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Abstract

The mechanism whereby cytochrome c oxidase catalyses elec--

tron transfer from cytochrome c_ to oxygen remains an unsolved

problem, Polarographic and spectrophotometric activity measure-

ments of purified, particulate and soluble forms of beef heart

mitochondrial cytochrome c oxidase presented in this thesis con-

firm the following characteristics of the steady-state kinetics

with respect to cytochrome c: (1) oxidation of ferrocytochrome

c is first order under all conditions, (2) The relationship

between sustrate concentration and velocity is of the

Michaelis-Menten type over a limited range of substrate, concen-

trations at high ionic strength, (3) The reaction rate is

independent from oxygen concentration until very low levels

of oxygen, (4) "Biphasic" kinetic plots of enzyme activity as

a function of substrate concentration are found when the range

of cytochrome c^ concentrations is extended; the biphasicity

is more apparent in low ionic strength buffer. These results

imply two binding sites for cytochrome c on the oxidase; one

of high affinity and one of low affinity with K^ values of

1,0 >iM and 3.0 )M, respectively, under low ionic strength

conditions, (5) Inhibition of the enzymic rate by azide is

non-competitive with respect to cytochrome _c under all conditions

indicating an internal electron transfer step, and not binding

or dissociation of £ from the enzyme is rate limiting.

The "tight" binding of cytochrome £ to cytochrome £ oxidase

is confirmed in column chromatographic experiments. The complex

has a cytochrome jc: oxidase ratio of 1,0 and is dissociated in
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media of high ionic strength,

Stopped-flow spectrophotometric studies of the reduc-

tion of equimolar mixtures and complexes of cytochrome £ and

the oxidase were initiated in an attempt to assess the function-

al relevance of such a complex. Two alternative routes for

reduction of the oxidase, under conditions where the predomin-

ant species is the c - aa ^ complex, are postulated; (i) elect-

ron transfer via tightly bound cytochrome _c, (ii) electron

transfer via a small population of free cytochrome £ inter-

acting at the "loose" binding site implied from kinetic studies,

It is impossible to conclude, based on the results obtained,

which path is responsible for the reduction of cytochrome a^.

The rate of reduction by various reductants of free

cytochrome _c in high and low ionic strength and of cytochrome

£ electrostatically bound to cytochrome oxidase was investi-

gated. Ascorbate, a negatively charged reagent, reduces free

cytochrome _c with a rate constant dependent on ionic strength,

whereas neutral reagents TMPD and DAD were relatively unaffect-

ed by ionic strength in their reduction of cytochrome c» The

zwitterion cysteine behaved similarly to uncharged reductants

DAD and TMPD in exhibiting only a marginal response to ionic

strength. Ascorbate reduces bound cytochrome _c only slowly,

but DAD and TMPD reduce bound cytochrome _c rapidly. Reduction

of cytochrome _c by DAD and TMPD in the £ - aa ^ complex was

enhanced 10-fold over DAD reduction of free £ and 4-fold over

TMPD reduction of free £, Thus, the importance of ionic

strength on the reactivity of cytochrome c was observed with

the general conclusion being that on the cytochrome _c molecule

areas for anion (ie, phosphate) binding, ascorbate reduction
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and complexation to the oxidase overlap. The increased reduci-

bility for bound cytochrome c by reductants DAD and TMPD

supports a suggested conformational change of electrostatically

bound £ compared to free _c.

In addition, analysis of electron distribution between

cytochromes £ and £ in the complex suggest that the raidpoten-

tial of cytochrome £ changes with the redox state of the

oxidase. Such evidence supports models of the oxidase which

suggest interactions within the enzyme (or £ - enzyme complex)

result in altered midpoint potentials of the redox centers.
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Introduction

Cytochrome £ oxidase (ferrocytochrome _c: Oxygen oxido-

reductase, EC. 1,9.3.1) catalyses the reaction;

/, c2+ + O2 + 4H"^-^4 c3+ + 2H2O (1)

where ^'^ and £-^'''are reduced and oxidized cytochrome £,

respectively. It is the terminal component of the mitochondrial

respiratory chain and contains 4 metal centers; 2 heme irons and

2 coppers (VanGelder, I966) arranged in seven protein subunits

(Yu and Yu, 1977). In addition, this span of the chain (1) is

responsible for the conservation of energy derived from substrate

oxidation. Thus, cytochrome oxidase has received much attention

in efforts to determine its physiological and physicochemical .

properties (see reviews by Lemberg, 1969 and Malmstrom, 1974).

The steady-state kinetics with respect to cytochrome £ in

the presence of excess oxygen have been studied extensively

(Smith and Conrad, 1956, Minnaert, 1961, Nicholls, I964 Van

Buuren, Van Gelder and Eggelte, 1971). The following funda-

mental characteristics have been determined; (1) reduced cyto-

chrome _c is oxidized in a first order process (Smith and Conrad,

1956), (2) a Michaelis-Menten relationship exists between velocity

and substrate concentration (Smith and Conrad, 1956, Minnaert,

1961) and the reaction is independent from oxygen concentration

until very low levels of oxygen (Minnaert, I96I), The rate

equation proposed by Minnaert (I96I) accommodates these findings (2)

(2)

V ^ [c^-y ^\ fc3^
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2+
Where v is initial velocity, Vjjjg^^ is maximal velocity, £ is

ferrocytochrome £, ^c^"^ is ferri cytochrome _c, Kj^ is the affinity

constant for jc^"*" and K- the affinity constant for £^'^. The

first order oxidation of _c^"^ requires that Kj„= Kp, i.e the -^.."''ir.

affinity for substrate equals the affinity for product.

More recent studies (Errede, 1976, Errede , Haight and Kamen,

1976 and Ferguson-Miller, et.al., 1976) over an extended range

of substrate concentrations in media of low ionic strength have

indicated a new characteristic of the kinetics, "Biphasic"

kinetics indicative of two binding sites of different affinities

for cytochrome c on the oxidase have been reported. At least

one of the sites binds cytochrome jc very tightly allowing for

physical isolation of a cytochrome ^-cytochrome oxidase complex

at low ionic strength (Orii, et.al., 1962, Kuboyama , et.al., 1962,

Nicholls, 1964 and Ferguson-Miller et.al;, 1976). Nicholls (1974)

and Ferguson-Miller, et.al,, (1977) have speculated on a physio-

logical role in the oxidation of cytochrome £, for a cytochrome c-

oxidase complex.

Studies on the partial reactions of cytochrome oxidase with

cytochrome £ have focussed on the reaction of reduced cytochrome

_c with partially or fully oxidized oxidase under high ionic

strength conditions (Gibson, et,al,, 1965, Wilson, et,al,, 1975,

and Greenwood, et.al., 1976). These studies have indicated a

raoid bimolecular interaction between reduced £ and the oxidase

(^10'M~is"l) resulting in the reduction of cytochrome a_ and

possibly one of the copper molecules of the oxidase.

In this study aspects of the cytochrome c_ steady-state
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kinetics of the oxidase reaction were re-investigated employing

spectrophotometric and polarographic assays. The properties of

cytochrome £ - cytochrome oxidase complexes were examined via

col\imn chromatography. In addition, rates of reduction of

oxidized cytochrome £ by various reductants in the free and bound

states were determined. An attempt was made to assess the func-

tional relevance of the chromatographically stable cytochrome £-

cytochrome oxidase complex.
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Literature Review

(1) Physical-Chemical Properties of Cytochrome Oxidase

Cytochrome oxidase is an integral protein of the inner

mitochondrial membrane (DePierre and Ernster, 1977). It con-

sists of seven non-identical subunits (Yu and Yu, 1977, Chan

and Tracy, 1976 and Steffens and Buse, 1976), ranging in

molecular weight from 40 to 5 kDaltons, associated with four

metal centers; two irons and two coppers (VanGelder, 1966

and VanGelder and Muijsers, 1966), Active preparations of the

enzyme contain from one to twenty percent by weight of phos-

pholipid. Awasthi, et. al. (1971) demonstrated the presence

of tightly bound cardiolipin in their inactive "lipid free"

preparation. These authors also observed the restoration of

enz3miic activity upon the addition of phospholipids or

detergent to the assay medium, Yu, Yu and King (1975) also

prepared a lipid free, inactive cytochrome oxidase which could

be "revived" with the addition of phospholipids, Vik and Capaldi

(1977) used "lipid free" oxidase to look for any lipid specifi-

city in restoring maximal activity of enzyme incorporated into

vesicles. Tightly bound cardiolipin was also contained in

their lipid free preparation. Beyond cardiolipin, no head

group specificity was shown.

The arrangement and fimctional status of oxidase subunits

has been a subject of several recent studies. Employing

immunological techniques (Hackenbrock and Hammon, 1975) and

radioactive labelling of surface groups (Chan and Tracy, 1978)

a transmembranous disposition of the protein has been shown.

The accessibility to subunit specific antibodies in membrane
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bound, sonic membrane particles and isolated enzyme (Chan and

Tracy, 1978) and to "surface probes" in membrane bound,

liposomo/ and isolated enzyme (Eytan and Schatz, 1975) had been

used to indicate the arrangement of subunits in the enzyme

(subunit niombering proceeds from I to VII starting from the

highest molecular weight fraction to the lowest molecular

weight fraction). The highest molecular weight subunit (ie.I)

was found to be inaccessible in all forms of the enzyme. Eytan

and Schatz (1975) suggest only partial accessibility for subvinit

II, while Chan and Tracy (1978) found the antigenic site of II

accessible from only the cytoplasmic side of the membrane.

Briggs and Capaldi (1978) have implicated subunit II as the

cytochrome c binding site by showing the linkage , via a bifunc-

tional reagent, of cytochrome £ to this subunit under conditions

where an electrostatic cytiochrome ^-cytochrome oxidase complex

has been observed, A similar suggestion has been offered by

Bisson and co-workers (1978), who covalently linked £ to sub-

unit II via a photoaffinity label. However, these covalent

complexes have so far only exhibited feeble enzymic activity.

Analysis of the amino acid composition of subunits has

been undertaken (Poyton and Schatz, 1975 and Steffans and Buse

,

1976) and generally indicates that the three largest subunits

(I-III) are more hydrophobic than subunits IV-VII, Buse,

Steffens and Steffans (1978) have been analysing amino acid

sequences of the subunits and have applied a novel approach

regarding the question of which subunits bind the prosthetic

groups, A direct approach has proved unsatisfactory, presumably
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due to the non-covalent association of the metal centers coupled

with the harsh denaturing conditions employed for subunit .'*'''

resolution. In examining the primary structure of the subunits

and comparing them with other well defined electron transferring

proteins they have noticed sequence homologies. Homologies were

observed between subunit II and the copper proteins azurin and

plastocyanin and between subunit VII (ie. the lowest molecular

weight subvinit) and £-type cytochromes. Thus, they have

suggested that subunit II is a copper binding protein and sub\init

VII a heme binding protein.

Determination of the chemical composition and structure of

the heme prosthetic groups has been reviewed in detail by

Lemberg (1969). Essential features of the two chemically

identical heme £ groups are found in the side chains attached

to the protoporphyrin ring (Figure 1). It differs from proto-

heme by having a formyl group instead of a methyl and a long

hydrophobic side chain in place of a vinyl group. Presiunably,

the hydrophobic side chain assists in anchoring the prosthetic

group to a hydrophobic portion of the protein. The binding of

copper to the oxidase is known to involve protein ligands and

among the candidates would be imidazole nitrogen, methionine

sulfur and cysteine sulfur. However, definite assignment of

copper ligands has not been made,

A functional unit of cytochrome oxidase contains two

heme £'s and two coppers (VanGelder, 1966). The classical

concept of cytochrome £ and aj as separate entities was put

forth by Keilin and Hartree (1939). This was based on the

reactivity of the oxidase to iron ligands, such as cyanide and

carbon monoxide. Cytochrome aj was defined as that center



ill's Jxnt/ffar -J^tw

Bj-i •> nl ... .'30*1

OT^w £ jx-:i4oJoino}' .a^xsolomo/^ 9o ' Lsox.t.ii- ivsri yorij- artioJ-ctq

rcKluoalora -" ••;:: s '.t .-'^.:')
.. LV iinudise «;)9H',-t3d t^re iilnByooJ'Sftiq

: nio.totrr ^a.ltni oo b -li: I] .-tx . M "if)*

"izii bnn no' 'Oo laoxmtdo e'.J ' rfiiJ:ffrr?.T:).i

' :tvj-cb nx D9W0X' i' n99d sb ^Quo'-r o- -Tq 9j

j-o :i.rv cjjiXBrfo 9bxs e;-' ; fix dH' n.tr.iji,.
_>_

et-ieri /sDxd

-(\tO' i'lxfa JI , ' I 9^0Jii'*l) ,;aj. 'IT ftf^

,'^nol 6 ont- f'v '.Te' " rt-^j.^c:;!! quo'? -.zvnA •

, Y ' '''f>flJX'3o-' . ;i "..o 9oyIa i i itxs.ay eoxe- oxdorirjc

•jx.t-grf.iEOTia srfJ .iii'TOn'o^K nx aJ-axacB rixirido Dt ts o.t-'odqoibYr

'fj '.bnid oitT .nJ.e.tO''^T s'^t ''o noxJ-^o'T ox' " "'"'
'

" "'-i''-

' Lovnx -1." rtwo..s 3x sct'oxxo oriJ o<J -ic^

jnii'vi^'Jem n alossbxmx oc' -^irfcj gnome

"io j'^^v' :>,xaBG ad'lnx'iao ,'i9V9''.vo;t .lu'iisf?: o.txs-'- ' ^ne f.u'ilu^

Ibr- ^' ^r'T .(r:»d9I .lebisOneV) - '- e'^^T-'n

ctij'i rJE 8s ^« bi 'cffionoo

, erfct n. .
- '.-w axrC' .(PC9I' '.t-col

on.f- obxriBYoaac-j do.'-t^. ,auxi6;!--ui noix ^vt 9c.'.(:b,r:xo '*
' '- -^Jxvi vss'^

n >,t. ,:•;! Jr>ri.1- ns boax'Jsb y^t^v; ^ emot; . ^ i.
. ;;



.[^

(cJV^'i ...L'j.^s ,Y9n'3iJH0) _6 Sine f lo eTu.j-Dtrr.-fS .(I)..

t- «j



21

(1), Stinicture of heme £ (Caughey, et.al., 1975)
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capable of binding CN~ and CO and cytochrome a as the one which

did not react with these ligands. The contributions of the two

cytochromes to the absorbances of the «- and ^- bands of the

reduced spectra wer6 assigned by taking difference spectra

between liganded and unliganded forms. Cytochrome a_ was proposed

to contribute about eighty percent of the extinction at 605

nm («-band), with a near fifty-fifty contribution to the

Soret or (J-band at 445 nm.

The classical model of cytochrome oxidase has been a

subject of intense study and discussion over the years since its

proposal (see Wikstrora, et. el., 1976 for a review of recent

controversies). Persistent failure to split the oxidase into

separate functional units, although perhaps not surprising,

led to early criticism of this model. As reviewed by Lemberg

(1969), Okunuki (1962) and Wainio (1959 and 1965) were prominent

in advancing a "unitarian theory" of cytochrome oxidase;

Wainio (1959) attributed many of the classic spectrophotometric

observations to copper-herae interactions. '

More recently, the techniques of reductive, oxidative

and potentiometric titration have been applied to cytochrome

oxidase in an effort to examine thermodynamic properties of

the metal centers and have led to new models of the enzyme.

These studies involve incremental oxidation or reduction of

the enzjnne as monitored by visible absorption or electron

paramagnetic resonance (see below) spectroscopy. The titration

curve obtained is complex and different interpretations of the

results are found in the literature. In potentiometric

experiments Muijsers, et. al. (1973) advanced the idea that
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the heme groups in the absence of ligands or cytochrome c

were spectroscopically and thermodynamically identical

(Eq = 260 mV). Only in the presence of heme ligands or

catalytic amounts of cytochrome £ were these workers able to

distinguish the hemes potentiometrically. Muijsers, et.al,,

(1973L) designated a low and high potential heme with mid-

potentials of +220 mV and +370 mV, respectively. It should be

noted that the ability of cytochrome £ to convert the oxidase

into a form in which the hemes are potentiometrically

distinguishable has not been substantiated by other workers

(Hartzell and Beinert, 1976 and Wilson, et.al., 1976).

Wilson and co-workers (1971, 1972 and 1974), employing

the potentiometric technique, have advanced the view that

cytochromes a^ and a^^ are spectroscopically indistinguishable

but potentiometrically distinct. They have interpreted the

sigmoid Nerst plots as indicating the presence of two one-

electron accentors; one has a low potential ('^+225 mV) and

the other has a high potential ('^ +3^0 mV). The low potential

heme was identified as cytochrome £ and the high potential

heme as cytochrome £^. Wilson, Lindsay and Brocklehurst (1972)

explain the high 605 nm absorption in the CO-induced spectrum

of reduced oxidase as a manifestation of heme-heme interaction

resulting in altered extinction coefficients. A further

consequence of this view is the suggestion that aaiide binds

to cytochrome £, in direct contradiction with the classical

model, Potentiometric assignments have also been made in

oxidative titrations by Schroedl and Hartzell employing the

visible absorption bands to monitor oxidation (1977
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a, b and c). Using equal contributions of cytochromes £ and

£3 to both «- and ^ - bands they assigned a high potential to

one heme and one copper of 340 mV and low potentials to the

other heme and copper of 220 mV and 240 mV, respectively

(Schroedl and Hartzell 1977c, but cf. Schroedl and Hartzell

1977a). In addition the latter workers (Schroedl and Hartzell,

1977c) observed an effect on the midpotentials of all the redox

centers of the enzyme and cytochrome £ upon the binding of

cytochrome _c. This effect is to be distinguished from that

reported by Muijsers, et.al., (1973). Under conditions where

an electrostatic 1:1 £ - aa ^ complex was formed the mid-

potential of bound £ was reduced to +21ttnV compared to260 mV

for cytochrome c in solution. In addition, in such a complex

the high potential heme and copper had 20-25 mV more negative

Eq values and the low potential pair had 5-20 mV more negative

Eq values. However, the assiomption that sigmoidal Nerst plots

implies the presence of two electron accepting sites of discrete

midpotentials has drawn some criticism, (Walz, 197^, Malmstrom,

1974 and Babcock, Vickery and Palmer, 197B).

Nicholls and Petersen (1974) have advanced a model which

retains the classical spectral contributions of cytochrome a^

and £0 but suggests that the redox potential of one heme is

dependent on the ligation and redox state of the other. In

order to explain the aerobic titration experiments the half-

reduced species is suggested to comprise a mixture of a^'^a\'^

and a/ at^ rather than the singular species presumed by Wilson

and co-workers (1972). Babcock, Vickery and Palmer (1976)

offer magnetic measurements which suggest that the redox
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potential of one heme is altered by the redox state of the other,

During the titration the reduction state of both hemes remains
pi O J.

equal; the partially reduced state is a mixture of ai £< and

a3+a32+.

Magnetic measurements offer perhaps the most convincing

evidence of non-equivalent heme and copper groups. The EPR

spectrum of the oxidized enzyme typically exhibits a g=3

signal of ferric high spin heme and a g=2 signal of oxidized

copper (VanGelder and Beinert, 1969). Quantitation of these

signals indicates that only 30-40% of the copper known to be

present is giving a paramagnetic signal and similarly only

40-50% of the heme is detectable. This has been taken to

indicate that only half of the metal centers, one copper and

one heme, are EPR detectable; it strongly suggests different

environments for the detectable and non-detectable components.

Upon partial reduction a g=6 signal, assigned to high spin

ferric heme, appears and attains maximal intensity when roughly

two electrons have entered the oxidase; the g=6 signal dis-»-

appears at full reduction, when four electrons have entered

the oxidase. No signals are observed from the fully reduced

enzyme. The assignment of g=2 signal to oxidized copper seems

a matter of general agreement, but the assignment of the g=3

and the g=6 signals to one or the other heme is somewhat less

certain (see Table 1). Magnetic susceptibility (Ehrenberg

and Yonetani, 1961) measurements have indicated the presence

of an antiferromagnetically coupled pair of metal centers.

This has been offered as an explanation for the failure to

observe the expected EPR signals from the oxidized enzjmie.
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^=2 signal g=3 signal

oxidized copper sr lo spin

3+ -.

a_ lo spin

g=6 signal References

3+ -,

a_^ lo span

3+
aio or £

lo spin

3+ -.

£ lo spin

3+ n
a_ lo spin

3+ u-
a_o hi spin

£-^ hi spin

mixture of
two hi spin
hemes

_a hi spin

3+, .

£o hi spin

ja hi spin

VanGelder
and Beinert, 1969.

Hartzell, Hansen
and Beinert, 1973.

Leigh, et.al,
1974.

Wilson, et.al,
1976.

Palmer, et.al.,
1976.

Babcock, Vickery,
and Palmer, 197S.



<^.;

i38BbiXC ,1 3ic;KT

J-
1.'

"'
' rixaa if: '*'S: niq« o r ^>e " "

.C-

~ "

' "

"



27

More recently, Falk, Vanngard and Angstrom (1977) have confirmed

these results and also observed no increase in susceptibility

upon partial reduction; which militates against the suggested

appearance of a paramagnetic signal from the cytochrome a^

heme upon partial reduction. The chemical nature of the

proposed linkage between the EPR silent components (ie. cyto-

chrome £3 and one copper) is not known. In a recent model

Palmer and co-workers (1976) suggest the imidazole ring of a

histidine residue as a possible bifiinctional ligand.

The assignment of specific interactions in the oxidase to

their phenomenological manifestations requires more work.

However, it seems apparent that some form of interaction between

the metal centers of the enzyme is an unavoidable feature of

any current oxidase model,

(2) Physical-Chemical Properties of Cytochrome £

Cytochrome £ is one of the most widely studied proteins.

The primary structure (amino acid sequence) of more than eighty

cytochromes _c is known (Ferguson-Miller, et,al,, 1977). It is

a peripheral protein associated with the cytosol side of the

inner mitochondrial membrane (DePierre and Ernster, 1977 )•

The mammalian protein has a molecular weight of 12,400 and

an isoelectric point of 10,0 (Barlow and Margoliash, 1966),

The structure of the prosthetic group was determined by

Theorell (1941) and Theorell and Akesson (1939, 1941). The

essential features include the protoporphyrin ring as the

iron chelate, covalent attachment to cysteine residues of the

protein via two vinyl side chains and occupation of one axial



yJi J i.tcsop;;B ni e^&e^oai. on bsviaedo o'^Is '.eT ri-^s'^i

c£ err.oifiooj-yo ar^J moil ienjite. oid'sngBmB'xeq g lo son

oij lo eTir.t;in I«oiiriei^;o nn'T .rtoxctr^'/bs^T fs^.^tTn.T r?oa;T

-Oo^';o .9x) p-.tnenorTmoD .taolxs h'la edd .iyfv/jyc 'ii Ui^co-

Isbofii J-nsoei 6 nX .r^ronji ton ni (io^7cro3 sno bns ^ s/notdo

fi lo -in.'T alosf.bxfnx sriJ d-eeg^tje . --oo vO-te t.'

.iirii;!^xi lenojtd'oaulxd aldissoa b ?s sxjoxest: on

o.t 9HeDX>'0 9-^ / nx snoxd-osioc^nx oxIxosfTs '-ro etc

.^'"T'-vr 9iom asixupsT snox^ vtsn'tj-nen! If--nx-^olo;"-

n99WJ"o ' an LjnoTs.tnx "^o arioJ ercoa Ja.'iJ JfiG'x.;.c;M6 acieea j

'^o sTirctes't sldcbiovRfixr fi6 3x omrsie odJ- lo aT3Jrt:£»o i*.

