that poly-trifluoroacetylated cytochrome c_ can

inhibit the interaction between cyt. c^ and cyt. aa as effectively as native

cytochrome c_
^

polylysine and a 1:1; lysine: phenylalanine polymer were

equally effective in inhibiting the reaction. They concluded that electro-

static reactions are not the only significant factors in cytochrome c^

binding. They also suggested that the N terminal and C terminal portions are

the most important regions involved in cytochrome c_ binding to the oxidase.

(D) Ionic Strength Theories

The theory of reaction of electrolytes was developed initially by

Brj^nsted (Feinberg and Ryan, 1981). His initial equation:

In k = In k + 2<5( Z^Z^/jT , .

o 12"" ...(xx)

( 1 + KRViT )

Where: K= 0.329 at 25°C; Z,Z^ are
' 1 2

charges on the reacting species;

R is the average radius; u is the

ionic strength and «< is 1.17

at pH 7, 25°C.

was used for interaction between small molecules. This equation predicts

a linear relationship between the product of the charges on the reacting

species and the logarithim of the reaction rate (k). The parameter, k , is

the rate of reaction at zero ionic strength and thus represents the rate of

reaction when ionic effects are maximal. Under conditions of low ionic

strengths (1»KR) the equation reduces to the Uniting Debye-Br^nsted eq:

In k = In k +2o(ZZ v/TT ...(xxi)
o ^1^2 ^>P

Marcus ( 1956, 1957, 1963) and Sutin ( 1975) have re-examined the

influence of ionic strength on reactions between charged species.
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specifically those involving electron transfer. Using activated complex

theory, Marcus predicted that a relationship existed between the elec-

tron transfer rate (k), the rate at infinite ionic strength (koo )»

and the charges of the reacting species of radii R <^ R. (see Wherland

and Gray, 1976).

In k = In koo-3.76

-KR, -KR-el e 2

1 + KR2 1 + KR^

z.z,
R1 + R2

. . .(xxii)

Feinberg et al (198D) and Millett et al (1980) have made use of

this theory to obtain the parameters, kooj Z , Z , R and R^ for cyto-

chrome reactions. However, the theory should be applied with caution.

In its derivation several assumptions were made which may not apply to

large proteins such as cjrt. £ and cyt. b_^. These are: (i) the assump-

tion that the reactants are charged spheres with a point charge, and

(ii) the activated complex radii are assumed to be a sum of the two

radii of each reacting species. In the case of cyt. _c reactions neither

of these assumptions is necessarily true. The protein possesses a dipole

moment (see Van Leeuwen et al, 1981; Borden, 1978). This is due to the

asymmetric organization of lysine residues on the surface of the pro-

tein. Cyt. c^ also appears to possess a specialized area for electron

transfer. This means that the effective collision frequency between

cyt. £ and a redox reagent may be lower than estimated. Furthermore,

the existence of a specific region for cyt. c electron transfer in-

dicates that its interacting radius may be smaller than its molecular

radius (lOA, Stonehuerner et al, 1978, versus 15A, Margoliash et al,

1966).

In a recent paper Van Leeuwen et al (l98l) re-examined the appli-

cation of Wherland-Gray theory of electron transfer reactions between
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cyt. c and small redox reagents. They concluded that the dipole moment

of cyt. c must play an Important role in the reaction, and derived the

"Van Leeuweri' equation (xxiii):
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cyt. c and cyt. aa„ is complex, not only physically, but conceptually

as well. Indeed we are only beginning to understand electron transfer

mechanisms which occur between relatively simple proteins ( c.f . b_

and C c P), possessing only one cytochrome £ binding site. The cyto-

chrome oxidase reaction appears to have much in common with the simpler

systems: (i) it obeys first order kinetics in cytochrome £ oxidation,

(ii) it appears to form an active enzyme-substrate complex with ferro-

cytochrome c, and (iii) the rate limiting step is a reaction within

the enzyme. However, it differs in possessing two cytochrome _c binding

sites, and may carry out more than the electron transfer function (ie,

H pumping and energy conservation) . The fact that the oxidase is a

membrane protein has quenched all present hopes of obtaining an x-ray

picture of the enzyme.

However, several questions remain to be resolved with respect to

the simple functioning of oxidizing cytochrome £. These are (a) What

are the rate limiting steps for cytochrome £ oxidation at the "T" euid

"L" sites? The scheme in Fig. 13 yields several kinetic models which

will predict several rate equations. On the basis of the information

presently available, is it possible to select a probable model and

will this model bear out new experimental tests? Based on the litera-

ture a model has been sxiggested, (b) If the T site possesses a low turn-

over as claimed by Ferguson-Miller et al (19 78 b) why is this so? It

appears this site is the one responsible for electron transfer from

cyt. £ -r to cyt. aag. Therefore, a low turnover would not appear to

make sense. Perhaps the site is limited by cytochrome c dissociation.

Does this have any physiological significance? (c) How much do electro-
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static interactions contribute to the binding of cytochrome £ to

cytochrome oxidase? If the effect is large, one expects ionic strength

and anion binding to affect the reaction significantly. If this is the

case, then a change in the energy state of the cell, which will include

fluctuations in phosphate, citrate, ADP and ATP concentrations, will

have a large effect on electron transfer from cyt . c_ to cytochrome

oxidase, (d) The results presented by Osheroff et al (1978) suggest

citrate acts non-competitively at the T site and competitively at the

L site. These results are inconsistent with those of Brautlgnan et al

(1980) which suggest citrate binds the same site on cytochrome c_ as

the oxidase. Can this phenomenon be explained? and finally (e) Why

can anions such as chloride, phosphate (Brautigan et al, 1980) and

2-
CaEDTA (Brooks, 1980) distinguish between the ferro and ferri forms

of cytochrome £, whereas cytochrome oxidase apparently cannot? The

ability of cytochrome oxidase to bind cytochrome c_ in both ferri and

ferro forms must have some physiological significance.

Margoliash et^ al (1978) have shown that citrate affects cytochrome c-

cytochrome aa kinetics differently at the T site than the L site. Margoliash

(1965) has also shown that citrate binds cytochrome £ and thus the kinetic

effects seen in the presence of citrate must reflect differential binding

of cytochrome £ to the T and L sites. In the present study citrate was used

to monitor the reactions of cyt. £ with cyt. aa in order to determine the

rate limiting steps at both T and L sites, the effects of ionic strength on

the binding reactions, the nature of the cyt. £-anion-complex reaction

with cyt . aa and whether or not two distinct sites are visible on cyt . aa„
o —

3

for cyt. c.
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CHAPTER TWO

Materials, Methods and Data Analysis

(A) Enzyme Preparation

Isolated beef heart cytochrome c_ oxidase was prepared according to

Kuboyama, Yong and King (1972) and stored in 100 mM phosphate, 0.25%

tween-80 at -80°C (see flow chart. Fig. 14).

(B) Protein and Haem Determination

Protein content of isolated cytochrome c oxidase was determined by

the following Biuret method (Jacobs et al, 19 56): 0.05 to 0.15 ml sam-

ples containing between 2 and 6 mg protein were mixed with 0.1 ml 10%

(w/v) deoxycholate and 0.05ml 30% H„0 . After incubation at room tem-

perature for 2 to 3 minutes the volume was adjusted with distilled water

to 1.0 mla and 4.0 mL buiret reagent (1.5 gm/L cupric sulphate, 6.0 gm/L,

Na/K tartrate, 3% NaOH, stored in the dark) was added. The samples were

left in the dark for at least 2 hours at room temperature. Abscrbances

were measured on a Bauch and Lomb Spectronic 20 spectrophotometer (Ana-

lytical Systems Division, Scarborough, Ontario), using bovine serum

albumin as a standard.

Cytochrome _c oxidase concentration was determined spectrophoto-

metrically using an Aminco DW-2 uv/vis spectrophotometer

(American Instruments Company, Silver Springs, Maryland, U.S.A.); a

AAE value of 27 m f^ at 605 minus 630 nm, dithionite reduced minus

oxidized was used (for aa^, 13.5 mol~ per heme a) (Nicholls et al, 1978).

(C) Experimental

(i) Spectrophotometric Steady State Assays

Spectrophotometric assays were carried out using either an Aminco

DW-2 spectrophotometer or a Gilford single beam spectrophotometer (model

2400 from Gilford Instrument Co., Oberlin, Ohio) maintained at constant temp.
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FIGURE 11+ 53

Flow Chart for aa Extraction: (Kuboyama et al, 1972)

Beef Hearts: connective tissue and fat removed (3.7 Kg)

1

Mince

I

Put into 5 mM NaPhosphate buffer pH 7.4

\

Wring out

Blood
Mince

i
Homogenize

Centrifuge

Discard precipitate

( cell membranes . . .

)

Wash supemantant (10

I

pH 5.6

1)

ppt to Phosphate
Borate buffer
(1.2 1 of sub mito-
chondral particles)

add Na Chelate (10%)
and (NH^)2S0^

Spin

Discard supemantant

(antimycin A-sensitive cyt.

c reductase)

Greenish-Brovm snt.
add (NHj^)2S0^

i-

Fractionate with (NH^^) SO

ppt. to 0.1 M Na P.

10% Na Chelate

inciibate 10-12 hours

Spin

ppt. for NADH
dehydrogenase (tan)

and differential centrifugation
(enzyme comes out from 27-33%)

put in Tween-80 (1%) refractionate

(crude oxidase, yield
about 20 ml, 435^ aa )

with (NH^^)2S0j^ and differential

centrifugation (enzyme comes out
from 26-29%)

Check spectrum and activity
(Yield about 16 ml, 435 pM aa. heme
to protein = 10 . 7 n mole/mg: activity

250 s"
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using Haake temperature baths (model F4391, Haake Instruments, Saddle

Brook, California, U.S.A.). Standard lean cuvettes containing a total

volume between 2.7 and 3.1 ml, or micro sample cuvettes (path length

1 cm) containing a sample volume of 0.5 ml were used, reagents being

added with Pederssen( Lang-Levy) micropipettes

.

Cytochrome c concentrations were monitored at 550 nm (Gilford,

stopped flow, AE reduced minus oxidized 19.7 mM ) or 550 minus 540 nm

(DW2: AAE reduced minus oxidized 21.2 mM~ ) (Nicholls, 1976).

(ii) Cyanide Binding . Binding rates of cyanide to cytochrome c_

were measured at 418-405 nm ( AAE (cyanide bound minus native) = 27

mM , see Fig. 15). Dissociation rates of cyanide from cyancytochrome

c and equilibrium constant data were measured at 550-540 in the pre-

sence of 5 mM ascorbate and 150 uM TMPD.

(iii) Polarographic assays

Oxygen concentration assays were performed using an oxygen elec-

trode (Yellow Springs Instrument Company, Yellow Springs, Ohio U.S.A.)

maintained at constant temperature using a Haake temperature bath

(Model F4391), and a polarizing box and converter (Brock University)

and recorded on a Perkin-Elmer recorder (Model 56, Hatachi, Tokyo,

Japan). The total volume of the reaction vessel was constant at 4.13

ml. Reagents were added using Hamilton syringes; the contents were

constantly stirred by the insertion of a magnetic stir bar in the reac-

tion vessel which was placed on a Thomas-magne-mati c stirrer (model

14, Arthur H. Thomas Company, Philadelphia, Pennsylvania, U.S.A.)

maintained at a constant rate by a rheostat (Omite Manufacturing Com-

pany, Stokie, Illinois, U.S.A.) (see Fig. 16).
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FIGURE 15

Legend

Difference spectrum of cyancytochrome c_ minus native cytochrome £.

Abscissa shows AE (mM ). Ordinate shows wavelength in nanemeters.

+3
Reference : 5 yu M cyt . c_

Sample: 5 mM cyt. £ plus 3 mM CN~ incubated for 67 hours at 4 C.

100 mM phosphate, pH 7.4, 30°C.
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FIGURE 15

LEGEND

Oxygen electrode apparatus

A: temperature bath

B: rheostat

C: magnetic stirrer

D: stir bar

E: reaction vessel temperature bath

F: reaction vessel

G: oxygen electrode

H: polarizing box and converter

I : recorder
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(iv) Stopped Flow Assays

Stopped flow kinetic measurements were carried out on a Durriom-

Gibson Model D-110 single beam stopped-flow spectrophotometer (Dionex,

Hunnyvale, California, U.S.A.) maintained at constant temperature using

a Tamson temperature bath (Model PBC-U, Neslab Instruments Incorporated,

Portsmouth, New Hampshire, U.S.A.). The readings were recorded on a

Gould oscilloscope (model OS 4000 digital storage oscilloscope coupled

to a unit "+001 output, Gould, Hainault, Essex, England) and printed out

on a Fisher-Recordall (series 5000, Houston Instruments, Austin, Texas,

U.S.A.). The changes in cytochrome c_ redox state were monitored at

550 nm (see Fig. 17).

