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.\ - ABSTRACT - - ¢ '

. Studies on Cytochrome t OxHidase:
" 1. A Proposed Alternative Electron Transfer Pathway at Low pH
2. Interaction Term of Enzymic Activity at Diff erent'pH, Ionic -
Strength, and Tween-80 ‘

™

Zahra Rassi, Ph. D. L .
Concordia University, 1988 : - 5

I PO
S

Cytgghrome c oxidase is the terminal.acceptor in the mitochondrial
electron transport chain. The details of the electron trap;fer mechanism
are not fully known, but it is believed that the primary electron acceptor
. is cytochrome a which then transfers electron to the orygen via Cup and
cylochroﬂa,e a3. Cytochrome a3 is also-the binding site for oxygen and
inhibitors. . |

The activity and spectral properties of cytochrote c oxidase are pH
dependent. The object of this work was 10 investigate the stoichiometry
of bindi"ngmof CO and CN in the pH range 7.8 to 5 and to draw conclusions
. concerning possible alternate electron transport p'athways wi;hin the
oxidase. One such pathway might be electron transfer from cytochrome ' ‘
‘2 /Cup 10 02 as well as from cytochrome a3/Cup to 02. For such a
pathway, the expected stoichiometry at the pH optin;um for activity |
would be two ligands bound per aa3, that is, one bound to cytochrome a3
and the other tocytochrome 8.

Ove} the entire pH range tesfed, one carbon monoxide bound to a '
functional unit of enzyme and the integrity of the enzyme was

4
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lo partially rédUced ediyme increased sub?stamially at pHs below 6.7.
- Several ractors may cause an apparent increase in cynnido binding; these
_are dxscussed in the text.
-The study has a second part concernirig the effect of pH, ionic
(.strength and Tween 80 on the activity of low-hpld cytochrofme c ondase
The idea behmd the study was 1o derive an equation with interaction
:terms whxch could be used to predict the enzymic activity of the enzyme
under different oondmons : " ‘ .

— Upder all conditions tested; a pH optimum' was apparent and the

4

jocation of this optimum varied as a function of ionic strength ?ﬁd '

Tween 80. The activity was found toincrease with increasing 1on1c Lo

strength; the Michaelis- Menten constant also mcreased with ionic S
| strength. A complete mathematical description of the enzyme was ‘not

L]

achieved. ' -
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. . INTRODUCTION : k

Cytochrome ¢ oxidase (EC.1.9.3.1) consumes most of the dioxygen

- ' - - - - - - ‘
.absorbed by aerobic organisms. This reaction, which the enzyme catalyzes,
. transfers electrons from cytochrome ¢ to dioxygen. It provides most of the

B gee energy needed for the life processes— of aerobic organisms by coupling

electron transport to the synthesis of ATP according to the fdllow}ﬁg

equation:
' ' Equation [1]
cyt. c.ox- - — .
4 cyLe (Fe)2* + 02 + 4 H¥(m) ' s o
o . ‘4 cyt. ¢ (F)*3 + 2 H20 + Energy )
m = mitochondr| ' -
B

\u’

Because of the vital role pf ‘oxi,da lve phosphqrylation, cyio'chrome c

oxidase has a yide biological distrjbution. It is'present in all animals, plants,

aerobic yeasts, and in some bacteria. Further more, in all cases, it is f,irhly

13
" associated with a membrane, either the inner membrane of mitochondria,

the respiratory organelle of the eikaryotes, or in the membrane of the
bacterial cell. L , . T,

Most authors maintain, as was first proposed by Mitchell in 1961 (1),
that ATP synthgsis in oxidative phosphorylation is the result of an

electrochemical potentfal across the membrane. This potential is generated

L




by coupling electron transfer to proton translocation in the respiratory
chain (62,101).

1 has been shown that cytochrome ¢ oxidase is directly invoived in |

thé generation of a membrane potential (2,101). The nature of the coupling
between the reaction of the ;quation [1] and the formation of the proton
gradient at present remains unknown. It is agreed by mostly everyone that
cyju‘)chrome c pxidase functions as an active proton pump (8) transferring
proténs from the inner to the outer mitochondrial space (2.6-?). Several
groupé have reported-that confor mational changes during the catalytic cycle
'may be‘the cause of the proton pump (10,12,30,1?0).

The generation of the electrochemical potential across the me:fnrane

requires a change in equation [1] since'it does not completely describe the

reaction catalyzed by cytoch;omé ¢ vxidase
dcyt.g(Fe??) +02.8H (m) _____,

4.cyt c(Fe3*) , 2H20 + 4 H* (c) + energy
m = mitochondria | '
¢ = cytosol

A

“The main interesth of many investigators working on he me proteins

" has been to_elucidafe the mechanism of electron transfer and 'djoxygen _ '
activation. Although numerous studies over the p.ast 50 years have
provided considerable knowledge about ;hi’s complex gxolecule, it is thought
‘that this eﬁzy:pe will requii'e more years of extensive research for a'

complete undefétariding. Many aspects of dioxygen activation and the

\
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- energy production %m‘:hanim are still not completely understood; these - ’
include the specific f[eatures ol‘the umque bimetallic oentm md the

) elucidauon of the efectron tranafer mechanim , '
- ‘ This study is a very small contribution to tho cytochrome ¢ oxidnse
i world and consists of two parts. The first part of the atudy addresm the
question of a posslb!e alterndte electron transrer pathway 'l'he second part
investigates the interaction of pH, ionic mengtii and detergent on the o
activnty of the enzyme
|
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2.
LITERATURE REVIEW

2.1. A BRIEF HISTORICAL SURVEY L :
As early as 1886, MacMunp reported the four-band spectrum of ,

,histo or myohaematin while he was investigating the spectral absorption by |
a large varieu} of organisms and tissues (5). A resulting controvérsy with
Hoppe-Seyler, however, raise;i doubts as to the validity of some of the
discoveries by MacMunn. Following their work, Koenig in 1894 started '
pionéering studies on the photochemical actipn spéctra of visual receptors.
In 1{924‘ Warburg (4) followed Koenig ‘s technique when he studied the
.photoche mical action spectrum of the yeast respiration system. From his
studies on the catalys}s of the oxidation of cysteine by iron:charooal,
Warburg developed a model for cellular respiration. He concluded that
.oxygen activation was the allr—impo'rtz;mt proce‘ss in cellular respiration. He

| also concluded that an iron-containing enzyme, the ‘respiratory enzyme", or
what he named, "Atmungsf erme?it", is solely responsible for the transport

.~0of the oxidizing equivalents of oxygen to the substrate. Nevertheless, an
opposing vigw was taken by Thunberg who had detected a large variety of
dehydrogenases in tissues (5). Moreover, Thunberg's view was supported
by Wieland who used palla‘dium-hy"drogen as a “model"” of tissue -
respiration. Wieland believed that substrate-specific hydrogen activations

were characteristics of all biological o_xidation processes. The

s



““dehydrogenation” théor\( lasted more than two-decades and several
. dehydrogenase§ which dO\% utilize ox&gen were isolated. .
¢ The controversy regarding thg respective Aroles am‘fti'm'portanoe of

hydrogen and oxygen activation faded into the bapkground Qhen, follow

his initial observation, lgeilin'ddemonstrated (3) that the four-banded

. c‘ywcbrome spectrum observed in 1886 was in f‘act the spectrum of the
ferrous or reduced forms of three distinct cytochromesa b ,and¢. Kgilin
obtained a soluble preparation of cytochrome ¢ from baker’s yeast. Between
1937-1938 he and Hartree (3), showed that the indophenol oxidase:activity
of a particulate tissue preparation was simpl.y the resﬁlt of a non-enzymic

" reduction of cytochrome ¢ by dimethyl- phenylenediamine, with the

5 ., " s - v o o 5 STV
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reduced heme protein being oxidized by indophenof oxidase in _tne_pr:e.s_ence

of oxygen. Having established the nature of the final step of tissue
respiration, they renamea the enzyme “cytochrome ¢ éxidase" since its only
function appeared to be“tl‘ue oxidation of cytochrome ¢ . There was ljttle
doubt concerning the physiological importance of this system since Haas
had already found that the rate of oxygen uptake was identical with that of
cytochrome ¢ reduction in 2 number of tissues (6). This demonstrated that
nearly all of the oxidizing equivalents of oxygen were transmitted by the
cytochrome ¢ ox.i&ase ‘system. .

In 1939 Keilih and Hartree found that in the presence of carbon

monoxide, cytochrome a showed up as two spectroscopic components. They

further demonsirated that the new cylochrome, cytochrome a3 , was the

S 8ubstance responsible for the photochemical action spectrum introduced by

v,
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Warburg. Cytochromé a3 was thus identified aL the respiratory enzymé
reacting directly With oxygen, and the system'was considered to be

composed of three entmes cytochrome ¢, cytochrome g and cylochrome

_Mh wp/re reacting consecunvely o T ,L‘)
R

2.2 /§IRUCT URAL ASPECT S OF CYT(IZHROME c OXIDASE
/ / ‘
// | Cytochrome ¢ oxidase (EC.1;9.3.1/ is one of the most important
.// enzymes in fature. In eukaryotes the enzyme is located in the
mitochondrial inner membrane, whereas in prokaryptes it is found in the
_ plasma membrane. In both cases, it is inserted into.the lipid bilayer and
released only by treatment with a detergent. Eleclron microscopy and
image teconstruction studies (17-19,24,83) have shown that two- .
dimensional crystals of cﬁochrome ¢ oxidase can be isolated. Two differeni
crystal forms were obtained. In one form, the enzyme is a dimer inserted
&cross the lipid bilayer of flattened v\esicleé {17,21,25). In the second
grystal f orm,' the enzyme is monomeric and arranged in detergent-tich
sheets with no n}embrane bilayer ptesent (18,19). Cofaparison of the
structures of the lwd forms shows excellént agreement in the major
features of the protein (19,21,111).
The enzyme is a Y-shaped'protein (18,19,25,117), [Fig. 2.1] and there
is a large domain extending $.5 nm from. what would be the outer or
_ cytoplasmic (C domain) surface of the mitochondrial inner membrane. The

matrix (M) domain is’larger at the membrane's surface where it is

¥
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.+ lipid bﬂg’yer. C. M1 and M2 lgbei the cytoplasmic and two matrix domain, *
. respectively. - |
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Fig. 2. 1. The Y-shaped monomer structure of cyt.cor. inserteq into the
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separated into t@/o distinct sub-domains of about equal size (M1 and M2).
The C domain terminates in a smaller sub-domain. The two matrix domains ,
(M1 and M2) become séparaled closer to the outer surface of the
mitochodrial inner n;embrane and each spans the lipid bi;ayer, extending
almost to 2 nm from the matrix (M) side of the inner membrane (19,24).

Cytochrome ¢ oxidase is composed of a variable number of
polypeptide subunits (16,23,33,48,82); this seems to correlate with the
evolutionary stage of the organism. In prokarymesl the enzyme contains 2-3
subufmits (39,203,204), in unicellular eukﬁryotes 7-9 (81) and in higher
eukaryotes a rﬁonomer form has 12-13 different polypeptides (15-19, 23,
27,29,48,1 59) which occur in steichiometric amounts. The structure of beef
heart cytochrome ¢ oxidase has~re/cenuy beel'reinvestigated (82). This
study shows that beef heart éytochrome ¢ oxiglase contains about 12
different polypeptides and 1793 amino acids.

On the extraction of the non-covalently bound heme from the protein,
only heme a is found (11,75). T)}pical features of heme a are the carbonyl
E\r‘bup in position 8 and the long isopropenoid chain in position 2 of the
porphyrin ring (1 1‘,4 1). Heme iron may be further liganded by two (fif tﬁ
#ad sixth) coordination bonds in'the axial direction perpendicular tothe
plane of the ring (11,75,148) [Fig. 2.2]. In addition to iron, the protein also
contains two (11,20, 30) or three (209) moles copper per f‘unctional unit. ,It‘
has been reported that the purified enzyme from beef heart also contains
'ugmly bound zmc and magnesium (207,138). Two heme moijeties and two

copper atoms consmute the four redox-active prostheuc groups. The




functional features of the additional copper, zinc and magnesium atoms
remain to be lnvesugated

v _ Fig.2.2. Structural Formula of Heme 2

2.2.1. SUBUNIT STRUCTURE OF THE ENZYME

The synthesis oLcytochronie ¢ atidase requires both the
mitochondrial and nuclear genome (23,25,27,48). Sub- units I, 11, 111, .
are encoded on mitochondrial-DNA and made on mltochondrial riboaomes
(26 27) The smaller subumts are all encoded on uuclear DNA and
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Table. 2. 1. S '

> ) : — -

1 II 1I' IV ,V Via Vib Vic VIL Villa VIIb Vilic
Asp 16 10 4 8 9 4 2°73 6 0 1 -2
JAsn 19 S5~ 6 4 4 4 47205 2 1 3
Thr 38 17 24. 5 S 7 7 2 5 1 4 4
Ser 30 22 19 2 4 S S5 4 5 3 5 2
Gu 9 S 8 13 t 8 2 4 4 3 1 3
Gn 6 6 7 3 11 4 0 1+ S 1 1 -2
Pro 28 13 12 6 7 7 7 i 4.3 4 1
Gy 47 8 21 S 6 9 9 A& 4 4 2 6
AMla 40 '8 14 13 8 8 7 11 6 3 6 3
val 38 12 16 11 8 6 2 3 4 2 2 3
Met 34 16 11 4 t 1 0 4 1 2 0 1
le 37 18 14 5 7.5 2 2 4 2 2 |
Leu 59 34 31 ‘11 11 7 8 5 2 5 6 9
Tye Yo 11 11 7 4 2-2 4 4 1 2 %
Phe 42 6 24 7 3 1 6 8 4 6 2 2
Lys 9 6° 3 16 7 6“3 8 6 4 S5 5
His 17 7 17 4 3. 4 7 1 1t 2 1 2
Arg 8 6 S S5 7 4 71 7 7 2 0 2
Cys» 1 2 2 0 1 4 1 0 4°0 0 2
Tp 17 5 12 ¢ 2 2 3 0 4 1 1 0
S14 227 261 147 109 98 84 73 85 47 46 56

t
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1

1

1
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1

Amino acid composition and stoichiometry of the protein components of

-

. Bovine Heart cyt. ¢ ox. complex ( Ref.82).
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transported into the inner;membrane from the cytop'lasmic side (26-28).
The ‘subunit structure of eukaryotnc cytochrome ¢ oxidase is'still under

——

debate ’I'able 2.1: lrsts the ammo acid composmon as well as the - .

~ stoichiometry of the protein components of beef peart cytochrometc oridase

polypeptides. The protein sgquences of a few mitochondrial subumts of . "
cytochrome ¢ oxidase frof bacterial sources (39,203, 204) yeast (26,46,81),
shark (205) rat liver (107,188), bovme heart (29,33,82) and human e o

L

placenta (23 206) have been determmed

“~ .

Tlte amino acid .gequences of all the subunits' of beef heart enzyme -

~~ have been compieted (82,207). On the basis of amino acid sequence;a -

manomer molecult weight‘wor 200000-was calculated. Table. 2.2 lists the
'apperentQ molecular weighté and the synthesis sitelor each subunits.

However, the exact molecular—weight and the number of subunits remain

4

unclear. i " o e )

’ -

2.2.2. THE ARRANGEMENT OF SUBUN|TS IN THE ENZYME

i

CL A number of mvestngators hav proposed (13,29-33,48) an

_ arrangement of subumts in the membrane for cytochrome ¢ oxidase on the

" basis of cross-linking andchemxgal‘-lgbellmg experiments. Considering the.
\ v

" number of difficulties involved in the different'technidues,ﬂthe results are ﬂ

good and agree with one another. Some~subunits are located in the aquéous

“C-domain (9,36) these include 1}, 111, possibly V,VFand [.Subunits IV, ~
possibly 111; VII are located in the M-domain. Subunits I, 11, VII,. and IV to ‘



. . PR r \
\some extent are m cofitact with the pbosphplipid bilayer: Subunits 111 and

h\spm the membr‘ane (33 36). [Fig. 2.3) shows & schematic presentation of
nearest-nexghbour relauonshnps of cytochrome g oxtdaﬁse polymers (18)

“w

s

i-’ig 2. 3. Schematic oresentat'ion’or neafest-neigbbottr relattoﬁ%hp ofcyt.c .
oX. polymers based on the cross-linked products abtained with DTB and DSP
(Ref. 16) | . v

e
+

' 2.2.3.THE LOCATION OF HBMES, COPPERS, AND CYTOCHROME C BINDING SITE

L Attempts have been macke to ldentﬂy the location of metal oenters
and the cytoehromegbmdmg site (34 35.39,203). Bvidence that the
prosthetic gt,oups of cytochrome c oxidase are located in subunlt Iand 11
was obtained from studies of the prokaryoti¢ enzyme (36,38,114). Bacterial
enzymes generally have 2-3°aut§un1t\ with two hemes and two ooppers.