,19;- om n36Dxro d-aei-riro

2 smoirioo^YG lo aoioToqort*! ri-;3i:rr:9r{0'lGOi"T

.aiiisd'O-^T oaxbi/.ts vXdbxw d-3o;n sriJ "io sno tix o_ 'ino'Xdooj- .

ydf^rixs nn '3 Btoas lo (sonELroas oxo" s^tr J-owlets y-j »; ,

3.- >;I .(^'VVI ,,Ib..j9 ,^:^IIxM-^oa^.':£<^9'H; rn-;o:':;4 si p e^no-rrit

x9:4-'j-Jao.- sbxaJiuaod'vc; 9r^^ r;;tx*r T^?:! .ioaaat:; a.i-SJo"q JL6i-rqx'i

("V'-^i .'xa^arni'L bas si-xox''-;".!) ^rTe''n>!:?''; /.BXtbnorlood'li

HG or)a,SI lo r^r:- ?-s'' TftXwnoIom B 36 lonca acj

,'doe' ,'-^?fiJ:'" . u^e -A^oI^Ba) O.OI '^^

. y: oxtj;

T9j9b ssx'T qyoip, oii^ncfzoin 3'';', to etud'oi/i.ts

or!'" AI'^''! ,'^V'l) ''OPr.^^^\ bna IXe'iosni' br=5 'I._i^I) ilo-

or^;J 3n ^ni'i nliyrf^riociOuOTa 9'^d' ebuIo'J' r^T.ij?

edfj 'io 39ubl''-'o'T siTisJ-syo oj J-n9r:rlo6d"^8 onsItAvoo ,

lexxf. sno lo noxJp'urro ^rtif'^-^r) ' a/.:" bx



2g

position by an imidazole nitrogen from the protein. The

identification of the sixth, axial ligand was made by Harbury,

et.al,, (1965), The amino acid sequences of cytochromes £

from many species indicate the presence of about 30fo non-variable

residues including those forming the axial ligands and at least

one of those to which the heme is covalently bound (Salemme,

1977), In addition, x-ray crystallographic data have been

b
collected and refined to a present 2 A resolution for the

oxidized and reduced proteins by Dickerson and co-workers

(1977 a and b). The general features of the globular structure

are five regions of « -helix, a predominance of hydrophobic ^'

residues surrounding the heme which is only partially exposed

to the solvent and eight lysine residues in contact with the

surrounding medium. The hydrophobicity of the heme pocket

accounts for the high redox potential of cytochrome £ ('^+260mV)

(Kassner, 1972), The excess of lysine residues over glutamate

and aspartate for the basic isoelectric point; the protein

molecule carrying eight positive charges at neutral pH. In

addition, examination of the reduced and oxidized protein

structures derived from x-ray cystallography revealed no major

structural changes.

The visible spectrum of reduced cytochrome _c possesses

easily observable «-, /5- and ^-bands at 550, 521 and 4I6 nm,

respectively, (Margoliash and Frohwirt, 1959). At neutral

pH the reduced protein is not autoxidizable and does not react

with carbon monoxide, typical reactions of a hemochromogen

(Butt and Keilin, 1962), The protein will react with O2 and CO

below pH 4 and above pH 12, The cyanide compoiind of the reduced
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heme protein is not formed directly until pH 13, whereas the

reaction of cyanide vrith oxidized £ is readily obtained at

neutral pH. George and Schejter (I964) have explained, on

thermodynamic grounds, the inability of reduced cytochrome

_c directly to form a complex with cyanide and interpret the

different reactivity of reduced and oxidized £ toward cyanide

as evidence of a redox linked conformational change, Sutin

and YandeH (1972) demonstrated in kinetic studies that the

binding of heme ligands to oxidized cytochrome £ involved an

initial equilibri\im between an "active" and "inactive" (with

respect to ligand binding) form of the protein. In the "active"

form the methionine-SO axial ligand was displaced from the

iron, thus allowing attack by other ligands. The rate of a

ligation would thus be limited by the rate of heme crevice

opening. Davis, Schejter and Hess (1974) showed that the

position of the ligand exchange equilibrium was pH dependent,

and that as the pH was raised a lysine residue would deproton-

ate and replace the methionine sulfur as ligand. The overall

pk of this process was observed to be 9,0 in agreement with an

earlier suggestion of Greenwood and Palmer (I964) based on the

kinetics of cytochrome £ reduction. Thus, the accessibility

of the iron to extraneous ligands is limited at neutral pH,

the exception being the reaction of cyanide with oxidized

cytochrome.

The most conspicuous and vital feature of cytochromes £

is its ability to undergo reversible oxido-reduction. Despite

the years of intense research on this protein the mechanism

by which it transfers electrons is still not certain. Possible
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mechanisms may be divided into two major classes, (a) Those

involving replacement of an iron ligand are referred to as

inner sphere mechanisms; (b) those that do not involve ligand

replacement as outer sphere mechanisms. The rate limit for

ligand displacement established by Sutin and Yandell (1972)

has been used to rule out inner sphere mechanisms for processes

of physiological interest and for most small oxidants and

reductants as well, A number of outer sphere mechanisms have

been proposed including electron tunneling and transfer via

the exposed heme edge (Salemme, 1977). Sutin (1977) lists

the electron transfer rate obtained for non-physiological

reductants; the reactivity suggests transfer via the exposed

heme edge. Studies with modified cytochromes £ (discussed

below) have also suggested this area as the site of electron

transfer in the physiological redox process. However, Feinberg,

Ryan and Wei (1977) conclude from work with two _c-type cyto-

chromes of different overall charge but similar structure

about the heme edge that this region may not be the site of

electron transfer. Kinetic evidence has not been conclusive.

Cytochrome _c binds ions to the protein moiety in both

the reduced and oxidized states. Barlow and Margoliash (1966)

reported the ability of various anions to impede the electro-

phoretic mobility of oxidized cytochrome _c. These authors

indicated an order of binding affinity for the anions studied of

phosphate > chloride > iodide > sulfate > cacodylate. Extend-

ing this study to the reduced form of cytochrome £ Margoliash,

Barlow and Byers, (1970) found that whereas ferricytochrome c

boiond anions more tightly than cations, the opposite was true
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for reduced cytochrome £, The authors speculated on a redox

linked ion transport role for cytochrome £• Schejter and s

Margalit (1970) studied ion binding to cytochrome £ by measur-

ing the letter's redox potential in different media. At low

ionic strength in non-binding (ie. Tris-cacodylate buffer)

medium the midpotential was 276 mV, whereas in binding medium

(Tris-cacodylate buffer plus NaCl) at low ionic strength the

midpotential was 225 mV. As the ionic strength was raised

in non-binding medium the midpotential decreased, whereas the

reverse occurred in binding medium such that anion bound

cytochrome £ now had a more positive potential than free

cytochrome £, These authors also confirmed the electrophor-

etic results of Margoliash, et.el. (1970) by gelfiltration

studies of ion binding (Margalit and Schejter, 1973). Similar-

ly, Morton and Breskvar (1977) have observed a reduction in

chloride binding when lysine residues are modified in such a

way as to replace the positively charged group with a negative-

ly charged pne via trifluoroacetylation.

Ion binding has also been observed to affect the kinetics

of reduction and oxidation of cytochrome c, Mochan and Nicholls

(1972) observed a decrease in the second order rate constant of

ascorbate reduction of cytochrome c with increasing phosphate

concentration and related this to the similar decrease in

ascorbate reducibility of cytochrome £ complexed to cytochrome

c oxidase. Peterman and Morton (1977) observed an increase in

the rate of £ oxidation by ferricyanide as the ionic strength

was lowered. Sutin (1977) summarizes the effect of ionic

strength on the behavior of a number of reducing and oxidizing
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agents of cytochrome _c. In general, negatively charged

reactants show an increase and positively charged reactants

a decrease in reactivity as the ionic strength is lowered. i

This may support the idea that the exposed heme edge is the

site of electron transfer; this area of the molecule is known

to have a preponderance of positively charged lysine residues

(but cf. Feinberg, Ryan and Wei, 1977). It should also be

pointed out that rated with uncharged reactants do not exhibit

much dependence on ionic strength (Cannon and Erman, 197^ )•

The binding constants for these small ions estimated from the

different techniques have been siimmarized by Nicholls (1974).

Generally, the kinetic redox studies indicate dissociation

constants an order of magnitude lower than binding studies.

This suggests that there are sites for binding ions which do

not have much effect on the kinetics of reduction and oxidation.

The reduction of cytochrome c by ascorbate has received

renewed attention lately, Kihara, et,el, (197^) have suggest-

ed that the double anion of ascorbate is the major reactive

species because the second order reduction rate increased as

the pH was raised, A greater proportion of the ascorbate

present would be in the doubly-deprotonated form as the pH was

raised accounting for the rate of cytochrome _c reduction.

Perhaps a more plausible explanation would involve an increase

in the reactivity of cytochrome _c. If the pH is raised cyto-

chrome £ approaches electroneutrality due to the deprotonation

of lysine groups. As the net positive charge decreases the

ability to bind anions may decrease and the reactivity may

increase. In any case, changes in the reactivity of both
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species should be considered in the analyses.

Cytochrome £ forms complexes with phospholipids. In

studying _c interaction with phospholipid vesicles Kimelberg

and Lee (1969) identified two types of bound cytochrome £.

Cytochrome _c may form an electrostatic ccmplex with negative-

ly charged head groups, distinguished by its salt lability and

ascorbate reducibility. Cytochrome _c may also be trapped

inside the vesicles whereupon it cannot be washed off with

salt solution and it becomes non-reducible by ascorbate. A

group of uncharged reagents were identified which could reduce

this form of trapped cytochrome £ and it was concluded that

they possessed the ability to traverse the membrane. More

recently Cannon and Erman (197S) observed an increase in the

rate of £ reduction by ascorbate as the ionic strength was

lowered in the absence of vesicles and the reverse in the

presence of vesicles. The bound form of cytochrome £ is less

reactive to ascorbate reduction. The neutral reductant

ex -amino-4-hydroxy-6 , 7-dimethyl-5 ,6,7, 6-tetrahydro-pteridine

(DMPHi ) reduced cytochrome £ at rate independent of ionic

strength in the absence of vesicles. In the presence of

vesicles, as the ionic strength was lowered, DMPH reduced c

at a greater rate in the absence of vesicles. This indicates

that bound c remains accessible to certain reactants. The

more rapid reduction of bound _c may be a consequence of a

change in the midpotential of cytochrome _c; a decrease in
t

^o

t

E was measured for the bound form by Kimelberg and Lee (1970),

(3) The complexes of cytochrome £ with cytochrome aa,

.

The formation of cytochrome £ cytochrome oxidase complexes
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has been invoked to explain kinetic (Smith and Conrad, 1956,

Minnaert, 1961 and Nicholls, 1964) and ascorbate reducibility

studies (Mochan and Nicholls, 1972). The existence of a

complex has been demonstrated by direct binding studies

(Kuboyama, et .•1,1962, Orii, et.al, 1962 and Nicholls, 1964).

More recently, extended kinetic studies of Ferguson-Miller,

et.al, (1976) have shown biphasic behavior indicative of two

binding sites for £ on the oxidase. The affinity for cyto-

chrome £ was dependent on ionic strength, and an electrostatic

complex was inferred. The high affinity site presvunably

corresponds to that observed in the binding studies at low

ionic strength , while the low affinity interaction may pre-

dominate at high ionic strength; as used in earlier kinetic

studies. The ratio of cytochrome c to oxidase (£ a^) in the

complex observed at low ionic strength was 1.0, it was disso-

ciated in high ionic strength medium and electron transfer

within the complex probably did occur. (Kuboyama, et.el., 1962)

and Nicholls, I964). But, Kuboyama and co-workers (1962) also

report the formation of a different type of c-aa^ complex.

Upon sonication of mixtures of the two proteins a complex of

2:1 stoichiometry was observed, which was not dissociated at

high ionic strength and was found to be more active in

re constitution studies.

Much effort has been expended on defining the area on the

cytochrome c molecule which interacts with the oxidase in these

complexes. Smith and co-workers (1973) employed specific

antibodies to cytochrome _c, one of which was able to block

reaction with the oxidase but did not affect cytochrome c
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reduction by succinate-cytochrome _c reductase. This evidence

indicates that physiological reduction and oxidation of £

may involve distinct areas of the molecule. One approach to

defining the reaction area has been to selectively modify

the protein and then test the effect of the modification on

the kinetic parameters. Millet and co-workers (SmitKet.al.,W7T)UJere

able to modify and isolate cytochrome _c in such a way that only

one of the surface lysines was modified. The effect of such a

modification was to replace what was once a positively charged

group with a negatively charged one. They prepared six such

singly modified cytochromes _c and observed decreases in the

binding affinity for those modified near the heme crevice

•

Similarly modified cytochromes £ have been prepared and

characterized by Margoliash and co-workers (197^ a and b). The

latter school also concluded that the interaction domain on the

cytochrome £ molecule was close to the heme crevice (Ferguson-

Miller et,al,, 1976). In a reverse approach, Rieder and

Bosshard (197^) observed which lysine residues were protected

from acetylation or methylation in the tight electrostatic

complex. This group also concluded that the interaction site

was centered around the exposed heme edge. These results all

indicate electron transfer through the exposed heme edge.

However, evidence indicating the kinetic competence of the

complex being studied is lacking. Thus, the role of this

site and other suggested sites on the oxidase in the catalytic

mechanism remains obscure.



2 lo noid'iPbxxc bcB noxJ-rn/fiST: leoi'SioIoicJYrffT J-^rfi BeieD

ot rioBOT:c[ IS enCJ .oli/oexom ?-'d- 'lo eBSte ctDnidsxi) -•.-foi'-n-

vlxbom Ylsvxvtosre:'. o.t rf99: asri Bsie noiSon^i snj ,^axaii9

ro noxJeoxlxborn st^J lo J-yoTle efl,:t J-cocr ns-fj- bac als.toir-

3''=5',) (T .^^9W..( ?v!\' '?!)) 3Te-:i'rovr-ao bnb .tp'fr^^ ,~'----"om -.-r-'r r. i.tf1rT,h'

.{l^o .^erfJ V8V.' 6 Hot- trx 2 •'?ff!otr{ooj-vo x .'iiTc-. vi^uoa oj fii^c

R rfoif« lo to oils 9f?r ,b9'

sr'J" Ti: a.^'Ois<3'io9h '^avTier. bar

,yji"VOT;j ; ;,;'-.ff S'l.-l T.r-nrr bsj'irroor i- tol ",j-.L-T\t*''lR

bas bsTS'va'iq nose ^vt;;- 2. 2rr-j't:^ooJ-yc; uaJ:

.(d f"T6 6 BV~*0 ST3jinow-oo one natx

'

9'-i LsnTob noxJoRie-lTix orfJ .tti-i^ bebi/Jonx-r orle i

-r;oe//;!^T:D'>i) t?9xv9TD i^mo^' aK;? '^J oeolo Bbw o Lur

hnt; rsoaxH , rioso'x'T'-'rt ss'xsve';; s ril .f8>?I ^»I«.

DxJ't^J-RO'T -xc)' sri.t fix noi-.MH

eff^t '^o son jJ-aqiiToo oxd^siix:^ e-i^ ^.ni.taoxbni aonabxvo ,^

s.'
-'

> lo i^io-:: arfj- ,..,.., , ^jIx:>{orI rti o.9 xf-f.'•>•'
•••' rr.': • >

'

ox:^-' laj- ,j 9r?d- nx t^ • > add" no osJia b9CfB9"j:'^/;3 'lij.-fJ-o bna eJ-x.

,:3Tl;o8cJo aaxsmei me..



36

(4) Steady-state kinetics of cytochrome oxidase

The reaction catalysed by cytochrome _c oxidase involves

the oxidation of reduced cytochrome c_ and the reduction of

molecular oxygen to water. The steady-state kinetics with

respect to cytochrome jc have been studied most extensively.

Essentially two types of assay systems have been employed

and the conditions are shown below. In assay system (3) the

oxidation £ y aa ^ ^0 1] (3)

AH2 > c

—

t' aa- f 0^ ( 4

)

of reduced cytochrome £ is conveniently monitored spectro-

photometrically at 550 nm, the o< -band of reduced cytochrome £,

In assay system (U) a reducing agent (AH ) is employed to main-

tain £ in the reduced state. The reducing agent originally

employed by Keilin (1930) was the amino acid cysteine. As a

consequence, the enzyme was referred to as thiol oxidase by

some workers (Boeri, et.el,, 1953). Aseorbic acid was intro-

duced by Slater (1949) because of its low level of autoxidation

and TMPD by Jacobs (I960) because of its rapid reduction of

cytochrome _c. The use of both assay systems by various groups

(Smith and Conrad, 1956, Minaert, 1961, Smith and Camarino,

1963, Yonetani, I960 and VanBuuren, VanGelder and Eggelte, 1971)

has served to establish the steady-state rate equation shown

below (5, see et^. i).

V =

(5)
Km + [c2+] + [c^-^]

The right-hand term differs from that in the standard Michaelis-

Menten equation by inclusion of a term for the concentration

of the product in the denominator. This equation accounts for
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the observed first order disappearance of cytochrome £ and the

hyperbolic relationship between the initial velocity and total

cytochrome c concentration. This relationship was first

advanced by Minnaert (1961) in a paper which considered many

alternative mechanisms, "Mechanism IV", from which the

steady-state rate equation (5 ) was derived is shown below (6),

In order to obtain (6)

the rate equation the association and dissociation constants

must be the same for reduced and oxidized cytochrome £ (ie, k-j^=

ko, k_2^ = k^o). The enzyme under kinetic conditions exhibits

an equal affinity for both reduced and oxidized cytochrome £,

This is not surprising considering that major changes in the

tertiary structure do not occur upon changes in valence state

of iron atom. However, the lower redox potential for bound

£ (Schroedl and Hartzell, 1977c and Vanderkooi and Erecinska,

197A.) suggests that the enzyme binds oxidized cytochrome £ more

tightly. More recent kinetic studies over extended ranges of

cytochrome c concentration and in media of low ionic strength

(Ferguson-miller, et.al,, 1976, Errede, 1976 and Errede, Haight

and Kamen, 1976) have indicated two sites of interaction for

£ on the enzyme, Errede (1976) extended the experimental

range over which first order disappearance of reduced cyto-

chrome c is observed (6,7 to 160 nM) and also found tighter

binding of cytochrome _c to cytochrome oxidase in the lower range

of cytochrome c concentrations. The high affinity phase of the

kinetic plots was associated with a low turnover. At high c
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concentration a second phase was observed with low affinity

and high turnover. Similar results have been observed by

Margoliash and co-workers (1976) using assay system (4) above.

Errede (1976) has extended Minnaert»s steady-state equation

taking into account two sites of different affinity for £

on the oxidase. The mechanism postulates complex formation

between cytochrome c and free oxidase in addition to complex

formation between cytochrome £ and cytochrome jc- oxieiase

complexes.

Due to the rapid reaction of the reduced enzyme with

oxygen the steady-state kinetics of the oxygen portion have

been less well studied. The technique developed by Degn and

Wohlrab (1971), allowing for convenient control of the level

of dissolved oxygen in solution , should facilitate studies

of this type, Petersen, Nicholls, and Degn (1974) have employed

the technique to observe mitochondrial respiration and have

detected differences in the Km for oxygen between energized

and deenergized mitochondria, Petersen (197^) has employed

air and CO mixtures to observe the oxygen kinetics and reports

non Michaelis-Menten behavior at low levels of cytochrome £,

In addition the reaction between reduced a^o and oxygen was

observed to be bimolecular with a rate constant of 1,4 x 10°

M* s , A study of the purified oxidase employing the system

of Degn and Wohlrab was undertaken by Petersen, Nicholls, and

Degn (1976), Their results indicated a Km for O2 of 0,95 jiM

and a second order rate constant for the reaction between oxygen

and oxidase of 9.5 x lo'^M's , These authors conclude that a
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non cooperative reaction mechanism is indicated from both

cytochrome _c and oxygen steady-state kinetics,

(5) Partial Reactions of Cytochrome c_ Oxidase

In the catalysis of cytochrome £ oxidation and oxygen

reduction there appear transient intermediate forms of the

enzyme which may help to define the route of electron flow

from cytochrome _c to oxygen. Study of the partial reactions

of cytochrome oxidase is designed to identify these inter-

mediates and assess their kinetic relevance. The observation

of these partial reactions requires their isolation from

turnover of the enzyme. Upon mixing reduced cytochrome £

with oxidized cytochrome oxidase, anaerobically or in the

presence of cyanide, rapid electron transfer occurred (Gibson,

et,,al., 1965). These authors identified cytochrome £ as

as the initial acceptor of electrons. The second order rate ^o

constant for the reduction of cytochrome e by cytochrome £

was calculated to be 10^ M'-'-'s"-^ at pH 7.6, in 100 mM

sodiiom phosphate, at 20°C, In addition, these authors observed

that more cytochrome _c was oxidized than could be accounted

for in cytochrome a_ reduction -and suggested that copper

reduction was dynamically linked to cytochrome £ reduction,

Futhermore, these authors observed a slow transfer of elec-

trons from cytochrome _a to cytochrome a^^ under anaerobic

conditions, Futher work by Greenwood and colleagues (Wilson,

et,,al,, 1975) confirmed the earlier results (Gibson, et.,al,,

1965), On the basis of spectrophotometric kinetic obser- .

vstions at 830 nm, the band assigned to oxidized
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copper, they concluded that both cytochrome _a and copper

are reduced in the early, rapid phase. In addition rapid

freeze EPR studies showed that the g= 2 signal disappeared

rapidly upon addition of reduced cytochrome _c (VanGelder and

Be inert, 1969). Greenwood and co-workers (1976) studied the

reduction of partially reduced cytochrome oxidase. The

partially reduced oxidase contained cytochrome £o in the

reduced CO compound. They also observed an excess of £

oxidized over cytochrome £ reduced in the initial rapid phase

and concluded that another center of the enzyme was accepting

electrons, Andrea sson , et.al, (1972) offer an alternative

viewpoint, stating that only cytochrome £ was reduced under

strict anaerobic conditions and that oxygen contamination

may have been responsible for the results of Gibson, et.al.,

0-965). Furthennore, these workers suggest that the rate of

internal electron transfer may be affected by the presence of

oxygen. In a reverse approach, Petersen and Andreasson (1976)

observed the reduction of cytochrome £ by fully reduced cyto-

chrome £ £o» In agreement with Greenwood and co-workers two

electrons were observed to exit from the oxidase in the rapid

phase of the reaction. Confirming this suggestion of

Andreasson, et.al, (1972), Antonini and co-workers (1977)

observed an effect of oxygen on rates of electron transfer.

They compared the reduction of untreated oxidized enzjnne with

enzyme that was reduced and exposed to a pulse of oxygen.

They observed considerably more rapid formation of the CO

2+sensitive £ in the pulsed enzyme over the untreated oxidase

and thereby inferred more rapid electron transfer from cyto-
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chrome a^ to cytochrome £^, These workers put forward the

oxygen pulsed enzyme as a possible catalytic intermediate.

Due to the rapid reaction of oxygen with the oxidase the

conventional stopped-flow technique cannot be employed to

follow the reaction of reduced cytochrome oxidase with oxygen.

However, the photolability of the reduced a^-v-CO complex has

been exploited in the flow-flash technique of Gibson and Green-

wood (1963) to observe the reaction of enzyme with oxygen. In

this technique the CO complex is mixed with Op and the inhibit-

or is removed by a high energy flash under conditions that

allow the oxygen reaction with the reduced enzyme to predomin-

ate in the subsequent dark phase.