(v) Anaerobic Techniques

Anaerobic solutions of cytochrome c - cytochrome c_ oxidase were

prepared using the apparatus shown in Fig. 18. Solutions were first

flushed with pre-purified nitrogen (Union Carbide Company) for 10 min-

utes and then evacuated three times and refilled with nitrogen which

was stored over an oxygen scavenging solution.

( vi

)

Column Chromatography

Colvmin experiments involving cyt. c and cytochrome oxidase were

performed using Sephadex G-lOO (Pharmacia) on a 14 cm x 1.2 cm (diameter)

column. Dissociating columns were prepared by pre-incubating a sample

of cyt. c and cytochrome oxidase (2.5 to 1) at 40 C for 5 minutes in

the appropriate buffer. After incubation the cyt. c - cyt. oxidase

mixture was placed on the top of the column (pre-equilibrated with the

appropriate buffer)

.

When chromatographed the mixture separated into 2 bands a leading

green-brown band which contained cyt. c complexed with cyt. aa_, and
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FIGURE 17

Legend

Stopped-flow system.

A: temperature bath

B: compressed air cylinder

C: olunger drive system

D £ D' ; syringes holding reactants

E : mixing chamber

F: spectrophotometer light source

G: photomultiplier

H: recording oscilloscope

I : recording chart and paper
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FIGURE 18

Legend

Vacuum system for preparing anaerobic solutions

A: vacuum pump

B : 6 litre flask open to the atmosphere containing an oxygen

scavenging solution (2N NaOH, 2 iriM dithionite and 10 mM

anthraquinone) with a liquid paraffin layer on top

C: 6 litre flask filler with N gas over the "oxygen scavenging

solution"

D: liquid N cooled moisture trap

E: de-gassing flask

F: syringe

G : mercury column
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a trailing red band which contained only cytochrome c^. Both bands were

collected and a reduced minus oxidized spectrum was taken for each

fraction. The experiments were repeated three times for each condition

and the results cited are given as a mean of the three runs (see Fig.

19).

Oxidized cytochrome c loaded columns ("associating" columns)

(Hummel and Dryer columns, see Ackersl976) were prepared by pre-

equilibrating the G-lOO Sephadex column with 30 uM cyt. c_ dissolved in

either TRIS-MOPS or TRIS-citrate (see section D for abbreviations used).

An equimolar mixture of cyt. c_ and cyt. aa. (30 iiM) was pre-inciAated

for five minutes at 4 C and placed on the column.

As the mixture ran down the column two bands were visible: a

leading band containing cyt. c^ and cyt. aa„ (dark brown) and a trailing

band which was cytochrome c depleted. The fractions were collected and

assayed at 500 nm minus 540 nm (reduced minus oxidized) for the cyt. c

concentration and at 605 minus 630 (reduced minus oxidized) for the

cyt. aa„ concentration.

For associating colxomns under reducing conditions, the column of

Sephadex G-lOO was prepared with a nitrogen flushed buffer which con-

tained 1 mM dithionite as an oxygen scavenger. Dithionite reacts with

o:qrgen in the following manner (Metzler, 1978):

Na2 Sg 0^^ + 2H'^ + 3^02 H^O + 2SO2 + 2Na''" ...(xxv)

The column was maintained under N^ gas as shown in Fig. 20. 0.2

ml fractions were collected from the column and added to 0.5 ml

100 mM phosphate pH 7.2 (+ 1 mM dithionite). Oxidized samples were ob-

tained by adding O.Dl.mL ofO.175 M K^Fe (CN) to 0.8 ml samples. Ab-

sorbance measurements were made at 550, 540, 605 and 6 30 nm (reduced
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FIGURE 19

Dissociation chromatography of the cytochrome c - cytochrome aa„—
CJ

complex.

Sequence for performing dissociating columns: a cytochrome c and cyto-

chrome aa„ mixture is placed on the top of a G-lOO Sephadex column

(25 cm X 1.9 cm dia; 50 ml volume). The column is allowed to run and

each fraction is collected. A spectrum is then taken for each fraction

to determine the c_ : aa- ratio A typical run contained 150 uM _c

and 50 uM cytochrome aa_ initially, placed in 5 mM TRIS-MOPS buffer

pH 7.2 at 4 C. The flow rate was approximately 0.6 ml per minute.
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FIGURE 20

Legend

Anaerobic column apparatus : associating column

A: 6 litre flask open to the atmosphere containing the "oxygen

scavenging solution"and a liquid paraffin layer

B: 6 litre flask containing N gas over the "oxygen scavenging

solution"

C: N presurized flask containing 30 uM cyt . c_ in buffer

D: syringe for introducing the c^aa mixture

E: G-25 Sephadex cap

F: 14 cm X 1.2 cm ( diameter ) Sephadex G-lOO column. Total

volume is 20 mL

G: electric eye drop counter

H: drop counter and sample changer
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FIGURE 21

Associating column chromatography of cytochrome _c - cytochrome oxidase:

Hummel-Dryer procedure.

The figure shows a typical result of a column experiment. A 1:1 cyto-

chrome £ : cytochrome oxidase solution (30 uM) was placed on the top of

a 14 cm X 1.2 cm (diameter) Sephadex G-lOO column pre-equilibriated

with cytochrome c of the same concentration as that in the c : aa, mix-— — o

ture (30 pM). The column was chromatographed and the resulting fractions

collected and analysed at 500 minus 540 nm (c^) and 605 minus 630 nm

(aa^). The results are then plotted as shown:

A: baseline (cyt. c_ - buffer equilibrated column)

B: peak of c5rtochrome aa^ bound cytochrome c_

C: trough of deple ted cyt. c_ (equal to the B peak)

D: peak of cytochrome aa^
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mlnxis oxidized samples) in micro cuvettes in the Gilford spectrophoto-

meter. All columns were run at pH 7.2 and 4 C. A typical column result

is shown in Fig. 21.

(D) Reagents

Unless otherwise stated below, all reagents were obtained from the

Sigma Chemical Company, St. Louis, Missouri, U.S.A. and were of the

highest quality available. Potassium cyanide and sodium dithionite were

obtained from B.D.H. Limited, Laboratory Chemicals Division, Poole,

England. Feirricytochrome c from horse heart (Sigma type VI) was made up

beforehand to 1 mM concentration and stored at -20 C. Ferrocytochrome c_

was prepared by reducing a 2 mM solution of ferricytochrome _c with 30 mM

ascorbate, incubating at 4 C for 20 minutes and passing through a G-25

sephadex column (Ferguson-Miller et al, 1978 b). To secure completely

oxidized cytochrome c (for cyanide binding experiments) cyt. c was

mixed with potassium ferricyanide and dialysed against water for one

day at 4^ C. The resulting dialyzed cytochrome c_ was stored in solution

at -20°C.

Buffer solutions of morpholinopropane sulphonic acid (MOPS) and

tris (hydroxy- methyl) methylamine (2-amino-2-hydroxy methyl) propane 1,

3-diol (TRIS) were made and stored at room temperature. Buffer solutions

of Na/ citrate and Na/cacodylate were prepared in the same manner. Buf-

fered solutions of ATP were prepared freshly each day. Stock solutions

of Na /citrate (1 M) and NaCl (3 M) were stored at room temperature. All

other solutions were stored at -20 C.

(E) Theoretical and Data Analysis

(i) Kinetic experiments

.

(a) Cytochrome c_ - cytochrome oxidase kinetics: Typical spectro-
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photometric tracings are shown in Fig. 22 a-d. Changes in cytochrome c_

redox state or in concentration of cyancytochrome c_ obey the Beers-

Lambert law (eq xxvi ) both in single and dual beam measurements:

A = E • 1 • c . ..(xxvi)

where: A: is the absorbance

E: is the differential extinction
coefficient ( AE or AAE)

c: is the concentration of the
absorbing species

Calculations of rates obtained from steady state experiments (Fig.

22 a) were performed as follows: the rate of cyt. c^ reaction is given

by the rate of ojqrgen uptake, thus:

obs ...(xxvii)

tan

Where t is the time taken for anaerobosis, the factor 4 arises since

four (U) electrons are required to reduce one molecule of oxygen
j [_0oJ

is the oxygen concentration of the buffer solution (approximately 230

iL\M); at 30 C in 0.1 M phosphate we have:

920 ( eq/1) . ....V = i—ii ...(xxviii)
obs

J. / \
tan (sec)

V , is related to the rate of oxygen consumption at 100% reduction of

cytochrome £. '^'
» according to (see Nicholls, 1964):

v* = V ^^ X [ - tot] ...(xxix)

[^^s]

The rate of oxygen uptake can also be measured polarographically

(Fig. 23) by using the following equation:

V •= A^ x 920 (Keg e/1) ...(xxx)

Ax a'(sec)





66

FIGURE 22 a

Typical spectroscopic tracing showing ascorbate or ascorbate-TMPD in-

duced steady state in the presence of cytochrome aa, '• single or dual

beam tracings. Experiments are performed at 550 nm (single beam,

AE = 19.7 mM~ ) or 550 minus 5W nm (dual beam.AAE = 21.2 mM~ ).

30 C, 30 nM aa^, pH 7.2 cytochrome £ varied from 1.1 to 18 nM, total

volume 2.7 ml.
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FIGURE 22 b

+3
Stopped-flow experiments: reduction of c_ by asc. or asc-TMPD and

+2
reduction of cyt . a^ by £ .

Experiments are performed at 550 nm (cyt. c, AE = 19.7 mM ), 605 nm

(cyt. a, A E = 24.8 mM~ ) or at 445nm (cyt. ja and cyt. a^, AE =

170 mM"""") (Hill and Nicholls, 1980).

Solutions are prepared beforehand and injected into the reaction vessel

by syringes (see Fig. 17).
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FIGURE 22 c 68

Smith-Conrad assay: oxidation of ferrocytochrome c by oxygen mediated

by cyt. aa.

+2 -1
Experiments are performed at 550 minus 540 nm (AAE (c ) = 21.2 mM )

(Hill and Nicholls, 1980). Oxidation is followed by the decrease in

absorbance.
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^ FIGURE 22 d

Cyanide binding to cytochrome £: spectrophotometric method:

i Assays were performed at 418 - 405 nm. A typical experiment involves

I
17 yH cytochrome £, 30°C pH 7.2, 30 mM TRIS-MOPS buffer and 3.5 mM

V cyanide.

1
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FIGURE 23

Cytochrome £ - cytochrome oxidase kinetics: polarographic assay.

Cytochrome oxidase (30 nM), ascorbate (3 mM) and TMPD (0.15 mM) are

added to the reaction vessel which contains 4.1 ml buffer. A slight

oxygen uptake occurs due to reduction of cytochrome aa^ by TMPD.

Cytochrome £ is then added (0.25 uM to 100 uM) and the oxygen uptake

increases. Further cytochrome c_ is added and the rate increases. The

rate of reaction is given by eq (xxvii ). Typical conditions are 30 mM

TRIS-MOPS pH 7.2 and 30 °C.
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(b) Kinetic stopped flow: Analysis of cytochrome _c reduction by as-

corbate plus or minus TMPD (stopped flow. Fig. 22 c) was performed as

follows

:

Consider the reaction in eq (xxxi)

2 c"*"^ + AH,
+2 +

2 c + A + 2H . . .(xxxi)

the rate of reaction is given by eq (xxxii)

. . . ( xxxii

)

dt

, (xxxiii)

. ( xxxiv)

. . .(xxxv)

Integrating we get:

m [c^3] = -2 kg. [ah^] . t - c'

at t = 0, [£" ] = [c^Q-p] and:

^ [£tot] = - c'

Combining eq (xxxiii) and eq (xxxiv) we get:

ln( [c^'] /[c^oJ ) = 2 kg -[ahJ. t

By plotting In ( I £ J /
I £tot J

^ versus time we obtain a

straight line with a slope of -2 k_' AH.

(c) Spectrophotometric assayq: Spectrophotometric assays (Fig.

22 c) were analysed as follows. Although we are working at high ferri-

cytochrome c concentrations and low enzyme concentrations, and thus

might expect zero order kinetics, the reaction is apparently first order.