. Y

13
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The spectral properties of thése enzymes are identical with those of the

" gukaryotes (39 203). Direct study of the eukaryotic enzyme is difficult

because conditions required to dissociate subunits disturb the rodox
centers. Indirect analysis suggests that subunits'ﬁl and 1V may iolnﬂy
accommodate the four metal centers (34,37,79,207).

The interaction of cytochrome_¢ with cytochrome ¢ oxidase occurs at

 the cylosolic side of the mitochondrial membrane. Isolated cytochrome ¢
oxidase at low ionic strength contains two cytochrome ¢ binding sites (127,

128 131). Most studies (19,29,36) suggest that a high affinity binding site
liwoiving subunit 11 and subunit Il may be re&uired in proton
translocation (36,181,189). Flg 2.4. shows a schematic presentation of metal
centers and cytochrme ¢ binding site. S

2. 2. 4. ROLE OF PHOSPHOLIPIDS

o ¥y

A phospholipid-rich preparation of-cytochrome ¢ oxidase contains as
‘ much as S0-100 moles of phospholipid per mole of enzyme (31) ; this '

enzyme is highly active in the absence of added lipids or detergent (208).
The ma]ority of lipids are phosphatidylethanolamine (PE), phosphatidy!-
choline (PC) and cardiolipin (CL) or diphosphatidygtycerol (DPG) (45). It is
possible to prepare virtually lipid-free cytochrome ¢ oxidase (3 1.43). It has
been shown that depletion of phospholipid to:less than 1 to 2 mole of lipid
per mole of protein does not interfere with the formation of 1:1 complex of
cytochrome ¢ oxidase with cytochrome ¢ (43). However lipid depletion does

r




ifiterfere with lectron transfer within the oxidase molecule (43,45,46,1 13}).
Many investigaiors"(40,44.45) believe that cytochrome ¢ oxidase has an
absolute requirement for phospholipids. B

"It has been reported that subunit 1 is the site of tight binding for
cardjolipin. Since'subunits 1 and 11 may both contain heme a , it is likely
. that cardiolipin has some role in eleciron transfer from heme to heme
within the molef:ule (43).

2.25. CHARACTERISTICS OF METAL CENTERS

There are two distinct heme com ponefm in the cytochrome ¢ oxign:’é.
_one low-spin and low potential, the other high-spin and high potential
(20.9,41,75.76,78). This donclusion is based on studies which show that oaly
part of the heme in oxidized cytochrone ¢ oxidase is Ei’-R-detecubl,e (20,41,
78). The copper of cytochrc;tpe ¢ oxidase is also only partly EPR-detecuple

- in the oxidized state (8.51,60,108.169). The low-spin EPR-detectable iron in
the fully oxidized enzyme is associated with the EPR-detectable copper and
the two constitute .the cytochrome iCu A (also known as Cup or Cua) e?nlér. |

Tie high-spin EPR-undetectable iron is paired ;with an EPR-undetectable R
copper; the two define the cytochrome qCub (elso known as Cun”or Cpb)
center (41,42,72,76). The absence of an EPR signal for both heme 33 and

Cup was proposed to be due to, either the pagnetic association of the iron
with the copper or 1o the associstion of g3 with the iron of another molecule

of heme 23 (49,52,101). Raman spectroscopy (49) revealed that cytochrome
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a3 is su-coordmate and low'spm in the resung, oridized enzyme (49,60),

r/w—
and probably nve-coordm\qte in-the puised enzyme and five- coordinate and

-

high-spin in the reduced sme Cytochrome a is six- e&ordmate and low-spin

in both states (49,62,72). | \\ -

\

\

. * \
2.2. 6. MAGNETIC INTERACTION BETWEEN METAL CENTERS -
\ b “ \
The magnetic interaction between hemes a and a3,or héme-copp,er
may be the explanation for the > EPR-silence of half of the enzymx(ZD.Sl,
53,54,60,76,100,1 15). A distance of 1.5 nm between cytochrome g and Cup

~

has been suggested (51,76,81,94) which implies that the distance between
Cup and cytochrome.a3:Cup must be larger than 1.5 nm. The distance
between cytochrome_a3 and Cup in the oridized enzymef is less than 0.5 nm
(55,63,81,118,201). Because of the close prorimity of cytochrome a3 and
CUB, a strong magnetié interaction between them is expected (2(),57,63,92,
153) and the two centers mhy be bridged by a common ligand. This ligand
mediates the strong magnetic interaction _between cytochrome 33 and Cup.
The ligand has been suggesied to be the imidazole of a histidine (53), the _
sulphur of a cysteine (52) or an oxygen atom (57,61) [Fig.2.5. A, B, Cl. Most -
recent studies fmled to show an imidazole bridge (102,103), but there is no | o
hard evidence for the other two lngands either. Many studies havey}lown ;
that in the reduced cytochrome ¢ oxidase the bndge between cytochrome
a3 and Cup disappears (118,201), '
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C. Sulphur bridge (Ref. 52).

o ‘ .
A, _1midazole bridge (Ref. 53). o
Fe3+~0 - Cup2*
B. Oxide bridge (Ref. 54).
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Pig. 2.5. Schematic presentation of the bridge between cyt. 43 and Cup



2.3. MECHANISM OF DIOXYGEN REDUCTION

At the present time, we lack a 'complete understanding of the
mechanism of Equation [1]. Chemicaiiy, dioxygen can be reduced to water
by the addition of four elecirons providingl 1het the conditions are right. The
midpoint oxidation-reduction potential for the addition of the first electron
is only -330 mV (58), which is indicativ®of a poor oxidizing agent. The
fhree subsequent steps, however, have Em values of +680, +720,'and +1380
‘mV; respectively (197). |

Cytochrome ¢ oxidase comains two hemes and two coppers and can
accept four electrons which cycle between the fully oxidized and reduced.
steps (49,52). For the reduction of 02 in four one- equxvalent steps of
electron transfer, there may be a thermodynamic barrier for the first step
(93). Alternatively, dioxygen may be reduced in two two-eqqulvalent steps,
‘(6:;!,78,79).'Most studies (62,64,65,70,79,95,118,193) suggest that the first
évent is the combination of oxygen with the enzymej The transfer of Ithe .
two fn'st electrons may be simultaneous, or occur rapidly beyond the .-
detecubmty of present spectroscopic techmques This is supponed by the
fact that cytochrome a3 and its associated copper (Cup) are positioned
within 0.5 nm of one another (55,136,155). Low temperature studies
(57,64,70) of the mechanism of dioxygen reduction by the enzyme suggest

that in the first step of the reaction an oxy- compound is rormed




R A
ARSI
SRR -
& - - 3 -

scheme [1]

._'Fez*CuAl‘ Fe2:Cupl* + 02
b

[Fe2* Cupl* Fe2* Cuple):02
compound A or oxygenated compound

" Fe2wCupl*  Fe3*Cupl*0al-
‘ - compound Bj or intermediate [I]

}« N a | - . //

' Fe2+Cupl*  Fe4*Cupl+: 022-

compound B2 or intermediaie [11]

+ - Pelwcupl®  Fe3ecup2:02- + 4H*
Q * dompound B3 or intermediate{111]
N |
. Fe3*Cup2+ Fed*Cyp2* + 2H30
Resting or oxidized cyt. ¢ ox.
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The spectral propemes of uus complex are simﬂar 1o those of the fully

- reduoed enzyme. Following 1his step,electron u‘ansrer from cytochrome 23
and Cup occur and a peroxy compound is produced The peroxy compounds
serve as errective electron acceptors from cytochrome_ g and CuA. This is
shown in the scheme [I). Cytochrome a3 in ihé intermediate [11] hasbeen
suggested (57,62,64) is in the ferryl oxidation state. - ‘

Scheme [1] does not explain the relative absorbtion changes
observed during fast and.slow phases. Some investigators (64,150) suggest
that along with cytochrome g3 some cytochrome g is oxidized in the first
step or electron transfer. This proposal requires a branch in the electron
mmsfer pathway of the fully reduced enzyme with orygen. The branched
mechanism (150) of oxygen reduction is shown in [scheme 111} .

f -~ N PO SR Evae g NPT L
4 Cig el R

e Theats

' e e

Ve

L]

~

EXAFS studies (1 18) suggest that cytochrome ¢ oxidase may have two

funictions, it can act as an oxidase or peroxidase. In the oxndm function, a
bridge between heme a3 and Cup is broken and a bndged peroxy complex
(compound B) is formed. When it acts'as a peroridase, the enzyme rqpcuons
in a side catalytic cycle. However, the oxygen activation schemes presented
¢ above are controversial and the details of the electron transfer mechanism
remain unknown. |
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scheme [11] | ‘ Y ;
. . Fe2* Cup1* Fe2* Cupl+ + 02

11 1 108M-141 -
Fe2*Cupl* Fe2* 02 Cup!*
step (1) - 331 10431

“Fe2+Cup 1+ Fe2+-02 Cupl*
compound A
FER" ‘ )
o "3y 10691 ‘
step (2) : / N\

Fe3* Cup 1+ Fe3+-022- Cup!* Fe2*Cupl+ Pe3’_-022' Cup2*

. .
step (3) 1 . 7 1 103! l '

Fe3+Cup 1+ Fe3+-023- Cup2* Fe2+Cuj2* Fe3+-023- Cup2+

v ¥ \ ‘ + 4 “‘ l \
step (4) _ o
700 ¢°! ; ..
’ .

- Fe3:Cup2* Pe3+Cug2* + H20
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2. 3.2. TRANSIENT FORMS OF THE CYTOCHROME C OXIDASE R
oxygenated, pulsed and"mized-valence” states |

Fast re-oxidation of cytochrome ¢ oxidase produces a form of the
enzynie which was originally catled the "oxygenated” form (59) or "pulsed”
(60,61). This oxygenated oompound is characterized by a red-shifted Soret

band near 428 nm and a hxgher extmcuon of the band near 600 nm,

relative to the réstmg enzyme.‘:@e pulsed compound is not red-shifted in .

2

the Soret but shows enhanced (over Yh¢ oxygenated) absorption in the

visible. This compound has a higher reactixity than resting énzyme towards

" cytochrome c-oxidation and ligand binding (61). Since its discovery many’

other investigators (52’53'55’460’ 62,79,102) havé reported similar

compoundsof the oxygen reaction with the enzyme. Studies of magqetic .

‘circular dichroism (MCD) and Resonance Raman (RR) spectroscopy

(57,64,65) revealed three “oxygenated” derivatives of cytochrome g'oxidase.

Different nomemclatures by different investigators for these derivatives

have been used i'ixcluding compound C and resting H202. Receg}\studies

(52,55.60,61,79,102) show that-fie oxidation state of the metal centers in -

these oxygenated derivatives are'not the same. EXAFS studies (118)

’revealed that the structure of the 23-Cup center is different cempared to y' S
that of the resting enzyme The following structure has been suggested (61)
for pulsed cytochrome ¢ oxidase: B : %
: | | : /o
) ! .

¢

a3+, Cup2+; a32+ Cupl*,02- .

& %

»




It has been reported that resting cytochrome ¢ oxidase reacts with .
peroxide (i61) and produces a3+a33+-H202. This compound may be
reéponsible for the Soret band at 427 n'm. The peroxy adduct decays to the

§
v

pulsed enzyme .

2. 4. LIGAND BINDING TO CYTOCHROME C OXIDASE

14

'The i:i,nuclear ;1;.5 Cup metal center of cytochrome g oxidase is
remarkably efrective in reducing oxygen to water. It releases a minimum
nmﬁber of free radical intermediates on the oné hand, and bromoters a
maximum efficiency of energy conservation on the other hand. The steps of
this reaction a;e difficult to study due to the presence of multiple heémes
and copper atoms in the enzyme, and because the absorption bands overlap. ,
Also EPR only detects one heme.and one copper due to gpin coupling of the
other heme and copper centers.

The reaction of cytochrome ¢ oxidase with &ifrerent ligands such as
carbon monoxide.(CO),'cyanide (CN") azide {N3), and nitroxide (NO), have \
received considerable att;aniion. Ligand binding studies permit the N T
investigation of the binding of a molecule of simiiar nature and size as
dioxygen with some flexibility in oomfolling the stages of reaction. It is |
clear that the study of thé reactions of dirrergm ligands can provide useful

X
information concerning the active site of cytochrome ¢ oxidase. //\/
. ' \ 7

N . !
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Some ligands react with the oxidized form, sqme.viilh reduced : _
" cylochrome ¢ oxidase, and others react with both. Since thé'bihding aspects

of carbon monoxide and cyanide: are the object of this study, only those

" experiments directly related to these ligands will be considered below.

N : 0
2.41. B}NDING OF CARBON MONOXIDE TO CYTOCHROME C OXIDASE
y | 4
Carbon monoxide has long been recognized as an inhibitor of !
cytochrome ¢ oxidase. It binds to g3 FelII] and allows spectral resolution of
cyto'éhrome a nn& cytochrome a3. This reacu’ori. involves a high-spin to low-"
spin transition of cytochromé 83 (9,51). The reaction of cﬁrbon monoxide
with the enzyme is considered to be similar to the reactioﬁ of oxygen with
the enzyme (66,87,91,92,165). The optical spectrum shows a small daecr*ease
of the visible band at 605 nm plus a shift to 590 nm. A distinct change'in
the Soret is found (see Fig.3. 2). ‘
‘The CO-inhibited form of cytochrome ¢ oxidase is photola.bile; the
action spectrum follows a heme pattérn. It is likely that CO is bound to the '
heme of cytochrome ¢ oxidase. Since CO competes yith oxygen for tﬁe 02
binding site, CO probably binds to heme 3. Both CO and O2-seem to be in a
non-polar environment, well isolated.from the external 'solvetit (92,97). The -
heme pocket is large enough to accommodate the heﬁ:e iron ‘of cytochron;e
23, the Cup, and a CO molecule which can move reversibly from FetoCu v

depending on light, temperature,angr redox state conditions (104). Kinetic ;

. studies (69,70) of photo-dissociation and reassociation of CO at low
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temperature (69,70) also show'that the ligand pocket or CO binding site is

 positioned near the'heme iron and has the capacity for only one ligand.

‘ Carbon monoxide in the ab'senoe of oxygen donates electrons to the
resting enzyme 4 and rorms a mixed valence cytochrome ¢ oxidase liganded
10'C0 {195). Studies with pulsed cytochrome ¢ oxidase revealed that CO
binding occurs when both 3 and CuB are reduced (99,161,195). Carbon
monoxide has been established as one of the most useful probes in studying
the structure ot' the oxyger}bmdmg site (57,70, 104 157,158,161). |

} . ' \

~ 2.4.2. BINDING OF CYANIDE TO CYTOCHROME C dXIDASE

v -
S 3
4
3

' Oxrdxzed cytochrome ¢ oxidase in the ‘resting” atate is virtually non-
reactive with most uganda such as cyanide (73,162) in spite’of the fact that
cyanide is a well known porson of the enzyme. Hovgever, cyanide reacts
rapidly with a partially reduced form of the enzyme (71,74,90,106, ‘162,

-

169). The reaction of cytochrome ¢ oxidase wittx the oxidized enzyme is
very slow (68.106.162) and causes a spectral change which is consistent

‘with a high to low-spin transition. This complex does not show any EPR

* signal (162) but MCD spectroscopy can identily the generatlon of a low-spin
heme a3-HCN (69,119,169). In the presence of a reducing agent a g=3.58

resonance is generated wmch is typncal of 2 low -8pin cyanide complex
(54,106,163, 168,169). 1’

For years many lnvemgatora have tried to explore the mechanlsm of

: cynmde bmdmg but, because or the oomplex behavror of the lignnd towards

<

3 m&*‘:’mﬁ
P
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the enzyme, this prob : is still under mvemgation It has been suggested
(63) that a low-spin biniiclear compler §3.CN (Ss1/2)-€up(S=1/2) is formed.
~ The antiferromagnetic coubling between cytochrome 23.CN and Cup yields a
didmagnetic ground state. An jmidazolate nitrogen(53,63), cysteine sulphur
" (52) of an otygen ligand (54,6‘?,66,1’70) has been proposed 1o servé as a
‘ bridge between cytochrome a3 and Cup. In the partially reduced enzyme
tlna bridge breaks nnd an open cyamde btndmg site is formed ‘
(63.106,170,169). - . - o T
N . | . . -

2. 5., SPECTROSCOPIC PROPERTIES OF CYTOCHROME C OXIDASE

2.5.1. UV-VIS and NIR SPECFRUM o

- Significant steps forward in our knowledge of cytochrome ¢ oxidase -
were made by the applicx;tion of spectroscopic methods. Because of the .

 intense color of the enzyme and availability of the relevant

instrumentition, visible spectroscopy has been the most widely used
technique. The two heme and thg two copper mgtal centers in cytochrome ¢ .
oridase are atrﬁcturally different. The different electronic configurations
cat;se d.iffereht optical spectra. Cytochromes a and-a3 have .su:ong visiEle

(VIS) and near‘ ultra violet absorption. The early studies'indicafed that

. cytochrome a contributes between 72% aﬁ 80% to the total reduced minus

oxxdnzed absprpuon band at 604 nm and approximately 50% at 444-nm
(3,96). Recent studies (119) support the enrly results and postulate a strong

. interaction between the two hemes which moduiates their redox potentials

T




(_1‘01 ). The eontributionkor copper to the Soret and Vl\:re"alom (400 nm to
700 nm) is very small or non existent (96). A single absorption band at 830
nm in the resting enzyme is present (42,0154). Optical transition spectra of
oxidized and reduced cytochrome ¢ oxidase are presented in Fig. 2. 6. .