Using the isolated enzyme Gibson and Greenwood (1963 and

1967) have postulated the occurrence of three intermediates

in the reaction with oxygen. With fully reduced enzyme (Green-

wood and Gibson, 196?) an initial bimolecular step was observed

g -1 -1
with a second order rate of 1 x 10 M» s • While the trans-

fer of electrons from £ to a (oxidation of cytochrome £)

proceeded at a rate of 700 s""'-. In other words, these workers

suggest a sequential reduction of 0^ as opposed to a concerted

mechanism. In support of this view Greenwood, Wilson and

Brvmori (1974) observed a rapid oxidation of ferrocytochrome

£- by oxygen in a species of partially reduced oxidase prepared

by partial oxidation with ferri cyanide of the CO compound of

reduced cytochrome oxidase. In whole mitochondria. Chance,

et.al. (1975) have employed a low temperature technique coupled

with flash photolysis to trap intermediates of the oxygen

reaction. These workers suggest three functional intermed-

iates designated compound A, B and C. Compound A is identified
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as the product of oxygen binding to reduced a_ . Compound B

is suggested to be a peroxy form, while compound C was suggest-

ed to involve higher oxidation states of the iron atom,

Nicholls (197^) has recently produced the visible spectnam of

a compound resembling compound C in a room temperature mixture

of oxygen, CO and oxidized enzyme, thus casting some doubt on

the functional relevance of compound C,

It should be emphasized that the compounds described by

Gibson and Greenwood (196?) and Chance, et.al. (1975) were

obtained under radically different conditions (ie. temperature,

solvent, state of enzyme) and comparisons between the results

of the two groups are difficult. However, Chance's compound A

(Chance, et.al,, 1975) is not the same intermediate as that

observed in the initial rapid transition by Gibson and Greenwood

(1967). Compound A has a peak at 590 nm whereas the "oxygenated

oxidase" of Gibson and Greenwood resembles more the spectrum of

Chance's compound C with a peak around 606 nm.

In a recent report from Chance and co-workers (197^) the

ability of compounds A and B to oxidize ferrocytochrome c^ was

examined. They observed that cytochrome £ oxidation preceded

cytochrome a^ oxidation and suggest electron transfer from £

to oxygen may proceed without the intervention of cytochrome £,

The authors are careful to point out the possible effects of

the low temperatures employed (eg, on Eq values, change in

relative rates of discrete steps, and orientation, and mobility)

but more studies of this nature would be helpful.

Sequential electron transfer steps have thus been observed
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in the rapid kinetic studies of cytochrome oxidase but the

relation of these processes to the catalytic cycle has been

slow to emerge.



,t^"419/119 Ovt WO 1

8



44

Materials

The following supplies were purchased from Sigma Chemical

Co.: sucrose, ethylene diamine tetraacetic acid (sodium salt),

Na2HP0|^, NagHPO, , Tween-SO, cholic acid, bovine serum albumin,

potassium deoxycholate, cytochrome £ (type VI), sodium ascor-

bate, tris base and morpholino propane sulfonic acid (MOPS),

The following chemicals were supplied from BDH: Sodiiim

Kydroxide, IN acetic acid, boric acid, ammonium sulfate, copper

sulfate (pentahydrate) , sodium azide, potassium cyanide and

anthroquinone sulfonic acid.

Hydrogen peroxide was from ICN Pharmaceuticals, Cysteine

(free base) was from General Biochemicals. Diaminodurene

(DAD) was from Polysciences Inc. and tetramethyl p-phenylene

diamine (TT'IPD-diHCl) was from Pfaltz and Bauer, Sephadex gels

were from Pharmacia Fine Chemicals, Dialysis tubing was purchased

from Spectrxim Medical Industries and asolectin was from Associat-

ed Concentrates, Nitrogen gas was supplied by Linde.

Cysteine was dissolved in HjO and brought to neutrality

(pH6,5 to pH7.0) with IN NaOH, DAD was dissolved in warm

absolute ethanol prior to dilution with the appropriate buffer.

All other solutions were prepared in H„0,

Methods

(1) Preparation of Cytochrome _c oxidase

The procedure followed for the preparation of cyt, £

oxidase was that presented by Kuboyama, Yong, and King (1972),

All manipulations were performed at 0-4**C and centrifugations

were done in an I,E.C, PR-6000 or an I.E.C. B-20 equipped with
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rotor no. ^72 for low speed spins and a Sorvall RC-5 with

rotor no. ss-33 or an I. E.G. B-20 with rotor no. 870 for high

speed spins. A typical preparation proceeded as follows.

About 6-7 ('^9kg) beefhearts removed from freshly killed animals

were obtained from Comfort and Tylee slaughterhouse. The fat

and connective tissue was removed and the muscle tissue was

passed twice through a meat grinder. The mince was then placed

in 20mM NaPO^^ pH7.4 buffer, stirred for about twenty minutes

and then drained through a double layer of cheesecloth. This

procedure was repeated about six or seven times. The washed

mince was then homogenized in a Waring blender in a total

volume of about 10 litres. This homogenate was spun for fifteen

minutes at 2000 xg and the supematents were saved and pooled.

Keilin-Hartree particles were obtained by taking the supernatent

to pH 5.6 with IN acetic acid. The precipitate was collected

by spinning for fifteen minutes at 2000 xg. The pellets were

resuspended in ice cold distilled water and spun at 24,000 x g

for twenty minutes. The tightly packed pellet was homogenized

in /^>'500 ml O.IM Borate Phosphate buffer pH7.6 with a Potter-

Elvejem homogenizer. Sodium chelate (10% W:V) was added to a

final concentration of 1%, Solid ammonium sulfate was added

slowly to 25 per cent saturation, the pH was brought to S with

1 N NaOH and it was allowed to stand on ice for one hour. The

mixture was then taken to 35% saturation with solid ammonixan

sulfate and allowed to stand for a further ten minutes. This

mixture was centrifuged at 39,000 x g for ten minutes. The

pellet was resuspended in 'v 300ml O.IM NaPO, buffer and sodium
4

cholate was added to a final concentration of 2 per cent.
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Solid amraoniiim sulfate was added to 25 per cent saturation and

the pH was adjusted to pH 7.6 with sodium hydroxide. This

mixture was allowed to stand in the cold for ten to twelve

hours and was then spun at 39,000 x g for ten minutes. The

pellet was discarded and the supernatant taken to 40^ satura-

tion with solid ammonium sulfate. This mixture was allowed to

stand for five to ten minuted prior to centrifugation at 39,000

X g for ten minutes. The "floating precipitate" was carefully-

collected and resuspended in '^' 100 ml 0.1 M NaPO, pH 7.4 with

1,5% sodium cholate, A volume of saturated neutralized

ammonium sulfate was added to this mixture while stirring

until a permanent turbidity was observed (18-25% saturation).

The amount of ammonixim sulfate required during these latter

stages was determined by observation of turbidity and varied

from preparation to preparation depending on the protein

concentration. The mixture was allowed to stand for 20 to 30

minutes prior to centrifugation at 39,000 x g for ten minutes.

The tan precipitate was discarded and the supematent brought

to a turbid state with the addition of saturated, neutralized

ammonium sulfate (28-40% saturation). This was allowed to stand

for ten minutes prior to being spun at 39,000 xg for ten

minutes. At this stage the color of the pellet was examined;

if it was tan it was discarded and the supernatant was brought

to a turbid state by the addition of more ammonitom sulfate,

sat for ten minutes and spun. When a rich green pellet is

obtained it is recycled through the above cholate-ammonium

sulfate fractionation. The final green precipitate was re-

suspended in ^60ml 0.1 M NaPO^, pH7.4 with 1% Tween-80, This
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mixture was refractioned, by first adding saturated neutralized

ammoniiim sulfate to about 20 per cent saturation, and again

allowing the mixture to sit for ten minutes followed" by cen-

trifugation at 39,000 x g for ten minutes. The resulting

supernatent is brought to turbidity with saturated neutral-

ized ammoniiom sulfate (about 25 to 30 % saturation) .and after

ten minutes centrifugpd at 39,000 x g (ten minutes). V/hen a

rich green pellet was obtained this was collected and resus-

pended in 60 ml 0.1 M NaPOj[^ with 1% Tween-SO and recycled

in phosphate-Tween through ammonium sulfate fractionation

procedure. The final green pellets were resuspended in 20 ml

O.I'M NaPO, with 0.25^ Tween-^0. The concentration of oxidase

from the absorbance spectra using the extinction coefficient

of 27 mM 'cm"-^ for the 605-630 nm wavelength pair (reduced

-oxidized) (Nicholls, 197^). A typical set of oxidized and

reduced spectra is shown in Figure 2 and the cilculation

of the oxidase concentration is shown below,

[aa3j - 1~ L
E

(.090-. 010) - (.03g-.Ol8) (7)

[££.3? • 2.22 ;l;iM

The 445/424 nm ratio was typically about 2.4 indicating little

non-reducible heme a_ was present, (Gibson, Palmer and Wharton,

1965). The protein concentration was detennined using the

Biuret method with bovine serum albumin as standard. The

purity of the preparation is indicated by the heme to protein
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(2), Spectra of oxidized (resting) and reduced cytochrome c

oxidase. The buffer medium was 50 mM sodium phosphate, pH 7.4
at 30*C, The enzyme was reduced by the addition of solid
sodium dithionite and the spectra recorded after twenty
minutes (a) oxidized (—^), (b) reduced ( ). Spectra were
recorded on an Aminco Chance spectrophotometer in the split
beam mode against a reference of buffer. The concentration
of oxidase was 2,22 uM,
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p). Spectra of reduced and oxidized cytochrome jc. Sigma
(Type VI) horse heart cytochrome £ was oxidized with a few
grains of solid potassium ferricyanide and passed through a

1,5 X 20 cm of g-25 Sephadex column. A spectrumof this
sample was taken (a{ ) oxidized) prior to reduction by a

few grains of solid sodium dithionite (b(»-») reduced). Tiie

buffer medium was 50 mM sodium phosphate, pH 7.4 at 30*0,
Spectra were recorded on an Aminco-Chance spectrophotometer in
split beam mode against a buffer blank.



CO

§1

c

I

O
9

8
ro



<i^



51

/ asc _ ^ascX Aox ox \

(550 ''$40; (''550 ^40'

%c reduced =" X lOO (^)

( 550 ^540/ (550 ''540;

A^^° refers to the absorbance values of the sample off the

column, then a grain of K^Fe (CN)^ was added to obtain the

oxidized absorbance values {k°'^)f followed by the addition of

a few grains of sodium dithionite to obtain the fully reduced

absorbance values (A ® ),

In addition the reduced cyt. £ sample obtained off the

column was checked for the presence of excess reducing equiv-

alents by titrating with a known amount of ferricyanide and

monitoring the oxidation of the cytochrome. When one equiva-

lent of ferricyanide was added cyt. £ was fully oxidized,

indicating absence of ascorbate.

(3) Polarographic measurement of oxidase activity.

The measurement of ©£ uptake catalysed by cytochrome

oxidase was performed in a closed system fitted with a Clark

O2 electrode. The system consisted of a 12 ml glass cup tight-

ly fitted with a removable plastic assembly into which an

oxygen electrode was mounted. The electrode was covered with

a teflon membrane and was connected to a power source (polar-

izing box) which was in turn connected to a Perkin-Elmer

(1-10 mV) recorder. The cup fitted into a jacket type circu-

lating water bath for temperature control. Calibration of the

recording system was conveniently obtained by adding an excess

of sodium dithionite to the closed reaction vessel and allow-

ing the medium to reach zero oxygen tension. The oxygen content

of the reaction medium was assumed to be that of an air saturated
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solution at the specific assay temperature (Estabrook, 196? ).

To begin an experiment, buffer was added to the cup and the

plastic mount was carefully fitted into the cup. Any excess

buffer and bubbles were expelled through a small groove in the

plastic mount. Additions to the reaction medium were made

with microsyringes through this opening. After addition of

buffer to the vessel stirring was applied using a magnetic

stirring motor and after a few minutes equilibration the elec-

trode produced a stable signal monitored by the recording

system. At this point sequential additions of ascorbate, TMPD

and the enzyme were made. After each addition a few minutes

was allowed to pass in order to obtain an accurate measure of

the background oxidation rates. The enzymatic reaction was

initiated by the addition of cytochrome _c. The rate of oxygen

consumption was observed to be linear throughout 90% of the

reaction and the velocity could be taken directly from the chart

in pM. 02/min, These rates were converted to ji equivalents per

second by multiplying by 4 (ie, the niimber of reducing equiva-

lents to convert Op to HpO) and dividing by sixty. Turnovers

could be obtained from these rates by dividing by the enzyme

concentration obtained spectrophotometrically,

(U) Spectrophotometric measurements.

(A) The recording of absolute spectra was performed on an

Aminco-Chance DW-2 instrument. This instrument was also employed

for spectrophotometric determination of cytochrome oxidase

activity, using one of two techniques:

(i) Smith-Conrad assay

The classic assay of Smith and Conrad (1956) is concept-
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ually the simplest assay of cytochrome oxidase activity and

also provides the fundamental paradox of cytochrome oxidase

kinetics. The assay measures the oxidation of reduced cytochrome

jc by monitoring the « -band of cytochrome £ at 550 nm. The

assay was performed in 3.0 ml, 1 cm cuvettes. To perform an

assay a measured volume of reaction medium, previously brought

to the desired temperature, was placed in the cuvette. This

contained buffer salts and reduced cytochrome £, prepared as

previously described. The initial level of absorbance was

recorded and the reaction begiin by the addition of the enzyme.

The reaction was allowed to run until 90^ of the absorbance

change was observed. The ejidpointof the reaction was determined

by the addition of a grain of potassium ferri cyanide. The

addition of a few grains of sodium dithionite gave the absorb-

ance of the fully reduced protein and the initial percentage of

reduction of the cytochrome could be determined as previously

described. The shape of the progress curve was found to be

exponential in all cases. This was established by the linear-

ity of the semi logarithmic plot of absorbance change against

time. A typical reaction trace is shown in Fig, 4 A and the

corresponding semilogarithmic plot in Fig, 4B , This relation-

ship indicates first order disappearance of reduced cytochrome

jc, the implications of which will be discussed in more detail

in following sections. The time required for the disappearance

of one-half the total absorbance (the half-time, t^ ) is

related to the observed first order rate constant (k^^g) as

follows do).
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(4) (A). Oxidation of reduced cytochrome c by cytochrome
oxidase. Reduced cytochrome £ was nrepared as described in
Methods, Cytochrome oxidase was in the form of submitochond-
rial particles pretreated with deoxycholate (Smith and Camarino,
1963), Potassiiom deoxycholate was added to the SMP suspension
( 20 mg/ml ) to a final concentration of 1% and it was allowed
to incubate at 4'*C for ten minutes. This suspension was then
diluted appropriately with assay buffer prior to activity
measurement. The reaction medium was 100 mM sodium phosphate,
pH 7.4 at 30*'C, The concentration of oxidase was 6,7 nM and
cytochrome _c was 23.7 )M,

(B), Semilog plot of absorbance change against time. Data
were from the trace shown in Figure 4A,
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th = ln2/k^^3 = 0.693/k^j^3 - (10)

The valve has the dimensions of reciprocal seconds and the

velocity in microequivalents x. • ^. is obtained from

equation (11),

(ii) Steady-state assay ( Estabrook, 1959 and Nicholls,

et.al., 1972).

In this assay cytochrome c was maintained in a steady-

state by the use of the reducing agent ascorbate in the presence

or absence of the mediator TMPD. The level of cytochrome jc

reduction was monitored at the wavelength pair 550-540 nm. The

assay was performed in 3.0 ml 1,0 cm cuvettes. To begin an

assay a measured volume of reaction medium was placed in the

cuvette. Cytochrome c achieves a steady-state level of

reduction determined by the balance between its rate of reduc-

tion and rate of oxidation. The reaction ran until all the

oxygen in the system was exhausted, whereupon cytochrome £

went fully reduced. The period of time for this process to

occur is the anaerobiosis time (t ) and is related to the

velocity in micro-equivalents per second by the following

equation:
\^2l^ ^

V = (12)
t
an

The oxygen concentration is assximed to be that of an air-

saturated solution at the assay temperature. The turnover can

be calculated from the following equation; v/here TNj^g^ is maximal

turnover, v is velocity in ueq I'-^s'-'- and ^ red _Cgg is the per-

of reduced cytochrome _c in the steady-state.
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V 100 km +[c 1
™„,,(s-l)- X X Li (13)

[asj] i red c^^ [c]

B, Rapid reactions of hemeproteins were performed anaerobically

in a Durrum-Gibson stopped-flow rapid mixing apparatus (Gibson

and Milnes, 1964). Two different apparatus of this type were

employed. The instrument at Brock employed a Gilford single

beam monochromator as light source. For data collection a

Gould storage oscilloscope was used. The trace on the oscil-

loscope could be recorded on a conventional Houston recorder.

The flow system of the Brock instrument was made of nylon with

teflon seals as supplied by Durrum. Stopped-flow experiments

were also performed on an instrument located at the Buffalo

campus of the State University of New York, This instnament

employed a Durrum monochromator as light source and a Tektronix

oscilloscope for data collection. This was interfaced to a

computer system programmed for data accumulation, analysis and

printout. In addition, the flow system of this instrument was

constructed of stainless steel. The data was analysed, in either

case, by plotting the log of the absorbance change against time.

If the resulting plot was linear an observed rate constant

could be calculated in the same manner as that just described

for the oxidation of cytochrome £ in the Smith-Conrad assay.

An important part of the stopped-flow experiments was the

need to attain anaerobic conditions. The system employed at

Brock is shown in Fig, 5, To deaerate a solution it was first

placed in a tonometer and fitted to the ground glass end joint.

With the line to the nitrogen closed, the solution was evacuated
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(5) Brock apparatus for obtaining anaerobic solutions.
(1) Six litre bottle filled with a solution of alkaline
anthroquinone sulfonate*

2N NaOH
1 mg/ml anthroquinone sulfonate
2 mg/ml sodium dithionite

The solution was covered with a layer of paraffin oil and
the jar fitted with an overflow funnel.
(2) Nitrogen gas allowed to sit over "oxygen scavenging"
solution prior to the experiment,
(3) Tonometer fitted with one way valve at the top and
two way valve at the bottom.
(4) Mercury colximn.

(5) Vacuum pump,
(6) Glass syringe.
All connections made via vacuum tubing to glass joints.
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(6). SUNY (Buffalo) apparatus for obtaining anaerobic
solutions,

(1) Glass syringe with long needle placed through
mouth for bubbling with nitrogen.
(2) Bubbling chamber.
(3) Tonometer connected to nitrogen stream. Shown
fitted with cuvette and semim cup.
(4) Pre-purified nitrogen cylinder.
All connections between glass fittings via vacuum hose,



CD

s. -€
7



iMX<?S.«'"



61

by opening the vacuum line. When the vacuum line was closed

a leak proof system was indicated by the stability of the

mercury column. When evacuating protein solutions, care was

taken to avoid violent bubbling. Solutions were evacuated by

gentle shaking accompanied by opening and closing of the vacuum

line for a period of ten to twenty minutes. After this period,

nitrogen was let into the tonometer, ensuring that the vacuiom

line was closed. The nitrogen was stored over an alkaline

solution of anthroquinone sulfonate reduced by dithionite.

This was used as an oxygen scavenger to ensure that any traces

of O2 were reduced. The evacuation procedure was then repeated

followed by the final equilibration with nitrogen, A small

volume of the deoxygenated solution is let out and a syringe "was

attached to the tonometer. This was rinsed several times via

the two-way valve and then filled with the sample. At this

point care was taken not to expose the sample to the air by

placing a fine-tipped tuberculin needle over the syringe and

lodging it in a rubber stopper.

The system employed at SUNY (Buffalo) is depicted in Fig,6,

It consisted of a tank of prepurified nitrogen connected to

two bubbling chambers via vacuum tubing. From one bubbler a

vacuiim line lead to long needle which was fitted through the

mouth of a syringe. The other bubbler fed nitrogen to a

tonometer (this can conveniently be equipped with a cuvette to

read absorbance in a conventional spectrophotometer). Typi-

cally substrate solutions were bubbled with nitrogen for ten

minutes in a syringe. Enzyme solutions were allowed to sit on

ice with a stream of nitrogen passing over them for twenty
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minutes. At the end of this period gentle shaking was applied

for a further twenty minutes. Deoxygenated enzyme solutions

were taken into a syringe via the serum cap located on one of

the sidearms. The same procedure involving the placing of a

fine needle over the syringes and their seating in a rubber

stopper was used to ensure no oxygen contamination just prior

to loading the syringes on to the stopped-flow.

In experiments involving the oxidase turnover of the enzyme

was prevented by use of the inhibitor cyanide or elimination of

oxygen from the reaction medium (ie, anaerobic conditions).

Cyanide prevents the reduction of cytochrome £-. and probably

its associated copper (Nicholls and Hildebrandt, 197S)» the

portion of the enzyme which reacts with oxygen. Under anaerobic

conditions the reduction of these latter metal centers occurs

but their reoxidation is eliminated, Absorbance changes were

monitored at 605 nm; the* -band of reduced oxidase, at 550 nra;

the«. -band of reduced cytochrome £, and in some experiments at

445 nm; the ^ -band of reduced oxidase. In the cyanide experi-

ments the cyanide complex of the enzyme was formed as described

in subsection 1 of this section. At this stage one of two

procedures was followed:

(i) . The concentration of cyanide was maintained at a

relatively high level (40-100 j^K) throughout the experiment and

aerobic conditions prevailed. This procedure proved problemati-

cal due to a reaction between oxidized cytochrome _c and cyanide

(Butt and Keilin, 1962, and George and Schejter, I964), This

cyanide bound form of oxidized cytochrome jc is only slowly
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reducible by such reductants as DAD and TMPD, allowing for

spectral determination of the amount of cyanide bound cyto-

chrome £. In one such experiment at 20 C, pH7.4 in lOmM

Tris-MOPS a; Hec^ -Por C^"^ and CWof 33.0 )M was calculated,

(ii) To alleviate the difficulty mentioned above with

cytochrome _c and cyanide the following methodology was employed,

The cyanide complex of the enzyme was made and the mixture

diluted to give an oxidase concentration of 4-10 yM and a

cyanide concentration of 30-50/iM, This mixture was then de-

aerated and equilibrated with N^ via the evacuation procedure

described above (ie. Brock anaerobic technique). The evacua-

tion technique resulted in a loss of cyanide and incomplete

removal of oxygen. The level of cyanide was reduced such that

no detectable amount of cyanferrocytochrome _c was formed. The

time courses of absorbance change followed upon mixing with re-

ductant exhibited a slight, but extended steady-state which was

kinetically removed from the rapid initial reduction processes

(eg. Fig. 43).

(5) Calculation of ionic strength for sodium phosphate and

Tris-MOPS buffers.

The Henderson-Hasselbach equation (14) and equation (15)

were used to calculate the ionic strength,

T
[Base]

pH = pr + log (14)

[Acid]

u = i(E c. zj) (15)
i -- ^



Co

'tn'^ -7n^/.'oj; f
I-, ,ff:MT bn^ '.e s.:S"r.B.:tOi.fo:>'i n'otrs ^d 9.C(f l:ritr^'=»T

..;-^I nl A,VH'^ jT'^'oiI ct'e jj-risiniiofiKs i^onc 9no nl .d_ amoirio

rfj-iv: :jvo -; ooaox^^ -" luo illxu 9'J 9.i<^ivdi [« oT (ii)

,
DevoI(?fiie "ow ' ori.+ym .^niwoilot. srfJ /

..sw jffjv.Si'is 9<-'ct "j
... .U':">o obxaevr. <*^'

'

-». .(. ixiui aJ;dT ,Muj^<!-0^ '.o no tostJ-naonoo

j'"'
. ' eu-pini^uoJ" €idoi9BaB ^oc'-ra ,9x) svode be

sbinevD .o esc '^ b ai ^.st ewpxnrfo

3;"f . 1 Si:io':!^0'jJY3'^''^'i''*"' '•^Y'-'
"^^ ji;j'j:'!S sideJo •.•»-.'