This behaviour (first shown by Smith and Conrad, 1956) indicates a

form of product inhibition where binding affinity for product and sub-

strate are equal (Minnaert, 1961 a). A general equation for product in-

hibition may be derived as follows: the Michaelis equation which includes

product binding (see Ccmish-Bowden, 1976) is differentiated to give
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eq (xxxvi)

dP= V'CSq-P) ...(xxxvi)

^"•^ K ( 1+ P/K ) + S - P
m p o

where P is product concentration So is

initial substrate concentration.

Kfj,: is the Michaelis binding constant

for substrate

Kp : is the product dissociation con-

stant.

Integrating, following Cornish-Bowden (1976):

1/ln (Sq/S) =(1/V)(1 - K^/K^) (S^ - S) + Km ( 1 + S^/K )

(InSo/S) V

. ..(xxxvii)

where t is time

: S is sxjbstrate concentration at

time t.

Thus, a plot of t/ln (S^/S) vs (SQ/S)/ln (S^/S) generates a straight

line with slope(l/v)(l - \/\) and intercept K^/V (1 + S^/K ). Extra-

polation of the line to the point S^ = (S^ - S)/ln (S^/S) gives (see

Cornish-Bowden, 1976):

t^ = 1/v (1 - vi^) s^ + vv (1 + s^/i<p)

In (S^/S)
^ ^

= (Sq + 1^)/V = S^/v^ ...(xxxviii)

The resulting graph is a plot of ^q^o ^^* ^o ^^^ °'^® ^^^'^ ^^® equation xviii

to calculate the relative parameters (see Fig. 24).

(d) Cyanide - cytochrome c_ interaction: Equations (see Fig. 22 d)

used in cyanide binding studies were the same as those used for the

ascorbate or ascorbate-TMPD reduction reactions. Since only one cyanide
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FIGURE 24

Jennings and Niemann (Cornish- Bo v«ien, 1975) plot for Smith-Conrad

assay.

The plot is a theoretical extrapolation of equation (xxxvii) to

S = S which includes two binding sites. The resulting line is from

equat
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reacts with one molecule of cytochrome c:

In ([cCN"J /[c]
TOT ^ = "

^CN~
'
f^^"]

' * ...(xxxix)

where: £ CN
J

is the amount of cyan-

cytochrome £ at time t,

CN I is the cyanide concentration,

a plot of In [c CN"1 /rcl ^ against t will yield k -
.

(ii) Colijmn experiments ; Results from dissociating columns were

analysed following the treatment of Dixon ( 19 76 ) . From the definition

of the dissociation constant k:

k = [L]-(l-y) ...(xl)

y

where [l] : is the ligand concentration

y : is the final saturation of

the compound

.

Since the loss of ligand from the macromolecule as it passes

through dv of solution is Ca- dy. Thus we can say:

[l] • dv = - Ca • dy ...(x.li)

where: C is the concentration of a

volume "a" of solution of macromolecule

Combining xl and xli:

y - 1 dy = Kdv ...(xlii)
y Ca

Integrating between y = 1 only (v = and v = oo ):

y.

/ (y-1) dy = Kv
•J y Ca
1

which gives eq(xlii):

y- Iny - 1 = Kv/Ca ...(xliii)

where v is the column volume
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(iii) Cytochrome c. - TMPD equilibriimi assay: Equillbriinn experiments

were analysed in the following manner. Consider the following equili-

brium (from Dutton and Wilson, 19 7U):

ne

OX

1
Ko

Em

OX-L

1
•

ne

— Red

R
. . .(xliv)

^ Red
Em,

at equilibrium:

[ox - l]
K
•o fOx] pj

_ [red - L ]
^ " [red] [L]

At the half reduction point, E

[ox - l] + [ox] = [red - l] + [red]

the measured half reduction potential is therefore:

0.059 ,._ 1 + KR [l]

. ..(xlv)

. . .(xlvi)

1

or

^ ~ ^2 ~

0.059

^°S 1 t Ko [L]

KR (1 + Ko [L] )

^°S Ko (1 + KR LlJ

..(a)

..(b)

. ..(xlvii)

For the present system:

[l] = citrate

[ox] = c'^

[red] = £

n = 1 for cytochrome c (see Theorell and Akesson, 1941)

The equilibrium assay was performed by mixing 21 uM cytochrome £

with 21 uM TMPD in 30 mM TRIS-MOPS. An initial spectrum was taken and

Na-citrate (pH 7.2) was then added to the reaction flask and the mixtiire

allowed to stand for 2-3 minutes (absorbance at 550 nm was constant). The

spectrum of the new equilibrium position was taken and the process

repeated for subsequent Na-citrate additions. In performing an equili-
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brium assay, we are measuring the difference in redox potentials between

TMPD and cytochrome c thus:

E° = 0.059 log (Keq) app. = (E c) app - (E°TMPD) app

. . .(xlviii)

If E TMPD remains constant equations xlvii and xlviii

may be combined:

cit]
E = (E^ c)^ + 0.059 log mi

...Cxlix)

P - (r°\^ n nRQ i«„ KR ( 1 + Ko [cit
^ - ^^ ^^final" °-°^9 l°g

Ko (1 + KR Qcit

. ..(a)

)

)

..(b)

I
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CHAPTER THREE

Results

(A) Effect of Anions on the Redox Properties of Cytochrome c_

The reduction of cytochrome c by ascorbate is sensitive to factors

which either alter the overall charge on one of the two reactants or

interfere with the interaction of the two reagents (Van Leeuwen et al,

1981; Smith et al, 1980; Smith and Millett 1980). This is because the

reaction between cytochrome c and ascorbate is ionic in nature; cyto-

chrome c is positively charged at pH 7.0 and has a net charge of +9

(Margoliash et al, 1970), ascorbate is negatively charged at neutral

pH and has a charge of -1 (Van Leeuwen et al, 1981; VOierland and Gray,

1976). When charge interactions are optimal, the reaction proceeds

swiftly. Thus, changes in pH, which affect charges on the amino acid

"R" groups according to their pK '^s, or decreases in the total charge
^ a

on cytochrome £ as obtained by acetylating the lysines (Ferguson-Miller

et al, 1978) will diminish the rate of reaction between ascorbate and

ferricytochrome c_.

Anions such as chloride, phosphate or citrate are known to decrease

the reaction rates between cytochrome c and various redox reagents

(Stonehuemer et al, 1977; Osheroff et al, 1978, 1980). These effects

can be attributed to: (a) changes in ionic strength which occur when

concentrations of ions are altered according to;

^=^^i ''4 ...(xiv)

where: tt is ionic strength, C. is the

concentration of an ionic solute Z^

is the charge of the solute.

(b) Binding of ions to cytochrome c^ .reducing its overall charge
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(Margoliash and Barlow, 1970) or (c) Binding of ions to cytochrome £

at a site which normally reacts with ascorbate.

Several anionic buffer media were employed in the experiment of

Figure 25. In this experiment ascorbate was added to a solution of ferri-

cytochrome c in the appropriate buffer solution, and the reaction was

monitored at 550 minus 540 nm in the Aminco Spectrophotometer (AAE =

21.3jmM~ ). The second order rate constants were calculated from the

slope of plots of In ( I £ |
/ r£tQ^J ) / l^oJ '^®^^^^ ''^^''"® ^^®®

Appendix A). The resulting second order rate constants (k) are graphed

against ion concentration in F igure 25. The abscissae in Fig. 25 are

marked in such a manner as to equate the ionic strengths of the various

buffer solutions, using eq (xlv). Thus the ionic strength of a solution

of 0.6 M MOPS is equal to the ionic strength of a solution of 0.23 M

phosphate. If increasing the anion concentration only increased the

ionic strength of the solution, the five curves drawn in F igure 25

should overlap. This is clearly not the case. As can be seen below

(Table Iir) the apparent inhibition constant, calculated by taking the

midpoint between the rate at zero buffer and the rate at maximal buf-

fer concentration, follows a general trend not obeyed by cacodylate

such that for most of the anions, as the charge increases, the apparent

inhibition constant decreases.

In an attempt to separate the specific effects and those of ionic

strength, isoionic buffer solutions of TRIS-MOPS and TRIS-Citrate were

prepared at three different ionic strengths: 12 mM, 30 mM and 600 mM.

Using the stopped flow (see Fig. 22c, materials and methods) spectro-

photometer at 550 nm^and constant cytochrome c and ascorbate concentra-

tion, the results of Fig. 26 were obtained (see Appendix B for log
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FIGURE 25

Effect of anion concentration on reduction of ferricytochrome c by

ascorbate.

Ordinate shows the second order rate constant in M S

Abscissa shows anion concentration in M.

Date from Appendix A.

30 jM cyt. £, 0.32 mM ascorbate, T = 30°C, pH 7.2, total volume = 2.8 ml

• : k'*'.MOPS

O : K /Phosphate

^: K'^/Citrate

A: k''"/ATP

K /Cacodylate (same scale as K /MOPS)

I
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TABLE III

Cytochrome c^ reduction by ascorbate: apparent inhibition constants

for various anionic buffers*.

anion: charge K. ^^ (M)

MOPS -1 0.09

Cacodylate -1 0.02

Phosphate -2.3 . 19

Citrate -3.0 0.005

ATP -if.O 0.002

pH 7.2, 30°C

see figure 25 for conditions
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FIGURE 26

Effect of ionic strength and citrate concentration on the ascorbate

reduction of cyt. c: stopped flow assay.

Abscissa shows the second order rate constant in M S

Ordinate shows citrate concentration in mM.

10 uM cyt. £, 10 mM ascorbate, T = 30°C, pH 7.2.

# : 12 mM TRIS-MOPS/citrate, ^ - 22 mM

O : 30 mM TRIS-MOPS/citrate, u = 40 mM

A: 600 mM TRIS-MOPS/citrate, u = 610 mM
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TABLE IV

Kinetic parameters for citrate binding, from Figure 26 .

ionic strength k (M'V"'-) k^ (m'V''-) K^°^^(mM)

(mM)

22 95 48 0£ mM

HO 71 45 1.0 mM

610 7.5 5.0 1 3 mM
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plots). In this figure, the second order rate constant was plotted

against citrate concentration at three different ionic strengths . Three

separate trends are apparent from the figure. Firstly, as the ionic

strength increases (increasing TRIS-MOPS concentration) the second order

rate constant decreases. This is in accordance with Fig, 25. Secondly,

as citrate concentration increases (from left to right in Fig. 26), the

second order rate constant decreases . This experiment measures only the

specific citrate effect as the ionic strength is held constant during

one experiment. Finally, as ionic strength increases, the observed dissociation

constant for citrate (K ) increases. This parameter is measured by

taking the mid point between the rate at zero citrate concentration and

the rate at maximal citrate concentration. It is also obvious that the

curves tend toward finite rate constants (k^,) at high citrate concentrations

.

This demonstrates that citrate itself only partially blocks electron

transfer between cytochrome _c and ascorbate, and that at a constant ionic

strength a finite rate of electron transfer is apparent at infinite citrate

.

Both ferri and ferro cytochrome c_ bind citrate. This is shown in

Table V and Fig. 27. This experiment was essentially an equilibrium

assay. An equimolar mixture of TMPD and cytochrome £ was incubated for

a few minutes and the spectrum of the mixture was taken. Citrate was

then added and the reaction allowed to reach equilibrium. Another spec-

trum was taken and this procedure was continued until about 70mM citrate

was present in the reaction cuvette. The fully reduced spectrum was

then taken. The resulting equilibrium position was calculated for each

citrate concentration. Using this data and eq(xlviii ,see Materials and

Methods) the difference between the apparent redox potentials of cyto-

chrome c and TMPD was calculated. This system was essentially analogous





m

TABLE V

Effect of citrate on the cytochrome £ - TMPD equilibrium: pH 7.2,

30 C other conditions as in ligand to Fig. 25.

Citrate] (mM)
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FIGURE 27

Effect of citrate on the apparent redox potential of cytochrome c:

equilibriiffli assay.

Ordinate shows citrate concentration in mM.

Abscissa shows the difference in apparent redox potentials between

cyt. c and TMPD calculated from eq xlvii ^ in millivolts.

21.2 ;iM cyt. c , 21.2 ;iM TMPD, pH 7.2, 30 mM TRIS-MOPS, T= 30 °C,

total volume = 3.0 ml.

b
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to that of Fig. 2 5, where ionic strength increased with increasing

citrate concentration.