2.5.2. EPR -
¢

In the ' resung oxxdxzed state of cytochrome ¢ oxidase one of the
hemes and one copper center are EPR detectable. The absence of EPR signals
from two of the centers led to suggestions that they are interacting as an
amiferomagoeticauy coupled pair (20). The EPR detectable heme is
essentially identical with the component identified spectrophotometrically
as ferric cytochrome g (9). The EPR oetectable copper is closely _relniod to
the 830 nm chromophore (6,7,154).

A major problem with all available techniques (such as UV-VIS, NIR,

CD, RR, NMR, EPR, MS,EXAFS ..) is that they assume that the four metal

centers act as independent oeortera in taking up electrons or binding to
ligands. We must therelore be cautious in weighing spectroscopic data.

&
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Fig. 2. 6. UV-VIS and NIR absorption spectra of oxidized ——— and

reduced - - - - - - Yyt ¢ ox. from 360 nm to 1000 nm range (Ref. 112).
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ENZYME PREPRRATION AND ME]IIUIIIIL‘IIGV

' ~
3.1. ENZYME PREPARATION AND PURIFICATION
Beef heart-cytochrome ¢ oxidase was prepared by the modified
method (84) of Yonetani (85) as explained below.

Day 1: In each preparation, 2-3 beef hearts were obtained from lhg
slaughterhouse withiix a few minutes of the animals being killed. The hel_ri'g_,_g
were sliced into small pieces and placed in crushed ice. All the steps of the
preparauon were carried out in the cold room at 4 °C. Stices or beef heart
were cut into smaller pneoes and trimmed oomploto‘ly of fat and connective
tissue. The better the trimming of the fat at this stage, the less work was
required at the later itages. The pieces of lean meat (li)out 2.6 Kg) were
_ °§round ina pre@led meatgrinder and washed as follows: o | -
.The minced meat ‘Wl! washed three times with deionized water
mixed with crushed ice. Suerquently. the washed mince was incubated
with 10 volumes of 0.02 M sodium phosphate dibasic (HNa2PO4) for sbout |
hour. This was followed by washing it twice.with distilled H20 (at least 10
times the volumes of H20 each time). Bach washing was then followed by
" squeezing th; liquid from the mince using a cheesecioth.
Tae mmce was squeezed and divided into 300 g portions and kept ln
plastic be3s at 4°C until the next 'ly



Day 2: Each portion of mince (306 g) was mixed with 150 mi of 0.2 M
‘potasium phosphate buffer, pH 7.4 and about 150 g of crushed ice. The
mixtures were Nomogenized in a 1 litre Waring blender and finally diluted

. 1o 10 litre with distilled water (dilution depends on the thickness of the
hbn;ogenate and its volume). The_ homogenate was oentrirugeci for 20
minutes at 800 x g. The supernatant was then carefully separau;d from the

' loo§e!y packed pellet (great care is required not 10 mix the loosely packed
pollet with ;isﬂupernatmt). The collected %upernatama were pooled
together and~saved. The precipitates (pellets) were homogenized with 1.5 to
2 litre of 0.02 M phosphate buffer, pH 7.4, for three minutes and
centrifuged for 20 .minutes at 800 x g. The pellets were discarded. The pH of
the pooled supernatant was lowered 10 5.6 very slowly with 1 M acetic acid.
The acidified mixture was immediately oentrirbged at 800 x g for 10
minutes. The precipitate was washed with 10 volumes of distilled water and u
centrifuged at 800 1 g for 10 minutes. Subsequently, the precipitate was ’
suspended in 400 m! of 0.2 M phosphate, pH 7.4. The pH of the suspension

was adjusted to 7.4 with 3 M amonium hydroxide (NH40H) and the volume

10 1 liter with distilled water. Ai this stage a greenish brown color can be ’
identified. To the homogenate 10% cholate was added (25 m1 10% cholate

per 100 m! of homogenate). Next, ammonium sulfate (22 g per 100 mi of ‘ /"
homogenate) was added to bring the solution to 304 saturation (ammonijum /

H
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sbuafg must be added very slowly). The pH was kept at 7.4, (1o adjust the

pH, ammonium hydroxide 3M or acetic acid 1M was used). The homogenate
was left 10 stand for 1 hour and the mixture was then ¢entrifuged at 10,000
x g for 10 minutes. The brown supernatant was brought to 50% athmonium |
sulfate saturation, and im med's'nely centrifuged at 10,000 x g for 10

minutes. The precipitate wﬁs dissolved in 225 ml of 0.1 M potassium
phosphate buffer, pH 7.4 containing 2% cholate. The solution v;n brought to

25% ammonium sulfate saturation, (33.3 mi or] saturated ammonjum sulfate

per 100 ml of homogenate) and the pH was maintained at 7.4 with
‘ammonjum hydroxide (3M). This mixture was finally left overnight at oc.

During the standing period most of the cytochrome ¢} and cytochrome b
precipitated. If, after this step the enzyme still showed high cytochrome ¢y

or cytochrome b concentrations, the 1ast step was repeated. )

Day 3: The mixture was centrifuged at 10,000 x g for 10 minu d the
precipim}e was discarded. The deep brownish-red supernatant was brought
to 35% ammonijum sulfate saturation with saturated am monjum sullate
(15.4 m! of saturated ammonjum sulfale per 100 m! of enzyme), and
centrifugeg for 10 minutes at 10,000 x 8. The brown precipitate was

- disselved in the smallest volume possible (75-100 ml) of phosphate bulTer

containing /gx cliolnto. This solution was fractionated several times with
ﬁnturau{&“am monjum sulfate solution, between 26% and 33% until a pure
enzyme was obtained following the purity test below.

\\
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3.1. 1. PURITY TEST

it

After eich ammoniuﬁ suifate fractionation, a very small portion of
the 26% to 35% precipitate'was dissolved in 0.1 M phosphate buffer pH 7.4,
oontainihg 1% Tween-80. The transparent solution obtained was examined

f 05 purity spectrophotometrically. The spectrum of the oxidized enzyme was

recorded between 260 nm to 630 nm. The solution was then reduced by

adhing a few grains of dithionite and, after 30 minutes, the spectrum
reoordedd again. The pur'ity criteria are as follows (85). ‘
I- Complete removal of cytochrome b and cytoghrome ¢ can be
identified by removal of the absorption bands at 560 nm and 552 nm
in the'reduced state of the enzyme.

11- Removal of modified cytochrome ¢ oxidase which is associated with a

' shoulder at around 422 nm in the reduced stge of the enzyme.
I11- A ratio of more than 1.25 for A 445 nm (reduced) 10 A 422 nm
. (oxidized). ‘ |
IV- A ratio of less than 2.5 for A 280l nm (oxidized) to A 445 am
. | | (reduced). |
! < After the purity test was satisfied, the enzyme was suspended in
Tween-fso containing phosphate buffer. :I‘he concentration of the enzyme
. was deter mined on the basis of an extinction coefficiént (reduced minus
oxidized) of 11 mM-1 cm-! at 605 nm (85). The enzyme concentration was
between 300 to 450 uM in different preparationsi The purified enzyme was

clear and transparent when dissoved in buffer.

\
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-'] At this siage the enzyme was divided into aliquots of lpproxlmtgly' :

1 ml placed in small vials and stored at -20°C for several months. All
concentrations will be reported in terms of heme g and should be halved in
order to dete:rmine the concentration of & functional unit of the enzyme
(13). The protein concentration was determined by the method of Lowry et
~ al. (142), using bovine serum albumin as the standard. - |

3. 1.2. FINAL STEP OF PURIFICATION

9

The frozen preparauon of cytochrome ¢ oxidase has traces of cholm ‘

and some denatured cytochrome_¢ oxidase. The cholate lowers the lcuvlty
of the enzyme with jts substrate cytochrome ¢ The cholate can be removed
by dialysis or passage of the enzyme through ] molocular sieving column.
The fater technique was chosen in this wdrk became of a better resolution.,
Sepharose Cl-6B is macroporous"a'nd\Ns a good capgcity for molecules up o
12106 in molecular weight. The flow properties, stability of bed volume and
ipsenamvnty to chanaes in ionic strength (1) lnd pH make it a good choice
for this study.

A oolumq 3.8 cm x 100 cm and with about 100 mg protein capacity
wis used. The column was eguﬂibﬁwd with the required buffer. The
fractions with the highest absorbance at 418 im were chosen for assys.
During this final step ot purification all traces of cholate and denstUred
cytochrome ¢ oxidase are removed fro%o enzyme, and Tween-80 is
spb:ututsd for cholate. Following this last step of purmeluon. the enryme

)
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" remained stable for at least 48 hours at pH 510 7.8 at 0 10 £C. The

elimination of this final step of purification (passage through the column)
causes the enzyme 1o be less siable especially at pH lower than 65.

| 3.~2. PREPARATION OF LOW LIPID CONTENT CYTOCHROME C OXIDASE

14 .
All the steps for the enzyme isolation were followed according to
Yonetqni (85) and Kornblatt (84). The final ammonium sulfate fractionation

- between 27% 10 33X was repeated several times after the purity test was

passed. The phospholipid (PL) content was determined by measuring the
inorganic phosph{fe and assuming an average PL molecular weight of 775

'(143). Ammonium sulfate fractionation was carried out until PL coxitent
dropped 10.7 1o 10 mole of PL per heme_a. No further quaitative or

quantitative test of individual phospholipids was éarried out.
A linal purification (84) by gel liltration (sepharoso Cl-6B gel) was
performed prior to activity assays. The column was equilibrated with the

buffer subsequently used for assays, (different buffers were used each time

with different ionic strength, pH and Tween-80 conteris).
3. 3. BUFFERS , ° ,
) , Ry
All ligand binding assays were performed in a complex huffer
consisting of 25 mM phosphate, 25 mM phthalate, S mM tris, S mM EDTA,

25 mM NiCl and.0.5% Tween-80, titrated to the required pH with 2 M NaOH

( / '
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or 2 M HCL 'l solated experiments were'perrormed using a buffer Qnsistlna

of 10 mM tris-HCl, 10 mM EDTA, SO mM NaCl, 1 mM NaF, and 0.5% Tween-

80 wluch yielded the same results as the more complex buffer.

The activity of cytochrome ¢ oxidase over the pH range S to 8 was
determined in phosphate bt_iffer by preparing buffers containing various
amounts of Tween-80 and difrerent ionic strengths as follows:;

A senes of phosphate burfers with ionic strengths (1) in the range of
S mM 10 100 mM (in the order of S, 10, 15, 20, 25, 30,40,50 100 mM)voro
prepared. The content of Tween-80 of each bulfer were 0% to 0.5% (in
order of 0%, 6.05:, 0.1% 0.21 0.3%, 0.5%). The pH of each buffer was in the
range of 5 to 8 (in order of 5, 5.5, 6, 6.5,7,7.5, 8).

JTonic strength (l)'or the potassium phosphate buffers, in pH range of
S ui 8 were cﬁlculamd usiﬁg the following formula (145);

Kai 3Ka2 2Ka3

(14 (1« ))
Ky S(HY (H+) (H*)
I= -+ - — - — X Pj
(H) - Kai Ka2 Ka3
] 1+ (1« (1+ ) &
(1Y) (H*) - (H*)
" Pi =Total phosphate concentration
pKat = 2.12 S
pPKg2=721- - - .
© pKa3=12.67
pKw = 14.0 , S | }
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The pH of all solutions was deteriined at 20'Cwith a Corning model
12 o;panded-scalo pH meter, using.a Fisher inod;l 13-639-90’combinaﬁon
‘electrode. The electrode was calibrated at pH 7.00 and 4.00 using a Fisher
standard solution. Over the pH range 5,0 to 8.0 the electrode deviated from
2 known standard at pH 5.00 by less than 0.02 units.
" Aminco DW-2 and Cary 2290 spectrophotometers thérmostated at 20°
‘Cwere used. All spectra of carbon monoxide and cyanide binding were
carried out with the DW-2 and kinetics studies were perfofmed with the
Cary 2290. ™
All kinetics data were treated by linear regression.

-~

3..4. CARBON MONGXIDE GENERATOR

A home-made ca:éon monoxide generator was used to prepare a
hﬁturated carbon monoxide solution in distilled water; [ Fig. 3.1 ]. Carbon
monoxide is generated upon the addition of formic acid to concentrated
sulphuric scid. It was washed by passing through calcium hydroxide and led
to distilled water. Distilled water saturated with carbon monoxide was
lightly sealed and aliquots of this solution were added with a Hamilton
syringe ( 1 to 30 ul). The concentration of carbon monoxide in such 8
solution at room temperature is 0.0027 g per 100 m! of solution (86) or
gbout | mM.per liter. This solution was used as stock ﬁd prepafod fresh

berm:e the assays.

4

.37




- Fig. 3. 1. Schemaiic presentation of CO generatof;
A contains concentrated sulluric acid.
B contains calcium hydroxide.
C -contains distilled water.

Upon addition of for mic acid to sulfuric acxd CO is generated. oo is
passed through container B to nbsorb the acid impurities; then enters C and
is dissolved in dxstﬂled water and produces a:tuuted (0] solution Thi&

saturated CO soluuon whxch contains 0.0027 g ( 100 ml water (86) was used

as stock sofution.
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~ 3. 5.PREPARATION OF STANDARD POTASSIUM CYANIDE SOLUTION
KCN solutions were freshly prepared every day bsing solid potassium
cyanide (Sigma). This solution was standardized by titration against
standard silver nitrate (144). The silver nitrate itsell 'was standardized with
standard KCl (Sigma). v

3.6. PREPARATION OF REDUCED CYTOCHROME C

1-2 mg cytochrome ¢ Type I11 (90-100% pure, Sigma) was dissolved
inl mof00IM potassium phosphaie buffer, pH 7.0, containing 1 mM
EDTA_sa}urated with nitrogen. The sofution was reduced by adding a
minimal amount of solid dithionite to produce an 6range color. The requqed
solution was passed through a column (10 x 200 mm) of sephadex G-25
(fine grain beads), :which had previously been equilibrated with the same
buffer saturated with nitrogen.

The column was kept under minimal hydrostatic pressure to obtain a
slow flow rate. This results in a maximal separation of reduced cytochrome .

. ¢ from exess dithionite and oxidation products (85). The oonoe‘ntrajtion’or

reduced cytochrome ¢ in the elutate was Qetergnined s’pectrophotometrically
using the following extinction coefficients (85): '
£550 nm (reduced) = 27.7 mM-lem-1

'd£550 nm (reduced minus oxidized) = 18.5 mM-! em-!

~
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The eluted reduced cytochrome ¢ should have a rluo of 12 or more

> for ihe absorbance at 550 nm (reduced cytc) 10 absorbanee at 565 nm

- (oridized). The reduced cytochrome ¢ is unsiable in the air and in the uaht.
. it was bubbled wnh nitrogen gas and kept in the ice and dark. This soluuon
is stable for 24 hours. ‘

"Afl the cheinigals used were bought from the Sigma.or Canlab
chemical com p‘onies and were of high quality.

3.7 ASSAYS

-

3 7. 1. CARBON MONOXIDE (CO) BINDING ASSAYS \ - - ‘
v €

Each cuvette, in a series of ten, oontamed 3 ml of enzyme. T’o
spectrum of the oxidized enzyme was recorded in the range of 380 nm to
630 nm. The enzyme was reduced with a few grains of dithionite or TMPD
pius ascorbate at final concentrations of 0.33 mM and 3,3 mM respectively.
TMPD and ascorbate were not effective reductants at low pH, thus dithionite
was used. Alter 3:0 minutes., the apectruni:waa recorded. When no further

. change in the spectrum was monitored, indicated amounts of CO-saturated

. solution were added. The spectrum was recorded for each solution (see
Fig.3.2). The mio of CO bound to heme g was calculated as explained below.