3;jriq .^axboa toI ^^i iiios. 'u) nr,;XcteXf.;oIeO

• rfjj^ne-i ^6D oct be:.; siaw

''•>/)
"'

"^ jC' r + "/{';/ «= h .

[hxoa]



64

Apparent equilibrivun constants for sodixim phosphate were

obtained from Netter (1969).

An extra calculation was necessary when employing Tris-

MOPS buffers to determine the ratio of the two weakly dissociat-

ing groups. This was determined according to equation (16).

. . H
~

(16)

A is the[MOPSj , B the [Tris] , K the dissociation constant of

MOPS and K the dissociation constant for Tris, Once this ratio

is obtained equations (14) and (15) may be employed to determine

the ionic strength.
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Results

(1) Observations on the overall kinetics of the cytochrome

_c-cytochrome oxidase reaction,

(A) Uninhibited reaction.

The Smith-Conrad assay (Smith and Conrad, 1956) of

cytochrome oxidase (see Methods) is technically the simplest

measure of its activity. All that is required are samples of

reduced cytochrome c and oxidase, and a suitable buffer medium.

The results presented in Figure 4A and B confirmed the now

classic observation of Smith and Conrad (1956), that the oxida-

tion of reduced cytochrome ^ is a first order process at all

cytochrome c concentrations. That this observation is also

true for the present type of enzyme (Doc-treated beef heart

SMP) over a vd.de range of cytochrome c concentrations is shown

in Figure 7. The observed first order rate constant (k^j^g)

decreases (ie, th increases) as the total cytochrome _c concen-

tration increases, as shown by Smith and Conrad (1956), The

velocity at each concentration of cytochrome c was calculated

as shown below ( 17)

.

V (ueq/sec) = k^i^g (sec"-'-) x [^] (uM) (17)

The velocity (v) exhibits a Michaelis-Menten relationship with

respect to substrate concentration ( _c ) as shown in standard

plots (Figure 8A and B). The double reciprocal (Lineweaver-

Burk) plot is shown in Figure ^A, More convenient with this

data is the Hanes Plot (Figure 8B), the single reciprocal plot

of |[substrate^ /velocity against [substrate?. As s/v = 1/k^-—

tj/lna (18) the half times (ti) can be directly plotted against

[substrate^ as shown in Figure SB, The value of the intercept
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(7) Oxidation of cytochrome _c by cytochrome c oxidase.
Log (A+. - A ) is plotted agaTnst time (sec) Tor a number
of different cytochrome £ concentrations as indicated on the
figure. Other conditions were those described in the legend
to Figure 4A.
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(8) (A). Double reciprocal plot of oxidase activity against
cytochrome £ concentration,

(B). Hanes plot of cytochrome oxidase activity dnd
cytochrome £ concentration. Data for both plots were obtained
from experiment described in the legend to Figure 4A,
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on the y-axis is the minimum half-time (ti min) and is related

to the other kinetic parameters as shown below (iS )

.

^" 2 V
s max ^ ^j^

ti(min) ^ pj

f^3j

TNmax = ^^bs^C^] ^ ^m^
(IS)

Nj
The intercept on the x-axis is -K^, It should also be mentioned

that this plot is regarded by some authorities as the most

favorable of the three now in common use, from a statistical

viewpoint (Comish-Bowden, 1976), The maximal TN and K^

obtained from Figure 8B are 230 s"-^ and 20 ;uM, respectively.

Cytochrome oxidase activity may also be determined by

measuring the rate of oxygen uptake polarographically in a

closed oxygen electrode system (see Methods), Ascorbate and

the mediator TMPD maintain cytochrome jc in the reduced state.

Two fundamental characteristics of the overall reaction are

observable by this technique (Figure 9). Firstly, the rate of

oxygen uptake remains constant until very low levels of oxygen

( < 2 ^) indicating independence of the rate from oxygen

concentration. Secondly, the rate reaches a maximum as the

cytochrome £ concentration is increased, indicating saturation
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(9). Time course of oxygen reduction catalysed by cytochrome
oxidase and measured polarographically. The buffer medium
was 67 mM sodiiim phosphate, 0.25% Tween-80, O.l^o Asolectin,
pH 7.4 at 30*0, The oxidase was of the purified soluble form,
Additions to the buffer medium are indicated on the figure.
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with substrate, as shown in Figure 10,

The kinetics of cytochrome oxidase may also be followed

employing the steady-state spectrophotometric assay (see

Methods). A typical example is shown in Figure 11, In the

presence of TMPD the duration of the steady-state is short

and the level of cytochrome c reduction is high. When the

velocity (calculated* from the anaerobiosis time - Methods)

was plotted against cytochrome c concentration a Michaelis-

Menten relationship was, again, obtained (Figure 12),

An added advantage of this last assay is that as rates of

cytochrome c reduction and oxidation must be equal during the

steady-state the second order rate constants for these reactions

may be calculated according to equation (19)i

V = k3 [tMPd] [c3+] = k2[c2+] raa3l (19)

In the experiment of Figure 11 the rate constant for the

reduction of c by TMPD was 4 x 10^ M"! s"l and for oxidation

of _c by the oxidase 1,6 x lO^ m '^
,

Kinetic parameters obtained for the oxidase using the

three different assay methods are shown in Table 2, It should

be noted that these values were obtained with different enzyme

preparations under different conditions and are not directly

comparable. The turnover numbers and K^ values are within the

range previously reported (Nicholls, 1974, Nicholls and Chance,

1974 and Ferguson-Miller, et.al,, 1976),

(B) Inhibition by azide and "biphasic" kinetic behavior.

The polarographic assay was employed to study the inhibi-

tion of cytochrome oxidase by azide. The response of the

enzyme to azide at different levels of cytochrome c is shown

in Figure 13, The results obtained in another series of
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(10). Double reciprocal plot of oxidase activity against
cytochrome _c concentration. Data are from the experiment
described in the legend to Figure 9 where the medium was
67 mM sodiiom phosphate ,0.25^ Tween-80, 0.1^ Asolectin, pH 7.4
at 30*C. and the enzyme was in the purified soluble form.
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(11). Steady-state spectrophotometric trace of cytochrome
oxidase activity. The assay medium was 100 mM sodium phosphate,
pH 7.4, with 0.25% Tween-SO and 0.1% Asolectin at 30*0.
Concentrations of other components were as follows; cytochrome
_c 7.5 >iM, cytochrome oxidase 66 nM of the purified soluble
type, ascorbate 3.6^ mM and 2^0 ;uM TMPD. The order of addition
is indicated on the figure, Absorbance was monitored at 550-
540 nm with an Aminco-Chance spectrophotometer set in the dual
wavelength mode.
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(12), Double reciprocal plot of cytochrome oxidase activity
against cytochrome _c concentration. Data were collected
employing the steady-state spectrophotometric assay with
activity expressed as jjMOp/min calculated from the anaerobiosis
time as described in the Methods section. Assay conditions
were as described in the legend to Figure 11, where the assay
medium was 100 mM sodium phosphate, 0,25% Tween-80, 0.1%
Asolectin, pH 7.4 at 30*0, The enzyme was in the purified
soluble form.
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(13). Double reciprocal plots of cytochrome oxidase activity
against cytochrome £ concentration at different levels of
azide. Activity was measured polarographically as described
in the Methods section. The assay medium contained 6? mM
sodium phosphate, 0.1^ Asolectin, 0.25% Tween-^0, 7.15 mM
ascorbate, 1^0 )M TMPD, pH 7.4 at 30*C. Cytochrome oxidase
was 39.4 nM in the purified soluble form. Concentrations of
azide were as follows; (Q ) zero, (0) 2.4 >iM and (^) 21+ jM,
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experiments, over a range of azide concentrations were used

to construct the Dixon Plots shown in Figure 14. The kinetic

parameters obtained from these two experiments are presented

in Table 3. That the Vjjjg^ is diminished by azide, K^^j for

cytochrome _c is unaffected and Kj for azide is independent

of cytochrome c concentration illustrate clearly the non-

competitive nature of azide inhibition.

When the Dolarographic assay was employed at a wider range

of cytochrome £ concentrations and at different ionic strengths,

the results confirmed the previous findings (Ferguson-Miller,

et.al., 1976 and Errede, 1976) in showing "biphasic" nlots in

all of the straight line transformations (Figure 15). These

plots have been interpreted as evidence for two binding sites

for cytochrome £ on the oxidase molecule (Ferguson-Miller,

et.al., 1976 and Errede, 1976). Kj^ and ^^g^ values were obtain-

ed by extrapolation over the two phases of the plots (Table 4).

Biphasicity is enhanced in media of low ionic strength as

shown in Figure 16. The kinetic parameters estimated from

these plots are shown in Table k for high and low ionic strength

conditions. In general, a low K^ (K* ) is observed at low

concentrations of cytochrome £ associated with a low turnover

number (TN*) and at high concentrations of cytochrome £ a high

Km phase associated with a high turnover number. Table 4 also

shows the effect of the absence of asolectin on the kinetic

parameters, Asolectin is a mixture of soy phospholipids which

have an activating effect on the enzyme (Yu, Yu and King, 1975).

This is presumably due to either a requirement of a lipid

milieu for maximal enzymic activity or for repletion of essen-

tial lipid lost during purification. Thus, in the absence of
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(14). Dixon plots of cytochrome oxidase activity against
azide concentration at different levels of cytochrome £.
Activity was assayed polarographically in 6? mM sodium
phosphate, 0.1% Asolectin, 0.25% Tween-80, 7.15 mM ascorbate,
180 ;uM TMPD, pH 7.4 at 30*0, Oxidase concentration was 39.4
nM and the enzyme of the purified soluble type. Cytochrome £
concentrations were (^) 4.15 juM, (0) 16.6 joM and (Q) ^B,0 )M.
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(15), i!erivea r^lots of cytochrome oxidase activity as a

function of cytoc'^^rome _c concentration. Activity v;as measured
'xiiaro.-:rar.h,icallv in o7 rru-. sodium nhosDhate, 0.2^)% Tween-bO,
C.I.- /.solectin, j-?7 ml-l ascorbate, 2'?0 ^f-' TMl'D , pH 7.35, at
jO^C. ^Kinase was of the r^urified soluole tvne and was 3b' nM
in concentration.

(a) Double recinrocMl nj ot
1 /v (^M02"l. min ) vs. ^/[c_] (>ii4~^)

(b) Hanes riot
Tel /v (min) vs. fc] [pl^A]

(c) Eadie-Hofstee nlot
V /fc^l (min~l ) vs. v(pJ"l()2/min

)
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(16). Derived plots of cytochrome oxidase activity as a

function of cytochrome c concentration. Activity was measured
nolarographically in 10 mM Tris-MOPS, 0.25% Tween-80, 0.1% .:

Asolectin, 225 mM mannitol, 75 mM sucrose, 3.57 mM ascorbate
290 juM TMPD, pH 7.4 at 30*C. Oxidase concentration was 3^ nM of
of the soluble purified type.

(a) Double reciprocal plot
'/v ^>iM02-l. min) vs. '/[c] {}M)

(b) Hanes plot

r^l /"^ (min) vs. fcl iyM)

(c) Eadie-Hofstee plot
v/r_c"j (min~l) vs. v(>iM02/min)
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Table 4 , The effect of ionic strength on the kinetic

parameters of beef heart cytochrome _c oxidase.

Km im) TN (sec"^) Km' {\M) TN* (sec^"'') Asolectin

High ionic
strength
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asolectin the maximal turnover of the enzyme is decreased

compared to that in the presence of phospholipid. Also the

high Kgi was lower when asolectin was eliminated from the assay.

Prestunably this was due to an interference of charged phospho-

lipid in the crude mixture contributing to the ionic strength,

Azide inhibition was examined under conditions where

biphasic ulots were observed (Figure 17). The Kj^ and K^ values

for cytochrome _c were identical in the presence and absence of

azide (Table 5) indicating non-competitive inhibition. Thus,

the azide studies indicate that the binding or dissociation of

cytochrome _c is not rate-limiting under these conditions, but

the rate limiting step is an electron transfer step within the

enzyme or within the oxidase-cytochrome c complex.

(2) Observations on the Reduction of Cytochrome jc

The rate of cytochrome £ reduction and its dependence on

ionic strength were examined for several reductants. Their

molecular structures and those of their oxidation products are

shown in Figure 18. The reduction of cytochrome c was monitored

at 550 nm.

The time course of cytochrome c reduction by ascorbate was

first order when the latter was in large excess, as demonstrated

by the linearity of the semilogarithmic plot of absorbance

change against time (Figure 19). There was no deviation from

this behavior in the different media employed. The observed

rate (k^^g) of cytochrome c reduction was determined from the

integrated form of the first order rate equation at each

concentration of ascorbate and the values obtained plotted
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BB

(17). Double reciprocal plots of aa
-^ activity against

cytochrome c concentration in the presence and absence of
azide, ActTvity was measured polarographically in 10 mM
Tris-MOPS, 225 mM mannitol. 75 mM sucrose, 9 mM EDTA, 0.25%
Tween-gO, 0.1% Asolectin, 3.57 mM ascorbate, 290^ TMPD,
pH 7.4 at 30*C. Oxidase concentration was 36 nM of the
purified soluble type. Concentrations of azide were (Q)
zero and (A) 60 ;liM.
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(IS), Reductants of cytochrome £»



18

Ascorbote

-60H 'e- -0 OH le-.IH*
" dehydroascorbote

TMPD

' • Wurster's radical cation

DAD
H3CV.CH3 H3C CH3

HgN-Q-NHa-^ HN=<^NH

H3C CH3 2e-.2H*
"3C CH3

Cysteine

H3N, H3N H3N /

H^C-SH^p^ hVs- -^i H-C-S-S-C-

-00c' „-,H*°°C '^'
cystine
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(!'!). I'efjuctic": of cvtoc'n^o-ne _c bv ;.>scorbate. SeniJor rilots

or" ;! •sor'^rince c'-'hi'-^re ;;:-"<--iinst time riiea.sured at 55'^-5'ivO nm in

an ..miiico-r-'^-':"'cr S'^octronhotomet.cr set in the dual beam mode.
The :s'Il'"rr rnnriinm was AO m!-i sodium rhosnhate , 135 mi'-i mannitol,

Tv/ccn-rO, In.? ^W c pH y.'^ at 30''C./i "3 m. ;
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,
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against ascorbate concentration (Figure 20), A linear relation-

ship was observed and the slope taken as the second order rate

constant. It should be noted that the constants used here are

apparent rate constants, approximately twice the true value

for equation 20a,

AH2 + cyt.c^"^ >AH' + cyt.c^''" + H"*" (20a)

AH- + cyt. c^"^—^ A + cyt. c^"^ + H"*" (20b)

where AHp is ascorbic acid, A is dehydro-ascorbate and AH* is

the ascorbate free radical. As the rate constant for equation

20b is always much greater than that of 20 a (Yaraaxaki, 1962)

the overall constant is determined by the rate constant of .20a.

Similar behavior was observed when ascorbate-TMPD and DAD

were used as reducing agents. Linear semilogarithmic plots

indicating pseudo-first order reduction of cytochrome £ are

shown in Figure 21 for ascorbate-TMPD and Figure 22 for DAD.

As with ascorbate alone, the observed rates of reduction for

both ascorbate-TMPD and DAD varied in a linear manner with

reductant concentration (Figures 23 and 24, respectively). In

the case of ascorbate-IMPD the intercept on the y-axis is not

zero when the JTMPDj concentration is zero due to the presence

of ascorbate. The slopes of these plots were taken as the second

order rate constants.

The dependence of these rates on ionic strength was examin-

ed. The rate of cytochrome £ reduction by ascorbate was deter-

mined in media of different ionic composition over a range of

overlapping ionic strengths (Figure 25). The rate was observed

to increase as the ionic strength was lowered in both media.

At all ionic strengths the rate of reduction of cytochrome _c
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(20), 'j_ot'.s ot' observeci Vc'tt-.s oi' cvtoc'^'rome _c reduction as
^: functiim of ;-.scort)Mte cf^ncentration in two different media,
The assH^- Tediy v/ere: iQ)) U''^ mi-i so^iijm rhosnhate , 135 ml"!

tnannit.oi, A3 mi; siicrose and i /\) 20 ml-i sodium phosphate, 180
ni. ! rr.a'"'nj t, ol , 60 rnM siicrose. Both buffers contained l6.2jul^l

c, 0.23 J 'i\;cen-t:^0 , nH '/.U at 30*'C. Absorbance changes were
measured at 330-340 nm in an aminco-Chance spectrophotometer
set in f'^e dual mooe.
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(21), Reduction of cytochrome jc by ascorbate-lMPD, Semilog
plots of absorbance change against time measured at 550-540
nm in an Amin co-Chance spectrophotometer set in the dual mode.
The buffer medium was 40 mM sodium phosphate, 135 mM mannitol,
45 mM sucrose, 0.25% Tween-gO, 16,2 juM _c and 18,5 juM ascorbate.
The concentrations of TMPD were (Q) 0.55 jLoM, ( A) 0.823 >iM,

(#) 1.36 ;uM and (A) 2.17 ;aM, The pH was 7.4 at 30*C,
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(22), Reduction of cytochrome _c by DAD. Semilog plot of

absorbance change against time measured at 550 nm with a

Gilford single beam spectrophotometer equipped with a stopped-

flow apparatus. The assay media were (A). 50 mM sodium
phosphate, pH 7.4 at 20*'C. with 7.5 JuM c, 250 ;uM DAD and 0.25%
EtOH. (B). 10 mM Tris-MOPS, pH 7.4 at 20''C with 8.1 jM c,

250 ;uM DAD and 0.25% EtOH.
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(23). Reduction of cytochrome _c by ascorbate-TMPD. Plots of
observed rate of £ reduction against TMPD concentration in
two different media. The media were (Q) 40 mM sodiiom phos-
phate, 135 mM mannitol, 45 mM sucrose, ^.25% Tween-80 and
( A) 20 mM sodium phosphate, ISO mM mannitol, 60 mM sucrose,
0.25% Tween-80. Both media contained 16.2 uM c and 1^.5 uM
ascorbate. The pH was 7.4 at 30*'C. Absorbance changes were
measured st 550-540 nm in an Aminco-Change spectrophotometer
in the dual mode.
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(24). Reduction of cytochrome c by DAD. Plots of observed
rate of _c reduction against DAD concentration in two different
media. The buffer media were (0) 50 mM sodium phosphate,
pH 7.4 at 20*^0 and 7.5 >iM c and (a) 10 mM Tris-MOPS, pH7.35 at
20" C and 6,1 pK £, Absorbance change was measured at 550 nm in
a Gilford single beam spectrophotometer equipped with a Durrum
stopped-flow.
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(25), Second order rate constants for cytochrome £ reduction
by ascorbate as a function of ionic strength in media of
diffet^gnt composition. Buffer media were (Q) Tris-MOPS at
pH 7.35 and (^) sodium phosphate at pH 7.4. In both media the
concentration of _c was 3.1 juM, ascorbate 1.0 mM and the
temperature 20*C. Reduction was monitored at 550 nm with a

Gilford single beam spectrophotometer equipped with Duri\im
stopped-flow apparatus, Ionic strength {}x) was calculated as
shown in the Methods section.
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was slightly faster in Tris-MOPS than in sodiian phosphate. In

Table 6 the second order rates of cytochrome c reduction by

ascorbate-TMPD are compared to values obtained for ascorbate

alone under identical conditions over a range of ionic strengths.

Again, an increase in the rate of reduction by ascorbate was

observed as the ionic strength decreased, whereas over the same

ionic strength range the rate with TMPD was only slightly

enhanced. The rate of reduction by DAD was also examined in

media of high and low ionic strength. The second order rate

constants were 3.55 x lO^'^s"-'- and 2.6? x 10^ M"-l-s"-^ for high

and low ionic strength conditions, respectively. The rate of

reduction by DAD is, thus, slightly diminished at low ionic

strength whereas for TMPD it is slightly enhanced. In addition

the rate of reduction by DAD is an order of magnitude slower

under both conditions.

A titration of cytochrome £ with DAD and TMPD points to a

further difference between these two similar molecules (Figure

26). DAD was observed to reduce twice the amount of cyto-

chrome c as TMPD upon addition of identical amounts of reduct-

ant. This is in agreement with the assigned one electron oxi-

dation of TMPD and the two electron, two proton oxidation of

DAD (Dutton and Wilson, 1974).

The reduction of yeast cytochrome _c by ascorbate at high

and low ionic strength was compared to the reduction of the

horse protein. The results are reported in Table 7. The time

courses for reduction of yeast £ conformed to pseudo-first

order kinetics for all the conditions reported. The rate of

reduction of both proteins was enhanced in the low ionic strength
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Table 6 , Rate constants for the reduction of cytochrome _c

by ascorbate and TMPD in media of different ionic strength.

Buffers ^ (ascorbate) M'j-s"^ k^ (TMPD) M'-^s""*-

lOmM Tris-MOPS 1620 4.0 x 10^

lOmM NaPi 300 5.5 x 10^

20mM " 160 3.0 X 10^

40mM " 100 3.0 X 10^

67mM " 62 2.0 X 10^

lOOmM " 62 2.0 x 10^

Reduction of cytochrome £ was monitored at 550-540 nm 4-n an
Aminco-Chance spectrophotometer. All buffers contained 0,1^
Tween-80, 16 )M cytochrome c, pH 7.4 at 30*'C. The following
buffers contained sucrose and mannitol to the following extent:

6? mM sodium phosphate, 75 mM Mannitol, 25 mM sucrose
40 " " " , 135" " , 45 "

20 " " " , 180" " , 60 "

10 " " " , 200" " , 70 "

10 " Tris-MOPS, 225 mM mannitol, 75 mM sucrose
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(26), Titration of cytochrome c with DAD and TMPD. Absorb-
ance change was measured at 550-540 nm in an Aminco-Chance
spectrophotometer in the dual beam mode. The buffer medium
was 50 mM sodium phosphate, pH 7.45 at 20**C. Cytochrome _c

was 7.3S juM in the TMPD experiment and 7.65 yM. in the DAD
experiment. Graphical inset shows the amount of reduced
cytochrome jc as a function of reductant added.
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Table 7 . Reduction of yeast and horse heart cytochromes _c by

ascorbate in high and low ionic strength buffers,

k3 values (M~ls~-'-)

Ionic strength

cytochrome _c high* low**

horse heart 21 610

yeast 5S 2500

=^High ionic strength buffer contained 300 mM sodium phosphate,
0.1> Tween-BO.

**Low ionic strength buffer contained 10 mM Tris-MOPS, 0.1%
Tween-60. Reduction was monitored at 550 ngi with a Gilford
spectrophotometer equipped with a stopped-flow. The pH was
7.4 at 20*0, throughout. In one syringe was buffer and 2mM
ascorbate and in the other syringe 7>iM horse cytochrome £ or
4.5 >iM yeast cytochrome £.
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buffer. The reduction of yeast cytochrome _c proceeded about

three times faster than the horse protein at high ionic

strength and about four times faster at low ionic strength.