The decrease in the apparent potential of cytochrome £ (assuming

E TMPD is constant) indicates that citrate is binding ferric3rtochrome

c with a higher affinity than that shown for ferrocytochrome c_. The

difference between the potential at zero citrate and infinite citrate

concentrations is a measure of relative affinity of ferrocytochrome c_

for citrate. Using eq (xl\)(Materials and Methods) a theoretical line

(see Fig. 28) was constructed. The curve has the following parameters:11
E° = 260 mV, E° = 221 mV, K°'*= 2 mM, K^® = 8 mM. The symbols correspond

to the following scheme:

Scheme I

TMPD + c

cit

+3
c"*"^ + TMPD"*"

-1

,ox
K
red

TMPD + (cit c"*"^)

cit

-^ (cit c"*"^) + TMPD'*'

k^/k_^ = k^/k,^

Thus it appears that citrate binding is sensitive to the redox state

of cytochrome c_. Such a binding site is said to be heme-linked.

Although the reduction of cytochrome c by ascorbate is partially

inhibited by citrate, the reduction by TMPD appears not to be (see

Fig. 28 a £ 28 b). This may be due to one of two possible factors:

either (a) TMPD is uncharged and therefore this reaction is not sensi-

tive to the charge on cytochrome £, or (b) TMPD acts at more than one

site on cytochrome c_. It can reduce both cytochrome oxidase bound

cytochrome c as well as free cytochrome c_ (Osheroff et al, 1978). As

the "thermodynamic" reaction between cytochrome c and TMPD is affected
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FIGURE 28a

Effect of citrate on TMPD reduction of cytochrome c_:

stopped flow assay.

Ordinate shows the negative log of the substrate divided by total

cytochrome c. Abscissa shows time in seconds.

2 mM ascorbate, 0.15 mM TMPD, 10 uM cytochrome c_, pH 7.2, 30°C,

y= 30 mM.

O: 30 mM TRIS-MOPS

•: 1 mM citrate/TRIS-MOPS

A: 2 mM citrate/TRIS-MOPS

A: 3 mM citrate/TRIS-MOPS

D: 4 mM citrate/TRIS-MOPS

: 5 mM citrate/TRIS-MOPS
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FIGURE 28b

Effect of citrate on TMPD reduction of cytochrome c_:

Stopped flow assay

Ordinate shows second order rate constant in M s . Abscissa
shows citrate concentration in mM.

10 fM cytochrome c_, 2 mM ascorbate, 0.15 mM TMPD, pH 7.2, SQOC.

Second order rate constants are from Figure 28a.

30 mM TRIS-MOPS and 5 mM citrate/TRIS were mixed in various proportions

to obtain the correct citrate concentration. Ionic strength was 30 mM.





FIG 28 b
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by citrate (Fig. 2"^ yet the forward reaction rate is not, the reverse

+ +3
reaction rate, between TMPD and cytochrome c_ , must be. Thus,..from

scheme I, it may be concluded that k_,/k_ =4.

(B) Effect of Citrate on the Reaction Between Cytochrome c. and Cyanide

The spectrum of cyanide bound cyt. £ in both reduced and oxidized

forms is presented in Fig. 29 a. As can be seen, the spectrum differs

from that of native cytochrome c_. This is in contrast to the spectrum of

citrate bound cytochrome c which shows no change from that of citrate-

free cytochrome c, indicating that cyanide binds much closer tb the

heme iron (Fig. 29 b). It has been suggested that cyanide binds directly

to the iron, displacing methionine -80 (Dickerson and Timkovich, 1976;

Nicholls and J^ochan, 1972). This seems likely as the resulting spectrum

shows no 695 nm band (characteristic of the sulphur-iron bond). Fur-

thermore, the spectrum is red-shifted in both the Soret and the visible

regions

.

The cyanide derivative is inert to reduction by both ascorbate

and TMPD but is readily reduced by strong reductants such as dithionite,

a result indicating that the redox properties are greatly affected. The

reduced cyancytochrome c species is unstable and dissociates to native

reduced cytochrome _c with a half-life of about 60 seconds

.

The data in Fig. 30, 31 and 32, show how several factors affect

the rate of cyanide binding to cytochrome c^. Fig. 30 a demonstrates

that both citrate and cytochrome aa^ diminish the k ("on" constant

for cyanide binding)

.

The "off" constants, determined by adding ascorbate and TMPD, and

then measuring the increase in absorbance at 550 minus 540 nm, do not

appear to be affected by either citrate or cytochrome oxidase (Fig. 30b),
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FIGURE 29a

Spectra of ferri- and ferro- forms of native and cyanide bound
cytochrome c_.

The spectra were recorded on an Aminco DW-2 Spectrophotometer.
Ordinate shows absorbance and abscissa shows the wavelength in nm.

To obtain the cyancytochrome c complex, 15 uM cytochrome c was
incubated with 3 mM cyanide at pH 8.H at room temperature (in
50 mM sodium phosphate). After 30 minutes, the sample was brought
to pH 7.4- with additional phosphoric acid and the spectra was
taken. The sample was diluted 1/5 for the Soret region. The
sample was then reduced with dithionlte and a spectrum taken.

A control was riin where cytochrome c was incubated at pH 8,^
without cyanide present . The spectra show no difference from
native cytochrome c_.

native cytochrome croxldized

cyancytochrome c: oxidized

cyancytochrome c_:reduced (immediate)

cyancytochrome c_:reduced (1200 sec)

native cytochrome c:reduced (immediate)
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r

FIGURE 30a

Effect of citrate and cytochrome aa;^ on the rate of cyancytochrome c

complex formation.
~~

Ordinate shows In (unreacted cytochrome c divided by total reacted
cytochrome c_) . Abscissa shows time in seconds.

3.78 ^M cytochrome c_, 3.65 mM cyanide, 30^0, pH 7.2, total volume
2.8 mL, u = 5 mM.

• : 5 mM TRIS-MOPS

O: 5 mM TRIS-MOPS plus 3.8 uM aa^

A: 0.86 mM citrate/TRIS





FIG 30 a
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FIGURE 30b

Effect of citrate and cy-tochrome aa^ on the dissociation constant
of cytochrome c_ bound to cyanide.

Ordinate shows In absorbance at SSO-S'tO nm. A is the absorbance
of fully dissociated cyancytochrome c_ obtained by adding dithionite
and waiting for 1000 seconds. A. is the absorbance at 5 50-590 nm
at time t. Abscissa shows time m seconds. 30°C, pH 7.2, u = 8 mM

O: control. 5 mM TRIS/MOPS. Cyancytochrome c_ was obtained by
reacting 20 ^M cytochrome c_ with 3 mM cyanide for 20 hours at
pH 7.2. The sample was then treated with 3.7 mM ascorbate and
0.167 mM TMPD.

#: + citrate. 0.86 mM citrate/TRIS. Cyancytochrome c_ was
obtained by reacting 5.4 uM cytochrome c_ with 3.67 mM cyanide for
1000 seconds. The sample was then treated with 3.7 mM ascorbate
and 0.167 mM TMPD.

A: + aag. 5 mM TRIS/MOPS. Cyancytochrome c_ was obtained as
above, but the medium contained 4.37 ^M aas and 4.58 jaM cytochrome
c_. The sample was then reacted with 3.7 mM ascorbate and 0,167 mM
TMPD.
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This is probably because the dissociation rate constant for cyanide is

much less than the dissociation rate constants of either citrate or

cytochrome oxidase from cytochrome c_ (Ferguson-Miller et al, 1978 b)

However, the K (equilibrium constant) values are affected. These
eq

can be estimated by dividing k „ by k (see Table 2D, but a more di-

rect assay of cytochrome oxidase effects on cyanide binding is shown

in Fig. 31. This is an equilibrium assay performed at H C with (B) or

without (A) cytochrome oxidase.

Ionic strength also affects cytochrome c_ cyanide complex formation

as shown in Fig. 32. Here another equilibrixim assay was performed and

the change in absorbance at 550-540 nm upon addition of ascorbate and

TMPD was plotted against cyanide concentration. The largest effect is

due to changes in the ionic strength (open circles and solid triangles,

Fig. 32). Increasing the latter from 5 mM to 30 mM causes the K to
eq

increase from 40 yM to 250 uM. Citrate itself (closed circles. Fig. 32)

also affects the K , but to a lesser extent: K = 450 uM in 5 mM ci-

trate/TRIS. This is also shown in a kinetic assay system (Fig. 33). As

can be seen as ionic strength increases, the second order "k " decreases
on

(slopes in Fig. 33), while the dissociation rate constant (k ^^) appears

not to be affected by either ionic strength or citrate . Such effects of

ionic strength are expected because George and Tsou (1952) discovered

that the CN~ ion reacts about 250 times faster than does HCN and dis-

+7
sociates about 1 x 10 times more slowly. This leads to differences in

equilibrium constants for the ionic (CN~) and unionized forms of cyanide.

If cyanide reacts as an ion, it would be expected, in the light of the

earlier results ^that it would be affected by ionic strength. However, the

effect of citrate, which is not due to ionic strength, must be a specific one.
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FIGURE 31

Effect of cytochrome oxidase on cyancytochrome c complex formation:
equilibriijm assay.

Ordinate shows absorbance. Abscissa shows wavelength in nm.

10 mM TRIS-MOPS (^ = 10 mM) , pH 7 .4, samples incubated for
48 hoiirs at 4°C. 3.0 uM cytochrome c_, 100 uM cyanide.

A : control

B: plus 3.0 uM cytochrome aa;^

: oxidized cyancytochrome c complex

: plus 4 mM ascorbate, 150 ^M TMPD (immediate)

••••: plus dithionite (1000 seconds)





FIG 31
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FIGURE 32

Effect of citrate and ionic strength on cyanide binding to
cytochrome c_: equilibrium assay.

Ordinate shows reciprocal absorbance change at 550 minus 540

obtained by adding 3.7 mM ascorbate and 0.17 mM TMPD to a sample
incubated at 30°C for 20 hours. Abscissa shows reciprocal cyanide
concentration

.

30°C, pH 7.2, 20 uM cytochrome c_, cyanide varied from 50 uM to
10 mM.

~

A: 5 mM citrate/TRIS, u = 30 mM

O: 30 mM TRIS-MOPS, u - 30 mM

•: 5 mM TRIS-MOPS, ^ - 5 mM

Intercepts on the x-axis correspond to the K values listed in
Table VI

.

®^
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FIGURE 33

Guggenheim plot for the determination of the kinetic constants for
cyancytochrome c_ formation: effect of citrate and ionic strength.

Ordinate shows first order apparent on constants determined from
the half times of the reactions (Appendix C). Abscissa shows
cyanide concentration in mM.

20 pM cytochrome c_, 30°C, pH 7.2. Cyanide varied from 1 mM to
50 ^M.

• : 5 mM TRIS-MOPS: ;; = 5 mM

O: 30 mM TRIS-MOPS: ;i = 30 mM

: 5 mM citrate/TRIS : |^ = 30 mM
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TABLE VI

Kinetic and equilibrium constants for cyancjrtochrome c_ formation:
effect of citrate, cytochrome 333 and ionic strength.

See Figures 29, 30 and 31 for conditions.

Condition: kon (M"^s"^) k^ff (s"^) koff Kd (p)

(418-H05 nm) (550-51+0 nra) k^^
(;iM)

5 mM TRIS-MOPS 2.1^"^^ 7 x 10 ^ ''"'"^ 33 30^"""^

+ citrate 0.5^^^^ 5.0 x 10 ^ ^''"^ 100

+ aao 0.9^ ^
5.0 X 10 ^ '^ 56

.o'^*'

30 mM TRIS-MOPS 0.62^-'-^
7 x 10 ^

^"^^
113 160

250^2)

+ citrate 0.21 7 x 10~^ ^""-^ 333 260

450^2)

67 mM Pi/borate 0.39^^^ 1.9 x lO"^
^^^

50,5
(pH 7.2)

(1) from figure 33

(2) from figure 32

(3) from figure 30a

(4) from figure 30b

(5) from George and Tsou (1952)





I 99

(C) Interaction Between Cytochrome c_ and Cytochrome Oxidase

The action of citrate on the redox properties of cytochrome _c and

its reaction with cyanide have now been investigated. Citrate appears

to act specifically, as well as modifying ionic strength: citrate binds

to cytochrome _c.

Cytochrome oxidase, a large anion, also binds cytochrome c_ (Brautignan

et al , 1978) and this binding is influenced by changes in either the

ionic strength (Slater, 19M-9) or in the overall charge on cytochrome c_

(Brautignan et al, 1978). It is possible that citrate also affects this

reaction as it binds cytochrome c_ and lowers the overall charge (Margoliash

and Barlow, 1970).