As CO bound to the enzyme incrensea the aboorbanoe at 445 nm

(decreases. | At saturation, when all cytochrome 43 is ligated to CO, there is no
further decrease in the 445 nm band [Fig.3.2!. To calculate the number of CO
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Fig. 3.2. THE VARIATION OF THE SPBCI' RUM OF THE RIU CYTOCHROMB
C OXIDASE AS A FUNCTION CO BINDING.
3 mlaof 2.5 uM heme ga3 (5 uM heme a) in a solution cohtaining 10 mM tris,

f

S mMEDTA, S¢ mM NACL, 1 mM NaF, and 0.5% (V/V) of Tween-80:at pH

7.0'and 15°C. The spectrum (1) was recorded and then the enzyme was
reduced with a few grains of dithionite. After complete reduction, when no
further change occurred in the sp@gitum of reduced cytochrome ¢ oridase, :
0,1,2,3, 46,8, 10, 15, 20, 30, 40 ul of 1 mM CO stock solution' were added
(# 2 t0 13) and the spectrum was recordéd. When the enzyme was

saturated with CO’'and no further change in the absorption spectrum was

’ momtored ‘the addition of CO was stopped leewxse binding of CO to gg3

over the pH range S to 7.8 was studied.
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Fig, 3. 3. CALCULATION OF THE NUMBER OF GO MOLE (S) BOUND PERY
FUNCTIONAL UNIT OF ENZYME. ,

- Absorbances at 445 nm of cyt. ga3 (5 uM heme_l) from Fig. 3. 2 were
plotied vs the indicated amounts of CO solution associated with the |
absorbance change at 445 nm. The point of imerae:ction of the two. o -
asymptoteg was extrapolgwd to the Cd concentration axis. This point shows ‘
the amount of CO bound per indicated amoun} of cyt. ga3. The amount of CO »

and CN- bound per functional uqit.of cyt. 433 was caléulated in the same ‘

\ -
{

way as for all-other pHs.
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bound per functional unit of the enzyrhe, .the absorbance changes versus:
carbon monoxide concentrations wereplotted as shown in [Fig.3.3). The
intersection of the two lines yields the amount of CO bound to enzyme.

The assays generally were repeated five times for each pH. Fig.3. 2
represents the ?ssay al pH 7.0. Similar results were obtained for other
238ay8 over the pH range 5 t07.8. The eanentrauons of enzyme were 4 to
8uMhemeg. ;

. :
3.7.2. CYANIDE BINDING ASSAYS N\

A series of cuvettes was set up, each containing 3 m1 of enzyme . To
each cuvette, different aliquots (0-30 Pl) of 1 mM KCN-were added. After
‘ less than 1 minute the enzyme was reduced ‘with dithionite-and ‘layered

with mineral oil. The spectrum of each samplé was recorded; in an 34,
spgctrum # 1 represents the fully reduced enzyme in the absenoe of
‘cyamde and spectra # 2 to 15 are those of the enzyme when 1 to 50 ul of |
mM KCN solution'were added. As the conceniration of CN- mcreases the
absorbance at 445 nm decreases. At saturation (with all cytochrome 33
ligated to CN-) the addition of as much as 50 pl cyanide (1 mM sofution) did
not change the absorbance at 445 nm. The ratio of cyanide bound to the
‘ enz);me was calculated, as was done for CO. These runs were done at ?7’ -
different pH’s in the 5.2 to 7.8 range and repeated several times.
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pH 7.09
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Fig. 3.4. THE VARlATlON OF THE SPECTRUM OF THE PARTIALLY‘REDUCED
CYT OCHROMB C OXIDASB AS A FUNCT lON OF CN- BINDING.
The spectra of solutions of 4.4 uM heme 2in 10 mM tris, S mM EDTA 50

~mM NaCl, 1. mM NaF and 0.5% Tween 80 at pH 7.09 and’ IS Cvme rccordcd

a8 following; § 7

* | shows the spectrum of cyl. ¢ ox. after the addition of a few grains of
. dithioaite and completo reduction.

#21015 show the spectra of the enzyme obtained upon titration with 1, 2

3.4,5.6,8,10, 15.20,25, 30, 40, 50, ul of | mM KCN followed by -

reduction vmh dithioniu
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3‘. 7. 3. ACTIVITY ASSAYS

Activity assays were performed using Yonetani's method (85) as

follows:

" A set of.six or seven cuvettes contained 2 m! buffer (controlled for pH, ionic
ength anc? Tween 80) plus cytochrome cat ooncemrnuons between 8 uM
and 35 uM. The reaction was then initiated by adding 5 ul of 0.5 uM
cytochrome coxldase to the cuvette Cylochrome c oridation was monitored '
by following the decrease of ab§orbanoe at 550 nm during the initial 60
seconds of the reaction. Tuhe molecular activity (MA) or turnover number

4

(TN) of the enzyme was calculated as follows;

0D550nm X Viotal of the reaction mixture
MA - A

E5S50nm X LY Jeyt.cox. 11 Veytcor.

Y

Total V = 2000 pl
E=0.0185pM-lcm-1
Enzyme concen}ration'[cyt.g.ox.l =05 pM

reaction time (1) = 60 second
Enzyme volume (cyt.cox)) =35 pl

Molecular activities at different cytochrome ¢ concentrations were
calculated; MAmax (molecular activity maximum) and KM (Michalis-Menten

» ')
constant) were obtained from double reciprocal plots (Linweaver-burk) [Fig.
351 ‘
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Fig. 3. 5. LINEWEAVER-BURK PLOT FOR CYTOCHROME C OXIDASE ACTIVITY.
The rate of reduced cytochrome ¢ oxidation by cytochrome ¢ oxidase was

followed spectrophotometrically at 550 nm. The concentration of

cytochrome ¢ oxidase was 1.25 aM. The range of cytochrome ¢ tested was
over 5 uM to 40 uM. A phosphate buffer wilh ionic strength of 20 mM
containing 0.1% Tween-80 at pH 6.5 was used. Temperature was kept at*
20°C. Molecular sctivities (MA) of turn-over numbers (TN) were obtained
using formula of Yonetani (85) and molecular activity maximum (MAmax)
and Michselis- Menten constant (Km) were obtained by regression analysis. -

" Data with more than 99% correlation coeffient were used to calculste -

MAmay and K. In all other conditions of pH, ionic strength and Tween-80

‘concentration, MAmay and Kgy were obtained by the same procedure.
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THE EFFECTS OF pH ON THE STOICHIOMETRIC BINDING
- OF CO AND CN- T0 CYTOCHROME C ORIDASE

. 4.1. INTRODUCTION

' The electron transfer pathway by which oxygen is reduced to
water by catalytic reaction of cytochrome ¢ biida;e is still uncertain.
Deter mination of the sequence in which each component of the enzyme
redcts is very difficult. This is because the time sepa::ation of the -
reactions is very small and the inter mediates involved cannot be
identified with certainty with the available techniques. Introduction of
flash-photolysis (95) opened a ﬁew approach in the study of the oxygen
" reaction with the enzyme. In this technique, the photolabile CO-bound
enzy;me is mixedwith oxygen in the dark, then an intense flash is
applied. The ehzyme dissociates from Co\and rapidly reacts with 02.
Studies of the oxygen regction‘at low te'mperature using flash-flow-and
EPR techniques (57, 64, 70,79) led to the discovery of oxygen reaction
intermediate compounds with the enzyme. Moreover, it was discovered
that the structures'of these intermediates are similar to the oxygenated
compounds described earlier. The following electron transfer pathway is '
a generally accepted {scheme A} (57,62,64,70, 79, 150,157):

The first step of the reaction of reduced cytochrome ¢ oxidase with _

oxygen is combination of the enzyme with molecular oxygen (oxygenated

compound). Then a rapid two-eleciron transfer from the g3-Cup site to . “




" diorygen (intermediate 1) occurs. This step is followed by siower transfer

scheme A; : A/
. [cytat2Cua+! cyta3*2 Cup*2] + 02 . \ | (
reduced cytochrome ¢ oxidase to .

1) | l 108 M-191

lcytlﬁz CuA'tl cyt n302 CUB’H 02
K - . oxygenated compound

2) ) - l 3110441

[cyta2* Cupl* eyta33+ Cup2+] 022- S
' intermediate {1} | ’

8

. o {7x103¢d

leyta2+Cup2* cytg33+Cup2*] 023-
inter medidte [11}

H 4H*
‘ 700 s-1

2H20

IR [eyt.a3¢Cua2+ cyt.a33+Cup2+]

- ,’ D - ~ oridized cytochrome ¢ oxidase

h]

X
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of one electron from the Cu A site (or cytochrome a site) (inter mediate 11).
The last step involves transfer of the fourth electron, yielding l‘ully
oxidized cytochrome ¢ oxidase. There are still many details which remain

unclear. The static speciral behavior of the reaction of the reduced

o

~enzyme with oxygen does not completely follow the kinetic data. For

cytochrome'_g_ oxidase are pH-dependent (12,128, 129,131, 134,145,
" 175,184) and this is not explained by the above mentioned electron
transfer pathway. |

The effect of pH on optical propertxes and actxﬁi:ty of the enzyme
coufé imply that an alternate pathway for dioxygen reduction proceeds at
low pH compared to hxgh The effect of pH on the oxygen binding site was
studied using a hgand bmdmg technique. The stoichiometry of binding of
CO and CN- in the pH range of 5 to 7.8 was studied. The object of this
~ work was to draw conclusions concerning a possible alternate electron -
transfer pathway wh,ich would involve both hen;es during the first step

{
of electron transfer [scheme B}

-

For such a pathway to exist, the expected stoichiometry of binding

0.

att the pH optimum for activity would be two ligands bound per aa3, t?at

_is, one bound to cytochrome 23 and the other to cytochrome 8.
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/ . Scheme B; , o \ )
. . K - \
. ‘ B [CUAI'.CYL]_ 2+ CY‘-ASZ*CUBl" + 02
| | \ . | formation of oxygen ’l\ompound
| (cunleeyta? " eytazZicupleioy
| plus2e . \ |
N , \
Cualéeytad* cyrazd+Cupl® L
| |
N o- ' . o- ‘\
- 4H* | plus2e - ‘g‘

[Cua2*cyta3* cytaz3+cup2+] + 2H20

" 4.2, THESTOICHIOMETRY OF CO BINDING TO CYTOCHROME C
' OXIDASE = o
o -
In the fully oxidized “resting” or fully reduced state differentiation

of heme g and heme 43 by means of available techniques is difficult. At |

_ the present time, a complete three-dimensional structure of cytochrome ¢
oxidase is not available. Ligand Sm:ﬂ!nc investigations are an interesting
Aapproach to study the oxygen binding site. The classical inhibitocs d
respiration, CO and CN", have been used (57,54,66,87-92,104,155,156) to
investigate the different ;ap'eéts of cytochrome_ ¢ oxidase. These
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molecules gre similar w dioxygen. Their use permits, among other things
a differentiation between cytochrome 8 and cfltochrome a3. In spite of
the view of some investigators who maintain that the use of these
inhibitors has not been very infor mative (93) recent stu:!ies (97,155-
158,164) have proven otherwise. |

C0 combines with fully reduced, partially reduced or rqu oridized
forms of the W (92,155,157,158). The rate of reaction of CO with the
enzyme depends on the oxidation state of the metal centers. The oxidized
fofm of the enzy me reacts very siowly, whereas with the pulsed form of
. the enzyme the reaction is much faster (158). In both cases, in the
i absence of oxygen, a mixed valence ligated form is for med. Binding of CO _
to the fully reduced form of the enzyme is very fast. The association rate
constant for CO binding to a3 is 8 x 104 M-1 s-1; the dissocialign‘rane
"constant of the complex is 0.02 -1 (87,91.95). This leads to a dissociation.
constant (Kgq) of 2.5 1 10-7 at 20'(:; direct equilibrium determinations at __
28°C gave a value of 4 x 10-7 M (87). This affinity is high enough to -
permit direct titration of cytochrome ¢ oxidasé with onty small
corrections necessary for the CO that remains in the solution.

Many studies have focussed on the stoichiometry of CO binding to
the enzyme (87-92,96,129). Most of these studies show tfm one mole
of CO binds to one mole of the enzyme. However, there are some |
contradictory reporis (87-90). Generally, the stoichiometry of one mole
of CO bound to one functional unit of enzyme has been accepted.
Stoichiomet;ic i‘,o-binding studies have mainly beeh performed at neutral

t
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or around neutral pHs. The effect of pH on cytochrome ¢ oxidase has also
been studied extensively (10, 12,51,61,100,128,129,131, 134, 145, 147,
175,184) and it is known that the activity of the enzyme is alTected by
pH. Whether this effect is due 1o a secondary electron transport pathway
which would be expected 1o increase the stiochiomelry of CO binding to
the enzyme to {wd'is not known and the \ol;ject of this study“wu to

answer this question. /
4.2.1 RESULTS

The stoichiometric binding of CO over pH rangeof 5.2107.8 was " ’

, studied by titrating the fully reduced exizyme*in the above pH range with -

saturated carbon monoxide solution. Fig.§.2 shows howy thé spectrum of
the fully reduoedncﬁmhrome ¢ (%%ase changes as thg proiein is titrated
with CO at pH 7.0. The absorption at 445 nm decreases as increasing
amounts of CO solution are added. At the saturation point no further

ith addition of large /
nn is very small.

de&ense of abaorpqon can be identified even

amounts of CO . The absorption decrease
Titration of the enzyme with CO sblution at all other pHs showed a similar
pattern. Fig. 4.1 (A BC) presents titration spectra of ‘the eniyme at pHs | &
5.2, 6.5, and 7.5 (since the decrease of the absorption at 6@4 am is very

small and not as informative, only the Soret region is shown). As is

evident f[rom these spectra, only a single component varies revetsibly as L

the concentration of 0O is increased. The isobestic points associated with
. B Y
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“Fig. 4. 1. TITRATION SPECTRA OF FULLY REDUCED CYTOCHROME C OXIDASE
AT pH 5.2, 6.3, AND 7.2 WITH CO |
A shows the Soret region spectra of a 1.55 uM cyt. aa3 solution at pH 5.5
titrated with 1, 2,3, 4,5, 6,7, 8, 10, 15, 20, 30, 40 (% 2 to 14) ul of -
1 mM CO solution.” -
B shows the Soret region spectra of a é:s uM‘ cyt. aaj at pH 6.3 titrated .
with 12,34,5,6,7,8, 10, 15, 20, 30, 40, 50, (* 210 15) ul of 1 mM
Co soll;tion. . . ‘ ~
C :«.hows the Sorgt region of 8 2.5 uM cyt. ga3 solution at pH 7.20 titrated
with 1,2, 3, 4,5, 6,8, 10, 12, 15,20, 25, 30, 40, 50 (82 t0 16Jul of -
1 mM CO solution. 6 |
. :All titrations were carried out in the same buffer as inFig. 3.2, lSa'C an&

dithionite was used as reductant.
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the titrations show that there is no irreversible structural change caused
by CO binding. . .

The ratio of CO bound to aa3 was obtained by plotting the OD
(optical density) change at 445 nm versus CO concentration. The
intersection of two asymptotes corresponds to the ﬁnoles of CO

"bound/mole of cytochrome ¢ oxidase as exglained in the legend of Fig.3.3.
" [Table.4.1]) shows the stoichiometry of CO bindin§ over the pH range S to
Zﬁp. This ratio varies between 0.88 to 1.3, the deviation from one is partly
dt:'e to experimental érrors and partly due to the pH effect on the protein.
This will be discussed further in the interpretation of results. The ratios

are the average of at least five '\Sria!{; at evéry pH at least two txjials had-
_ratfes very close 1o one.

l

»

“Fg 42 " ; ' ‘i\l; ‘,
A plot of the number of CO bound‘per functional unit of enryme vs pH . !
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Table 4.1. The ratio of mole (s) of CO and CN bound to per functional unit
of cytochrome- ¢ oxidase a dtfrerent pH

J

v

10.2 -

" pH mole CO / unit cytcoxr. mole CN- / unijt cyt.c ox.
7.8 0.88 1.0 -
77 094 - 0.98
7.6 1.1 N . 0.98
7.5 0.98 ‘ 1.0
\7.4 ' 1.09 0.98
7.3 0.97 0.89
7.2 0.97 1.1
7.1 10 - 10
7.0 1.0 . 099
6.9 1.12 1.1
6.8 0.97 , L1
67 1.0 1.2
6.6 " 0.98 13
6.5 1.0 1.3
6.4 1.0 14
6.3 1.0 1.6
4.2 1.1 2.1
6.1 1.1 2.4
60 1.1 28
5.9 1.0 3.5
. 5.8 1.1 4.2
5.7 1.2 1 4.8
56 1.2 5.4
5.5 1.1 5.9 5
54 1.2 78
5.3 - 1.3 8.33
52 1.3
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Fig.4.2 shows a plot of CO bound per\eytochrome ¢ oxidase (runctionai
unit), as function of pH. It is evident from this graph that the “
stoichiomretry of CO binding to the,en.zyme is not affected by pH. .

| .The resuits show that over a pH range of 5.2 to 7.8 one mole-of CO

‘ bmds to one mole of aa3. The stoxcluometry of one for oo binding to

cytochrome g oridase (at neutral pH) has been reported by other
investigators (69,85,87,90,91,95, 98,104, 129).'This study shows that the .

same stoxcmometry was maintained over a broad range ol pH.