Cysteine, the classical substrate for cytochrome oxidase

(Keilin, 1930), was also examined as a reductant of cytochrome

£, The results were somewhat more complicated than those

observed above. Table S compares the effects of removing

adventitious metals on the reductions of cytochrome £ by ascor-

bate and by cysteine. Using standard glassware and reagents

(Expt, 1) the rate of cytochrome _c reduction did not change

over a two hundred and fifty fold change in cysteine concentra-

tion. In contrast, the observed rate with ascorbate as reduct-

ant was seen to increase 8.5-fold over a 25-fold increase in

ascorbate concentration (the apparent non-proportionality of

the observed rate with ascorbate concentration was an ionic

strength effect). When contamination by metals was reduced by

soaking all the glassware in 1% EDTA and using fresh Analar

buffers (Expt. 2), the rate of reduction by ascorbate was

unaffected but reduction by cysteine now showed both concentra-

tion dependent and independent components. Inhibition of the

latter by EDTA suggested metal catalysis (Table 9). Iron had

no effect (Table 9) but copper enhanced the reduction rate. The

reduction of _c by cysteine in 5omM sodium phosphate buffer, in

the presence of copper was biphasic; an initial fast phase

was followed by a slower phase (Figure 2?), Figure 28A and B

shows the rates of the fast and slow phases as a function of

copper concentration. The rates are proportional to copper

concentration and virtually independent from cysteine
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Table B , Reduction of horse heart cytochrome c by cysteine

and ascorbate.

Experiment 1' Experiment 2
**

Ascorbate

fascorbat^ (raM)
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Table 9 » The effect of FeSO, and EDTA on the reduction of

cytochrome _c by cysteine,

obs '

cysteine alone 0,027

cysteine + ImM EDTA 0,014

cygtfeihe + 0,5 uM FeSO^ 0,029

cysteine + 1,0 uM FeSO/^ 0,024

The buffer medium was 50 mM sodium phosphate, pH 7,4 at 20**C,
The concentration of cysteine was 1,25 mM and cytochrome c was
10 ;iM, Reduction was monitored in the stopped-flow at 55^ nm
with a Gilford single beam spectrophotometer.
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(27). The reduction of cytochrome _c by cysteine in the
presence of copper, Absorbance change was monitored at 550-540
nm in an Arainco-Chance spectrophotometer set in the dual mode.
The reaction medium was 50 mM sodiiim phosphate, pH 7.4 at 20*C,
Concentrations of other components were 14.2 ;aM cytochrome £,
7,3 }M CuSO^, and 5.5 niM cysteine.
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(2S) (A). The dependence of the rate of the fast phase of
cytochrome £ reduction by cysteine-copper on copper concentra-
tion. Reduction of cytochrome £ was monitored at 550-540 nm
in Aminco-Chance spectrophotometer set in the dual mode. The
assay medium was 50 mM sodium phosphate, pH 7.4 at 20*C with
14.2^ cytochrome _c and ( •) 100 mM cysteine, ( o) 10 mM
cysteine and ( A )lmM cysteine, (B), The dependence of the
rate of the slow phase on copper concentration. Conditions
were those described above.
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concentration. The rate constants for the copper catalysed

cysteine reduction of cytochrome £ calculated from Figure 2B

are 1.3 x 10^ M'-l-s"-'- for the fast phase and 3.0 x 10^ M~is"^

for the slow phase. In Tris-MOPS buffer two phases of copper-

catalysed cytochrome _c reduction were also observed whose rates

as a function of copper concentration are shown in Figure 29A

and B. The rate constant was observed to increase as the

concentration of copper was raised. This suggested that copper

was being sequestered in an inactive form, thus altering the

activity of copper in the assay. When two different levels of

cytochrome _c were employed an identical increase in the rate

constant with increase in copper was observed. (Figure 30).

This indicated that cytochrome _c was probably not responsible

for sequestering copper in an inactive form. Possibly contam-

ination by a small amount of EDTA used to rinse the glassware

or the glassware itself was responsible for this effect.

Presumably this effect is overcome at high copper concentra-

tions and the true second order rate constant can be calculated.

The second order rate constant for the reduction of cytochrome

c by cysteine and copper at low ionic strength was 4 x 10° M'ls"-^

for the fast phase and 2 x 10° M-ls~l for the slow phase.

In Figure 31 the extent of the fast phase is plotted

against copper concentration for the high and low ionic strength

conditions. In phosphate buffer the extent of the fast phase

exhibits a dependence on copper concentration, whereas in Tris-

MOPS no regular relationship is evident.

In order to estimate the rate of uncatalysed cjrtochrome £

reduction due to cysteine, EDTA was used to chelate the
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(29) (A). Dependence of the rate of the fast phase of
cytochrome £ reduction on copper concentration. Reduction of

cytochrome £ was monitored at 550 nm with a Gilford single
beam spectrophotometer equipped with a Durrum stopped-flow
apparatus. The assay medium was 10 mM Tris-MOPS, pH 7.35 at

24' C. The concentration of cytochrome _c was 9 ;aM and cysteine
was 5inM.

(B). Dependence of the slow phase of cytochrome c reduction
on copper concentration. The conditions were those shown above
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(31), The dependence of the extent of the fast phase of
cytochrome c_ reduction on copper concentration. Assay
conditions were (Q) 10 mM Tris-MOPS, pH 7.3 at 20*C., 9 juM

cytochrome £ and 5 mM cysteine and (A) 50 mM sodium
phosphate, pH 7.4 at 20°C with 14 >iM cytochrome £ and 5 mM
cysteine.
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adventitious copper present initially. The EDTA-insensitive

rate was proportional to cysteine concentration in both

buffer systems employed (Figure 32A and B) with second order

rate constants of 1.0 M'is"-^ in Tris-MOPS and 0.7 in sodivun

phosphate. Table 10 s\ammarizes the rates of reduction at

high and low ionic strength for the different reductants studied,

(3) Cysteine as a Source of Reducing Equivalents in the Assay

of Cytochrome £ Oxidase Activity

In light of the observed slow reduction of cytochrome £

by cysteine it is somewhat surprising to find cysteine as a

component in the classical assay of cytochrome oxidase activity

(Keilin, 1930, Krahl, et,al,, 1941, Schneider and Potter, 1943

and Boeri, et.al,, 1953). The following results were obtained

in the study of cysteine as a substrate in this oxygen utiliz-

ing system, —

A standard sample of cysteine oxidizes to cystine with O2

as electron acceptor at a slow rate believed to be catalysed

by adventitious metals (Tarbell, 1961), When ferri cytochrome

jc is added to an "autoxidizing" sample of cysteine there is a

burst of oxygen uptake (Figure 33). The amount of oxygen

taken up in the burst phase increases as the amount of cyto-

chrome c added is increased but is not proportional to the

amount of ferri cytochrome £ added (Figure 33), In addition the

amount of oxygen taken up in the burst phase was substantially

greater in the presence of EDTA (Figure 33). During the burst

of oxygen uptake the solution was observed to change from

brown to pink indicating reduction of the cytochrome. Parallel

spectrophotometric and polarographic experiments were then
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(32). The dependence of the observed rate of cytochrome £
reduction on cysteine concentration in the presence of EDTA.

(A). The assay medium was $0 mM sodium phosphate, pH 7.4,
0,56 mM EDTA, 14.6 pM cytochrome c at 20<'C.

(B). The assay medium was 10 mM Tris-MOPS, pH 7.4, 1.0
mM EDl'A, 11.5 >iM £ at 20<'C.

Absorbance change was monitored at 550-540 nm in an Aminco-
Chance spectrophotometer in the dual beam mode.
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Table 10 . The reduction of cytochrome c by various reductants

at high and low ionic strengths.

k3 values (M-l»s-l)

ionic strength

Reductant high low

ascorbate 62« 1.32 x lo3b

TMPD 2.2 X lO^a 4.0 x lO^b

DAD 3.55 X 103c 2.67 x 10^^

cysteine 0.7® 1.0^

cysteine-Cu 1.3 x 10^^ U x 10^^

(fast)* (fast)*-

The following buffer media were employed

:

a-100 mM NaPi,0.25% Tween-gO
b-10 mM Tris-MOPS, 225 mM mannitol, 75 mM sucrose, 0.25%
Tween-80
c-50 mM NaPi, 1% EtOH
d-10 mM Tris-MOPS, 1% EtOH
e-50 mM NaPi, 1 mM. EDTA
f-10 mM Tris-MOPS, 1 mM EDTA

* Declines to 3.0 x 10^ m'-^'s"-'-

**Declines to 2.0 x 10 M-Ls-l
All measurements were made at pH 7.35-7.45. The temperature
was 30 C in the case of ascorbate and TMPD and 20 C for DAD
and cysteine.
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(33). Oxygen uptake by cysteine and cytochrome £ monitored
polarographically in the presence and absence of EDTA, The
assay mediiim was 50 mM sodium phosphate, pH 7.4 at 22**C.

Concentrations and order of addition for cytochrome ^ cysteine
and EDTA are indicated on the figure.
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performed to follow the reduction of cytochrome £ simultan-

eously with oxygen uptake. Both processes were observed to be

pseudo first order as determined by linearity of the semi-

logarithmic plots of oxygen uptake and absorbance change

against time (Figure 34A and B). EDTA slowed the reduction of

cytochrome c by cysteine, increased the total amount of

oxygen taken up in the burst phase and decreased the rate of

oxygen uptake. Half-times of the two processes in the presence

and in the absence of EDTA are given in Table 11. Apparently,

the reduction of cytochrome £ by cysteine results in a more

oxygen reactive form of the reductant, A plausible explanation

would be that cysteine reduction of £ produces a free radical

which is rapidly oxidized by oxygen as shown below (21 )

.

cys - SH + cyt. c^t ^cys - S* + cyt.c^"*" (21 a)

cys - s- + O2 ""'1^^ ? (21b)

The rate of oxygen uptake would be controlled by the amount of

free radical (ie, by the rate of cytochrome £ reduction).

Possible products of the oxygen reaction would be cystine, H2O,

0^, H2O2 or higher oxidation states of sulfur.

When cytochrome £ oxidase is added, after cytochrome £

has been reduced and the initial burst of oxygen uptake has

ceased, there is renewed oxygen uptake (Figure 35). The initial

rates of oxygen uptake for the cytochrome £ burst and the

oxidase catalysed processes appear similar. In addition, the

reaction initiated by the addition of oxidase proceeds at a

rate dependent on the concentration of oxygen; as indicated

by the slowing as the system goes to zero oxygen tension. It

may be recalled that this is in contrast to the oxygen
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(34). Oxygen uptake by cysteine and cytochrome £ measured
polarographically and cytochrome £ reduction by cysteine
measured spectrophotometrically under similar conditions,

(A). Semilog plots of change in absorbance against time
for cytochrome £ reduction by cysteine. The medium was 50 mM
soditmi phosphate, pH 7.4 at 23*0, Absorbance change monitored
at 550-540 nm in an Aminco-Chance spectrophotometer set in the
dual beam mode. Concentrations of £ were ( O ) 31 ;uM £, ()
16,2 )iM and (A) 7.9 juM £ and cysteine was 5.^ mM.

(B). Semilog plots of change in oxygen uptake against
time. The buffer medium was identical to that employed above.
Cysteine was 5.^ niM and concentrations of £ were (O) 32 jM,
() 16,0 ;uM and 7.44 )M £(A).0^ is the total oxygen uptake of
the burst phase initiated by addition of ferri cytochrome £
(eg. see Figure 33), 0^^ is the oxygen uptake at a discrete
time interval (t).
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Table 11 . Half-times for reduction of cytochrome £ by cysteine

and for oxygen uptake by cytochrome £ and cysteine in the

presence and absence of EDTA.

Cysteine reduction of cytochrome _c

liM c

t^ (sec)

EDTA + 1.2 mM EDTA

7.9
16
31 76

110
170
190

pxygen uptake by _c and cysteine

th (sec)

uM £

7.3
16
32

-EDTA

35
62

134

+1.2 mM EDTA

131
ISI
220

The buffer medium was 50 mM sodium phosphate, pH 7.4 at 23*C,
The concentration of cysteine was 5.3 niM cysteine, c reduc-
tion was monitored at 550 nm with a Gilford spectroplTotometer
and oxygen uptake was measured polarographically.
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(35). Oxygen uptake followed polarographically in the
presence of cysteine, cytochrome £, and cytochrome £ oxidase
and the effects of inhibitors. The assay medivim was 50 mM
sodium phosphate, pH 7»4, at 20*C, Additions of cysteine,
cytochrome £, cytochrome £§3, cyanide, azide and BCS are
indicated on the figure.
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3r- ). ,.teydv-st -.t e lev^l oi' c'^toch.rorp.o c reuuction vjitM
cvsteinc >-iS rerrjct^nt ;jna c^.'t.oc^ronie aa^. The effects of
a'/iae, c^-'i; ioe mho nC.-. The rissay meHTum was 50 Mk sooiLim
n^,osT^h-Jto ^]i ''.L -'t 20 C. In trnco {j\) cytochrome _c was
15.'' P- in (0 32. /4. juM and ((^ 7.'-' jul-i. Concentrations of
oxiaase, cvanioe, '^C.j ana azide were as indicated. Absorbance
wa:: :riea;iureo wit^^ an .-.minco-Chance spectrorhotometer in the
du;;l mode at the v^'avelenrth T^air indicated on the figure.
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by cysteine via copper chelation, thereby inhibiting oxygen

uptake,

(/f) Column Chromatography of Mixtures of Cytochrome _c and

Cytochrome Oxidase at High and Low Ionic Strength.

The "tight" binding of at least one molecule of cytochrome

jc to cytochrome oxidase and its electrostatic nature are well

documented (Orii et.al., 1962, Nicholls, I964, Kuboyama, et.al.,

1962), A comparison of the behavior of mixtures of cytochrome

_£ and cytochrome oxidase on g-100 Sephadex columns was made

under conditions of high (5omM sodium phosphate) and low {10ral>d

Tris-MOPS) ionic strength. In addition, comparisons were made

between sonicated and unsonicated, fully oxidized and fully

reduced, and polylysine treated and untreated samples. Sonica-

tion was examined to see if a different type of complex could

be induced as reported by King and coworkers (Kuboyama, et.al.,

1962 )

.

G-100 Sephadex will form a matrix through which only

molecules of a minimum molecular weight will move. Thus small

molecules will move into the matrix phase of the column and

large molecules will be excluded. Therefore, small molecules

will pass more slowly and large molecules more rapidly through

the column. Discrimination between cytochrome c and cytochrome

oxidase on this basis is easily attained due to their large

molecular weight disparity. However, no discrimination could

be made between free cytochrome oxidase and its complex with

cytochrome £,

Mixtures of cytochrome £ and cytochrome oxidase were pre-

pared by dissolving crystalling horse heart cytochrome _c in a
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concentrated solution of purified, dialysed beef heart cyto«>

chrome oxidase in buffers of high and low ionic strength.

These mixtures contained a 2,5-5.5 fold excess of cytochrome

_c to oxidase (ie. superstoichiometric) . G-lOO columns measur-

ing 2 X 25 cm were used in all chromatographic experiments.

The coliomns were equilibrated with the appropriate buffer

solution prior to the experiment. In experiments designed to

study the possible effects of sonication, the mixtures were

divided into two portions. One portion at each ionic strength

was placed on the column and the other was sonicated and placed

on the column. On the high ionic strength column two bands

were quickly distinguishable, the leading band colored green

and the trailing band brownish pink. Two bands were also

observed on the low ionic strength column; the leading band

was brownish-green and the trailing band was more tailed in

appearance (Figure 37). The sonicated mixtures exhibited the

same appearance on the two different columns. In each instance,

the leading green band was collected. Oxidized and reduced

spectra of these bands from the four conditions are shown in

Figure 3^. Figure 3SA and B show the spectra of the super-

stoichiometric mixtures of £ and aa ^ prior to sonication and/or

chromatography. In Figure 3^0 the spectra of the leading

band off the low ionic strength column shows the existence of

a 1:1 craao complex, whereas no indication of bound £ was

found at high ionic strength (Figure 3^C). The initial

stoichiometrics and ratios obtained after chromatography are

shown in Table 12, The observations reported above did not

differ much when the craa^ ratio was raised nor when the time
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(37). Chromatography of mixtures of cytochrome £ and cytochrome

oxidase on Sephadex g-100 columns. Both columns were equili-
brated with 1 raM ascorbate and 150 ^iM TMPD. The colxomn on the
left was equilibrated with 50 mM sodium phosphate, pH 7.4,
0.1^ Tween-80, The mixture applied to this coliomn contained
305 joM _c dissolved in 50 joM cytochrome ££0 in 50 mM sodium
phosphate, 0.1^ Tween-80. The column on the right was equili-
brated with 10 mM Tris-MOPS, 0.1^ Tween-80, pH 7.4. The
mixture applied to this coliimn contained 310 ;uM £ dissolved
in 54 pM. cytochrome oxidase. Chromatography was conducted at
4'C.
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(3fc). :^nectr--i o:' t'^r leaain:; bands resolved in rr-lOO lionhadex
c:iromr:to Tji'v y o!' mixtures of cytochromes _c and aa-, in hi^'h

;dnc! lo^,-: ioi;ic st,ren-""tl-; burTers, The cbromator.ra'ohy v/as

!^orf r^r-^r -•' /,**(; ana t'ne columns measured 2 x 2^ cm. .(Pectra
\;er(? recoraco in an .aainco-Chance snectronhotometer in t^^e

s^^lit Moae ;i -ainst. a nur'i'cr r.iank ;ft ^O"!].

(O' (.'xiuir'ed ( ) and oithionite reduced ( ) snectra
o:.' a mixtiiro ol' cytochromes £ ana _aa', in i^O mT-i sodiiom phosphate,
C.l - "v;een-60, rifj '1 ,U T^rior to cbromatoyraphy

.

(
; • . .-.s in [ r.) but jut'l'er medium was 50 rnl'i sodium

pi^osr'hate , 0.1,.) '!Veen-h'0,
(b). .'''eaucea ( ) and oxidized ( ) SP(5ctra of leading

banc: 'ol lov.'i n.: c'- romato.-'rar-'hy o\' sam.pie (A),

(D). '-00'.:CCG ( ) -ind oxidized ( ) snectra of leading
Da no t'oiJov/in.- c: romato:'rarh" of sam.pie (").
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(Table 12 - continued).

Spectra of c-aao mixtures were recorded on an Aminco-Chance
spectrophotometer. Oxygen uptake was measured polarographically
using low ionic strength medium at 20*'C with 4*65 mM ascorbate
and 350 }M TMPD, Sonication was applied with an Ultrasonic
cell disruptor model W-375 equipped with a microtip with a

power output of SO W,
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of sonication was increased to forty-five minutes. In addition,

the oxygen uptake of the sonicated and unsonicated c:aa^

complexes formed at low ionic strength were not appreciably

different (Table 12).

The behavior of these mixtures was also examined under

conditions where some reduction of the metal centers was

achieved. This was done by equilibrating the columns with

ascorbate and TMPD and applying mixtures of the \insonicated

type. The appearance of the easily visible reduced cytochrome

_c indicated adequate reducing conditions. These experiments

were run on the same columns employed for the standard oxidiz-

ing conditions and may be compared to results under the latter

conditions collected on the same day (Table 13). The ratio of

£•£§.3 i" ^^^ complex at low ionic strength was slightly higher

than that in Figure 3S but did not differ between oxidizing

and reducing conditions. Complexes were not observed for either

redox state in high iOnic strength buffer. In a similar experi-

ment the effect of reducing conditions on the low ionic strength

result, only, was examined. In this experiment the ^taapratio

was one and under reducing conditions was greater than unity

(Table 13). Perhaps this indicates tighter binding of cyto-

chrome _c at an auxiliary site vinder turnover conditions. In

addition, the effect of polylysine on the stoichiometry between

£ and aa o in the complex was tested, Polylysine was added to

the oxidase sample in a 1:1 stoichiometry and the mixture was

incubated at 4*C for twenty minutes. After this period cyto-

chrome £ was added in excess and the mixture incubated for a

further ten minutes. The mixture was then placed on the low
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Table 13 . Chromatography of mixtures of cytochromes _c and aa^

on g-100 Sephadex colxamns at high and low ionic strength.

Experiment 1 - The effect of reducing conditions on c;aa^ ratio.



x'^c r

,.-'., tp snm'jioo il-g no

_'.i -ctBioo'trio ;?«;

-9J'srf^o^

X'

;->;, [ — ^nb""'

i^r, — -oJamoirio ?,f:

enx3':Ivioo + ,x

.i -P.noo BXb;>in ri^f^f^S'i'^s oinoi:

..l.V Hq ,03-n

, x^
" "'''^'' - - O.I aew

J^-'

Bictoro;. . ^ ; lo •:toxo*tti.'5or!oo 6 -tB bofvolqrns bsw enxsvlYxo
-roijr." 'a Qsr.oriO-ooniraA .iJ-Jivir bsbioosi e'le.-.



130

ionic strength column and the front running green band was

collected. The stoichioraetry of c:aa^ in the complex isolated

under these conditions was substantially lower than under

similar conditions in the absence of polylysine (Table 13).

In summary, the existence of a chromatographically stable

c-aao complex at low ionic strength has been confirmed. The

stoichiometry of the complex was somewhat variable, but was

always greater than or equal to one. The properties of this

complex were not altered by sonication(t/Kuboyama , et;al, ,1962)

,

The stoichioraetry of craa^ in the complex under reducing

conditions was slightly higher than unity; that is, reduced

cytochrome _c forms a complex with partially reduced cytochrome

oxidase, Polylysine competes with cytochrome £ for complexa-

tion with the oxidase,

(5) Reduction of Mixtures and Complexes of Cytochrome £ and

Cytochrome Oxidase

Although there is still a controversy over the relative

contributions of cytochrome £ and £-5 under different conditions

to the reduced spectrum of the oxidase, (WikstrOm, et.al,, 1976),

the following experiments were not designed to address this

problem per se . Detailed analysis will concentrate on the

initial portion of the absorbance changes, presumed to reflect

the reduction of cytochrome £ (Gibson, et,al., 1965 and

Andreasson, et, al., 1972),

(A) Experiments in Presence of Cyanide

The experiments shown in Figure 3 9 were performed aero-

bically in the presence of cyanide. Reduction was initiated by

addition of small amounts of diaminodurene , allowing the
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(39). Reduction of cytochromes £ and a^ by DAD in high and low
ionic strength buffers,

(A). Assay conditions were 300 mM sodiiim phosphate, 0,1%
Tween-SO, pH 7.4, 50 pM KCN, 7 yM cytochrome c_, 7 AiM cytochrome
883 and 60 )M DAD at aCC,

(B). Assays conditions were 10 raM Tris-MOPS, G.1% Tween-
ao, pH 7.4, 50 )M KCN, 2.3 uM c, 2.4 )M aa^ and 41.5 }M DAD at
20^0, ~ —

^

Absorbance changes were monitored at 550-540 nm and 605-630 nra.
For cytochromes £ and £, respectively, in an Aminco-Chance
spectrophotometer set in the dual beam mode.
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reaction to be followed with conventional mixing. The

reactions did not go to completion in either buffer possibly-

due to the presence of a population of uninhibited catalyt-

ically active molecules or to the establishment of an equili-

bri\im between the redox species. The latter suggestion is

unlikely due to the presence of excess DAD as^iimed to have aii

t

Eq of '^+ 220 mV (Dutton and Wilson, 1974) but neither possibil-

ity may be ruled out based on these observations. In either

case, the rapid initial processes may still be analysed.

In high ionic strength experiments the Kd for cytochrome

_c is quite high (-30 uM) and thus cytochrome c is predomin-

antly in the free state (ie. not complexed to cytochrome oxi-

dase). In low ionic strength experiments the Kd for cytochrome

£ is quite low (crQ.l viM) and the rate of dissociation of the

complex quite slow (deduced from the stability of the complex

in the column chromatography experiments), thus reduction of

cytochrome £ occurs predominantly when it is bound to the

oxidase. In Figure 39 the reduction of cytochrome £ and cyto-

chrome £ are shown. In high ionic strength (Figure 39A) the

reduction process was exponential for both cytochrome £ and

cytochrome £. The equivalent changes in low ionic strength

buffer (Figure 39B) (ie. c-aa^ complex the predominant species)

were too rapid for detailed analysis but rates could be :%

estimated and are reported in Table 14 along with the high

ionic strength results. The reduction of cytochrome £ in

complex with the oxidase was more rapid than the reduction

of cytochrome £ alone at low ionic strength, or in the presence

or absence of oxidase at high ionic strength. In addition
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Table 14 . DAD reduction of cytochrome c and cytochrome

oxidase: alone, in mixtures and in complexes,

kQ^g -values (sec"-'-)

ionic istrength

high* low**

a (alone) 0.066 0.023

c (alone) 0.30 0.2g

c (c H- a) 0.073 > 1.4

a (c +a) 0.12 ^1.4

* High ionic strength medium contained 300 mM NaPi, 0.1%
Tween-80, pH 7.4 at 20**C.