To observe the results of citrate addition on the binding of cyto-

chrome aa column chromatography experiments were performed (see Materials

and Methods). The "dissociating" columns (Fig. 34), which give c/aa

ratios less than one measure binding of cytochrome c_ to the "tight" site.

The "tight" site is kinetically "visible" only at low cytochrome _c

concentrations and low ionic strength (see Introduction for a discussion of

cytochrome c_ binding to cytochrome oxidase). The cytochrome _c: cytochrome aa

ratios are tabulated in Table VII. As can be seen, the ratios themselves are

not greatly affected. However, the actual dissociation constants may be

if these values are calculated according to equation (xliii) (Materials and

Methods)

:

In y - 1 =
k -v

C -a

Where: y is the c_/aa ratio, k is the
o

dissociation constant, v is the column

volume, and ca is the number of moles of

cyt. aa present.
'o
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FIGURE 34

Column chromatography of cytochrome c/cytochrome oxidase mixtures

;

dissociating columns.

Ordinate shows absorbance. Abscissa shows wavelength in nm.

The figxires were obtained from the leading band of a mixture of
1 50 ^M cytochrome c_ and 50 ^M cytochrome oxidase, columned on
a Sephadex G-lOO col\imn. The column size was 25 cm high by
1.9 cm in diameter - giving a volume of about 50 mL. The flow
rate was about 0.6 mL per minute. T = 4°C, pH = 7.2, buffer as
follows

:

(a) 5 mM TRIS-MOPS, u = 5 mM

(b) 0.86 mM citrate/TRIS, ;^ = 5 mM

(c) 30 mM TRIS-MOPS, ;^
= 30 mM

(d) 5 mM citrate/TRIS, ^ = 30 mM
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For our systems we used 2 ml of 50 iiM cytochrome aa . It is

apparent that citrate may affect the binding at the "tight" site. As can

be seen, ionic strength also influences the interaction between the two

proteins : high ionic strength increased the value of K, from . 07 uM

(.)\
= 5mM) to 0.38 ^M (yt^ = 30 mM).

The "L" site can also be assayed with the column technique, but an

associating column must be employed. In this case, the column is saturated

with cytochrome c_ containing buffer, a mixture of cytochrome c_ and cyto-

chrome oxidase is placed on top, and the column is run. Figure 35 shows

such an experiment. In the picture of figure 35, a mixture of 30 uM cyt. £

and 30 ^M cyt. aa was layered on top of a column equilibrated with 30 uM

cyt . £. The bottom stopcock was opened , and the mixture was chromato-

graphed. As the mixture moved down the column two features were apparent: a

leading greenish-brown band (cytochrome c_ and cytochrome oxidase) and a

pale area following this leading band (cytochrome c depleated area).

(See also figure 21 in Materials and Methods)

The associating column data are presented in fig. 36 and 37, and

Table VII. These results demonstrate that citrate and ionic strength both

modify the binding at the "loose" site. This is in agreement with the

results of Osheroff et_ al (1978) who showed that citrate affects the kinetic

reaction of cytochrome c_ with cytochrome oxidase in a competitive

fashion at the L site. From the £/aa ratios, obtained by dividing the

area of the trough by the area of the cytochrome aa_ peak, one can

estimate the dissociation constants by:

K^ !« p - c/aal (c'^^)/(c/aa3 " ^^ "-^l^

Where :c/aa is the ratio of cyt. c

bound to cyt . oxidase
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FIGURE 35

Sephadex G-lOO coliimn chromatography: associating columns.

Two identical 1.2 cm (diameter) x 11 cm coltimns were equilibrated
with cytochrome c containing buffer (30 ^M). A one to one

mixture of cytochrome c/cytochrome aa^ was placed on the top and

the bottom value was opened. Flow rate - 0.3 mL/min.

A: control: 30 mM TRIS-MOPS

B: citrate: 5 mM citrate/TRIS





A B
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FIGURE 36

Effect of citrate on cytochrome c-cytochrome aa^ binding

:

Column chromatography

Ordinate shows concentration of absorbing species in uM.

Abscissa shows the fraction nvmiber.

23 ^M cytochrome c_, 25 fiM cytochrome aa^ was placed on a Sephadex
G-lOO column equilibrated with 25}iM cytochrome c in 4-°C, flow
rate = 0.3 mL/min, 14 cm x 1.2 cm diameter column (volume 20 mL),

5 mM TRIS-MOPS, pH 7.2, ;i = 5 mM

0.86 mM citrate-TRIS, pH 7.2, ;i = 5 mM

30 mM TRIS-MOPS, pH 7.2, ^ = 30 mM

5 mM citrate-TRIS, pH 7.2, ^ = 30 mM

Top trace is cjrtochrome c concentration. Bottom trace represents
cytochrome aa3 concentration.

shows c/aa ratios calculated by taking the amount of
cytochrome _c in excess of the baseline and dividing it
by the amount of cytochrome oxidase. These values were
calculated for each fraction in the first portion of
the graphs in figures c and d.

i
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FIGURE 37

Effect of citrate on cytochrome c-cytochrome aa^ binding under
reducing conditions: column chromatography.

Ordinate shows concentration of absorbing species in iiM.

Abscissa shows fraction number.

25 ^M cytochrome c_, 25 ^M aa^ was placed on a column, T = 4°C,
flow rate = 0.3 mL/min, Sephadex G-lOO 14 cm x 1.2 cm (diameter)
equilibrated with 25 uM cytochrome c_, 1 mM dithlonite in

5 mM TRIS-MOPS, pH 7.2, ^ = 5 mM

0.86 mM TRIS-citrate, pH 7.2, ^ = 5 mM

30 mM TRIS-MOPS, pH 7.2, ^ = 30 mM

5 mM citrate-TRIS, pH 7.2, ^ = 30 mM

Top trace represents cytochrome c_ concentration.
Bottom trace represents cytochrome aa-:; concentration.
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TABLE VII

Effect of citrate on cytochrome c-cytochrorae aa3 binding under various

conditions: column assay.

Column type c Medium c/aag"^ K(j (pM)

dissociating
(Fig. 32)

(Eq. xliii)

ferri 5 mM TRIS-MOPS

0. 86 mM citrate

30 mM TRIS-MOPS

5 mM citrate/TRIS

0.82
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A steady state reduction level of cytochrome _c results. This

steady state is determined by the rate of reduction of cytochrome _c

by the reductant, and the rate of cytochrome c_ oxidation by cytochrome aa

(see Fig. 22 a. Materials and Methods). Fig. 38, 39 and M-0 show the results

of such an assay. The major effect of increasing citrate concentration

is on the K (Table VIII). This agrees with the column studies which
m

suggested that cytochrome _c binding is modified in the presence of citrate.

At high ionic strength, most notably, and to a lesser extent at 12 mM and

30 mM, citrate increases the steady state reduction level of cyt. _c

and prolongs the anaerobiosis time.

An increase in the steady state reduction level indicates a decrease in

the cytochrome oxidase turnover. An increase in the anaerobiosis time oould

be due to either a decrease in the rate of ascorbate reduction of cyto-

chrome c_, or a decrease in cyt. oxidase reactivity. To examine this, one

can plot the observed rate constant (calculated from eq (xvii). Materials

+ 3
and Methods) against cytochrome c_ concentration in the steady state. Fig.

m shows the resulting graph. The observed values are close to those obtained

in the stopped flow system (Fig. 26). As can be seen, citrate decreases the

observed rate constants (Table IX), thus both increasing ionic strength and

citrate inhibit the reduction of cytochrome c by ascorbate.

As it is difficult to evaluate the observed kinetics when ascorbate

alone is used as the reductant, because of the effect of citrate on

cytochrome _c reduction, TMPD was employed as a reductant. TMPD reduces

cytochrome £ in both bound and free states (Osheroff et_ al, 1978). In

this case the oxygen uptake was directly measured in the oxygen electrode

(see Fig. 23, Materials and Methods) at varying cytochrome _c
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FIGURE 38

Steady - state assay of cytochrome c-cytochrome aa^ kinetics:
effect of citrate at high ionic strength.

Abscissa shows reciprocal velocity in 1/sec
Ordinate shows reciprocal cytochrome c_ concentration in ^M~ .

0.3U ^M cytochrome aa^, 14. U mM ascorbate, pH 7.2, T = 30°C,
u = 600 mM. Total volime = 2.8 mL. Cytochrome c varied from
1.1 to 18.4 ;jM.

~

•: 600 mM TRIS-MOPS

O: 100 mM citrate, 300 mM TRIS

Velocity is given by equation (xxix)

V = Vobs X CcDtot/Cs.'^^^ss
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FIGURE 39

Steady - state assay of cytochrome c-cytochrome aa_3 kinetics;
effect of citrate at medium ionic strength.

Abscissa shows reciprocal velocity in sec -'-

.

Ordinate shows reciprocal cytochrome c_ concentration in iil

.-1

0.17 fiH cytochrome aag , 7.34 mM ascorbate, pH 7.2, T - 30°C,
total volume = 2.8 mL. Cytochrome c_ varied from 1.1 to 18.4 ^M.

#: 30 mM TRIS-MOPS

O: 5 mM citrate, 16.7 mM TRIS

Velocity is given by equation (xxix)

V - Vobs X tc^tot/tc'^ ^ss
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FIGURE 40

Steady - State assay of cytochrome c-cytochrome aa3 reaction
kinetics: effect of citrate at low ionic strength.

Ordinate shows reciprocal velocity in Lieqe~/L/sec calculated from
eq(xxiv). Abscissa shows reciprocal total cytochrome c

concentration in uM~l.

0.17 |iM cytochrome 333, 7. 34 mM ascorbate, T = 30°C, pH 7.2,
u = 19.4. Total volume 2.8 mL. Cytochrome c_ varied from 1.1
to 18.4 ;uM.

• : 12 mM TRIS-MOPS

O: 2 mM citrate/TRIS

Velocity is given by equation (xxix)

Mtot/U"]obs I—J tot' L— J ss





I iLi H\j

o

^joes/8Nrf)A/t

3

Ol

d
I





Ill

TABLE VI IT

Effect of citrate on cytochrome aa_ kinetic parameters: steady-state

assay*
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FIGURE m
Effect of citrate on ascorbate reduction of cjrtochrome c_:

steady state analysis.

Ordinate shows velocity in ^eq e~/L/sec from Table VI.

Abscissa shows ferricytochrome c concentration in the steady
state (Table VI).

~

T = 30°C, pH 7.2, total voliime 2.7 mL. total cytochrome c varied
from 1.1 to 18.1 uM.

~

Other conditions as follows:

•: 12 mM TRIS-MOPS, 7.3 mM ascorbate, 0.17 ^M cytochrome 333

O: 2 mM citrate/TRIS, 7.3 mM ascorbate, 0.17 jjM cytochrome 333

: 30 mM TRIS-MOPS, 7.3 mM ascorbate, 0.17 pM cytochrome aa^

A: 3 mM citrate-TRIS, 7.3 mM ascorbate, 0.17 uM cytochrome 333

: 600 mM TRIS-MOPS, m.6 mM ascorbate, 0.34 ^M cytochrome 333

Q: 100 mM citr3te, 14.6 mM 3scorbate, 0.34 iiM cytochrome 333
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TABLE IX

Ascorbate-cytochrome c reaction kinetics: effect of citrate assayed by
steady state spectroscopy.

Conditions as in legend to Figure 41.

Ionic strength (mM) Experimental condition kobs/2 (M s )

19.4 control 70.0

(Fig. 38)

+citrate 36.0

37.4 control 35.0
(Fig. 39)

+citrate 24.2

614 control 10.3
(Fig. 40)

+citrate 6.5





concentrations. The results are shown in Fig. 42 . This figxire which is

an Eadie-Hofstee plot, shows the previously observed biphasic kinetics.

The kinetic constants used for the construction of the theoretical

lines drawn in Fig. 42 are listed in Table X .

T T L
It is evident that citrate affects the K and the V : K in-

m m.

T L
creases and V decreases. The plot of 1/K versus citrate concen-

m,

tration gives an apparent K, of about 2niM for citrate binding. Substi-

tution of cacodylate for MOPS as an anion has the effect of increasing

T
the V .

When the same assay system is used to monitor the cyt. c_ - cyt.

aa„ reaction at high ionic strength the only observable effect is again
——o

on K (see Fig. 43 a). This parameter is much larger at high ionic

strengths (straight double reciprocal plots) when compared to the low

ionic strength data: K = 70 ^ at 600 mM versus K 0.25 pM at 30 mM

TRIS-MOPS. At an ionic strength of 3M (Fig. 43 b) the apparent K in-

creases to 150 iiM.