. 4.2.2. INTERPRETATION OF RESULTS

4

The investigation of the stoichiometric binding of C0’over the pH - A

range 5.2-7.8 revealed that neither the ratio of CO binding nor the

pattern of spectral behavxor of the enzyme varies with pH Clearlyhthe
integrity of the CO bmdmg site 13 maintained over this pH range. The
component of the enzyme that binds CO has been identified as heme a3
(3,6,129) aﬁq perhaps the Cup center (88,92) which is assoc’iated with
heme 23.The maintenance of the patteWe spectral changes upon
CO binding at différent pH mdtcates that the same oomponent of the
enzyme is involved over the entire pH range. This is evndent from
Fig4.1(AB C) which shows the absor ption spectra of the enzyme at pH
5.2, 6. 5 and 7 S titrated with CO. The unchanged 1sobest1c points mdxcatel ,
that the structure of the enzyme is ‘maintained. Thus, the other i
components of the' enzyme, heme 2 and the, t:uA center exclude CO.

\

\
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outlined under scheme [B] in the introduction since it requires binding of
more than one CO per functional unit of enzyme, Although the \results do
not constitute evidence for scheme A, they certainly are consistent with
it. The results also show that the CO-binding site is highty protected from_
pH effects. This is supported by other studies (66,69) which have shown
that the CO- binding site or pocket is hydrophobic.’ It has been suggested
(88,92) that 1he ligand moves into a pocket consisting mainty of lipid
wg.h a highly ordered envnronmem (88 92). A significant and important
outcome of this study is that n shows that the pH effect does not disturd
the CO-binding sne There is however, a pH eﬂ'ecl on the mid-point
potentials of the hemes (8,50,119) and on the activity (10,13, 61 80,145,
- 185) of the enzyme in binding cytochrome ¢. ‘l‘hererorq itis clear that pH
mainly affects the protein moiety of the enzyme.LWhatevelf' this effect is,
it does not affect the stoxcmometry of CO binding to the a3/Cup center

nor does it convert the _g/Cu A center into a species capable of bmdmg 10

‘ co. o : \
Y ° | ‘
H “ . 4. 3. THE STOICHIOMETRY OF CN~ BINDING TO CYTOCHROME C |
~ OXIDASE

Cyanide is a well known respirhtory poison. In spite of its
‘pop_ularity, in apite of many studies over the past 50 years, the

. mechanism of its reaction with cytochrome ¢ oxidase. is still not well

| X , " . . =

These results allow us to réiect the proposed Muy eleciron pathway
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" understood. The t;indiﬁg of cyanide 1o the enzyme in the “resting” form or
fully oxidized state is very slow (73,74). This is surprising, because heme
23 binds the ligand only in the oxidized siate. Binding of cyanide tothe
fully oxidized enzyme causes a red shift in the Soret band of the oxidized

-enzyme (73,74,183). It also leads to a high-spin to fow-spin transition of
heme a3 which is not EPR deiectable (63), but it can be identified with
MCD spectroscopy (60,100,105). The rate of cyanide binding to a fully
oxidized or fully reduced enzyme is too slow to account for the rate of
enzymic inhibition (74).

Under turnover conditions where part of the enzyme ‘is reduced,
the reaction of the enzyme with cyanide is very fast (72,74,162,164).
This results in the eppearance of a 'ngw EPR signal which is absent in the
oxidized state of the enzyme (60,169). It was suggested (74) that a
partially reduced enzyme is the spec;es capable of binding to.cyanide.
The rate of inhibition in this oxidation state is 103 times faster than to

' the fully oxidized state of the enzyme (1 64). ;l‘he magnetic properties of

the a3/Cup binuclear site in the binding of cyanide to different oxidation

" states of the enzyme are still not totally clear. A number of recent studies

have revealed that cyanide may bind as a bridge between two metal

centers in the partially reduced state and 1o Cup in the oxidized state

(105,106,120, 26 1). ’i‘he slow reactivity of the “resting” enzyme towards

cyamde isduetos bradged lxgand between heme 23 and Cup |

(52,53.54,179, 201) In the parmlly reduoed enzyme this bndge is

replnced by a atronger axial hgand (120,160).
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The stoichiometry of cyanide binding o the enzyme was studied at

‘elevated pH to investigate the effect of pH on 't partially reduced enzyme
where the 83/Cup center is in the oxidized state and heme g and Cuj are
in the reduced state. A stoichiometry of one mole of cyanide per mole of
cytochrome ¢ oxidase at g;eutral pH has been reborfed by other
investigators (74,162,168). The effect of pH on the partiany reduced form
of the enzyme is important because this species is an inter mediate of the
oxygen reaction at the first step of electron trnnsport (57, 64) In intact
mitochondria the reaction of cyanide with the enzyme is pH-dependent
(14) and an apparent pK of 6.9 has begn reported. This reactivi'ty of the
enzyme with cyanide nt acidic pH and the location of the pH optimum at
acidic pH (129,134, 135 ‘147, 148) may be related.

4.3. 1. RESULTS

:l'he stoichiometry of cyanide binding to cytochrome ¢ oxidl,se was
studied by titrating the partially reduced enzyme in the pH range or 5.2
to 7.8 with cyanide solution. Fig.3. 4 shows the absorption spectra of the
pat:t;auy reduced enzyme with cyanide at pH 7.1. As the qniount of "
i:yanide iﬂcréased, the absorption band at 445 nm decreased. This ° & oo
decrease id limited and at saturation, further addition of cyanide does not
cause any further decrease of the absorption band,at 445 nm. Similar
absorption spéctra were obtained over the pH range of 7.8 t0 5.5. Pig.4‘.,3 '
shows the titration spectra of cytochrdme ¢ oxidasd a1 pH 7.5 and 5.8
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Fig. 4. 3, SPECTRAL CHANGES OF CYTOCUROME C OXIDASE AS A FUNCTION
OF CYANIDE BINDING AT pH 7.5 AND pH 5.5, J | |
A shows the titration spectra of & 2.5 uM cy1. ga3 (SuM heme a) at pH 7.5.
# 1 gpectrum of fully reduced enzyme with 0 KCN
# 210 11 specira were oblained when 1, 2,3, 4,5, 6,8, 10, 15, 20 ul of
- 1 mM KCN solution were added to 3 ml enzyme solutions and then
_ were reduced with dithionite. '
with dithionite (final CN- concentration: 6.66 uM).
B .shows the titration spectra of 2.5 uM cyt. aa3 (5 uM heme a) at pH 5.5.
# 1 spectrum of fully reduoed4 enzyme with 0 KCN '
%210 11 pectra were obtained when 1,2,3,%, 5, 6,8, 10, 15,20 ul of
" 50 mM KCN solution were added to 3 ml enzyme and then were
reduced with dithionite (final CN- concentration 0:33 mM).

All titrations were carried out in the same conditions as Fig. 3.4.
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with cyanide. The overall patterns of the spectral changes due to
’increafing amount of cyanide were similar; the stoichiomeiry of cyanide
binding 1o the enzyme increased as the pHﬁ was decreased. Table 4.1
shows the number of cyanide bound per functional unit of enzyme from
pHS5.2 1078
The apparent increase in the number of cyanides bolnd to the
© enzyme at fbw pH may be partly due to the evaporation pi‘ HCN. Although
the pH of the cyanide solution was adjusted to '7.0 and the enzyme
solution ‘was layéred with mineral oil, some HCN may have evaporated
before equiliPrium was obtained. The small change ob‘served in the A445
nm at low pH may be in.part the result of the abov‘é phenome[non.
The reported Kp for cytochrome ¢ oxidase-CN varies from 90 nM to
700 uM (94,135,162,164,166); the Kg of HCN is 7.2 1 10-10 (167).
' Theoretically, at low pH, the HCN concentrationr iﬁ n'so\lution is highér and
ON- ion concentration is lower than expected (Appendix 1). It has Been
‘ demoﬁstrated (210) that weak acids such as HCN may bind differently to
| different heme proteins. A dissociated form or CN- binds metmyoglobin,
whereaé the acid form binds catalase. If CN- is a species which binds to
‘ cytochrome ¢ oxidase, an insufficient amount of CN- in the solution would
lead to ari increase in the "apparent” [CN~}/aa3 ratio with decreagsing pH.
If HCN is the species that binds, the stoichiometry should decrease with'
increasing pH since the amount of HCN present in$ solution gecréases. If
.both species, C(N- and. HCN can bind, thén the analysis becomes quite

complex if the pocket pH ig-difrerent from that of the solution.

~




The results of this study suggest that CN- is the species which
binds the enzyme. For determination of the stoichiometry, it is important

to know the exact concentration of CN- present in the sélution and the

number of CN” bound to the enzyme. Several quantitative methods were

tried: a cyanide electrode method, a polarometric titration, removal of
bound CN-with silver nitrite and titration of CN"heme aa3 with
methembglobin. All methods failed to deter ming the actual concentration
of the cyanide either after it was added to the enzyme solution, or after it
was bound to the enzyme. On the basis of the results of this study. one
CN- binds a runc{iona‘l unit of enzyme at pH above 6.7. At lower pH, the
stoichiometry increases but the extent of this increase could not be
accurately-deter mined. 1
Fig.4.4 shows the titration of resting cytochrome éoxidase atpH -

5.5 with cyanide. Cyanide caused a red shift in the Soret band spectrum
.of the protein at 418 nm. At saturation it shifted by about 10 am to 428
nm. It is important to note that the spectrum of the oxidized protein with
cyanide is not pH-dependent. The cytochrome ¢ oxidaéJCN spectrum is
the same at pH 5.5 and 7.8. The number ot‘4cyanides apparently bound
per functional unit and causing this shift (10 nm) was 19 This ratio.was
, calculated at pH 5.5 on the basis of the absorption shift from 418 nm to
428 nm. Binding of more than one cyanide per functional unit of enzyme |
has been seen by other studies (162). '

)
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Fig. 4. 4. TITRATION SPECTRA OF OXI\ZED CYTOCHROME C OXIDASE WITH
- CYANIDE AT pH 5.5 -

_ . The titration spectra of 1.5 uM oxidized cyt. aa3 in a tris solution as Fig 3. 4.

a1 pH 5.50 with 0, 1,2, 5, 10, 15, 20, 30, 40,50 (#1 10 10) ul of 50 M KCN

solut;gn. i



4. 3: 2. INTERPRETATION OF RESULTS |
| | A N
The stoichiometry of one cyanide per functional unit of partially -

reduced cytochrome ¢ oxidase obtained over the pH range 7.8 10 6.7
agrees with that reported by 6ther investigators at neutr’al pH N
(74,162,168). This indicates that only the a3/Cup center bi:?mide ‘
and the 3/CuA moiety is not affected by pH and does not bind cyanide in
this pH range. At a pH below 6.7 the "apparent” stoichiometry of cyanide

binding to partially reduced enzyme increased but the integrity of the
| enzyme was maintained. This is evident from the spectrum of the fully
inhibited enzy me at‘high and low pH presented in Fi§t4.3. The patiern of
spectral changes due to the addition of cyanide at high and low pH are
1denucal This suggests that the structure of the metal centers hgated to
cyanide at low,and high pH are the same. The "apparent” merease in
stoichiometry at low pH does not seem to be due to the binding of
cyanide to heme g, This is supported by the resolution of the spectrum of
the enzyme in the Soret region into two components due to the cyanide
binding to one of the hemes. It is poss;ble that cyanide binds to copper
aloms and increases the stoichiometry but does not interfere with the
spectrum of the enzyme. Alternatively, this increase of stoichiometry
may be due to one of the following causes. ’
# The partially reduoed state of the enzyme*may be amited by pH lt

has beengeported (14) that cyanide binding to mtact mitochondnai

Y
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cyt&:hrome ¢ oxidase is strong’ly pH dependent. Mttochondnaf
enzyme has been reported (1 19) to be in a partially reduced or

" mized valence state of oxndattow The results of this study suggest

that the binding of cyamde to the 1solat,ed enzyme in the partially
reduced state is pH- dependent Other studies (12 134, 1@84) show

' that electron iransfer reactions are affected by pH. It has also been

rep‘orted (6»! 78) ihat both the oxygenated ‘and the pulsed

. cytochrome c oxr@ase are more reaclive in the oxndatton of

cytochrome ¢ 'I'he spectrum of oxidized enzyme ligated to cyamde is
similar to that of the oxygenated enzyme ‘and shifts 10 428 am

IFig.4.4). Thus the high réactivity of the enzyme with cyanide may N

.be. due to the structure qf the 23/Cup center: This structural ‘
e dq’t‘erence oould result from etther a confor mational change or a
. for:matnon of a dimeric or monomemc species or some other change

o whtchwould me,re e ti@ bmdmg affinity of the enzymgfor CN‘

<P /\ Wy

o Althoug?x the precxsron f this study at low pH is questtonable it

t"‘t‘:onstxtutes enough evidence 10 believe that theﬁxch:ometry of

cyanide bmqu mcreases as pH decreases The complex behavior of
cyamde bnndtng to the enzyme and the ‘increase of stowmometrtc
bmdmg under dnﬂ'erent conditions has been seen m oﬂaer studies
(74162, 164) |

x4
\

The role.o.f'(': ang binding as well as CN- binding to the )
enzyme is not clear. Some investigators ((63..105.1'06.120.201)

N oot 'Y
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believe CN- binds as a bridging ti'gand between the'cytochrom'e a3

and Cup metal centers. Cytochro\wdases prepared by different

methods show different affinity in binding to CN~ (179). The authors

suggest (179) the difference is due {o the absence or presence of the
bridge between the two metal centers. Cytochrome ¢ oxidase is
different from other heme proteins’in that it has tglo copper atomé
at its active gite. The presence of copper' makes ihis en‘zyme*more ’
complicated than the other heme proteins. Monitoring the
involvement of Cuﬁ in th teactions of cytochrome ¢ oxidase i's
difficult because it does not contribute in the absorption bands in the
Soré‘t,visible or NIR regions. However, the participation of Cup in }Le
reactions of cytochrome_c oxidase and the ability, to bind exogenous
ligandﬁg@stablishe}dj (79,i20,1 53,20 1‘). The binding of cyanide td

- Cup could resuft in a conformational change at the ligand" binding

site or may be the cause dfthe high-spin to low-spin change ofzheme
a3. The spin transition due to cyanide binding has been identified by

MCD spectroscopy (100, 105). The oxidation state and the electronic

'environment of Cug may be affected by PH and result in the increase

of arfmxty of CuB in bmdmg 16 CN- at different pH: A recent study

(209) reports that there are’ more than two copper atoms associated

~ with the enzyme structure. It is likely that the peculiar interaction of

.
LSa N

chanide with different ozidation states of the enzyme is due to
multiple'binding sites. .