** Low ionic strength media contained 10 mM tris-MOPS, 0.1%
Tween-SO, pH 7.4 at 20°C.

In the high ionic strength media the concentrations of
cytochromes £ and aao were 7 nM and the DAD concentration was
60 ;uM.

-^

In the low ionic strength experiment cytochrome £ was 2.4 }M
and cytochrome aa^ was 2.5;uMand the [|DAD]J was 40 joM.
The concentration of KCN was 50 vM throughout.
Cytochrome £ reduction was monitored at 605-630 nm and cyto-
chrome £ at 550-540 nm using an Aminco-Chance spectrophotometer.
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the rate of reduction of cytochrome a_ is greatly enhanced

at low ionic strength in the presence of cytochrome £. At

high ionic strength with low levels of reductaht cytochrome _c

was reduced more slowly in the presence of the oxidase than

alone. According to the model in Scheme 1 (Figure 51) under

high ionic strength conditions cytochrome £ is reduced and

oxidized in two independent steps. In this case, the sum of

the rates of reduction of cytochrome £ and the oxidase should

equal the rate of cytochrome £ reduction alone (22).

d
0^"'' d c^"^ (+aa^) ,.~

= ^ + 2 da (22)

dt dt dt

Twice the reduction rate of cytochrome £ is added to account

for the reduction of two components of the oxidase which occur

under these conditions (Nicholls and Hildebrandt, 197^). The

verification of the equality serves to demonstrate the independ-

ence of cytochrome £ from cytochrome oxidase in the mixture and

supports the suggested redox state of the reduced cyanide bound

oxidase. Under the low ionic strength condition the value of

equation (22) clearly deviates from that simply calculated

from the rate of cytochrome £ reduction alone. If this sum

(equation 22; is taken to equal the rate of reduction of the

c-aa^ complex and all electrons enter through bound cytochrome

£ (ie, there is possibly another site for reduction of the

oxidase via cytochrome £) the second order rate for bound

cytochrome £ reduction by DAD was 10^ M". s.

To examine the time courses of these rapid reactions

more closely the stopped-flow system was therefore employed.
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One syringe contained cytochrome _c, cytochrome oxidase and

cyanide and the other reductant (DAD), The absorbance changes

in high ionic strength buffer at 605, 550 and 445 nm are

presented in Figure 40. At 445 and 605 nm an initial lag is

seen, and the traces indicate identical times for 50^ reduc-

tion; the process of 550 nm was nearly exponential. The lag

at 445 and 605 nm was less evident at higher levels of DAD

(Figure 41), In addition, at all levels of DAD the reduction

of cytochrome c preceded the reduction of cytochrome £, ie, the

oxidation of £ was slower than its reduction, A similar experi-

ment is presented in Figure 42, Again, a lag phase is apparent

but now it is in the reduction of cytochrome £ monitored at

550 nm. The traces at 605 and 445 nm are nearly exponential

with similar times to reach 50% reduction. Under these condi-

tions the reduction of cytochrome a_ preceded the reduction of

cytochrome £, ie, the oxidation of £ was faster than its

reduction. The relative rates are indicated in Table 15 in

the form of the times taken to reach 50% reduction (t/-Q). The

rate of cytochrome £ reduction is not diminished in the presence

of cytochrome oxidase in high ionic strength buffer at these

higher levels of DAD (Table 15, cf. Table 14) indicating the

system no longer responds in a quasi-equilibrium manner. At

low ionic strength the oxidation of cytochrome £ is very rapid

and thus net cytochrome _a reduction precedes net cytochrome £

reduction at all levels of reductant. When the sum of the

rates of reduction of cytochrome £ and cytochrome £-Cu (see

equation 22) was employed to calculate a second order rate of

reduction for bound cytochrome £ in the complex a value of

3 X 10^ W' s vfas obtained. This represents an increase
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(40), Stopped-flow time courses of cytochrome c and cytochrome
oxidase reduction in the presence of cyanide by DAD, The assay
medium was 300 mM sodium phosphate, 0.1% Tween-SO, pH 7,4 at '"

20*C, One syringe contained 3.6 pM oxidase, 3,0 ;aM cytochrome
£ and So }M KCN dissolved in buffer, and the other syringe
contained 2 mM DAD, 0.5% EtOH in buffer, Absorbance change was
monitored aerobically in the Brock stopped-flow apparatus
attached to a Gilford single beam spectrophotometer. The wave-
lengths employed are indicated on the figure.
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(41 )• Stopped-flow time courses of cytochrome £ and
cytochrome oxidase reduction in the presence of cyanide by DAD,
In one syringe was cytochrome _c at 3.0 ;aM, 3.6 ;liM oxidase, and
So juM KCN in 300 mM sodium phosphate, 0.1% Tween-SO, pH 7.4
at 20"»C. In the other syringe was 4 mM DAD, 1% E+OH in 300 mM
sodiiim phosphate, 0,1^ Tween-80, pH 7.4 at 20''C. Absorbance
change was monitored in the system described in the legend to
Figure 40 at the wavelengths indicated on the figure.
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(42), Stopped-flow time courses of cytochrome jc and cytochrome
aa o reduction in the presence of cyanide by DAD. The assay
medium was 10 mM Tris-MOPS, 0.1% Tween-80, pH 7.4 at 20"C, In
one syringe was 4.6 )M cytochrome _c, $.10;uM oxidase, 100 ;uM
KCN in buffer. The other syringe contained 0.5 mM DAD, 0.125%
E-tOH in buffer.
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Table 15 . Reduction of _c and aa o alone, in complexes and in

mixtures monitored by stopped-flow spectrophotometry.
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of ten-fold over the rate constant for reduction of free

cytochrome _c by DAD. It should be pointed out that this

calculation assumes that reduction of cytochrome £ occurs

primarily via bound cytochrome c. However, that another

Dopulation of cytochrome c exists (ie. free cytochrome £) j?_3j

capable of interacting with the enzyme at another site (ie.

the low affinity site) should be kept in mind. More considera-

tion of this possibility will be given in the Discussion section,

Figure 43A and B shows the results of experiments performed

with ascorbate plus TMPD as the reductant system. In these

experiments the cyanide level was low enough that no detect-

able amount of cyanferricjrtochrome £ complex was formed. At

lov; ionic strength (Figure 43B) the reduction of cytochrome a_

precedes the reduction of cytochrome £, At 605 nm the trace

is nearly exponential. The change at $50 nm consists of an

initial rapid phase followed by a plateau region and finally

an approximately exponential rise to complete reduction. At

high ionic strength (Figure 43A) the net reduction of cyto-

chrome £ precedes that of cytochrome £, The trace at 605 nm

has an initial rapid phase, followed by a plateau region and

finally a nearly exponential rise to full reduction. The

initial rapid phases observed at 550 and 605 nm in low and high

ionic strength, respectively, which were not present when DAD

was used as reductant, were probably due to the appearance of

oxidized TMPD. Further evidence for this suggestion will be

presented below. If these initial changes are ignored the

general features of the time courses are seen to be similar to

those when DAD was used as reductant. When the rate is ••
"
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(43). Stopped-flow time courses of cytochromes £ and aa -.

reduction by ascorbate-TMPD in high and low ionic strength,
(A). Assay medium was 300 mM sodium phosphate, 0,1^

Tween-SO, pH 7.4 at 20*'C, In one syringe was 3.6 ;aM £, 3.S
)M aao . and cyanide (using cyanide and degassing technique
described in Methods) and in the other syringe was degassed
1 mM ascorbate and 150 ;uM TMPD in buffer.

(B). Assay medium was 10 mM Tris-MOPS, 0.1% Tween-SO,
pH 7.4 at 20*0. In one syringe was 5.^ ;uM _c, 5.4 ^ cytochrome
aa -i and cyanide (using cyanide and degassing technique described
in Methods) and in the other syringe was degassed 2 mM ascorbate
150 ;uiM TMPD in buffer.
Absorbance changes were measured in Brock stopped-flow system
described in the Methods section at the wavelengths indicated
on the figure.
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calculated according to equation ( 22) by summing the several

reductions, the second order constant for the reduction of

c »i -1
bovind cytochrome jc by TMPD is 1,6 x 10^ M 'S a 3-5-fold

increase over the reduction of cytochrome c alone under these

conditions, A dimensionless parameter (23) may be calculated

which indicates distribution of electrons between cytochromes

£ and £ in the cytochrome ^-cytochrome oxidase complex.

The change in this parameter as a function of time is shown in

Figure 44. In the absence of flux through the system this

valve represents the equilibri\am constant between cytochrome c

and cytochrome £, In going from fully oxidized to reduced "n* "

values should be less than the value of the equilibrium constant,

"the value of the equilibrivmi constant should not be much greater

than one from measurements of E^ values for _c and £ (see Liter-

ature review) and from kinetic measurements of electron trans-

fer rates from £ to a_ and £ to je (Greenwood, et, al,, 1976),

The values of " P " shown in Figure 44 are always substantial-

ly greater than unity and pass through a maxim-um. This reflects

a more rapid transfer of electrons from £ to a_ than from reduct-

ant to £ under these conditions. Further consideration of

this result will be given in the following section,

Ascorbate alone behaves quite differently than ascorbate-

TMPD, In high ionic strength all the time courses are expon-

ential and half-times of these processes are presented in

Table 16, The reduction of cytochrome c is slovrer in the
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/I. \ Electron transfer between cytochromes c and £ as a _

function of time in the electrostatic cytochrome c - aa p I
complex. Data were taken from experiment presented in Figure 1

43, Plot of "n " against time. The reductant was ascorbate-
*

TMPD in 10 mM Tris-MOPS, 0.1% Tween-^0, pH 7»l+, at 20*C. Othe]
conditions were those described in the legend to Figure /4.3(B),

I
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Table 16 . Reduction of cytochrome ^ and cytochrome oxidase

by ascorbate at high and low ionic strength.
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presence of the oxidase than in its absence and cytochrome £

reduction is limited by the reduction of cytochrome jc. Figure

45 shows that at low ionic strengths cytochrome ai is reduced

completely in a monotonic reaction while cytochrome jc is

reduced in a markedly biphasic process. The first phase of _c

reduction has a similar half-time to that of cytochrome £

reduction (Figure 45). However, complete reduction of cyto-

chrome c occurs only very slovrly. Presumably, this is due to

the slow reduction of oxidase-bound cytochrome jc by ascorbate

and the slow dissociation of cytochrome c from the complex,

limiting the rate of £ reduction,

(B) Anaerobic Experiments,

Experiments performed in the anaerobic systems did not

involve the use of cyanide. However the initial phases of the

reactions recorded at 550 nm, 605 nm and 445 nm in both high

and low ionic strength media resembled those in the presence

of cyanide. Results are shown in the form of semilog plots in

Figures 46-4^, At 550 nm (Figure 46) there is no initial

rapid change, but a lag phase is present; its duration was

found to be dependent on the amount of TMPD added. The absorb-

ance changes at 605 nm (Figure 47) closely paralleled those at

445 nm (Figure 4^) in their initial stages. At 445 nm a

second phase was seen, with a contribution of roughly half the

total absorbance change. Presumably this was due to a slow

appearance of reduced cytochrome a^Q proposed to contribute

nearly half the absorbance change at this wavelength (Gibson,

et, al,, 1965), The second order rate constant calculated

according to equation (22 ) for the reduction of bound c was



?:;./:

o_ '3.0 ::^c:Baa !?.• .vt .-
-'? .EcV-'-oto iiia^ /JbsMTem e ax iit;

-;+ , I '0I2 ytsv riao aij'ooo 0, ema'i-:io

'A vcf o ^rio-rn'ooovo D"TiL/C''-9E>ibixo 'io noxJ"O0b9T wo r

.X'^ '.-!;arjy lv'.j- rrjoT'i 2 o.'WTilooJ'/D lo noiiaxooasib wo!"?

,ncijn lo sJ-Ri 9rfJ-

,3J':';.:X': :)ldo'i96n-:

:;
' •- ;-!••" I- 'r -•.;

'^-',-r tsvswo'' , obinBvo lo 93t/
"''"

; it i.',or 1:1 mil {'.jijk ', ^Od ,ain 0^$ j^fi, bebioosT afio-tJ-aae'i

r.j. EstoXf ta 10 mio'i 9fit nX nwoda 9TB '
'-^^'^ .ooxn^

.r.Tio.-'.ot-- 3iiT . './..•« 'i u'ij. '- -one orfj ainadob 3d od

B ;!;; - .ff-^-^fctP. 'oXJ-xai: '-xoKj- rtx (^.(\ °iT:irri-^''^'^ >

sriJ- IJ-'
'

-:, ;-.o1ju_ i/T..tnoD B ii.:fxw' .nooa asw sssrc; ^

,r:-j:-:::j.<- i ! 'Vt.^.')
-'' ' " '" sonsf^TOStis ;> ^^ llsrf YiiByn



Ml

:n omo'idooJvo '\o ^T- O '** ">

ibixo

:;/) ? A.? .0

-!9l9V.'

, J'I>^! iJ J:U ilC^ 00 JiaO i-U.t-^

'^Vv .^^'^f^V *^'



146

(L5)» Stopped-flow time courses of cytochrome _c and
cytochrome oxidase reduction by ascorbate. The assay buffer
was 10 mM Tris-MOPS, 0,1% Tween-SO, pH 7.4 at 20*'C. In one
syringe was 5.S>iM c, 5.4 }M oxidase with cyanide (using
cyanide coupled with degassing technique described in Methods)
in buffer. In the other syringe was 2 mM ascorbate in buffer,
Absorbance changes were measured in Brock stopped-flow
apparatus described in Methods section at the wavelengths
indicated on the Figure,
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(46), Anaerobic reduction of cytochrome £ and cytochrome
oxidase by ascorbate-TMPD. Assay medi-um was 10 mM Tris-
MOPS, 0.1^ Tween-gO, pH 7.4 at 20''C. In one syringe was 5.4
p!A cytochrome aa.o, 5.^ AiM cytochrome c in buffer. In the other
syringe was 2 ;sjiM^ascorbate and (a) 75"^ ^iM TMPD, (b) 75 )M
TMPD (c) 7.5 ;a'M TMPD. Data are in the form of semilog plots
of absorbance change against time as printed out from the on
line computer of SUNY (Buffalo) stopped-flow system. The
wavelength monitored was 550 nm.
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(47), Anaerobic reduction of cytochrome £ and cytochrome
oxidase by ascorbate - TMPD. Assay medium was 10 mM Tris-
MOPS, 0.1> Tween-SO, pH 7.4 at 20**C. In one syringe was 5.4 uM
cytochrome aa -, and 5»B \M £ In buffer. In the other syringe
was 2 mM ascofbate and (a) 750pM TMPD (b) 75 )M TMPD (c) 7.5
pM. TMPD. Data are in the form of semilog plots of absorbance
change against time as printed out from the on line computer
of the SUNY (Buffalo) stopped-flow system. The wavelength
monitored was 605 nm.
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(4S). Anaerobic reduction of cytochrome £ and cytochrome
oxidase by ascorbate - TMPD. Assay medium was 10 raM Tris-
MOPS, 0.1^ Tween-80, pH 7.4 at 20*'c. In one syringe was 5.4
;uM cytochrome ££3 and 5.^ ;aM c in buffer. In the other was
2 mM ascorbate and (a) 75.0 ;iM TMPD and (b) 7.5 )M TMPD. Data
are in the form of semilog plots of absorbance change against
time as printed out from the on line computer of the SUNY
(Buffalo) stopped-flow system. The wavelength monitored was
445 nra.



48

(a)375|iMTMPD

Q4 OB 1.2 L6 2.0 2.4

time (sec)

05-

(b)3.75;jMTMPD

OH I 1 1 1 1

4.0 aO 12 16 20 time (sec)



K'-



150

5 11
1,2 X 10 M'ts" . This is in agreement with the value

obtained in the presence of cyanide (reported on pagel/f2 )tind

represents a 3-fold enhancement over the rate of reduction of

free cytochrome £. The " f"* " values for electron transfer

between cytochromes c and £ are plotted against time for the

different concentrations of TMPD employed (Figure 49). In

agreement with findings in the presence of cyanide (Figure 43)

the value is greater than unity at all times. As the concentra-

tion of TMPD is increased the values become smaller and vary

less over the time course of the reaction. At the lowest level

of TMPD the value passes through a maximum quite substantially

greater than unity. Interpretation of this result is difficult

but it is clear that a simple quasi -equilibriiom transfer of

electrons is not occurring.

Semilog plots for an anaerobic- experiment at high ionic

strength are shown in Figure 50, These illustrate the similar-

ity in duration of the lag phase at 605 and 445 nm and its

dependance on reductant concentration. The rapid initial

change is confined to the measurement at 605 nm and is not seen

at 445 nm. This is further evidence that the initial rapid

jxamp in absorbance is due to oxidized TMPD (IMPD - Wurster's

blue) which contributes at 605 nm but not at 445 nm, IMPD is

oxidized rapidly by cytochrome £ and is in turn rapidly reduced

by ascorbate. The proposed build up of oxidized TMPD would have

to result from a lag in its re-reduction by ascorbate. This

could occur if TMPD was sequestered in a vesicular like micro-

environment inaccessible to the charged reductant ascorbate.

Rate constants for cytochrome £ reduction at high and low
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(49). Electron transfer between cytochromes £ and £ as a

function of time in the electrostatic cytochrome £ - aa ^

complex. Data were taken from the experiments presented in
Figures 46-4^. "P" valves at discrete times are plotted
against time for three different concentrations of TMPD
indicated on the Figure. The assay mediimi was 10 mM Tris-
MOPS, 0.1% Tween-gO, pH 7.4 at 20*0. All other conditions
were the same as indicated in the legends to Figures 46-4^.

(a) 3 75- >iM TNl?P

(b) SZS juM THPt>
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(50). Anaerobic reduction of cytochrome _c and cytochrome
oxidase by ascorbate-TMPD at high ionic strength. Assay
medium was 300 mM sodiiora phosphate, pH 7.4, 0.1^ Tween-80,
at 25**C. In one syringe was S,6 pM _c and 8,6 ;uM aa^ In the
other was 2 mM ascorbate and (a) 375 }M TMPD and "(1bi*750 jpM

TMPD. Data are in the form of semilog plots of absorbance
change against time as printed out from the on line computer

j

of SUNT (Buffalo) stopped-flow system. The wavelengths monitor-^i
ed are indicated on the figure.
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ionic strength and in the cytochrome _c cytochrome oxidase

complex are summarized in Table 17,



.r.?ii
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Table 17 . Rate constants for the reduction of cytochrome £ in

high and low ionic strength buffers and in the electrostatic

complex with cytochrome oxidase by different reductants.

ko values (M'.s" )

ionic strength
high * low**

Reductant isolated £

Ascorbate 31 ^20

TMPD 3.0 X 104 3.5 X 10^

DAD 3.6 X 10^ 2.B x 10^

c-aa^ complex

^ 10

1.3 X 105

5 X 10^

* High ionic strength buffer contained 300 mM NaPi, 0.1%
Tween-80, pH 7.4 at 20''C.

** Low ionic strength buffer contained 10 mM Tris-MOPS, 0.1%
Tween-80, pH 7.4 at 20''C.

Complex formation was in low ionic strength buffer.
Reduction of cytochrome £ was monitored at 550 nm via stopped-
flow spectrophotometry.
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(51). Scheme 1 - The interactions of cytochrome _c and
cytochrome oxidase,

AHp : ascorbate, cysteine
BHp : DAD, TMPD



l£)



f

I



156

Discussion

Observations on the steady-state kinetics of cytochrome £

oxidase (Smith and Camerino, 1963, Nicholls, 1964, Yonetani and

Ray, 1965, Van Buuren, et.al., 1971 and depicted in scheme 1,

Figure 51) have confirmed the general validity of Minnaert's

"Mechanism IV" (Minnaert, 1961, see Literature review equation

6 ) , This mechanism incorporates the central finding of Smith

and Conrad (1956), that the reaction is first order with respect

to cytochrome £ at all substrate concentrations (see Figure 7).

Any detailed mechanism must also take into account the indepen-

dence of the enzymic rate from oxygen concentration above '^2;uM

and the saturation of the reaction with cytochrome c above

^lOOjM (Smith and Conrad, 1956, Minnaert, 1961, Smith and

Camerino, 1963) observed directly in polarographic assays (Figure

9). Thus, over a limited range of cytochrome _c concentrations

(5-SO pM) in high ionic strength buffer the enzyme conforms to a

Michaelis-Menten relationship as predicted from the general fonn

of Minnaert 's rate equation (Minnaert, 1961, see Literature review

equation 2 ), With the present preparation a single Kjjj of 10 to

20 ;nM (Table 2) and a maximal turnover of 250 electrons/sec/aao

were obtained, consistent with previously reported values under

these conditions (Nicholls and Chance, 1974).

These properties of cytochrome £ oxidase were obtained

employing ascorbate-TMPD as source of reducing
,
equivalents and

may be compared with results obtained employing cysteine in a

similar role. In the Dolarographic assay of oxygen uptake cysteine

behaved in a more complex manner than ascorbate-TMPD (Figures 33

and 35). The production of a species more reactive to molecular
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oxygen than cysteine itself upon the reduction of cytochrome _c

is proposed (equation 21) • Cysteine also supplied reducing;^;

equivalents to cytochrome oxidase via cytochrome £, Thus,

simultaneous enzymic and non-enzymic routes of oxygen reduction

are operative with cysteine as hydrogen donor for cytochrome

oxidase. In the light of this result one might question which

process was being monitored in the classical emperiments employ-

ing cysteine as a source of reducing equivalents (Keilin, 1930,

Boeri, et.al, , 1953).

Similar behavior of cytochrome £ from various organisms, under

the conditions specified above for the ascorbate-IMPD polaro-

graphic assay (ie, limited range of substrate concentrations and

high ionic strength of reaction medium), suggested a general

validity for Minnaert's mechanism (Smith, Nava and Margoliash,

1973). However, further work by Margoliash»s group (Ferguson-

Miller, et.al., 1976) with a wide range of cytochrome £ species

has identified functional differences in their kinetics with

mammalian cytochrome _c oxidases. The greatest differences were

found at low concentrations of cytochrome £ where tight binding

is evident in the horse cytochrome _c-beef oxidase system. Kj^

values over this phase were different for cytochrome c from

different organisms. Ferguson-Miller, et;al., (1976) postulate

a second binding site for cytochrome £ on the oxidase capable of

discriminating between cytochrome £ from different organisms.