The use of an added reductant may be eliminated if one uses reduced

cytochrome c_ itself rather than cytochrome _c and reductant. In such a

system the reduced cytochrcane c_ is not continuously regenerated but is

oxidized in a first order kinetic reaction (see materials and methods,

Fig. 22c, and Smith and Conrad, 1956). The resulting log plots are

linear with respect to time (see Fig. 4-4 a). However, minor deviations

are often difficu It to see in these graphs and so kinetic constants are

hard to obtain. The method of Jennings and Niemann, adapted by Cornish-

Bowden (1976, see materials and methods) for plotting the results is

much more elegant: t/ln (So/S) is plotted against (So-S)/ln(So/S) and
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FIGURE 42

Effect of anions on cytochrome c-cytochrome aac) kinetics:
polarographic assay: Eadie-Hofstee plot.

Abscissa shows velocity divided by cytochrome c_ concentration

.

Ordinate shows velocity in imole oxygen per second.

26 nM cytochrome 333, T = 30°C, pH 7.2, total volume ^-.1 mL.
Cytochrome varied from o.o2U to 97 /aM.

0—0
A

A A

30 mM TRIS-MOPS, ;u = 30 mM

2.5 mM citrate/TRIS-MOPS, }i = 30 mVl

5 mM citrate/TRIS, ;i = 30 mM

30 mM TRIS-cacodylate, ;i = 30 mM

Lines are calculated using Equation ( xviii )
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TABLE X

Kinetic constants for cytochrome c_ oxidase in the presence and absence of
citrate: based on Equation xxix.

Conditions as in Figure 4-2.

Buffer
^ ^ ^max ,,

V
(uM) (uM) (x 10^ umoles (x 10^ umoles

02/sec) 02/sec)

30 mM TRIS-MOPS

2.5 mM citrate

5 mM citrate

cacodylate/TRIS

20





117

FIGURE U3a

Effect of citrate on oxygen uptake catalysed by cytochrome

oxidase: varying cytochrome c_.

Lineweaver-Burk plot. Abscissa shows reciprocal velocity in sec

Ordinate shows reciprocal total cytochrome c_ concentration in ^M"!.

35.93 nM cytochrome 333, i+,8 mM ascorbate, 0.18 mM TMPD, T = 30°C,

pH 7.2, u = 600 mM. Cytochrome £ varied from 7.3 to 36.3 ^M.

O

A

600 mM TRIS-MOPS

25 mM citrate/TRIS-MOPS

50 mM citrate/TRIS-MOPS

75 mM citrate/TRIS-MOPS

100 mM citrate/TRIS
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FIGURE 43b

Effect of 3 M KCl on cytochrome c-cytochrome oxidase kinetics.

Ordinate shows reciprocal velocity calciilated from Equation (xxx)

.

Abscissa shows reciprocal total cytochrome c_ (uM"-'- )

.

T = 30°C, pH 7.2, total voliome 4.1 mL, 0.26 ^M cytochrome 333,
Cytochrome c_ varied from 10 iiM to 100 uM. 50 mM sodium phosphate,
3 M KCl. "

4.1 mM ascorbate, 0.18 mM TMPD.
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FIGURE >4^

Oxidation of ferrocytochrome c_ by cytochrome _c oxidase:
Smith-Conrad assay.

Assay system as in Figure 22c (Materials and Methods)

T = 30° C, 1.2 nM cytochrome aa_3 , ^ = 30 mM, pH 7.2, total volume
= 2.8 mL. Cytochrome c_ varied from 40 to 3 uM, 30 mM TRIS-MOPS,
pH 7.2.

(a) In plots of cytochrome c_ concentration versus time, # , 4-0 uM;

O , 30 JM; A , 14 ;iM; A , 10 ^M; , 7.3 fiM; Q , 3.3 yiM.

(b) (SQ-S)/ln (S(j/S) and t/ln (Sq/S) are plotted; the resulting
line is a theoretical curve with parameters:
Vm^: 0.3uMe"/sec; Vm^: 0. 03 uM e'/sec; Km^: 20 uM; Km'^:

0.25^. ' '
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the resulting lines are extrapolated to (S -S) = S . where t/ln
mfs^s) °

(S /S) = V /S. The slopes of the resulting lines are dependent on the
o o

ratio of K /K (binding of ferro and ferricytochrome c to the enzyme)

.

m p
—

Indeed if cytochrome oxidase does not distinguish between the ferri

and ferro forms of cytochrome £, then the plots should be horizontal

(Minnaert, 1961). As can be seen, there is a slight lag phase corres-

ponding to the activation of cytochrome oxidase from the "resting"

state (see Gibson and Greenwood, 1965) to a more active state. This

is shown in the Comish-Bowden plot as a rapid decrease in the slope

at (So/S)/ln(So/S) — So. Also seen from the graph is the fact that

K /K is not necessarily 1 as suggested by Smith and Conrad. This is

evident from the slopes of the individual time courses in Fig. 44 b,

which should be zero if K = K . Thus, the reaction is not strictly
m p '

^

first order. If one plots the K /K ratios, the graph of Fig. 45 is

obtained. This demonstrates that as citrate concentration increases.

the K 7k ratio decreases,
m p

An experiment was also performed at high ionic strength (u =

600 mM) keeping the cytochrome c_ concentration constant at I 8 uM and

varying the citrate concentration. Fig. 46 shows that the apparent

first order rate constant is decreasing as citrate concentration in-

creases. The resulting graph of slope versus citrate gives a K,

of 30 mM for the effect of citrate on the reaction.

(E) Cytochrome c - cytochrome a Electron Transfer

The effect of citrate on cytochrome jc binding is well known. How-

ever, it is also of interest to examine electron transfer between

cytochrome c and cytochrome aa^ in the complex formed between the two

proteins. The reaction between cytochrome c and the cytochrome a heme
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FIGURE H5

Effect of citrate on the ratio of K^/Kpi
Smith-Conrad assay.

Ordinate shows K^/Kp.
Abscissa shows citrate concentration in mM.

1.2 nM cytochrome 333, pH 7.2, T = 30° C, total volume 2.8 mL,
u = 30 mM. Cytochrome c_ varied from 3 to 40 pM. Data are from
Appendix E. Citrate concentration varied at constant ionic
strength

.

CX- Kjjj/^ from graphs in Appendix E and Equation (xxxvii)

i
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FIGURE 46

Effect of citrate on the observed rate constant for ferrocytochrome
£_ oxidation by cytochrome aa^: High ionic strength

+2
Ordinate shows In cytochrome c_ concentration.
Abscissa shows time.

T = 30°C, 18.4- uM cytochrome c, 3J5 nM cytochrome aa^ , total volume
2.7 mL and citrate-TRIS mixtures at u = 600 mM (constant) as

indicated.

O

A

o

mM citrate, 600 mM TRIS-MOPS

20 mM citrate, 480 mM TRIS-MOPS

40 mM citrate, 360 mM TRIS-MOPS

50 mM citrate, 300 mM TRIS-MOPS

60 mM citrate, 240 mM TRIS-MOPS

70 mM citrate, 180 mM TRIS-MOPS

80 mM citrate, 120 mM TRIS-MOPS

100 mM citrate, 300 mM TRIS

Inset shows reciprocal of slope plotted versus [citrate] for a

k!PP = 30 mM.
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of cytochrome c_ oxidase can be monitored using a cyanide inhibited

enzyme. When cyanide is bound to cytochrome a_ , this lignaded heme is

reduced slowly, if at all. Thus, if we use a cyanide-inhibited enzyme,

only the cytochrome a_ heme (and possibly at least one copper) can

react with the ferricytochrome _c. Thus, if we introduce a reducing agent

into a mixture of cytochrome c^ and cytochrome aa we can monitor both

the reduction of cytochrome c_ (550 nm) and the reduction of cytochrome a^

(605 nm, 44-5 nm)

.

The apparent first order rates for the reaction are presented in

Table XI. These are calculated from the results in Fig. i+7 and 48. As can

be seen the cytochrome a_ heme and probably one of the associated copper

atoms (Nicholls et al, 1980) are reduced before cytochrome _c. This is

shown by the greater first order rate when monitored at 60 5 nm or 4-45 nm

as compared to 550 nm. This suggests the rate limiting step in this system is

not the reduction of cytochrome aa by cytochrome c^.

As ionic strength is increased, the apparent first order reduction

rate by ascorbate decreases (Fig. 47 and 48) confirming the earlier

results obtained in figure 26 (cytochrome _c alone). Addition of citrate

to the reaction mixture decreased the apparent first order rate,when

ascorbate was the reductant, at both high and low ionic strengths.

Addition of 1 uM TMPD to the system at low ionic strength increased the

observed first order rates of reduction of both cytochrome c_ and cytochrome

a_. This effect is small as is expected. The addition of 1 uM TMPD is

-1
expected to increase the rate by 0.02 s assuming the rate constant for

li

TMPD reduction of cytochrome c_ is 2 X 10 (Fig. 28b).

At high ionic strength a much larger concentration of TMPD was used

(see Fig. 48). The rate limiting step in the reaction is now the reaction
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of cytochrome _c with cytochrome aa . Although citrate has no apparent

effect on the rate of reduction of free cytochrome c_ by TMPD, the rate

of cytochrome _a reduction is increased (Fig. M-8) in the presence of

citrate by a factor of 1.7. Thus it appears citrate-bound cytochrome c,

when complexed to cjrtochrome aa , has a lower redox potential than free

cytochrome _c.

At high ionic strength the reduction of cytochrome _c by TMPD in the

presence of cytochrome oxidase shows a sigmoidal character (closed circles

figure 48 b). There is an initial lag phase, followed by an increase

in the reduction rate. This is consistent with earlier observations

by Greenwood and Gibson (1965) and Nicholls et_ al (1980) which

demonstrated cytochrome a^ and possibly an associated copper are reduced

before cytochrome c_ ( closed triangles, figure 48 b). In the presence of

citrate these trends are not observed (Fig. 48 d) nor are they pronounced

when ascorbate alone is used as the reductant.
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FIGURE 47

Reduction of the cytochrome c-cytochrome aa;^ complex measured
spectrophotometrlcally : effect of citrate.

Ordinate shows -In (substrate/total) and
Abscissa shows time In seconds

.

+3
2.5 uM cytochrome c_ , 2.5 iiM cjrtochrome aa_3, T = 30°C, pH 7.2,

^ = 5 mM. The cytochrome 333 was Incubated for 1 week In 2 mM
cyanide at 4-°C. Final cyanide concentration was 200 uM.

Conditions were:

5 mM TRIS-MOPS, reductant = ascorbate (5 mM)

0.86 mM cltrate-TRIS, reductant was 6 mM ascorbate

5 mM TRIS-MOPS, reductant were 6 mM ascorbate plus 1 ^M TMPD

0.86 mM cltrate-TRIS, reductants were 6 mM ascorbate plus 1 ^M
TMPD

All reactions were performed In the stopped-flow spectrophotometer.
Wavelengths monitored were

:

• : 550 nm

Q: 445 nm

A: 605 nm





FIG 47
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FIGURE 48

Reduction of the cytochrome c_-cytochrome aacj complex at medium
ionic strength: effect of citrate

Ordinate shows -In (substrate/total).
Abscissa shows time in seconds.

4 yiM cytochrome c_, 4 yM cytochrome aa3CN (incubated with 2 mM CN~
for one week prior to use), final CN~ concentration = 200 iiM, T =

30°C, pH 7.2.

Conditions are

:

a: 30 mM TRIS-MOPS, ascorbate (2 mM) as reductant

b: 5 mM citrate-TRIS, ascorbate (2 mM) as reductant

c: 30 mM TRIS-MOPS, 2 mM ascorbate plus 0.3 mM TMPD as reductants

d: 4 mM citrate-TRIS, 2 mM ascorbate plus 0.3 mM TMPD as reductants

All reactions were performed with the stopped-flow spectro-
photometer. Wavelengths monitored are

:

• : 550 nm

: 550 nm (reaction of cytochrome c_ without cytochrome aao

)

: 605 nm

O : 44 5 nm
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TABLE XI

Apparent first order rate constants for the reduction of cytochrome _c-

cytochrome aa mixtures at different ionic strengths: effect of citrate.