b
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‘o The effect of pH on the concentration of CN~ present in the enzyme

sojution gnd capable of binding to active site causes unbertaimy in
the imerp\retation of the results of this study. As shown in Appendix N
1, the decrease of one unit in pH results in a 10 fold decrease in CN.
present in solution. If CN- is the species that l;inds to the active site
+  of the enzyme, the drastic increase of the stoichiom iry is due to a
fow amount of CN- pre;em in solution. It iéesirable tofind a ,
' technique capable of deter mining the ‘concentratibn of CN- in a’low

pH enzyme solution or the amount bound 1o the enzyme. Tecahn‘\iq(xes
used in m§s study oﬂr the determination of CN- failed, either because
}or harsh basic or acidic conditions which caused denaturation ‘of the
enzyme or-because of interference from other ions present in the .
enzynie solution. Equilibrium dialysis with 14CN could provide the
necessary sensitivity and internal conirols.
On the; whole the resuits of the cyanide bindi;mg studies show thal at pH \
above &7 one mole of cyz;nide binds to a functional unit of the enzyme in °
a partially reduced oxidation state. Th.is indicates that the electronic , |
configuration of the active site in this range does not cha;mge as a result of
var‘ying pH. It is also clear that the cyanidelbinding‘site in different
oxidation states shows different affinities for cyanide. Other studies (164)
have shown that a parti‘a\lly reduced form of cytgchrome ¢ oxidase o
featureg an open cyanide binding site. At pH i)elow 6.7, the oxidation
state required for cyanide bi;ding is pH-sepsitive but, because of* ,

difficulties in the determination of the exact amount of CN- bound to the
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" enzyme, this stud); fails to report accurately on stoichiometric binding.
/ :
4. 4. CONCLUSION . - K -

ar ¢
The spectrophotometric study of the stc:chmmemc binding of

carbon monoxxde and cyanide wnh Whtome ¢ oxidlase revealed that
the spectral behavior of the component of the enzyme which bmds these
hgands does not change qualxtatwely over pH range 7.8 to S 2. In spne of
the difference in the oxidation states of the a3/CuB center (in the reduced
state in f)inding to carbon qonoxide and in oxidized state in bi.ndins to
cyanide) the titration spectra of CO-aa3 and CN-aa3 showed similar ‘
patterns. This 'is evident from the spectra shown in Fig.3.2 and Fig.3.%.
The stoxchnometry of one CO per functional unit of the enzyme obtained
over entire pH range indicates that the metal centers are not affected by
pH in the fully redﬁce;! oxidation state. Similar conclusions can be drawn
in the binding of cyanide at pH's above 6.7. At pH below 6.7, the spectral
behavior of the enzyme due to cyanifie binding did not‘. change. This
indicates that the increase of stoichiometry obtainéd at lower pH is not
. due to the binding of cyanide to heme. I believe that CN- is the species B
that binds to the active site and 2hat the increase of stoichiometry is |
partiy due to an insufficient amou:nt of CN- present in sblution Fig.4.5.A .
presents the spectrum of the mme fully mhnbned with carl;gn
monoxide lco-m] and Fig.4.5. B shows the spectrum of the enzyme fully

inhibited with cyanide [CN- aa3]. It is known that absorpuon peak of
‘ ' i
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reduced cyt&‘chrome ais at 444 nm and lhat of oxidized §426 am;
absorpuon peal of oxidized cytochrome 33 is at 414 nm and its reduced

form absorbs at 442 nm (96,115). In [A] the absorption mazimum at
about 428 nm [4] is due to cytochrome 232400 and In [B} it belongs to
g}tochrome g3-CN whereas, the absorption maximum at about 440 nm
{b) in [A] and in [B] belongs to cytochrome 2. In cytochrome ¢ oxidase-CO .
complex IA], the abparent ox'ida*u'on states of the metal centers are

compound produced in the reaction of oxygen with the enzyme. In the
CN-enzyme ‘complex [B], heme a3/Cup centers are oxidized and heme
8/Cu) centers are reduced, It is evident that the oontribia‘tion of .
cytochrome g in [A), is less and in [B) is more than 50% T\l‘his dirfegehce'iti
optical densities of the two complexes may be due to the .diff?‘rent“
oxidation states of metal cehters. Alternatively, the spectrum of the CO-
coniplex may represent the early stage of bridge formapi&n between
cytochrome a3 and CuB. The CN-complex may represent the breakage of
this bridge. It is clear that the spectral behavior of cytochrome a and 43

are not independent. The spectral properties of the enzyme varies as the

interaction between heme a and a3 vary and the oxidation_ states of metal
centers changes. It has been suggested (97) that the redox state of CuB
‘ ' stronély influences the absorption f)roperties of one or both hemes.
- In conclusion, this study shows that the integrity of cytochrome
a3/CuB and cytochrome a/Cu 4 is mamtamed over the pH range of 5.2 to

i

7.8. The dependence of epzymatic act:vity on pH is not due to the
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reduced. frhis spectrum, is probably similar to that of the first oxygenated -
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conversion of the cytochrome 8/Cuj center 10 a species capable of

e 3 B

.« binding ligands. This excludes.the proposed alternative mechanism of T
electron transfer at low pH (Scheme B).
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. Fig.4.5.SPECTRA OF CYTOCHROME C OXIDASE SATURATED (fully inhibited)-
. WITHCOANDCN- ' .
A shows t.he spect.rum of 25'uM 2 _3 (S uM heme ) at pH 7.0 saturated

. . with 0 - s ‘

" a shows the spectrum of 232* = CO ‘
r b _ shows the spectrum of cyt. a2* , | '
i B shows the spectrum of 2.5 uM aa3 (5 uM heme g) a1 pH 7.0 saturated .

thh CN-
a shows the spectrum of cyL__33+ CN.

7ﬁ
.

b ‘shows the spectrum of cyt. 32+
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CORRELATION OF THE EFFECTS OF pH,1O0HIC STRENGTH, AND
TUEEH-60 ON THE ENZYMIC ACTIVITY OF ISOLATED

" " CYTOCHROME C OXIDASE’

\
e

™~ .
The study of the effect of pH on the stoichiometric binding of
carbon monoxide and cyanide to cytochrome ¢ oxidase over the pH range

of 5 2t07. 8 showed that the integmy of the metal centers was

" maintained. On the other hand, many studies have shown that the

electron transfer actjvity of the enzyme is arl‘ected by pH, ionic strength,

and detergent. Different coriditions of pH, ionic strength, detergent as well °

. 8 the method of preparation of the enzyme and the method of study of

" enzymic activity lead to different results and are in contradiction. Some

investigators report an optimum p]-] (134,i35,14$,14'4—1 49) and ionic

" strength (135,1 47-1“49) While other studies show that the enzymic

activity decreases (191) or increases (184,192) as ionic strength increases
and it deceases as pH (ncreases (145,175,184). s

Under drfrerenl conditions of ionic sirength, phosphohprd or
detergent content, the enzyme may exist in Yifferent smes or

‘ aggregation (109,110). The answer to the question of what is cause and

what is effect and which p\art of the enzyme ie responsible for these

various results is not an easy task. This requires complet el‘inition of

the slrueture of the cytochrome gbmdmg site and its surrou dmgs A
oomplete study or the errects of pH, iomc strength, different anions

dnrrerent detergents, tem pemure and the interactions of rhese on each

e

76

[ .

oL R

% Sl IR L
Gl TR (b s BN Ry S . S



other and with enzymic activity of the enzyme.is needed. The objective of
this part of the study was to investigate the effects of pH, ionic strength,
and Tween-80 on the enzymnc aclivity of the enzyme and to possibly
derive an interaction term which can be used to predrct,.lhe enzymic
activity of the enz?rpe at different conditions of the above mentioned
factors. The study of the effects of all faclors and conditions used in
different studies is very long and not only needs time but statistical
expertise as well. This study does not claim 1o achieve this but rathfr

presents preliminary resultson the effect of pH, ionic strength and

- '“d‘eiergent on low lipid content cytochrome ¢ oxidase. -

5. 1. INTRODUCTION

LY

Cytochrome ¢, a low molecular weight protein efr.icientlir mediates

electron transfer between two lerge mitochon&rial proteins, cytochrome ¢
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reductase (c1) and cytochrome ¢ oxidase. They are the three components

of the. terminal s,égmenl of the mitochondrial eleciron transport chain.

The interaction of reduced cytochrome ¢ with cytochrome ¢ oxidase has
. been the subject of many kinetic studies (129,131-135,145-149,191-

194). When this reaction is studied over an extended range of substrate

N conoentretions the Eadie-Hofstee plots are biphasic (35,124). Stopped-

flo\v studies revealed that the ,second order rate éonstant for the initial

 reaction of cl}t'ochrome ¢ wnh purnfred cytochrome ¢ oxxdase is very fast.

v
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"\(‘ery fast. The rate constant (k1) for the initial reaction varies from 106

M-1 s-1in 100 mM phosphate bulfer (35) 1o greater than 2 x 108 m-1

s-lins niM' phosphate buffer (147,174,191). The oxidation of

cytochrome ¢ can be followed at 550 nm. The initial rate of electron | N
transfer has been attributed to cytochrome g (35) t;ecause the‘

absorption changes at SS0 nm corresponds to absorpuon changes at 443
nm and 603 nm. Cup has been suggested to be the second electron

acceptor (35). The initial rate of electron transfer is not affected by
R L . \

cyanide (149,165) and this implies that cytochrome a3 is not involved. .
However, the exact contribution of hemes a', 23 and copper atoms Cup, 7
Cup to the kinetic prdcesses sti}l emains unclear.
\Stpdies of the purified enzyme from bee‘r\h\ear.t with reduced _ ,
cytochrome ¢ at low ionic strength revealed (67,123,131,175,184) two

binding siies for substrate per molecule of enzyme. These binding sites

-~ aré not equivalent; one has high apparent affinity and low activity,
" (vh‘et‘egs the other shows low apparent affinity and high activity

| (67,13 1). The high affinity cytochrome ¢ interaction site on the enzymé B

has been proposed (178) to consist of carboxyl groups on subunit 11 of
cytochéome ¢ oxidase. This has been demonstrated (189) by cross-linking
experiments with chemically modified cytochrome ¢ dérivatives. These
molecules were bound to sub‘\%nn 11 or the enzyme. Moreover,
modification of carboxyl groups on subumt 11 strongly influences the ’
high-affinity rgactnons (188). OUr knowledge naboqt the high affinity

interaction site is limited. There is even less information available about
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2‘“ low-affinity cytochrome c-interaction site. A dimeric form of the

-enzyme with chemically modified cytochromes ¢ at single lysy! residues

enzyme (176,205) or cardioupm (46,189) hae been proposed tabe N

involved in the low-affinity sxte. The exisience of two binding sites is stit =, *

a matter of controversy (22,).

It has been observed that the reaction rate of cytochrome ¢ oxidase
with cytochrome ¢, ie. c2+a3a33 __, 3¢ gzgiz is strongly influenced
b}} ionic strength. Generally a decrease of the reaction rate With
increasing of ionie strength has been reported (123,124,128,191). It has

been suggested that the interaction between the two proteins is

electrostatic in nature (174,199). lonic strength affects the electrostatic
interactions between the two proteins. At low ionic strength these
interactions are very strong and at high i 1omc strength they are weakened
(123,124, 128, 174). The area on the surface of cytochrome ¢ which

~intemcts stiongly with cytochrome ¢ oxidase has been shown

(121,125,177, 196,198) to be located where a set of positively chgrged
lysine residues are exposed. This is supported by inhibition of the

(6?,-125.1 27). It has been suggested that the center of the charges is
located near phenylalanine-82 (77,151,178). The driving force for the
orientation of cytochrome ¢ with respect to its partner cytochrome ¢ - ;

oxidase is the large dipole moment that is associated with the sum of the

. totakpositive and hegative charges on cytochrome ¢ (121,128) and
_ cytochrome ¢ oxidase .




The effect of pH on the activity of cytochrome ¢ oxidase is
particularly-important because protons are used as a substrate in the

‘steady state oxidation of cytochrome ¢*2 to cytochrome ¢*3 by dioxygen:

cyt. ¢ ox.
4 cyt.g*z;t! H*+02 ————=4cyt.¢c*3+2H20
) f’urtherniore, cytochrome_c oxidase is involved in proton transport across
the mitochondrial inner membrane (2,7,62,136,190) and, hence, acts as a
p’roton pump. Proton release oriuptake is affected by pH which results in
a change of the redox state of the enzyme (10,51,61,100). ’

Cytochrome ¢ oxidase is known to be at least parﬁally surrounded

by a hydrophobic environment in vi\'ro (31,141 ).‘When the enzyme is
isolated from the membrane, phospholipids or non-'denaturin‘id;ﬁrgems
) Lach

detergent activates the lipid- depleted enzyme to a different extent (141).

are required to regulate electron transrer activity (43-46,140

The nature of the detergent complex formed has not been charactertzed, _
but it is known that tightly bound phospholipids cannot be tsubstitute“d l/
with detergent (141). The ratio of lipid to protein is an important lactor '

- _in the enzymic activity of the enzyme. Tween-80 is e;tenswely used as a

non-jonic non-denaturing detergent to substitute the Joosely bound lipid |

~

?tochronie ¢ oxidase. However, there is no study as to the amotunt of

Twéen-80 required.
'
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The activity of cylochrome ¢ oxidase Wﬂom with its
substrate cytochrome ¢ may be affected by various actor: Since a
complete three dimensional structure of the enzyme is not available,
the rationalization of the contradictory results obtained by different
investigators is not possible. But an overall suidy'of the effect of the
factors influencing the enzymic activity may help to provide a better

understanding of the.enzyme structure and of the mechanism of electron

transp‘pyfm\

5.2. EXPERIMENTAL DETAILS

The enzyme was prepared as explained in sections Zf.' and 2.2. Enzyme
Preparation and Methodology. The enzyme contained 7-10 mole lipid per
mole of protein (functional unit). The quantitative and qualitative study -
of the individual lipids were not performed as this study was not
. designed for it. Other studies have shown that at least three different
lipids, DPG, PE, ahd PC account for almost all of the phospholipid present .
" (141). ‘
The e;zyme was inéubated' with the required burrér and then

1 passed thropgh a sepharose Cl-6B column, equilibrated with the same
. buffer. The enzyme was stable for 48 hours at 0°C. Gel filtration removes
the cholate and substitutes it with Tween-80. Thus the eluted enzyme is .

4




RS
:

~

L S A L
82 .

1
a proteiri—lipid/ Tween-80 complex. The assays were performed with
phosphate buffers of 5 to 100 mM ionic strength. The pH of each buffer
was varned over the range 5 to 8 and the amount of Tween- 80 used in w
each buffer was between 0.002% 10 0. 5% (V/V) _
& )
- .
S | 3 .

52.1. THE EFFECT OF pH, IONIC STRENGTH AND TWEEN-80 ON THE
ENZYMIC ACTIVITY.OF LOW-LIPID CONTENT
CYTOQHROME C OXIDASE.

( Q“

.. Molecular activities or turn-over ijmmbers of the enzyme wer,e' .
calculated as was described in 3.7.3. From reciprocal plots or molecular
activities versus cylochrome ¢ concemrauons molecular acuvny maxima
(MAmay) wyere obtained. Fig. 5.1 shows a plot of molecular activity ° .
maxima versus pH at 40 mM ionic streng‘lh and at 0.05% nnd 0.1% Tween
-80. Ux?der dll con,ditions examined the enzyme was first order. Fig. 5.1
Al1,2 shows a typical decreas?) of absorption of reduced cytochrome ¢ at
550 nm at pH 5,54 and 7.05.

first order oxidation of indicated amounts of cytochrome ¢ at pHs 5.54

o

n Fig. 5.1 B 1,2 semilogarithmic plots of

and 7.05 are presented.
MAmay increased as ionic strength was increased from S mM to 30

mM as shown in Fig. 5. 2. No significant increase was observed when the

o, oo
jonic strength was further increased. This is surprising, although it may ‘?(m} '

explain why some studies (184,191) suggest that the enzymic activity is - '
o] | /

8
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Fig 5.1.A. Traces of the decrease in optical density at S50 nm after the
addition of oxidized cytochrome ¢ oxidase (1.25 nM) to ferrocytochrome ¢

- (35 uM and 37yMin | and 2 respecuvely) in 50 mM phosphate burrer at

pH554(1)ande705(2)a120C '




Gt T

- e—

~
o

W d N '
Maale e . o

PPN

¢
LY 4
v
A
. .
-
.\ -
- ) 4
. < . o .
’ . i .
' 0 wg“\'\‘\i v . Bz.
7 ! ' B
8
, =
“ 8 .
*
!
1“. . . i N . a . N _~ —
) 20 40 60 &0 ) 100 20 40 60 80 100
T(sec)

O D oplical density at given Lime
O D* optical density of fully oxidized cytg

Fig. 5.1.B. Se milogariihmic plots of the oxidation of varing concentration of
ferrocytochrome ¢, catlyzed by the same concemrauon of cytochrome ¢
oxidase. The absorbance was followed at 550 nm, 50 mM phosphate at0.1 %
(v/v) Tween-80 at 20 C at pH 5.54 ( B1)and pH 7.05 (B2). Concentration of
cytochrome ¢ oxidase is 1.25 nM and that of ferrocytochrome ¢ as follows;

Bl 1-37pM 2-29pM 3-22uM 4-164M 5- 8 M \
(B2 1+35 M z,-27pM 4=21pM 4=14pm 5=5pM
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Fig. 5. 1. THE EFFECT OF pH AND TWEEN-80 ON M{\max .
MAmax were obtained as described in Fig. 3: 5. MAmagy are plotted vs pH.