Errede (1976) and Errede , Haight and Kamen (1976) report similar

findings and favor an extension of Minnaert's Mechanism IV to a

mechanism with two molecules of cytochrome £ bound to cytochrome
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oxidase, Biphasic kinetic behavior was also observed in this

study (Table U and Figures 15 and 16). At low cytochrome _c

concentrations, there is a low Kjjj phase associated with a low

turnover and, at high cytochrome £ concentrations, there is a

high Km phase associated with a high turnover. The Kjjj of both

phases was dependent on ionic strength; a low Kj^^ value of less

than 0,1 uM and a high Kj^ value of 3,0 uM were obtained in the

lowest ionic strength media employed. The maximal turnover of

the enzyme under these conditions was 100 s~l, significantly lower

than the corresponding value under optimal conditions. Part of

this effect is due to the absence of asolectin in the medium and

part may be a real ionic strength effect on the activity of the

enzyme. These kinetic results are consistent with the suggestion

of tight and weak binding sites for cytochrome c on the oxidase

(depicted in Scheme 1, Figure 51),

Ferguson-Miller et,al,, (1976) supplemented the suggestion

derived from kinetic evidence of two cytochrome £ binding sites

with direct evidence from binding studies, K^ values from the

binding studies were close to the IC values obtained kinetically,

A cytochrome ^-cytochrome oxidase complex stable to column chroma-

tography on g-100 Sephadex at low ionic strength can indeed be

obtained (Figures 37 and 36D). This complex has a stoichiometry

of one molecule of c Der enzyme unit (ie, aa o ) and is dissociated

at high ionic strength (Orii, et,al,, 1962, Nicholls, 1964 and

Kuboyama, et.al., 1962 and this thesis Table 12), Formation of

the complex appears to involve a high affinity site for cytochrome

_c in the oxidase preparation. The nature of the binding site is
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uncertain, although protein and/or phospholipid components are

the likely possibilities. In addition the occurrence of values

in excess of one for the ratio of c:aao in the complex indicate

a second site of lower affinity, as predicted from the kinetic

result (det)icted in Scheme 1, Figure 51). The ability of poly-

lysine to interact with cytochrome oxidase and block its inter-

action with cytochrome £ (Table 13, cf. competitive inhibition

by polylysine (^Mochan, Elliott and Nicholls, 1973) is consistent

with a large electrostatic component in the interaction,

Ferguson-Miller, et.al,, (1976) have found that polyanions

such as ATP increase the K(i value of the tight complex and cause

disappearance of the low I^ phase. They have suggested this as

a control mechanism of cytochrome £ oxidation. Phosphate, the

only cytochrome jc-binding anion employed in this study is effect-

ive in producing this kind of result but acts at higher levels

than those indicated for ATP (Ferguson-Miller, et,al., 1976),

Thus, the ability of cytochrome £ to bind small molecules may

play an inportant role in modifying its interaction with the

oxidase. In addition, some ions bind to one redox form of cyto-

chrome c but not to the other (Margoliash, et,al,, 1970), If

the ion-bound c has a different affinity for the oxidase then

marked deviations from first order time courses in the Smith-

Conrad assay should occur. Such deviations have not been observed,

nor pursued in this study but should occupy some time in a future

study.

The properties of the present complex were not altered by

sonication in contrast to the findings of Kuboyama , et.al., (1962),
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who obtained a different type of complex when the protein mix-

tures were sonicated (see Literature review). This difference

may be a result of different phospholipid contents of the oxidase

preparations employed. The complex described by Kuboyama, et,al,,

(1962) may be associated with sonication induced vesicle forma-

tion (Nicholls, 1974).

Reduced cytochrome £ binds to partially reduced oxidase

(Table 13): the exact redox state of the oxidase was not deter-

mined but is postulated to contain a high level of reduced cyto-

chrome £ as internal electron transfer to cytochrome £-j is slow

under the conditions employed (Gibson, et,al, , I965 ) , Schroedl

and Hartzell (1977c) have proposed that cytochrome £ binds to

cytochrome oxidase only when cytochrome £ is oxidized, but present

results do not support this suggestion ^ at least for the tight

binding site. In fact higher stoichiometries were observed under

reducing conditions indicating more binding at a second site.

The reduction of mixtures of cytochrome c and cytochrome

oxidase (at high ionic strength) and of the complex (at low ionic

strength) can be compared. Under both high and low ionic strength

conditions the addition of reductant to cytochrome _c plus cyto-

chrome oxidase leads to rapid reduction of cyl^ochrome _c and a

portion of the cytochrome oxidase. The quantitative and qualita-

tive similarities between the absorbance changes for the oxidase

under anaerobic and cyanide complex conditions (Figures l+6-h.^ and

43) suggest that cytochrome £ is the immediate acceptor of elec-

trons from cytochrome _c. This is in agreement with other findings

(Gibson, et.al., 196$, Andre'asson, et.al., 1972 and Wilson, et.al.,
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1975). But the detailed time courses indicate different rate

limiting steps in high and low ionic strength media with DAD

or ascorbate-TMPD as reductant (ie, the second order interaction

between ^c^"^ and enzyme in Scheme 1, Figure 51 was rate limiting

in high ionic strength , whereas the k^ step was rate limiting

at low ionic strength). This is in agreement with the well known

ionic strength effect on the interaction between the two cyto-

chromes. Complex stability in column chromatography experiments

indicates a very slow dissociation of cytochrome _c implying that

DAD and TMPD must be capable of reducing bound cytochrome £,

Slow dissociation of the complex is also indicated by the pattern

of ascorbate reduction of cytochrome £ in the presence of 883 at

low ionic strength (see Figure 45), Ascorbate reducibility

studies by Mochan and Nicholls (1972) of cytochrome £ bound to

cytochrome oxidase produced a similar result. Assuming that the

predominant path of cytochrome a_ reduction is through bound cyto-

chrome £, an intramolecular constant may be calculated from the

rate of appearance of reduced cytochrome £, In the anaerobic

experiment shown in Figure 47 ferrocytochrome £ appears at a

velocity of 35 jueq/s. Assuming that the reduction of copper is

dynamically linked to the reduction of £ the value for the

velocity becomes 7o )ieq/s (Gibson, et.al,, 1965 and Greenwood,

et.al,, 1976), The formula below (equation 24) is employed to

calculate a rate constant for the electron transfer from tightly

bound cytochrome _c to a^. The amount of reactive complex (jc^'^£^"*")

was determined by examining the time courses of the absorbance

changes and assuming a K^= 0,1 vM, When cytochrome £
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V = k [c2+a3+J ( 24)

/. 70 eq/s = k [o.25 m^

:, k = 2gO s-1

was 50 per cent reduced cytochrome c was 16 per cent reduced.

The rate obtained is well above the limit set by the maximal

turnover value of 100 s~^ obtained in the steady-state experi-

ments under similar conditions. Thus, this intermediate could

be catalytically functional. The role of such tightly bound

cytochrome c has been speculated upon (Ferguson-Miller, et;al;,

1977, and Nicholls, 1974). These workers suggest that cytochrome

_c is predominantly bound under the conditions obtained in the

mitochondrial intermembrane space; they argue for the possible

functional relevance of the fixed complex. That the physiologi-

cal reductase is able to reduce cytochrome £ under conditions

where reaction with the oxidase is blocked supports this idea

(Smith, et.al., 1973).

The second order rate constant for reduction of cytochrome £

by cytochrome c^ is about 107m-1s~1 under high ionic strength

conditions where the Kjjj for _c was 30 viM (Gibson, et.al., 196$,

Wilson, et.al., 1975 and Greenwood, et.al., 1976), These values

imnly an "off" constant of 300 s"! and led Gibson, et.al., (1965)

to suggest that ferrocytochrome c oxidation was limited by the

dissociation of a £3'^£ complex. Under low ionic strength condi-

tions employed here a high Y^ value of 3.0 ;aM was found. This

indicates a more rapid combination or slower dissociation rate or

both for the interaction of the two cytochromes at the weak bind-

ing site. At low ionic strength most of the added cytochrome c
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is bound at the "tight" site, but a small portion will be free

in solution and may be responsible for the observed reduction of

cyto'chrome £. Under the conditions of Figure 47, if K^^= 0.1 uM,

then 0,35 uM £ out of a total of 2,9 xiM £ would not be bound at

the tight site. If one assumes that the reduction of a_ is via ><

this portion of cytochrome £ a second order rate constant may be

calculated as follows (25), The rate constant obtained

V = K [c2+] [a3+] (25 )

.-. 7o ueq/s = k (0.35 uM) (2,7 uM)

.'. k = 9,45 X lo'^M-ls'l

is within the limits suggested by the decrease in binding constant

in low ionic strength media over that at high ionic strength.

Thus reductions of cytochrome 8 at low ionic strength may be

accounted for by electron transfer via cytochrome £ interacting

with the oxidase at the weak binding site. Two observations

support this latter possibility. The reduction of cytochrome £

and of the oxidase complex at high cyanide levels involves two

populations of £, free and cyanide bound. The reduction of £ is

biphasic with the cyanide bound form only slowly reduced by TMPD

or DAD. If the reduction of cytochrome £ were via tightly bound

£ and if cyanferricytochrome £ binds to the same degree as free

£ then one would expect biphasic cytochrome £ reduction. However,

one observes uniform, rapid cytochrome £ reduction. This indic-

ates either that cytochrome £ rapidly equilibrates at the tight

site or that another path of electron transfer is operative. The

first possibility seems to be excluded by the chromatographic

stability of the complex and the second possibility cannot be
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excluded on kinetic grounds, Ascorbate reduction of the complex

leads to the same conclusion. Cytochrome £ is reduced biphasically

while cytochrome £ is reduced monotonically. This observation

does not allow for rapid dissociation of £ from the "tight" site

and supports the second possibility presented above. More experi-

mental work is required to assess the contribution of different

paths of electron transfer to the appearance of reduced cytochrome

£.

The reduction of ferri cytochrome £ by various reagents (see

Scheme 1, Figure 51) was studied under conditions such that all

reactions conformed to a simple second order collision mechanism.

The sharp rise in the second order rate of £ reduction by

ascorbate with decreasing ionic strength was observed earlier by

Mochan and Nicholls (1972) and is consistent with the suggestion

of Sutin (1977) that electron transfer occurs via the exposed

heme edge. Structural studies indicate that this area is

surrounded by positively charged epsilon amino groups (Swanson,

et,al., 1977 and Takano, et,al,, 1977). Attack upon this area

by the reductant would be hindered by phosphate ions via a screen-

ing effect. Uncharged reagents DAD and TMPD do not feel, to any

great extent, changes in ionic strength when they reduce cyto-

chrome £. It was thought the zwitterion cysteine, predominantly

an uncharged species at neutral pH would be interesting to invest-

igate with respect to possible ionic strength effects on its rate

of reduction of ferricytochrome £, Cysteine reduction of cyto-

chrome £ was more complicated than the other reductants, but in

the presence of the chelating agent EDTA a second order process
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was observed. Cysteine is a poor reductant of cytochrome _c

and the rate was marginally increased when the ionic strength was

lowered (Table 9). Thus, cysteine behaves, like TMPD, as though

it were uncharged. Cysteine reduction of cytochrome _c is

catalysed by copper: this effect may be mediated by a copper-

cysteine complex. The calculated rate of reduction of cytochrome

_c by this complex was enhanced ten-fold in low ionic strength

buffer, implying that the complex was charged.

Bound cytochrome £ is reduced very slowly by ascorbate alone

but very rapidly by ascorbate-TMPD and DAD (Table 17). It is

tempting to relate the decrease in ascorbate reducibility of

bound cytochrome £ to that observed when the phosphate ion

concentration is increased. It seems possible that the areas on

the cytochrome £ molecule for phosohate binding, ascorbate

reduction and binding to cytochrome oxidase all overlap.

The rate of reduction of bound cytochrome £ by TMPD and

DAD is increased over the rate for £ in solution (Table 1?). This

suggests an increased reactivity of bound cytochrome £ towards

these reagents in contrast to the decreased reactivity of bound

£ with ascorbate. It is attractive to speculate that TMPD and

DAD interact with cytochrome £ at a different site than does ascor-

bate. However, a more general and simpler explanation is that

complex formation does not render the site on cytochrome _c

inaccessible to these molecules. Stimulation in the rate of

reduction of cytochrome _c upon binding suggests an alteration

in the conformation of cytochrome _c. Similar observations have

been made on cytochrome £ electrostatically bound to phospholipid

vesicles (Cannon and Erman , 197^), Bound cytochrome c was reduced
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more rapidly by a pteridine derivative than cytochrome c in

solution. These authors advanced this result as evidence for

hydrophobic interactions in the binding of cytochrome c leading

to heme crevice opening allowing for more rapid reduction.

The midT>oint potential of cytochrome c_ becomes more negative

when the protein is bound to phospholipid vesicles (Kimelberg and

Lee, 1970): this may be a result of a slight conformational

change of the protein. One such possible change would allow for

more exposure of the heme to aqueous surroundings driving the Eq

value more negative, Schroedl and Hartzell (1977c) also report

a lowering of the midpoint potential for cytochrome £ bound to

cytochrome oxidase at low ionic strength. As the mid-potential

of free _c was +260 raV and of cytochrome £ about +230 mV, these

authors suggested that lowering the mid-potential for bound _c

would give cytochrome £ greater affinity for electrons in the

complex. Present results at low reductant concentration indicate

that cytochrome ^ is always more reduced than cytochrome _c (Figures

44 and 49). Kinetic results, thus, support the thermodynamic

evidence. It was also observed that the distribution of electrons

between cytochromes c and £ (ie, Rvalues) did not indicate a

simple equilibrium process. This result may be explained if one

allows the Eq value of cytochrome £ to vary with the redox state

of the enzyme (Nicholls and Peterson, 1974 and Babcock, Vickery

and Palmer, 197^), Cytochrome £ starts off slightly more positive

than bound cytochrome £ and as electrons enter the complex it

assTomes an even more positive potential.

If one postulates a lower midpoint potential for bound cyto-

chrome _c this requires that the oxidase show a different affinity



:\d.[

Vi -O6OI

o'' ^ -^-^^^J'

.r;-.

cvt- Hv':!

1) r

nx anoJ

;•' .r;:jX

.JOi'VOTo =!;;;9rf c.

.'.onrbim wrfT

s X ^'' j .

*
:

.iiXij^oTq C-...J :o

.9Vx:toT:nn sic-

+
. axoqjjim 9'^

^B !.::)
, Vr

onx a

Vjh

o.^.t f: nov

B B " ."'yo

'•; ,t

"1- *

ono '1: be . Jiuf.

9VX :.j-Tt;.ta e 9raoi'

ri9o

O'

) V'Tj fl P ,'^ O •f'CvT;



167

for reduced and oxidized cytochrome £, However, adherence to

Smith-Conrad kinetics over a wide range of conditions (Errede,

1976) militates against this implication. Therefore, it would

appear that under kinetic conditions of the Smith-Conrad assay

tightly bound c may not play a large role in electron transfer.

However that this site may function under physiological conditions

in the oxidation of cytochrome c of the mitochondrial respiratory

chain cannot be ruled out.



'.^^ 'ic Bn

o ':'Tr-^'r:'^o"i-tvr) ^--'^jr: !;-• i;-:n ;- vi-. h.-^crbfr 'tol

\-

sin'ct J., niif.'nc 8.9d"B.Ji;i.i;m

j"0 5'9 n.l

oloiav

BXTOnO'

,J.)0 Lie Li."; Oii J-



168

References

Al - Ayash, A. I. and Wilson, M. T. (1979). The mechanism of
reduction of single site redox proteins by ascorbic
acid, Biochem. J. 177 * 64I-646.

Andreasson, L. E., Malmstrom, B. G, , Stromberg, C., and
Vanngard, T. (197^). The
jc with cytochrome oxidase

:

2^. 297-301.

reaction of ferrocytochrome
A new look. FEES Lett.

Antoninj , E., Brunori, M. , Colosimo, A,, Greenwood, C., and
Wilson, M, T. (1977). Oxygen-"pulsed" cytochrome
oxidase: Functional properties and catalytic
relevance. Proc. Nat. Acad. Scien, (U.S.A.). 74 *

3128-3132.

Awasthi, Y. C, Chuang, T. F. , Keenan, T. D. and Crane, F. L.
(1971). Tightly bound cardiolipin in cytochrome
oxidase. Biochem, Biophys. Acta. 226 . 42-52.

Babcock, G. T. , Vickery, L, E,, and Palmer, G, (197^), The
electronic state of heme in cytochrome oxidase II,
Oxidation-Reduction potential interactions and heme
iron spin state behavior observed in reductive
titrations, J, Biol. Chem. 2^. 2400-2411.

Barlow, G. H. and Margoliash, E. (I966). Electrophoretic
behavior of mammalian-type cytochromes c, J. Biol.
Chem. 241. 1473-1477.

Bisson, R., Azzi, A,, Gutweniger, H. , Colonna, R., Montecucco,
C., and Zanoti, A. (197^). Interactions of cytochrome
£ with cytochrome £ oxidase. Photoaffinity labelling
of beef heart cytochrome £ oxidase with arylazido-
cytochrome £. J. Biol. Chem. 253 . I874-I88O.

Boeri, E, , Baltscheffsky, H., Bonnich^en, R. and Paul K. G.
(1953). The oxidation of cysteine by cytochrome
oxidase and cytochrome c. Acta. Chem. Scand. 7.
831-844.

Brautigan, D. L.. Ferguson-Miller, S. and Margoliash, E,
(1978a). Definition of cytochrome £ binding domains
by chemical modification. I. Reaction with 4-chloro-
3.5; dinitro-benzoate and chromatographic separation
of singly substituted derivatives. J, Biol. Chem,
253 . 130-139.

Brautigan, D, L., Ferguson-Miller, S. Tarr, G. E. and Margoliash,
E. (1978b). II. Identification and properties of
singly substituted carboxydinitro phenyl cytochrome £
at lysines 8,13,22,27,39,60,72,87 and 99. J. Biol.
Chem. 253. 140-148.



Odl

« » J . « J »...,-' ^ ^. wj. % O i. ,^ t:;

^^^ ,:

.1^' .
''

. , ^ , :iO'

:-3si[

. -1 t^Tl' bn-^^ .'J .
' --.Tfi^;' .

."^ .'" .•'•
'

-uffO ,,0 .Y ^.hff^sewA

ni n « ( I

,

. - . 'SS , ,a\'iiqo^c. ,i:jirjox.. .oaBD-i-Xo

-xxo -^

... .^

HVcJo:.rct^T fi led set;-;, tc a.tn'e noni

..ox.io . ,. , - - ,
.')

»
' yo -t-

X'XGOJ^

niiTfX''' r> 'i-(.io*x'ioo;<'''o "to a-^xji.. i.
.' '-^.O

f' - 'To '^'' ,1 .noiJKOx'iiti'w ...... -,.;.-.,.:;,. yd

^ ly
J

t ' '.:> il, l ' I.J ti » . - ,y .jSS it.



169

Briggs , M. M. and Capaldi, R. A. (197^). Cross-linking studies
on a cytochrome £ - cytochrome _c oxidase complex
Biochem, Biophys. Res. Com. 80. 553-559.

Buse, G., Stefffins, G. J. and Steffgns, G. C. M. (197^). Studies
on cytochrome c oxidase. III. Relationship of
cytochrome oxidase subunits to electron carriers of
photophosphorylation. Hoppe-Seyler's Z. Physiol.
Chem. 359. 1011-1013.

Butt, W. D. and Keilin, D, (1962), Absorption spectra and some
other properties of cytochrome c and of its compounds
with ligands. Proc. Roy. Soc, TLond.) Ser. B, 15

,

6 .

429-458.

Cannon, J. B. and Erraan, J. E. (1978), The effect of phospho-
lipid vesicles on the kinetics of reduction of
cytochrome £. Biochem. Biophys. Res. Com. 84 ,

254-260,

Chan, S. H. P. and Tracy, R. P. (1978). Immunological studies
in cytochrome £ oxidase: Arrangements of protein
subunits in the solubilized and membrane bound enzyme.
Eur. J. Biochem, 89. 595-605.

Chance, B. , Saronio, C. and Leigh, J. S. (1975). Functional
intermediates in the reaction of cytochrome oxidase with
oxygen. .Proe...Nat. Acad, Scien, (U.S.A.). '72..
1635-1640.

Chance, B., Saronio, C, V/aring , A. and Leigh, J. S. (1978).
Cytochrome c - cytochrome oxidase interaction at subzero
temperatures. Biochem. Biophys, Acta. 503. 37-55.

Cornish-Bowden, A. (1976). Principles of Enzyme Kinetics .

Butterworth and Co., Ltd. London, U.K.

Davis, L. A., Schejter, A. and Hess, G. P. (1974). Alkaline
isomerization of oxidized cytochrome c. J. Biol, Chem,
249 . 2624-2632.

""

DePierre, J, W. and Ernster, L. (1977). Enzyme topology of
intracellular membranes, Ann, Rev, Biochem, 46,
201t262,

Dockter, M. E., Steinemann, A,, and Schatz, G, (1978). Mapping
of yeast cytochrome £ oxidase by fluorescence resonance
energy transfer. Distances between subunits II, heme
a, and c bound to subunit III, J. Biol. Chem. 253 .

711 -3 177

Estabrook, R. W. (1959). The effect of cations on the reactivity
of cytochrome £ in heart muscle preparation, in
Haematin Enzymes . Eds, J. E. Falk, M. R. Lemberg and
R. K. Morton. Canberra, 1959. Pergamon Press. London,
U.K. 276-280.



Vdl.[

aax , - ,
. ,

I •• ft ^

I-IIO.

' C A

, c^ ,. ,'i9S (..noj.T ,008 ,voH ,001"' ,s^

-' »

^

,.1 , u .

"> 2ni '='-f>-* no •-

,<^ioO , .
•

. n ,0 en:

,9nr ^'i'=^ ' :'r ...... ....

lo no

ft3nj jsn.:r?{ oarvccn'/ '"c, r^'-'. -r .
,?orl

.

«< » . , > .XJ..i. OJ'Xiiijv.j lid OvT

. u « e.b'h.

r,-

-ioonntiijefei-



170

EJirenberg, A, and Yonetani, T. (1961). Magnetic properties of
iron and copper in cytochrome oxidase. Acta. Chem,
Scan. 1^, 1071.

Errede, B. J, (1976) Ph.D. Thesis. Comparative kinetic studies
of cytochrome £ reactions with mitochondrial redox
systems,

Errede, B. J., Haight, G. P. and Kamen, M. D. (1976). Oxidation
of ferrocytochrome _c by mitochondrial cytochrome c

oxidase. Proc. Nat. Acad. Scien, (U.S.A.). 73. 1T3-117,

Eytan, G. D. and Schatz, G. (1975). Cytochrome c oxidase from
Baker* s yeast. V. Arrangement of the subunits in
the isolated and membrane bound enzyme. J. Biol.
Chem. 250. 767-774.

Falk, D. E. , VanngSrd, T. and Angstrom, T. (1977). Heme spin
states of cytochrome c oxidase derived from room
temperature magnetic susceptibility measurements.
FEBS Lett. 75. 23-27.

Feiberg, B. S. , Ryan, M. D. and Wei, J. F. (1977). Comparative
kinetic-ionic strength study of two differently charged
cytochromes c: Effects are limited to overall charge.
Biochem. Biophys. Res. Com. 79. 769-775.

Ferguson-Miller, S., Brautigan, D. L. and Margoliash , E, (1976).
Correlation of the kinetics of electron transfer

^ activity of various eukcaryotic cytochromes c with
binding to mitochondrial cytochrome £ oxidase. J.
Biol. Chem. 251. 1104-1115.

Ferguson-Miller, S., Brautigan, D. L. and Margoliash, E. (197^,).
Ill, Kinetics of reaction of carboxydinitrophenyl
cytochromes jc with cytochrome c oxidase. J. Biol.
Chem. 2 53. U9-159.

Ferguson-Miller, S., Brautigan, D. L. and Margoliash, E. (1977).
The electron transfer function of cytochrome _c. in
The Porphyrins. Ed. D. Dolphin Academic Press.

George, P. and Schejter, A. (I964). The reactivity of ferro-
cytochrome c with ironbinding ligands. J. Biol. Chem.
239 . I504.T508.

Gibson, Q. H. and Greenwood C. (1963). Reaction of cytochrome
oxidase with oxygen and carbon monoxide. Biochem. J.
B6, 541.