_c = aa =2.5 |iM, pH 7.2, 30°C

aa- preincubated with 2 mM CN for one week at M- C

Final cyanide concentration = 200 iiM

k (s~^)
Medium and cytochrome c_ cytochrome c + cytochrome aa
reductant alone

550 nm 5 50 nm 605 nm 44-5 nm

5 mM TRIS-MQPS

(1)
5 mM ascorbate .1.1U_ ' 0.20 0.28 0.23

(95 M s )*

6 mM ascorbate +

1 fM TMPD — 0.25 0.31 0.31

0.86 mM citrate/TRIS

(1)
6 mM ascorbate 0.58' 0.11 0.11 0.11

(48 M~ s~ )*

6 mM ascorbate
+ 1 ^M TMPD — 0.13 0.16 0.16

30 mM TRIS-MQPS

2.0 mM ascorbate 0.3_ 0.24 0.30 0.30
(75 M s" )*

2.0 mM ascorbate
+ 0.3 mM TMPD 6.4 7.6 6.0 4.0

(2.1 X 10 )*

5 mM citrate/TRIS

2.0 mM ascorbate ^-^^-t _-i ^ • ^^ 0.26 0.26
(47 M s )"

2.0 mM ascorbate
+ 0.3 mM TMPD 6.8 7.8 10.5 6.6

(2.3 X 10 )*

(1) for data refer to figure 26.

* calculated second order rate constants

.
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CHAPTER FOUR

Discussion

The binding of citrate to cytochrome c is shown by four assay

systems:

(a) reduction of cytochrome c_ by ascorbate,

(b) cyanide binding to cytochrome c_,

(c) chromatography of cytochrome c-cytochrome oxidase mixtures, and

(d) cytochrome c-cytochrome oxidase kinetics.

(i) Effect of citrate on the reactions of cytochrome c with inorganic

reagents :

From redox experiments (Section Ilia), it was shown that citrate

has two effects on the reaction between cytochrome c_ and ascorbate.

Increasing citrate concentration increases the ionic strength of the

assay medium, but a specific effect is also notic able (Fig. 25 )•

This is shown more clearly in Figure 23 where ionic strength was held

constant, but citrate concentration varied. It appears that citrate

only partially blocks the reduction of cytochrome c by ascorbate, as the

curves in Figure 26 tend to a finite rate constant at each ionic

strength. It is also apparent that increasing ionic strength increases

the observed K^ for citrate. The same trend is observed for other

assay systems (Table XIII). At low ionic strength iji = 19 mM) the

observed K, is 0.8 mM, whereas at high ionic strength (y. = 600 mM) the

observed K, is 13 mM. This indicates the cytochrome c-citrate inter-

reaction is ionic in nature. This is shown by the charges on both

species: cjrtochrome c_ has a charge of +9 at neutral pH (Barlow and

Margoliash, 1966), and citrate has a charge of -2.9 calculated from the

pK's shown below:
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COOH 2

«\/
CH

/
HO-C-COOH 1 •

\X H pK, = 3.13

V^^rr ^ PK„ = 4.76
COOH 3 ^2

pKg = 6.4

An equilibrium assay (Fig. 27) demonstrates that citrate binds ferro-

cytochrome c_ less tightly than ferricytochrome c. Thus citrate appears

to bind near the heme iron (Osheroff et al. , 1980).

Experiments on cyanide binding to cytochrome c_ show that citrate

decreases both the association rate constant and the equilibrixjm con-

stant. This is consistent with the results of Osheroff et al (1980) who

showed anions, when bound at the top left of the protein (Fig. 7),

increased the state Ill-state IV cytochrome c_ transition pK. Consequently

in the presence of citrate, the cyanide association rate constants

decreased from 2.1 M~ s~ to 0.5 M~ s"""" (in 5 mM TRIS-MOPS) and the

dissociation constants increased four fold. As citrate concentration

was varied isoionically, this effect is independent of ionic strength.

Increasing ionic strength decreases the second order association rate

constant from 2.1 (^ = 5 mM) to 0.6 (u = 30 mM). These results indicate

the reacting cyanide species is anionic as shown previously by George

and Tsou (1952). The addition of cytochrome aa^ to the reaction mixture

also decreased the association rate constant and dissociation constants

for the reaction between cyanide and cytochrome c. The presence of

cytochrome aa^ did not affect the reaction to the same extent as did

citrate (]<^^ = 0.9 M s » K^ = 66 uM). This suggests cyancytochrome c_

has a lower affinity for cytochrome aa^j than native cytochrome c_. This

is in contrast to the earlier observations of Nicholls and Mochan (1972)
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TABLE XII

Comparison of citrate equilibrium constants from, various sources

.

experimental conditions Figure ^(mM) K, (mM)
d

Ascorbate reduction of

cytochrome c_ (fig. 27)

Equilibrium with TMPD

and cytochrome c_

Cytochrome c_-cytochrome

oxidase kinetic assay

27

31

42 £ 43

19

30

600

30

600

+ 3

(c
t3

+ 3

varied (c
+ 3

+ 2

(c
+2

+2

0.8

1.2

13

2.0

15
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who reported cytochrome aa-^ does not affect the equilibrium between

cytochrome c and cyanide, but to some degree restores the earlier

interpretation of Tsou (1952) who concluded cytochrome aa^; bound

cytochrome c does not react with cyanide.

(ii) Effect of citrate on the reaction between cytochrome c, and

cytochrome oxidase

Column chromatography studies lead to conclusions which agree with

those obtained from kinetic studies: cjrtochrome c_ binding to cytochrome

oxidase, at the L site, is decreased in the presence of citrate (K,

increases). The K, values (from column experiments) for cytochrome c-

cytochrome oxidase complex formation are very large in the presence of

citrate which indicates citrate bound cytochrome c does not bind

cytochrome oxidase at the L site. This agrees with the kinetic pattern

observable at high cytochrome c_ concentrations; competitive inhibition

requires citrate-cytochrome c_ does not react with cytochrome oxidase.

Dissociating column chromatography indicates citrate-cytochrome c

binds cytochrome oxidase with a lower affinity, (u = 30 mM ; K, = 0.38

for control, K = 0.99 for plus citrate. Table XlH). Osheroff et al.

(1980) have located the citrate binding site at the top left corner of

cytochrome _c(Fig. 7). This is approximately the same region as that

involved in the cytochrome oxidase interaction at site T (Smith et_ al. ,

1980) and would thus be expected to interfere with cytochrome c-

cytochrome oxidase binding. However, polarographic measurements (Fig.

42) indicate that citrate has very little effect on the K
'^

(Table XIII).
-' m

Citrate appears to diminish the inhibition of ferricytochrome c

observed in the spectrophotometric assay (Fig. M-4- ). The fact that
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TABLE XIII

Comparison of Kg, and K^ values for cytochrome c from various sources:
effect of citrate.

;i = 5 mM ii = 30 mM
-citrate tcitrate -citrate tcitrate

Assay K„^ Vt ^^l V ^L V ^L V

kinetic 3^1) 5.6^1) 20^2) ^^^^(2) ^^(2) ^^^^(2)

*^dL ^T ^^L ^^T ^dL ^dx ^dL ^d^

associating
column
Figure 35 16.2 -- 106 — 107 -- large —

dissociating
column
Figure 3^ — 0.07 -- 0.18 — 0.38 — 0.99

(1) see figure 40

(2) see figure 4-2
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ferricytochrome c_ competitively inhibits the oxidation of ferrocytochrome

c_ by cytochrome oxidase was initially observed by Smith and Conrad (1956).

Minnaert (1961a, b) explained the first order kinetics observed by Smith

and Conrad by postulating oxidized cytochrome c_ binds equally well as

reduced cytochrome c. Figure 42 demonstrates that as citrate increases

K^/Kp decreases (slopes of the Jennings and Niemann plots become

greater). Thus the reaction no longer obeys first order kinetics. Thus

the curve in Figure 42 tends to a finite K^^^/Kp value suggesting neither

citrate bound ferri- nor ferrocytochrome c can react with cytochrome

oxidase. The Kn,/Kp value at infinite citrate concentration (0,2)

predicts ferricytochrome c_ binds citrate tighter than does ferrocjrtochrome

c (by a factor of 4).

Is citrate bound cytochrome c_ potentially catalytically competent

when bound at the T site? This was tested in the stopped-flow system

Figs. 44 and 45) with cyanide-inhibited cytochrome oxidase. Unexpectedly,

the rate of reduction of cytochrome a increased in the presence of

citrate, suggesting that citrate bound cytochrome c_ is catalytically

active, and may be a stronger reductant than free cytochrome c. From

this, we might predict an increase in TN "" with increasing citrate

concentration. This does not occur. Therefore, either

(a) the cyanide-inhibited cytochrome oxidase does not behave in a

manner analogous to "active" cytochrome oxidase, or

(b) citrate inhibits electron transfer between cytochrome a^ and oxygen.

T L
As the latter hypothesis suggests that both V and V should be

inhibited under catalytic conditions (which is not the case, see Fig.

42 ), one must conclude that (a) is more probably correct. There is some

other evidence that this may be so as the cyanide-inhibited cytochrome

oxidase shows altered redox properties (Nicholls and Hildebrandt, 1978)
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and different reactions with other heme ligands such as azide (Nicholls

1978).

In an attempt to understand the interaction between ferrocytochrome

c and cytochrome oxidase, various kinetic and binding experiments have

been performed (Ferguson-Miller et al

.

, 1978b, Nicholls et al. , 1980,

Errede et al. , 1978, Minnaert, 1961a, b). These studies have already

provided considerable information regarding the cytochrome c-cytochrome

oxidase intereaction, and in particular the following:

(a) cytochrome c_ normally binds cytochrome c oxidase almost equally

well in both reduced and oxidized forms (Smith and Conrad, 1956),

(b) cytochrome aa_3 has two cataljrtic binding sites for cytochrome c

(Nicholls, 1961+b; Ferguson-Miller et al . , 1976),

(c) cytochrome c_ derivatives with specifically modified lysine residues

exhibit lower K^ values at the t site when assayed polarographlcally.

This effect is most pronounced for modification of lysines 13, 87, 92

and 8 (Ferguson-Miller et al. , 1978b; Smith et al , 1980).

(d) anion-bound cytochrome c_ reacts differently with ferricyanlde (Petermann

and Morton, 1979) or cytochrome oxidase (Osheroff et al, 1978) than does

non-anion bound cytochrome _c, and

(e) increasing ionic strength increasesthe apparent K^ for cytochrome

c_ (Nicholls, 1964b).

The scheme of Figure 49 includes these results, and those previously

discussed. The results of Figure 43 show that at zero citrate concen-

tration Kjj, :i Kp (equal binding of reduced and oxidized forms of

cytochrome c_ to cytochrome oxidase). Equilibrium experiments (Fig.27 )

show citrate binding is affected by the redox state of cytochrome c_, thus

citrate bound cytochrome c_ has a lower redox potential than free

cytochrome c_. Column studies show that at the T site oxidized citrate-

bound cytochrome c
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FIGURE 49

Reaction scheme for cytochrome c^ - cytochrome oxidase interactions

in the presence and absence of citrate

.
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binds to the T site of cytochrome oxidase with a lower affinity than

native cytochrome c. If citrate-cytochrome c_ binds cytochrome oxidase

equally well in both reduced and oxidized forms, then it follows that

citrate-cytochrome c_, bound at the T site, is a stronger reductant

than native cytochrome c_. This is shown in the stopped flow system

(Table XI). We must then conclude that ferri- and ferrocytochrome c_

bound to the T site must have different affinities for citrate, the

oxidized form having the greater affinity. This prediction remains to be

shown experimentally.

Analysis of the interaction between cytochrome c^ and cytochrome aa
O

at the L site shows citrate-cytochrome c^ is excluded from this site. Thus

one must predict that citrate has no affinity for the cytochrome c_-

cytochrome oxidase complex at the L site. This is also shown in figure 50

where a hypothetical model for cytochrome c_-cytochrome oxidase interaction

is presented. The model shows two separate binding sites which interact

with citrate independentaly. Different effects of citrate on cytochrome c^

reactions with the T and L sites demonstrates the two sites act independen-

tly of one another and must therefore be separated physically. Thus two

separate binding sites exist (T and L) with different K values (0.25 ^M

and 20 ^M respectively) intrinsic to their interaction with cytochrome aa .

Osheroff et_ a_l (1978) observed the same kinetic pattern of citrate

inhibition as was seen in figure H2: competitive at the L site and

noncompetetive at the T site. They interpreted their results as evidence

for an effect of citrate on the "off" constant (k , eq xix) for cytochrome

c_ dissociation from the cyt. _c-cyt. aa complex, and concluded that
o
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FIGURE 50

Spatial drawing of cytochrome c^ - cytochrome oxidase reaction.