.}s it is evident a pH opfimum is involved. A phosphate buffer with ionic
strength of 40 mM and Tween-80 concentrations of 0.05% o——— and

0.1% o———o0 were used. Assays were carried out at 20°C
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Fig. 5. '2. THE.EFFECT OF IONIC STRENGTH ON MAmax ) 4 . )
MAmay values at pH 5.5 D-—-.—tl and pH7.S O— 0 are plotted vs
ionic strength, Tween-80 concentration 0.1%, cyt. ¢ and cyt.cox. -
_qoxicentrations were 5-40 pM and 1.25 nM respectively. All assays were
- : o -
carried out at 20 C.
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Fig. 5.3. A DEMONSTRATION OF THE COMBINED EFFECT OF plf AND IONIC
STRENGTH ON MA max

MAmay are polotte over f:H 'range of Sto8atl=5mM (1),1=10 mM (2),
I= 15'mM (3), 1220 mM (4),1=25mM (5),1 =30 mM (6), I = 40'mM (7),

1= 50 mM (8),and [ = 100 mM (9) to compare the complex-behavior of the

enzyme at different pH and ionic strength
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Table 5.1. The effect of Tween-80 on Km and MAmax at high and loy -
 ionic strength at pH 5.5 and pH 7.5 - B Y
Tween-80% 0002 .005 01 02 03 05
i(mm) - pH ) )

SS°  32.. 26 21 18 15 11 -

75 24 - 19 13 1 11 9
y S5 . S8/ S1 47 44 42 38 .
\S0 | » v '

75 45 <41 39 36 - 35. 33

s . 5SS 31 35 43 45 .45 45
( : - b : 3 , . . |
: 75 . 18 25 29 30 30 30 o
: . MAmax / : ‘ ‘ 3 ) v
() - s5. 38 46 56 S8 58 . S8 .
50 | , , .
~ 75 30 33 38 38 38 38
. ‘ - ' . |
The values of MAmax.and Km were obtained as described in Fig. 3. 5. - W

The assays were performed in phosphate buffers with the indicated ionic

" strength and Tween-80 concentrations. All other condilions were the
same as in Fig.3.5. The kinetic parameters were calculated by regression
anglysis. Correlation coefficients were 0.99 or bettéxj. o




S

. subslrate concentrations used here (5 uM to 40 uM). Fig. 5. 3 shows how;

. strengths of 5 mM and 50 mM and at ooncemrauons of Tween-80

. from 0.002% to 0.1%. Further increase of Tween-80 did not/cause any

|

!
00

N

Under all experimental conditions straight lines were obg;ined in the , s / ) .
Lineweaver-Burk plots (a plot of 1/MA versus 1/cytc concentration). /

This gugge'sts that only one cytochrome ¢ binding site was kinétically ) | //
appafent. The high affinity (low activity) generally has been seen atvery | o
low fonic strength‘ and cytochrome ¢ concentrations. The reason that t'he\ /

/

finity site is not seen in this work may be due to the high

MAmazx. is affected by pH and ionic sirength. At low ionic strength, /'
distinct pH-optimum for the enzy me was found, whereas at,hiéh joni !
strength decreasing pH increased the acuvny /

Table 5.1 presents MAmay and Km data at pHs S. 5 7.5 and fonic .

ranging between 0,002% to0 0.5% . MAmay at both pHs and ion;z strengths
increased by about 15% as the Tween-80 concentration ws:s/{\creased ‘

siénificant increase in MAmay. A small but steady decre;s/xe inKm was

observed as the concentration of Tween-80 was mcrea/taed from 0.002% to-

0.5%. The same typical phenomenon was observed for all pHs and ioni¢

strengths examined. The effect of Tween-80 was enhanced at lower pH as -

is evident from Table 5.1. In this table MAmay a {1 Km values at pH 5 5 ’
and 7.5 are oompared al two jonic strengths (5 mM and 50 mM). \
Generally, the enzymic activity was higher at/pH 5. 5 and lower at pH7. 5

regardless of the ionic strength and Tween780 concentration.

/ '



. Table 5 2. The effect of i ionic strength (1) and Tween-80 on MAmu at
pH 5. 0 and pH 7.0.

Tween-80% 0002 005 01 02 03 05.
A pH -

/(mM) 57 s 7 57 57 57 5 7
’ ) £

'S, v 1828° 23 33 .3138 3338 35 38. 35 38 -
10 . 2331 27 38 33 41 3542 38 42 40 38
IS 2534 29 38 33 43. 3643 39 43 .41 43
207 2837 35 41 41 46 43 46 45 46 - 46 46

’ 25 3139 36 45 43 51 4549 46 49 48 49
30- 3339 36 48 41 53 44 54 46 54 48 54
40 3439 38 48 43 53 4454 47 54 48 54
50 36 39 41 48 45 53 4754 47 54 48 54
100 3639 39 48 47 53 4854 51 54 51 55°

Y/

The values of MAmax were obtained as explained in Fig. 3. 5. The assays °
were performed in phosphate buffers with the mdxcated ionic strength .

. (1) and Tween-80 concentrations at pH 5 and pH 7 at 20 C. Other - )
conditions were the same as in Fig. 3. 5. a - d
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- The effect of Tween-80 c}ver the pH range of S to 8 is compared m @

Fig. 5 1. Table 5. 2. shows the combined errect of ionic strength and
Tween-80 oonoentrauon on MAmay at pH 5 and 7. The results suggest

that at low ionic strength and low pH, increasing Tween-80 increases the

molecular activity. This increase was smalbbut observable and apparent
in all trials. However, as it is noticeable, increasing Tween-80 to more

than 0.1% did not increase the activity. The resuits showed thai {he low-

" lipid sample has low activity and most of this activity is recovered at a

very small amount of Tween-80 (0. 002%) The increase of Tween-80 to
0.1% increased the activity ty 15% to 20% and no further increase in

activity was observed by increasing the Tween-80 to 1X.

e -

5.2.2. pH OPTIMUM AND THE EFFECT OF IONIC STRENGTH AND
TWEEN-80 ON ITS LOCATION & '

in Fig.5.1. and Fig.5.4. The pH optimum sekn here has been reported by
many investigators (129,134, 135,1 47,148,151). However, other studies
(145,184) observed a decrease of molecular activity with increasing pH.
This work showed that this discrepancy is due to the experimental

conditions. The location of this pH optimum was n;it constant; it varied as

a fufiction of ionic strength and Tween-80 concentrations. Fig. 5. 4. shows '
- aplot of MAmay versus pH at 10 «iM and 50 mM, 0.1% Tween-80;asis o

evident, at 5 mM ionic strength, the pH optimum is located around pH 6

A pH optimum was generally observed under the conditions tested .,

‘89
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Fig. 5. 4. THE EFFECT 0? IONIC STRENGTH ON pH OPTIMUM _

MAmay obtined a1 I = 15 oM ®——g and1=50 oM ©———
~as discribed in Fig. 3. 5 are plotted vs pH to demopstrate the effect of lon

pH‘ optimum. The assays were carried out a1 20C an& 0.1% Tween-80.
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-MAmay Were obtained as described in Fig*3. 5. in phosphate buffers of m— gy
I=10 mM o—a1=50 M 6——e | = 100 mM and Tween-80 S
; ~ concentration 0.1%. ' ‘
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10 6.5 Whereas at 50 mM ionic sirength it is closer to pH 5.5. Generally, a

pH optimum of about 5 10 5.5 was observed at ionic strengths above 30

mM wmle an optimum around 6 was seen at ionic strengths below 30

mM: Similar results have been reported by another study (134) wluch
used Tween-20 and PL subsmq;es At Tween-80 concentrations lower

than 0.1 X at constant pH and ionic strength the pH optimum is shghtly ,

fowered (Fig. 5. 1.) but, above 0.1% Tween-80 concemrauons no
significant effect can be observed. The increase of ionic slrength and

Tween-80 resulted in the disappearance or modification of the pH

optimum. Fig. 5. 5. shows the effect of increasing ionic strength. It is

- evident that as ionic strength increases from 15 to 100 mM, the pH :
oplimum becomes less apparem. Fig.5. 3?§:mpares the combined effects -

of pH and ionic strengths on MAmax . A more enhanced pH optimum can ‘

be observed at ionic strength lower than S0 mM in this graph.

5.2.3. THEJEFFECT S OF pH, IONIC STRENGTH AND’(';WEEN-80 ON THEKm
OF LOW LIPID-CONTENT CYTOCHROME C OXIDASE )
Km was affected by pH, ionic strength and Tween-80 .
ooncemt"‘ations. Fig. 5. 6-shows a plqt of Km versus pH; a decrease o
of !(m u;as observed as the pH Qas increased. In general, increasing .
Tween-80 caused a decrease in Km at all pHs ~and ionic strengths (Table.

5.1]. Table 5.3 presents the effect of ionic strength and Tween-80 on

' Kmunder the same conditions as shown in Table 5.2. A gradual increase

L
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. inKm was ot;sei'véd as“ ioﬁic strength whs,iﬂ&eaéed. This agrees with
other studies ( 128,1 4531 8’4 ), but }he Km's obtained here were greater
than oj!;e;s havé',reported. This is due to the exper'i“menlal cbnditions of

&

this study. The Km seen heré is considered o represent the fow affinity
“reaction. I believe that lipid dep‘letion is the cause of low enzymic .

. - . : 5 Cd

activity and the high Km. Increasing Tween-80 slightly decreased Kpm, . -

almougﬂ the decrease Qas small but reproqgcible.

v .

‘ ; .
Table 5. 3. The effect of varying ionic strength (I) and Tween-80. )
concentration on Km (uM) at pH 5 and pH 7. .
. . ) ; : 4 : / ‘
. Tween-80% 0.002 0.05 0.1 «-02 .03 0.5 .
e *

(mM) B S oH b

8 e, 2815, 25 15 23714 2113 19 11 .17 9
10 © 31-21 29 A9 26 15 24°14 22 13 2w 11
15 ~ '36 26 3}--21 28 19 27 19 25 17 ‘23 18 |
‘20 41337535 30 29 25 28 20 27 18 25-21
25 48 39 42 33 38 31 35 29 33.27 31 27

30 5445 49 40,45 37 43 3374131 3530 °
40 - ég 49 ('55- 47 52 45 49 43 48 41 45 40
50 1 51 'S8 48 54 45 . 53 43 51 42 50 41
. 100 , 65 55 61 52 57 48 .55 46 54 45 52 .45 ¢
" All oongitidné are the same as in Table 5. 2. f‘
ot ’ [
)S /\ . a
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The net charge of throme ¢ oxidase is negative.(121,139) and
" that of cytochrome cis pe’smve (423,147,174)). The product of the
interaction charges between them can be calculsted using the extended
form of Dsbye-Huckel equation promdmg Ka isknown. Km is a
~ complicated combination of & large number of rate Q;mstants (195,208)
but when in equaiioh [5.2.} (page 102) k-1 >> k2 the equstion simplifies
10 K = Kp. This simplification, as well as the equaiity Ka = 1/Kp allows
us to calculate Ka (0) from a plot of K versus 11/2 7 (1+11/ 2), Knowing
{Ka(o) then Zalb, the p‘soduct of the intsraction charges on cytochrome g’
oxidase and cytochrome c at dnfrerenl pHs can be calculated Assuming
Km = Kp and appling equation 5. 1. I tested the assumoption usmg\lhe
‘values of Km at pH/S and 7 (table S. 3.) as well as Kms at pH 6 (data not
shown) As seen in Fig. 5.7. K¢ at zero ionic strength at pHS enrapolated
to about-lo PM, at pH 6 tmspout 5.5 pM and at pH 710 3.5 pM. Zalp, the
~ product of interac!,ioxs charges on the iwo prateins (cyt.c ox. and cyt.c)

calculated from these graphs were lower than reported velues (132,173),

18 Ka - 18 Ka(0) + Zalb [(11/2) / (1 + 11/2) " [qGaion 5.1]
:?eneral the value of Kp(0) found previously were lower than those -
und here; the values of ZaZb were greater than the valiles, I determined. '
This indicates that the assumption Km = KD is not justified.
% .
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‘Fig, 5. 7. THE EFFECT OF pH ON Ka(0) |
Km values obtained as wasexplained in Fig. 3. 5. Kg Were calculated from .

1/Kp on the basis Kp = Kg. 1§ Ka vs 1172/1 +11/2 at pHS e———

!

pH6 »——x-andpH7 &—po are ploted and‘enr'apolated to Ig Kq axis”

v

10 obtain Ka(0). L -



'5.3. INTERPRETATION OF RESULTS

The enzymic activit); of a sample of cytochrome ¢ oxidase with 7 to
| 10 mole phospﬁolipid per functional unit of the enzynie was sthdied. The
L | oxidation of reduced cytochrome ¢ by the enzyme, t;nder various
conditions of pH, ionic streng;h and Tween-80 showed the correlation
" ‘between these factors and enzy mic activity to be far too complex for-

s  interaction terms 1o be determined statistically. But the study is still
very useful’in that it can prove helpful for the selection of experimental
conditi’ons..The effect of these lactors on the enzymic ﬁctiviiy of
cytochrome ¢ oxidase will be interpretéd in detail; the correlation
between them will be discussed. a . ¢

3,31, THE INTERACTION OF CYTOCHROME Q OXIDASE WITH
- CY TOCHROME CISNOT SOLELY OF ELECTROSTATIC

NATURE. .

| Tﬁe oxidation of redl;ced cytochrome c catalyzed by cytochrome g‘.
oxidase showed first-order kinetics under all experimental conditions.
This is in agreement with many studies (123,145,184) and also oontrésts A
with others (129) Representauve traces at pH 5.54 and pH7.05 are -
shown in Fig. 5 1 Al 2. The semilogaritmic transf ormanons shown in Fig. |
5.} Bi,2 mdlcate the fxrst order reaction kinetics. In a very recent paper. -
by Gregory and Ferguson-Miller (211) the authors also studied the pH
dependence of turnover number and Km. They comment on the [act that

in thxer hands ‘the oxidase showed only first order kinetics, the oxndase |

-~

X
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shoyed’ only a single low affinity site and, lastly, the spectrophotometric
and oxygen electrode assays gave virtually the same results. It might .
have been expected that the two assays for oxidase activity would have
given different results as was originally demonsterated by Smith and
Cor;rad (212,213). This would most easily be seen at low ionic strength.
Gregory and Ferguson-Miller obviate this problem by working only at

' high jonic strength, wheras I did not look to see whether the two assays

went from agreement at high salt to no agreement at fow sall.

‘ The results demonstrated tﬁat, at constant pH and Tween-80
k ‘ concentration, and at ionic strength below 30 mM, MAméx increased as
the ionic strength was raised. However, at jonijc strength above 30 mM
the increase of MApay was not significant. Krn, on the other hand,

increased as io’ﬁigﬁétrength was raised from 5 mM to 100 mM. This

r PN g an s

_ increase was small but reproducible.

The ionic strength effect on Ky shows that the interactions of the
two molecules are tﬁe result of opposite charges. The net charge of
cytochrome ¢ is positive (121,139) and that of cytochrome ¢ oxidase is 4
negative (121,123,147, 174). It has been reported (171) that the
electrostatic forces result in a very ught binding at zero ionic strength.
This phenomenon which has been reported by a number of other
investigators (188,191,199) is involved in the formation of a 1:1 complex
of cytochrome ¢ and cytochrome _c oxidase. This complex is stable to
chromatography and ultracentrifugation (127,131,132). This complex can

e dissociated at high salt concentration. These studies have mainly been

4




carried out under conditions where the enzyme is highly active. My

results agree with these smdies in that, under favorable conditions, the
‘ interaction between the two molecules is largely electrostatic. '
However; under all experimental coﬁditions a pH optimum was
observed. The location of this pH optimum varied as a function of ipnic
strengthw and Tween-80. At ionic strengths above 30 mMJarrd 0.1-05 %
Tween-80, it was les's than 6 whereas below this jionic strength it. is
'located around 6. The observed pH optimum in the enzymic activity and
the effect of ionic strength on the pH optimun; suggeét that the
electrostalic intéractions between the Ltwo proteins are not the sole -
deter mining lactor of enzymic activity.
’ Fig. 5.3. depicts the variatibn of the enzymic activity over pH range
- of 5 to 8 at ionic strengths of 5 to 100 mM. This graph is not a real .
.tridiinentional presentation, but, serves my purpose. At pH 8 the activity
of the enzyme at 5 mM ionic strength is higher than that at100 mM. The
oplimum activity of the enzyme is much higher at 100 mM than at 5 mM.
: Similarly, the obtim'um activity at 5 thM was seen at pH 6.5 and that of
100 mM"at pH 5.5 or lower. This is in contrast to other studies (145,184)
which report an increase of MAmax upon increasing ionic strength and
decreasing pH. The observed relatively high activity of the enzyme at
bH > 6.5, at ionic strengths less thaq 30 mM is unexpected if electrostatic
interactions alone control the enzymic activity. These dbservatipns
suggest that conformational changes occur due'to pH variation. ‘ftie

behaviour of these different conformers are different. At high jonic



strength, a fully protdqated conformer is highly active. At low ionic

strength, a form of enzyme which is not fully protonated must be "

¥

responsible for the higher activity observed at very low ionic ‘strength at
Q;ﬁgher pH. This suggests that the eniyme may remain acti\}e at basic pH.
Confor mational changés resulting from changed pH (185) have been
~ suggested earlier afid sUppori this study. The results of this worlé indicate
‘that different conformations show different behavior under different
conditions of ionic strengths.
Other studies have shown that the enzymic activity either
‘ decreases (128,147, 184) or shows an optimum (134,135,145-149) as pH
_ increases. Enzymic activity decreases by lipid depletion and increases
when phospholids are added (140,141,1 52). These studies support the
- results of this work and indicate that the interactions between |
cytochrome ¢ . and cytochrome ¢ oxidase are regulated by a number of
chemié:al and physical phenomena. ‘

Km increased as ionic strength was raised [Table 5.3} and
decreased as pH was increased [Fig.5.5]. Similar resufts have been see}m
by other investigators (128,134,145). It has been suggested (177) that a

. number of carboxyl groups located on subunit 1] donate negative charges
at pH 6.2. 01; the othér hand, the net charge on cytochrome ¢ at pH 6‘.2 is
+8 (121) and at this pH one or two of histidy! residues of this protein may
be protonated. As the pH is lowered, the increase of positive charges on
cytoch;'ome ¢ and decrease of negative charées on cytochrome ¢ oxidase
affect Kpy. iy . : ,
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Under any/expenmental oondmons even at low 1on;c .:l;ngm k

(5 mM), only one binding site was apparent. Since the concemrauons of

substrate u/ d were- hlgh (5-40 uM) the existence of only one cytochrome

c bmdm}/sne cannot be confirmed. The identified Km belongs to the low
\N%{ reaction site, but it was affected by pH and ionic strength. Other

" stugfés (47,184) found that pnly the high affinity reaction site was

mrluenced by pH and ionic strength. It is likely that different conditions

/ cause different aggregauon and confor mational states of the enzyme,

)

/ " which'in turn affect the cytochrome ¢ binding site.