Gibson Q, H., Greenwood, C, Wharton, D. C. and Palmer, G.
(1965). The reaction of cytochrome oxidase with
cytochrome c. J. Biol, Chem. 240. BB6-691+,

Greenwood, C, Brittain, T. , Wilson, M. and Brunori, M. (1976),
Studies on partially reduced mammalian cytochrome

c oxidase. reactions with ferrocytOGhrome.jC. . Biochem, J,
157. 591-596,

~



'cdl

':}-t'

:o ea: noli

91
, absTiS

,Ioi.t , ..-

^tr'

, J ,c ,3):9'rT.u

' ^\ I 0B-:f:ai9'

...
r',

» ». %

« »

noxJ:.

-i-Vv .T'

.C:G&-I'! O-L!: , d . bv^ ,

;

.'. ,

. - .-
.
i .

'..OU'IBD «'•

i^v rrr~ ,

• H •

'?"^o :.--.'

rto t :^y .:

, J ,/.;» it/)

.- .-.C br- r v».i 111

:•; ovrjcJ:-.iW

;,03'3ii)

t^oownss'-^



171

Greenwood, C. and Gibson, Q. H. (1967). The reaction of reduced
cytochrome £ oxidase with oxygen, J. Biol, Chem, 242,
17^2-17^7.

Greenwood, C. and Palmer, G, (1965). Evidence for the existence
of two functionally distinct forms of cytochrome c

monomer at alkaline pH, J, Biol, Chem, 240 , 36^0-3663.

Greenwood, C., Wilson, M. T. and Brunori, M, (1974). Studies on
partially reduced mammalian cytochrome oxidase. Reactions
with GO and 03, Biochem, J. 137. 205-215.

Hackenbrock, C, R, and Hammon, K. M, (1975). Cytochrome _c

oxidase in liver mitochondria. Distribution and
orientation determined with affinity purified iramuno- '.

;

globulin and ferritin conjugates, J, Biol, Chem,
250 . 9165-9197.

Harbura, H. A., Gronin, J. R. , Fauger, M. W. , Hettinger, A.,
Murphy, A. J., Myer, Y. P. and Vinogradov, S. N,
(1965), Complex formation between methionine and a

heme peptide from cytochrome c, Proc, Nat, Acad,
Scien, (U.S.A.), 5^. I656,

Hartzell, C. R. and Beinert, H, (1976), Oxido-reductive titra-
tions of cytochrome _c oxidase followed by EPR
spectroscopy, Biochem, Biophys, Acta, 423. 323-32S,

Hartzell, C. R., Hansen, R. E., and Beinert, H, (1973). Electron
carriers of cytochrome oxidase detectable by EPR and
their relationship to those traditionally recognized
in this enzyme, Proc, Nat, Acad, Scien, (U.S,A,),
70, 2477-24SI.

Jacobs, E, E, (I960), Phosphorylation coupled to electron
transport initiated by substituted phenylenediamines,
Biochem, Biophys, Res, Com, 2» 536-539,

Kassner, R. J, (1973). A theoretical model for the effects of
local nonpolar heme environments on the redox poten-
tials in cytochromes, J, Amer, Chem, Soc, 95.
2674-2677.

Keilin, D, (1930), Cytochrome and intracellular oxidation,
Proc, Roy. Soc, (Lond, ) Ser, B, IO6, 4II.

Keilin, D. and Hartree, E. F. (1939). Cytochrome ao and
cytochrome oxidase, Proc, Roy, Soc, (LonH", ) Ser, B.
127 , 167,

Kihara, H,, Nakatani, H. , Hiromi, K,, Kogu, H. N. and Oshime, T,
(1976), Kinetic studies on redox reaction of heme
proteins, II, Reduction of thermo resistant
cytochrome c - 552 and horse heart cytochrome _c by
ascorbic acid, J, Biochem, S3. 243-24^,



^dL

; rnfiJ-aixo sr^J- lo't eon .
oj) ^o ,i9i » d , boo

E f(n .

I'-. . r \
^; ;^r "' ' <

>.+ tr'l

. V'^i "-een

.VOL

.vx : Dfrojvi.

,(t;Vv^I) .--i ,:tT)

Sidt'.d-OP..

.0-,Ji9Sd-i H

,(0 ,if ,?

J.0 -.^tODlId Srit T'"1 .:/
- -:' '•T -^cobsi- aKr^' nc

o ,r.emoT:r{riojvo nl

» • --J *. • ti «
' <.brioi) .ouv. ,voj. .;^01

9f. as .Li

ofiS'x ..0 091 no ce
':n. ofin--j.';j lu riox

.H ,rjisriiJl

Y'-",
90.O-

.X.'.

, '-1 « Oj,



172

Kimelberg, H. K, and Lee, C. P. (1970). Interactions of
cytochrome _c with phospholipid membranes, II,
Reactivity of cytochrome _c bound to phospholipid
liquid crystals. J, Mem. Biol, 2. 252-262.

Krahl, M. E. , Keltch, A. K. , Neubeck, G. E., and Glowes, G. H. A.

(1941). Studies on cell metabolism. V, Cytochrome
oxidase activity in the eggs of Arabacia punctulata .

J. Gen. Physiol. 24. 597-617.

Kuboyama, M. , Takemori, S, and King, T. E. (1962). Reconstitu-
tion of respiratory chain enzyme systems. IX. Cyto-
chrome _c - cytochrome oxidase complex of heart muscle.
Biochem. Biophys. Res. Com, 9, 534-539.

Kuboyama, M. , Yong, F. C. and King, T. E. (1972). Studies on
cytochrome oxidase. VII, Preparation and some
properties of cardiac cytochrome oxidase. J. Biol,
Chem. 247. 6375-63^3.

Leigh, J. S., Wilson, D. F., Owen, C. S. and King, T. E, (1974).
Heme-heme interaction in cytochrome _c oxidase: The
cooperativity of the hemes of cytochrome £ oxidase as
evidenced in the reaction with CO. Arch. Biochem.
Biophys. 160. 476-4^6.

Lemberg, M. R. (1969). Cytochrome oxidase. Phys. Rev, 49.
4^-121.

MalmstrSm, B. G. (1974). Cytochrome c oxidase: some biochemical
and biophysical problems. ^. Rev. Biophys. 6. 3^9-431.

Margalit, R. and Schejter, A, (1970), Thermodynamics of redox
reaction of cytochromes c of five different species,
FEES Lett, 6. 27^-2^0,

Margalit, R. and Schejter, A, (1973). Cytochrome _c: A thermo-
dynamic study of relationships among oxidation state,
ion-binding, and structural parameters, I, The effects
of temperature, pH, and electrostatic media on the
redox potential of cytochrome jc, Eur. J. Biochem. 32 .

492-499. II. Ion binding linked to oxidation state.
Eur. J. Biochem. 32* 500-505.

Margoliash, E., Barlow, G. H. and Byers, V. (1970), Differential
binding properties of cytochrome jc: Possible relevance
for mitochondrial ion transport. Nature. 22^ . 723-726,

Margoliash, E. and Frohwirt, N. (1959). Spectrum of horse heart
cytochrome _c. Biochem, J. 71. 570-572.

Minnaert, K. (I96I), The kinetics of cytochrome c oxidase,
I, The system: cytochrome _c - cytochrome oxidase -

oxygen. Biochem. Biophys. Acta. 50. 23-34,



0-1 r

.S , CoxH .mSiM ,L

.V ,

n .a .T ,'.

.i-:

, ^M ,
*.••

-A- %taoo ,

no 'J ni -< , • r >;.T ^-niX br-

» -1 • O L. :)i;T01

01,< 1 ^ i.i\

T;rfoo.+YO

^'cfxw f

00

1 .(^ov.i; .Ji .

T'-: '„fs,'

.i-C . "i^^oojii: ,u .lift .0

sr
IT ._



173

Mochan, B. S., Elliot,W. B. and Nicholls, P, (1973). Patterns
of cytochrome oxidase inhibition by polycations.
Bioenergetics, 4« 329-345.

Mochan, E, and Nicholls, P. (1972). Cytochrome c reactivity
in its coraolexes with mammalian cytochrome £ oxidase
f^nd yeast cytochrome c peroxidase, Biochem, Biophys,
Acta. 262. 309-319.

Morton, R. A. and Breskar, M. (1977). Ion binding to lysine-
modifiqd derivatives of cytochrome c . Can. J, Bioc.

^ U6-151.

Muijers, A. 0., Tiesjema, R. H., Henderson, R. W. and Van Gelder,
B. F, (1972), Biochemical and biophysical studies of
cytochrome 333, VII. The effect of cytochrome c on the
oxidation reduction potential of isolated cytochrome
a£o. Biochem, Biophys, Acta, 267 » 216-221,

Nicholls, P, (1964). Observations on the oxidation of cytochrome _c.

Arch, Biochem, Biophys. IO6. 25-48.

Nicholls, P. (1974). Cytochrome c binding to enzymes and membranes,
Biochem, Biophys, Acta, 346 , 261-310,

Nicholls, P. (197^). A new CO-induced complex of cytochrome c

oxidase. Biochem. J. 175.. 1147-1150.

Nicholls, P. and Chance, B. (1974). Cytochrome £ oxidase, in
Molecular Mechanisms of Oxygen Activation, Ed, 0.
Hayashi. Academic Press, 479-533,

Nicholls, P. and Hildebrandt, V. (197^), Redox state of the par- .

tially reduced cytochrome aao-cyanide complex, Biochem,
Biophys, Acta, 5£J±. 457-460,

Nicholls, P. and Petersen, L, C, (1974). Haem-haem interactions
in cytochrome aa_^ during the anaerobic to aerobic
transition. Biocnem Biophys. Acta. 357 . 462-467.

Nicholls, P,,Van Buuren, K.J.H. ; nd Van Gelder, B,F, (1972),
Biochemical and Biophysical studies on cytochrome aao,
VIII. Effects of cyanide on the catalytic activity,
Biochem. Biophys. Acta. 27^, 279-287.

Orii, Y, , Sekuzu,I, and Okunuki,K. (I962), Studies on Cytochrome £
in the presence of cytochrome t and e. J. of Bioc.
(Tokyo). 51, 204-215.

Palmer, G. , Babcock, G.T. and Vickery, L.E. (1976), A model for
cytochrome oxidse. Proc, Nat. Acad. Scien. (U.S.A).
73, 2206-2210,

Peterman, B.F. and Morton, R.A. (1977), The oxidation of ferrocyt-
chrome £ in nonbinding buffer. Can, J, Bioc. ^, 796-803,

Petersen, L,C. (1978). On the mechanism of the cytochrome £ oxidase
reaction, Eur, J, Biochem. 85, 339-344,



SVI

sn'T9.tv-+



174

Petersen, L, C. and Andreasson, L. E. (1976). The reaction
between oxidized cytochrome c and reduced cytochrome
C oxidase. FEES Lett. 66. 52-57.

Petersen, L. C, Nicholls, P. and Degn, H. (1974). The effect
of energization on the apparent Michaelis constant for
oxygen in mitochondrial respiration. Biochem. J. 142 .

247-252.

Petersen, L. C, Nicholls, P. and Degn, H. (1976). The effect
of oxygen concentration on the steady-state of the
solubilized cytochrome c oxidase. Biochem, Biophys,
Acta. 452 . 59-65.

Poyton, R. 0. and Schatz, G. (19759). Cytochrome jc oxidase from
Baker's yeast. III. Physical characterization of
isolated subunits and chemical evidence for two different
classes of polypeptides. J. Biol. Chem. 250 . 752-761.

Poyton, R. 0, and Schatz, G. (1975b). IV. Immunological evidence
for participation of a mitochondrially synthesized
subunit in enz3miatic activity. J. Biol, Chem, 250 .

762-766.

Reider, R. and Bosshard , H. R, (197^). The cytochrome c oxidase
binding site on cytochrome c. Differential chemical
modification of lysine resiH"ues in free and oxidase
bound cytochrome £, J, Biol, Chem, 253 , 6045-6053.

Salemme, F, R, (1977). Structure and Function of cytochromes _c,

Ann, Rev, Bioc. 46, 299-329.

Schneider, W. E. and Potter, V. R, (1943). The Assay of Animal
Tissues for Respiratory Enzymes, II, Succinic
dehydrogenase and cytochrome oxidase. J. Biol, Chem.
149 . 217-227.

Schejter, A. and Margalit, R. (1970). The redox potential of
cytochrome £: Ion binding and oxidation state as
linked functions. FEES Lett. 10. 179-lSl.

Schroedl, N. A. and Hartzell (1977a). Oxidative titrations of
reduced cytochrome aa o : An isotropic extinction . i

behavior observed in the heme a-bandregion. Biochem,
16. 1327-1333.
Tr977b): Correlation of midpoint potentials and
extinction coefficients observed at three major
absorption bands. Biochem. 16. 4961-4965.
(1977c), Influence of cytochrome £ and CO on the
midpoint potential values. Biochem. 16. 4966-4971.

Slater, E. C. (1949). The measurement of* the cytochrome oxidase
activity of enzyme preparations. Biochem. J. 44 .

305-31S.



s^:L

ooyo oeoi/boi

. r

A. . '



^75

Smith, L, and Camarino, P. W. (1963). Comparison of polaro-
graphic and spectrophotometric assays for cytochrome £
oxidase activity, Biochem, 2, 142^-1432.

Smith, L. and Conrad, H. (1956). A study of the kinetics of the
oxidation of cytochrome _c by cytochrome £ oxidase.
Arch, Biochem, Biophys, 63. 403-413.

Smith, L., Nava, M. E. and Margoliash, E, (1973). The relation-
ship of the amino acid sequence and of substances
bound to cytochrome c to its reaction with cytochrome
£ oxidase, in Oxidases and Related Redox Systems ,

Eds. T. E, King, H. S. Mason and M. Morrison,
University Park Press, Baltimore, U.S.A. 629-63^.

Smith, L., Davies, H, L,, Reichlin, M, and Margoliash, E. (1973).
Separate oxidase and reductase reaction sites on cyto-
chrome c demonstrated with purified site specific
antibodTes. J. Biol. Chem, 24^ . 237-243.

Smith, H. T., Staudenmayer, N. and Millet, F. (197T). Use of
specific lysine modifications to locate the reaction
site of cytochrome _c with cytochrome aao. Biochem.
16. 4971-4974.

Steffans, G, and Buse, G. (1976). Studies on cytochrome £
oxidase. 1. Purification and characterization of the
enzyme from beef heart and identification of peptide
chains in the complex, Hoppe-Seyler's Z, Physiol.
Chem. PJ7. 1125-1137.

Sutin, N. (1977). Electron transfer reactions of cytochrome £.
in Bioinorganic Chemistry II, Ed, R. F. Gould, 156-172.

Sutin, N, and Yandell, J. K. (1972). Mechanisms of the reactions
of cytochrome _c. Rate and equilibriiim constants for
ligand binding to horse heart ferricytochrome £, J. Biol,
Chem. 247. 6932-6936.

Swanson, R., Trus, B. L., Mandel, N., Mandel, G. , Kallai, O.B. and
Dickerson, R. E. (1977). Tuna cytochrome £ at 2,0 A
resolution I, Ferricytochrome jc structure analysis,

". "5:.?::. rj;- Biol; Chem .^r- 252. 759-775.

Takano, T. , Trus, B. L., Mandel, N., Mandel, G. , Kallai, 0. B.,
Swanson, R. and Dickerson, R. E. (1977). Tuna cyto-
chrome £ at 2.0 A resolution., II, Ferrocytochrome
structure and analysis. J. Biol. Chem, 252 . 776-7^5.

Tarbell, D. S. (1961). The mechanism of oxidation of thiols to
disulfides, in Organic Sulfur Compounds . Ed. N,
Kharasch, Pergamon Press, New York, U,S.A, 97-102.



tVJ

Jo 'in qffiOO .(:.v^'' , -

'

.
-f '

• . . _L • O ^ i-V ^. » .V. » f "-,'.> >j .-,_ % " w ^ v' i.s/ '..' '- i>i'-

iw noxJouQT ^J-j.

• i •

.-.I fC'- . . •'':d'X8T:9vx<~t'J

•'
"rt r»;- r-'., f «ci

•
' •

.1 . XUO
3 LfbO^i

'00,t'

« *r>, -^^j— i. \ 1 41 'Jo.

o-'d -.
• .i .

.) 'lo enoxJr.coT '^.al^^&^l^ noiJ-O') L. .('0^9/) ,ti

• X ...1. H- .''i ,H ,0u ,11 X.1: I-

f. .- . '

'x. •)T^iOoJ-.,;oi:'n9'i J"tG: . .
'>

~~

, - ' ,i:BiX6' ,.0 ,lfuon-.::'l , .14 .
" '' rtV! ,,.. .;.. ,£,rpxT , ,!•

'.-0 OKCvrl: oi-/d enLf"! . ... .j. ,no2T:9:<o£o

en'o-iriD- .' rr.ytto''. .IT . ,n. i ;;.iIo;'.0T i^' 0,?; cte £ one's'

o

•„.. .1 .n;o.iO ,.10!:'." ,1., .sxev.tHne briK gi'rud'ojrr >*?."



176)

Theorell, H. and Akesson, A. (1939). Absorption spectrum of
further purified cytochrome £. Science, _22» ^7.

Theorell, H. and Akesson, A, (1941). Studies on cytochrome _c.

J. Amer, Chem. Soc. 63» I804.

Tiesjema, R. H. , Muijsers, A. 0., Van Gelder, B. F. (1973).
Biochemical and biophysical studies on cytochrome £
oxidase. X, Spectral and potentioraetric properties
of the hemes and coppers, Biochem, Biophys, Acta.
305. 19-2g.

Tsudzuki, T. and Wilson, D. F. (1971). The oxidation-reduction
potentials of the hemes and copper of cytochrome oxidase
from beef heart. Arch. Biochem, Biophys. 145. 149-154.

Van Buuren, K. J. H. , Van Gelder, B. F. and Eggelte, T. A. (1971).
Biochemical and biophysical studies on cytochrome 333.
I. Steady-state kinetics of cytochrome aao

_ Biochem,

Biophys, Acta, 234. 466-4^0,

Vanderkooi, J, and Erecinska, M, (1974). Cytochrome c inter-
action with membranes. Interaction of _c witF isolated
membrane fragments and purified enzymes. Arch, Biochem,
Biophys, 162, 3^5-391.

Van Gelder, B. F, (I966), On cytochrome _c oxidase, I, The
extinction coefficients of cytochrome £ and cytochrome
£3, Biochem, Biophys, Acta, II8 , 36-46.

Van Gelder, B. F. and Beinert, H, (1969). Studies of the heme
components of cytochrome £ oxidase by EPR spectroscopy,
Biochem, Biophys, Acta. 189 . 1-24.

Van Gelder, B. F, and Muijsers, A. 0. (1966), On cytochrome £
oxidase, II, The ratio of cytochrome a_ to cytochrome
£3, Biochem, Biophys. Acta, llB , 47-57.

Vik, S, B. and Capaldi, R. A. (1977). Lipid requirements for
cytochrome £ oxidase activity, Biochem, 16, 5755-5759.

Walz, D, (1979). Thermodynamics of oxidation-reduction reactions
and its api^lication to bioenergetics, Biochem. Biophys.
Acta, 505. 279-353.

Wikstrom, M, K. F,, Harmon, H. J., Ingledew, W. J, and Chance, B,
(1976). A re-evaluation of the spectral, potentiometric
and energy linked properties of cytochrome £ oxidase in
mitochondria, FEBS Lett. 65. 259-277.

Wilson, D. F. and Dutton, P. L. (1970). The oxidation-reduction
potentials of cytochromes a_ and a_^ in intact rat liver
mitochondria. Arch, Biochem, Biophys, 136 . 5^3-5^4.



>> • r

c
'

-'. Ik 3

a"

r', r.-N •-• -
' .'

'

. .
.--;-/ r'" Sn:^ .T , XJiir-buE'i'

. ,.c; i--v.li.;- , .•: a:.. lao'tl

.(IVVI) ,\ /' ,0 rjs\ , .H .[, .51 ,n9'r

« • . - -

. •'.-^^•lA «ii\.i •Gd'OA *?-X^ :.iXc

-•x "rti p_
. 1 ,^/ .4 ,(;Mer:xofj'xa bns .L ,±0C'

^*->L) .)' ,;! -^irTi'; . .8 ,

« , V.
- «

-aox.;H(.:.,; .-r, -: <: ' Or'O '"'"!

i-. . u ... , . ;br;I::rsJ. ,.L .TI ,n<nri-'.^ ^ ,'k ... .M ,niOT..^

, .^ 39.?:.J-~

.70c_p^'<; ^^ ^^ ,BX'£V)n'--':)o.-iiii-.

n.)9T:-no.LtbLxx:o •' " .' .- ."ll , nod-.-t!r.''i : - .' .0 ,nos.Cx',

N^i -.lOoJ.ix nx :)>1-yr* ''o



17X

Wilson, D, F., Erecinska, M. and Owen, C. S. (1976), Some
properties of the redox components of cytochrome _c

oxidase and their interactions. Arch, Biochem. Biophys,
175 » 160-172,

Wilson, D. F. and Leigh, J. S. (1972), Heme-heme interactions
in cytochrome oxidase in situ as measured by EPR
spectroscopy. Arch. Biochem, Biophys, 150, 154-163,

Wilson, D. F., Lindsay, J. G. and Brocklehurst, E. S. (1972),
Heme-heme interactions in cytochrome oxidase, Biochem,
Biophys. Acta, 256, 277-2^6,

Wilson, M. T., Greenwood, C,, Brunori, M, , Antonnini , E, (1975).
Kinetic studies on the reaction between cytochrome c

oxidase and ferrocytochrome _c, Biochem, J, 147 «

U5.-153.

Yamazaki, I, (1962), The reduction of cytochrome £ by enzyme-
generated ascorbic free radical, J, Biol, Chera, 237 ,

224-229.

Yonetani, T, (I960). Studies on cytochrome oxidase. II, Steady-
state properties, J. Biol. Chem. 235 * 3136-3143,

Yonetani, T, (1962), Studies on cytochrome oxidase. II, The
cytochrome oxidase activity, J, Biol, Chem, 237 ,

550-559,

Yonetani, T, and Ray, G, (1965), Studies on cytochrome oxidase.
VI, Kinetics of the aerobic oxidation of ferrocyto-
chrome c- by cytochrome oxidase, J, Biol, Chem, 240,
3392-33^6,

Yu, C, and Yu, L, (1977). Identification of subunits of bovine
heart cytochrome oxidase. Biochem, Biophys, Acta,
495 , 246-259,

Yu, C, Yu, L, and King, T. E. (1975), Studies on cytochrome
oxidase. Interactions of the cytochrome oxidase protein
with phospholipids and cytochrome c, J, Biol, Chem,
250, 1363-1392,



??-C

;o ax

. . • •£.'' ... - _ ..

[r. --r+r , '^r\ ,T . r-:f -^f^K;

»



177

Additions to Reference T.ist

Caughey,W.S. , Smyth, G. A. ,0'Keefe,D.H. ,Masky,J.E. , and Smith ,M.L.
(1975). Heme A of cytochrome _c oxidase. Structure and
properties: Comparisons with hemes b, _c and _s and derivatives,
JBC, 250. 7602-7622.

Okunuki,^, (1962), Cytochrome Oxidase, in Oxygenases, ed. 0,
Hayaishi, Academic Press, New YorFT

Wainio, W,W, (1959), Composition of Cytochrome Oxidase, in
Haemitin Enzymew, eds, J.E. Falk, M.R, Lemberg and
R.K. Morton, Pergamon Press, London,

Wainio, W.W, (I965), Anomolous Reactions of Cytochrome Oxidase,
in, Oxidases and Related Redox Systems, eds. T.E. King,
H.S. Mason, and M, Morrison, Wiley, New York,



m «

t

.

j.^^-n ,-^,

.(?c.9j) .W.-.: ,<