Effect of citrate Is shown.





FIG 50
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T
since TN was lower at higher citrate concentrations, the effective

concentration the ferrocytochrome c^-cytochrome oxidase complex must be

lowered. Although column studies indicate that the K for cytochrome c_

is increased in the presence of citrate, which appears to agree with the

T ...
above conclusion, TN is measured at infinite cytochrome c_ concentration.

T . .

Consequently, TN reflects a situation where all T sites are occupied

cytochrome c. Three alternative interpretations can then be offered:

(i) the rate of TMPD reduction of bound cytochrome c_ is decreased in the

presence of citrate; (ii) the effective redox potential of citrate-cyt. c^

increases when bound to cytochrome oxidase, or (iii) binding of cyt. c^

to cyt. oxidase is not a single step process and two forms of cyt. c^-

cyt. oxidase exist: an active and inactive form.

The first proposal appears not to be true. Fig. 28 b shows citrate

has no effect on the reduction of free cytochrome c^ by TMPD and Fig. 4-8 cSd

(Table XI) shows the rate of reduction of the (citrate-cyt. c^)cytochrome aa

complex is not decreases in the presence of citrate. The second prediction

may not hold either. The results of figure 48 b 6 d suggest the redox

potential of the cytochrome ^-cytochrome aa complex decreases in the

presence of citrate. Thus the third interpretation is favored. Eq. (li)

shows such a system:

-3
.(li)

k'(TMPD)

Where the two forms may be interconvertible through binding and

reassociation, a conformational change or an orientation of the two hemes.

Column studies may assay both forms of the complex. However, at infinite

T
cyt. _c concentration, the TN is given by eq (Iii):
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T , , +2
k (£ aa )

^2\ot ,^...
...(111)

k /k + 1 + (k^(k + k'(TMPD))/2k'(TMPD))
a -a 2 a

If citrate affects the amount of active (c-aa ) complex formed by
o

T
increasing k , then TN may decrease.

Under spectrophotometric conditions (Smith and Conrad assay, fig. 22c)

+ 2
a different situation arises: since c^ is not regenerated we have:

+2 k„ .. 1?
c V / +2-, k / +2, 2 , +3, p /....saa -—-^ (aa_c )' a ^ (aa^c > =^—*"(aa c ) _

^ > aa., ...(liii)

m -a £

, V^( s) ,^. ,

and: v =
: = =—

. . . (liv)
s(l + k /k ) + K + P(K /K )

a -a m m p

T T
which predicts neither K nor V will be affected by citrate. This is

m '

shown in figure E-2 and Table E-I (Appendix E) . Thus the simplist

explanation appears to involve the postulate of two forms of cytochrome

c_ bound to the T site. These forms are in equilibrium with one another

and this equilibrium may be affected by citrate.

Which site is active at high ionic strengths? Figure 43 shows an

experiment conducted in the oxygen electrode at 600 mM ionic strength.

This experiment demonstrates a competitive inhibition °^ citrate on the

cytochrome c^-cytochrome oxidase reaction. As can be seen, the plots are

straight lines, unlike the biphasic double reciprocal plots seen at

lower ionic strength (see Nicholls et_ _al, 1980). This suggests only one

site is operational. If the major effect of increasing ionic strength

is on the k constant for cytochrome c^, the T site would be expected

to act like an L site at high ionic strengths. This is clearly the case

(see Fig. 43 and Table XIII; also see Nicholls et al, 1980).
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Summary

1. The binding between cytochrome c_ and cytochrome oxidase (Fig. M-9)

appears to be largely ionic in nature. It is affected by both ionic

strength and specific ions. At very high ionic strength a K^ of

150 uM (Fig. M-5b) is found, suggesting non-ionic factors play a small

role in cytochrome c binding.

2. Citrate affects the reactions of cytochrome c_ with ascorbate and

cyanide, reducing the apparent rates of reactions.

3

.

Citrate binding to cytochrome c_ is ionic in nature : the K , for

citrate increases as ionic strength decreases (Fig. 26 ),

4. Citrate binds ferricytochrome c_ preferentially (K, » 2 mM at

pH 7.2, 30 mM ionic strength, 30°C). It binds ferrocytochrome c_ with

a much lower affinity (K, si 8 mM) under the same conditions.

5. The citrate-cytochrome c complex reacts differently with the .two

(T and L) sites on the oxidase. Citrate bound cytochrome c_ is almost

excluded from the L site but can still bind and react at the T site.

6. A mechanism is proposed in which anion binding to cytochrome c

affects an equilibrium between two proposed forms of cytochrome c-

cytochrome oxidase complexes: an inactive and an active one.
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Appendix A

Effect of various anions on the rate of cytochrome c reduction by
ascorbate

.

~

The experiment was carried out on the Aminco DW-2 spectrophotometer.
Buffers were prepared and used the same day.

The graphs are log plots based on the equation ( xxxv, see Materials
and Methods).

In (c^^/c^Q^) = 2k'[AH2]-t ...(xxxv)

and are plotted in such a fashion so that the slopes are equal to
k (second order rate constant).
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Figure A-1

Effect of varying anion concentration on the rate of cytochrome c_

reduction by ascorbate.

Ordinates show the log of ferricytochrome c_.

Abscissae show the time in seconds.

25 ;iM cytochrome c_, 0.33 mM ascorbate, T = 30°C, pH 7.2

Figure
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Figiire d_: Q : no anion

#

:

5 mM K+/citrate

A : 10 mM K"*"/citrate

A : 25 mM K^/citrate

: 50 mM K+/citrate

D: 100 mM K+/citrate

Figure e_: #: 0.53 mM K+ZATP

O : 1.06 mM K+/ATP

: 2.65 mM K+/ATP

A : 5.30 mM K+/ATP

: 11.85 mM K+/ATP
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APPENDIX B

Effect of citrate on the rate of cytochrome c reduction by
ascorbate.

Assayed in the stopped flow spectrophotometer.

Three separate ionic strengths were used: 22 mM, '4-0 mM and
610 mM.
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FIGURE B-1

Effect of citrate on the reduction of cytochrome c by ascorbate:
varying ionic strength.

Ordinate shows the negative of the log of cytochrome c.

Abscissa shows the time in seconds.

Assayed in the stopped flow spectrophotometer (see Fig. 22b)

,

T = 30OC, pH 7.2, 10 uM cytochrome c, 70 mM ascorbate.

Figure a:

Figure b

:

Figure c

:

12 mM TRIS-MOPS, u = 22 mM

0.5 mM citrate/TRIS-MOPS, u = 22 mM

1 mM citrate/TRIS-MOPS, u = 22 mM

1.5 mM citrate/TRIS-MOPS, ^ = 22 mM

2 mM citrate/TRIS-MOPS, ^ = 22 mM

30 mM TRIS-MOPS,^ = 40 mM

0.83 mM citrate/TRIS-MOPS, ^ = 40 mM

1.67 mM citrate/TRIS-MOPS, ^ = 40 mM

2.5 mM citrate/TRIS-MOPS, u = 40 mM

3.3 mM citrate/TRIS-MOPS,^ = 40 mM

5 mM citrate/TRIS-MOPS, /i = 40 mM

600 mM TRIS-MOPS,^ = 610 mM

25 mM citrate/TRIS-MOPS, p. - 610 mM

50 mM citrate/TRIS-MOPS, u = 610 mM

75 mM citrate/TRIS-MOPS, u = 610 mM

100 mM citrate/TRIS-MOPS, ^ = 610 mM





CO

i

f«.l

M

ra

C4

•3
M

C
i

—r-

u

•
£





156

APPENDIX C

Half times of reactions for cyancytochrome c complex formation at

30°C: effect of citrate and ionic strength.

10 uM cytochrome c_, pH 7.2, cyanide varied from 50 uM to 1.0 raM.

Buffer

5 mM

30 mM TRIS-MOPS

r

5 mM citrate/TRIS

[cyanide]
(mM)
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Appendix D (continued):

Steady state analysis:

Mediiim ionic strength: 30 mM TRIS-MOPS

Cc]
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Appendix D (continued):

High Ionic strength: 600 mM TRIS-MOPS

[c]
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APPENDIX E:

Data for Figiire U5. The analysis is a Smith-Conrad spectro-
photometric analysis where reduced cjrtochrome c is added to
cytochrome oxidase and the reaction is monitored at 550 minus
540 nm (cytochrome c).
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FIGURE E-1

Oxidation of ferrocytochrome c by cytochrome c oxidase

:

Log plots.
~

+2
Ordinate shows In [c_ ] in uM»
Abscissa shows time.

30OC, 1.2n M 333, ^ = 30 mM, pH 7.2, total volume = 2.8 mL,

a: 1 mM citrate/TRIS-MOPS

b: 2 mM citrate/TRIS-MOPS

c: 3 mM citrate/TRIS-MOPS

d: 4 mM citrate/TRIS-MOPS

e: 5 mM citrate/TRIS

+2# : 40 uM cytochrome c

+2
Q: 30.1 uM cytochrome c_

+2A: 20.4 ^M cytochrome c_

+2A : 10.6 uM cjrtochrome c_

+2
|: 7.5 uM cytochrome c

+2
: 3 . 3 ^M cytochrome c_





FIG E-1a

ln[c*^](pM)
FIG

A.O-%

3.0-

2.0

2.0-





FIG E-1b

2
ln[c''] (pM)

4.0-1

-1.0

-e.o





L L

ln[c* ] (pM)
FIG

4.On

-2





FIG E-1d
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FIG E-2a
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FIG E-2 c
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FIG E-2d
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FIG E-2e
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TABLE E-I:

Parameters for figure E-2 ; based on Equation (xviii)

max
2 T

s + V^K^ s

s + ^'^L
"*" ^L^T
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Figure Conditions ^t C K^^Kp^-max 'max 'in 'm
(umole/sec) (uM/sec) (uM) (uM)

44 a,b 30 mM TRIS-MOPS 0,3

E-la,2a 1 mM citrate 0.22

E-lb,2b 2 mM citrate 0.22

E-lc,2c 3 mM citrate 0.23

E-ld,2d 4 mM citrate 0.23

E-le,2e 5 mM citrate 0.22

0.03
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APPENDIX F:

Cytochrome c-cytochrome aa^CCN") stopped flow experiments:
stopped flow tracings

.

The reaction was performed by adding cytochrome c to cytochrome
aa3 which has been incubated in 2 mM cyanide for one week. This
mixture was subsequently reacted with a reducing agent.

I
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FIGURE F-1

Effect of citrate on the reduction of cytochrome aa;:^ complexed
cytochrome c and electron transfer to cytochrome a_: low ionic
strength

The figures are actual tracings from the stopped-flow spectro-
photometer. Ordinate shows absorbance and abscissa shows time
in seconds.

+2
2.5 ^M cytochrome c_ , 2.5 ^M cytochrome aasCCN ), 30°C, pH 7.2,

}\ = 5 mM. Cytochrome aa_3 was incubated for 1 week in 2 mM cyanide
at 4-°C. Final cyanide concentration was 200 ^M.

Conditions were:

a: 6 mM ascorbate (i) 550 nm

(ii) 605 nm

(iii) ^45 nm

b: 6 mM ascorbate + 1 uM TMPD (i) 550 nm

(ii) 605 nm

(iii) 445 nm

5 mM TRIS-MOPS

0.86 mM citrate/TRIS
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FIGURE F-2

Effect of citrate on the reduction of cytochrome c-cytochrome aag
complex at medium ionic strength.

The figures are actual stopped-flow tracings. Ordinate shows
absorbance. Abscissa show time in seconds.

1 juM cytochrome c_, 4- ^M cytochrome aa^ CCN") (inciibated for 1 week
In 2 mM cyanide at 4-°C), final cyanide concentration is 200 ;aM,

30OC, pH 7.2

Conditions are:

a: 2 mM ascorbate (i) cytochrome c_ alone, 550 nm

(ii) cytochrome c_ + cytochrome aa^ , 550 nm

(iii) cytochrome c + cytochrome aa_3, 60 5 nm

(iv) cytochrome c + cytochrome aa^ , 445 nm

b: 2 mM ascorbate + 0.15 mM TMPD

(i) cytochrome c alone, 550 nm

(ii) cytochrome c_ + cytochrome aa^ , 550 nm

(iii) cytochrome c_ + cytochrome aa_3 , 605 nm

(iv) cytochrome c_ + cytochrome aa_3, M-^-S nm

: 30 mM TRIS-MOPS

: 5 mM citrate/MOPS
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