In conclusion then, this work showed that the effect of pH jonic —
str{e‘ngth and Tween- 80 on cytochrome ¢, - cytochrome ¢ oxndase
interactions are very complex. A single statistical formula can therefore'
not be derived. Inthe f ollowing,wthe effect of pH arid Twee;n-so are

discussed.

5.3.2 EFFECT OF pH ' | . . . s -
\ :
The effect of PH on the enzymic activity of cytochrome ¢ oxidase
has been explained (7,61,147) i;m terms of the degree of protonation of
acid / .basé groups participating in the caialytic functions of the enzyme.
‘ Ifrotop release or uptake is.induced by a changein the redox state of
~ cytochrome a (51). This may cause a shift in pKq (47,145) of result in a
confor mational change (185). The effect of pH in dil;fereni stages of

electron transport is then as follows: the transfer of an electron from



>

ferrocytochrome cto oxygen is accom panied by a stoichiometric proton
transfer (80). The detail of this reacuon is not known, but the reduction
and protonauon of oxygen to water may proceed via the following

scheme:

1
& . , . v

H*-C2+ [aa3) OH- . -

b

- H+ . o
H*-C3+ C 7 NH*_laa3) 02

) B

kfter the intexmolecular transfer of a oroton,' the reduction of molecular
; oxygen leads to the formation of a protonated orygen (-OH*). Further
electrons and uprotonslare transferred to com plete the formation of
water (61,145). - . .

pH affects the interaction of cytochrome c oxxdase with its

R

substnate cytochrome c by changmg the rate constants at each stage of

reactions as follows: ' T ‘
;
. K1 K2
oyt 3+ + oyt 2t ===cytadroyie? o
K-1 , \@

[ eqation S. 2. ]

. This is evident from Zalp, the product of interaction charges

calculated by assuming that Km = Kp. Km is a function of K1, K2. K3 and
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K- 1"and K-3 which may all be pH dependent (195,208). ZaZp at different

pH varies, but the values determined here are not representative of
binding. ‘ '
Zalp <1 indjcates that more than one charged group is involved in
the binding (134,176). Thgse charged interactions are affected by ionic
strength. Since the cytochrome ¢ binding site is located on subunit 11 of
the enzyme (114,176), at least one of these groups blelelongs to this
subunit. Carboxyl and hydroxyl groups located near the cytochrome ¢
binding site are affected by pH. Hydrogen bonds and salt bridges are
influenced by pH and ionic strength. The orientation of the negative and
positive charges on the two proteins can be affected by pH and ionic
stréngth. It is known tha‘{ pH may influence both spin state and
confor mation (8,62): The redox potential of the enzyme is also affected by
p}i (12 1\). A combination of these effects regulates tl;e activity and results
in complex behavior of the enzyme under different conditions of pl{ and
ionic strength. As shown above, there is always a pH optimum involved
in the activity of the enzyme but it may not be seen under certain

difierent conditions of ionic strength, pH, and detergent.

5.3.3. THE EFFECT OF TWEEN-80
/) - _
The low enzymic activity bbserved was expected since the sample
of enzyme used had 7 10 10 mole phospholipid per functional enzyme

unit. It is well known that the enzyme isolated from the membrane using
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a detergent such as cholate or deoxycholate is unreactive (43,140,141).
The activity is partiall& restored if the ehzyme is incubated in & non-
ionic, non-denaturing detergent. One of the most common detergents "
used is Tween-80. It has been shown (45) that it can recover as much as
50% of the lost enzymic activity. The isolated enzymes with a ratio of 40
mole of phospholipid per l‘uncgional enzyme unit are highly active (202).
Decr;easing this fatio 1o less than 1 or 2*mole of phospholipid per mole of
enzyme impairs the enz?mic activity (26). The enzymic activity can be
restored“on!y in presence of phospholipids. In most of the studies on.
cyltochrome ¢ oxidase, enzymes with 10-20 mole of phospholipid per
mole of enzyme have been used in presence of a detergent. Many studies
have focussed on the structural aspects of phospholipids :;nd detergents. ’
The quantity of detex:gent needed to provide the required fluidity for the
enzyme reaclion is an important matter p:} 100 much causéﬁ difficulties
and too little may not be‘erl‘ective. In this study the effects of pH and
jonic strength at different amounts of Tween-80 were studied.

The effect of Tween-86 on MAmay andKm at pH 7 and 5 is shown
ir. Table 5. 1. ‘These two pHs were chosen because the enzyme showed
sithilar g(Amax at constant ionic strength (less than 40 mM) and Tween-
80. The results indicate that increasing Tween-80 to 0.1% increases
MAmarx. The phosphof'fﬁid content ( 7-10 mole per mole of enzyme) of
the enzyme is hiéh enough to prevent any gtructural disturbance. Tween—
80 facilitates electron transfer or per n\ms a better contact between the

two proteins. This is supported by the steady decrease of Km with

&

.
2
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/" increasing Tween-80 concentiation from 0.002% to 0.5%. Although this

increase is not high enough to allow postiiiation that fhe,apparent high "
and low &ff inity reactions are the result of one binding site reacting
differently ixr;der different conditions, it still shows a significant effect of
Tween-80 on the activity. Tween- 80 is niore effective at low ionic
strength and low pH. It has been reportecHhat the boundary layer of
cytochrome ¢ binding sites are occupled with phosphglnplds (141, 187)
" DPG.is required for high affinity reactions (187) whereas PC and PE or
Tween-80 are responsible for low affinity réactions (46,187).

The low activity observed under all conditions is the result of
insufficient amoqnts of phospholipid present in the ehzyme. Since the
increase of Tween-80 concentrations did not lead to a f ully active enzyme

- '(compar; lo an enzyme with 14-17 mole phospholipid/ mole of enzyme) *
it is concluded )that a lipid tail of 18:1 such as is present in Tween-80 is
not sufficient 16 activate the enzyme as was suggested by other studies
(187). Alternatively, this low enzymic activity may be due to partial '
removal of 1i'ghtiy bound DPG which can not be substituted with Tween-

‘80. At high ionic strength (40-100 mM) and pH (6.5-8) the results ’
showed Tween-80 to be less eff ecuve This implies that phosphohpnds are
involved in the formation of a umque alxgnmem of the charged groups
around the cytochrome ¢ binding site. At high ionic strength the.
electrostatic interactions of the two proteins are low (188,191,199) and
repulsion of charges present is high. Thus, the Tween-80. effect is )

masked. At high pH, the increase of negative charges on the enzyme may




o

disturb the hydrophobicity and the decrease of tke ‘positi\{e charges of

the substrate results in a decrease of the interactions between the two

molecules, resulting in low enzymic activity. The aggregation state of the -

enzyme have also been suggested (43,141,151) to be affected by a
decrease of the lipid content or the enzyme.
In conclusion, the results of this study indicate that the enzymic

activity of a sample of enzyme with low lipid contem can not be fully -

" recovered by increasing the amount of Tween-80. The effect of Tween-§0

varies as a function of pH and ionic strength.

5.4. CONCLUSION

: k]
The kmeuc behaviour of a sample of cytochrome c oxidase with'7

to 10 mole phosphohpnd per funcuonal enzyme umt was studlea under

experimental conhmons of 5 to 100 mM ionic strength, pH S to 8 and
0.002% t0 0.5% Tween 80. Results: show that the mterelanonshlp between
these factors is 100 complex to be represented by an mteractxon term. The

electron transfer acuvny of the enzyme is affected by envu'onmental

factors as well as by the strucwral features of the enzyme. To understand

the effects of the above mentioned factors on the enzymic activity of the

enzyme, a detailed structural knowl}edge as well as detailed

experimental studies of the effects of each factor on different samples of .

the enzyme are required. This is-beyond the scope of this work but, the

study still led to some useful results which aré suxﬂmarized as follows:

et
o
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A pH optxmum 1s involved under dtrffrent conditions ot‘ jonic

_ states of the enzyme or. distortion of the orientation and .

Under atl conditions, the sample with 7-10 mole lipid pet mole of
enzynie shov&ed lower enz)}mic activity when oomperett 1o 4 sample

thh 14- 17 mole lipid per mole of enzyme -

-

ot .
strength and Twéen-80. The location of this opumum varies and may

not be seen under sbme conditions, As the ienic strength increases
the pH optimum decreases. This oplimum is lowered in a'sample

Ct ! o .o
with high lipid content or inthe presence of detergent. Ky increases

.
‘.

as pH or jonic strength mcreases but 1t may be lowered by

-

increasing Tween 80. ' L L

TS

o .
Increasmg 1on1c strength increases to some extent the

o

aclivity of the enzyme sample with low npld content Km increased .

as ionic strength increased. The results 1n@ate that although the °

_structural features of the enzyme are malntamed same mo‘dtfncatton

.of the enzyme has occurred. This. may be due to the aggregatmn \

o

. alignment of charged gt ttps near the. cytochrome ¢ binding site."

N ‘) . ) - i \
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.\\ T A CONCLUDING REMARK OF THIS STUDY ‘

This, like other studies, raises more gestions.than it answers. One - °
. b : . .

of ,these.q'ueslioni is as l‘ollows;‘

N

o

S‘toichlomelrlc studles of cyanide bind@ showed that the

IR T

behavrour of tl'{‘é enzyme al low pH towards cyanide is dilferent rrom ce
that at hlgh pH. Kmeuc studies revealed that the molecular activity ol‘ the

enzyme also vanes as a luncuon of pH The. quesuon men 1s there a llnl( 4

&

 between them'? - S . e o
' ) Although the experimemal‘condgticns of the two studles were ' . \
TR dlrferem the two data sets may be connected. I would hke 1o think that,
v ' at low p}l the enzymé\;s inan exﬁted state which results in mgher
P . acnvuy 'l‘lus exclted State may occur as a result of oonrormauonal ’

" change,a spin change 2 change in the orientation or charges of the

| # - ligands located near active sltes or llgand bmdmg sltes changes in the
' .oxxdatloﬁ sme of the metal centers. or changes in the aggregation state of
the enzyme .Whatever thls change is, it effects the behaviour of the

enzyme as exemblll‘led by cyamde bmdmg and molecular activity.



~ e T T, e v; e T ““,‘"“‘;”‘"“ii}f'@{" o
. s 5

_ 109
L e REFERENCES

1- Mitchell, B, (1961) Nature (London) , 191, 144. R .

2- Miichell, P. Muchell R. Moody, ). West, 1. C. Barum, H. &

| anglesworth ]M (1985) FEBS LETT. 188,1.

3- Keilin, D. & ‘Hartree, E.F.(1939) Proc Roy. Sci. London, Sér. B.
127, 167. | . : \

4- Warburg,O & Negelem E. (1929) Biochem., 2, 214, 64. 4

5- N:cholls P. & Chance, B.(1974) "In Molccular Mechanisms of Oxygen
Acuvauon (D. Hayashi, ed) Academic Press, New York, pp 479-534.

6- Warburg, 0., Negelein, E. & Hass, E. (1933) Biochem. Z, 227, 17.

'7- Casey, R.P., Chapple, J’B. & Azzi, A.(1979) Biochem. J. 186, 149.

8- Wikstrom, M. & Krab, K. (1979) Biochem. Biophy. Acta., 549, 177.

- 9- Hartzell, C. R & Beinert, H. (1976) Biochem. Blophys Acta., 423, 323. -

10- W:kstrom M.K.F. & Saari, H.T. (1976) Mol. Cell. onchem 11,17,

11- Lemberg, M. R. (1969) Physiol. Rev., 49, 48.

12- Kornblatt, J. A. (1980) }. Biol. Chem., 255. 7225.

13- Kornblatt, J. A. (1980) Can. J. Biochem., 58, 840. {

' 14- Wilsén, D. F. Erecinska, M. & Brocklehurst, E. S. (1972) Arch. Biochem.
Biophy. 151, 180. . ~ ‘

15- Kadenbach B. Jaraush J Hartmann R& Merle P. (1983) Annal.
Bnochem 129 517. .

16- Jaraush, J. & Kadenbach,B, (1985) Bur. ). Biochem., 146, 211. -

17- Henderson, R, Capaldi, R. A. & Leigh, J. S. (1977) J. Mol. Biol,, 112, 8

63i. . . , o - o

\




‘c

o 110
18- Fuller S. D Capaldl R A. & Henderson, R. (1979) J Mol Biol,
134 305 |
_19--Fuller, S. D, Capaldi, R. A & Nenderson R. (1982) B1ochemxstry 21

2525. ’ ~ "

. r_‘ )

20- Van Gelder, B.F. & Beinert, H. (1969) Biochem. Biophys. Acta,, 81,
405. ‘ o

21- Frey, T.G, Chan, S. H. P, & Briggs, M. (1978) J. Biol. 'Chem., 253,

4389
22- Mitchel, B. & Bosshard H.R. (1984) . Biol. Chem 259, 10085.
23- Anderson, S, Bankier, A. T, Barrell, B. G, De Bruijn, M. H. L., Caulson,
" AR, Drouin, J., Eperso, I. C, Nierlich, Db koe B. A, Sanger, F.
Schreler P‘H L., Smith A. J. H, Staden R. & Young, 1. G. (1981)
Nature 290, 457. -
24- Deatherage, ). F., Henderson,R.R. & Capaldi,t R. A. (1982) J. Mol..
" Biol, 158, 487. | -
25- Deathererage, . F., Henderson, R and Capaldi, R. A.(1982) ] Mol
Biol,, 158, 500, ' '

-x26 Schatz, 2.G. & Mason T.L. (1974) Annu, Rev Biochem., 43, S1.

27- Tzagoloff, A., Macino, G. & Sebad, W. (1979) Annu. Rev. Biochem.,
48, 419.

28- Mihar;l, K. & Blobel, G. (1980) Proc. Natl. Acad. Sce. U.S. A.,-77, 4160.

29-'Ca§aldi R. A, Malalesta, P. & Darley-usmar, V. M. (1983)
Biochem. Biophys. Acta., 726, 135. w

30- Azzi A. (1980)B10chem Biophys. Acta., 594 231.




111

31- Morrison, M. Bright, . & Rouser, G.(1966) Arch. Biochem. Biophys.,
114, 50. |

32- Lud\mg,B Downer, N.W. & Capaldn R. A.(1979) onchemnau'y,
18, 1401.

33- Downer, N. W., Robinson, N. C & Capaldx R. A. (1976) Bnochemnstry, :

15, 2930. .
34- Darley-Usmar, V. M. & Wilson, M. T. (1981) Biochem. Biophys. Res.
" Commun, 99, 51. ) 2 .
35- Gibson, Q. H., Greenwood, C., Warton, D. C. & Palmer, G. (1965) J..

_Biol.Chem., 24p, 888. . - '
36- Briggs, M. M. &\Capaldi, R. A. (1978) Biochem. Biophys. Res.

‘Commu., 80, 553.

37- Winter, D. B., Bruyninckx, W. }., Foulke, F. G.‘,Grinich,V.P. & Mason,

H.S.(1980) J. Biol. Chem., 255, 11408. . o
38- Yamanaka, T, Kmita, Y. & Fukumori, Y. (1981) J. Biochetn. (Tokyo),
89,265, | B
39 Ludwxg,B & Schaﬁ G. (1980) Proc. Natl. Acad. Sci. USA, 77 196
40- Fry, M., Blondin, G. A. & Green.D.E. (1980) ] Biol. Chem., 255, -
- 9967. | _ S '
41-Saraste, M,, Penttila, T. & Wikstrom, M. (1981) Eur. ). ﬁioghem.,
1S, 161,
42- Van Gelder, B.F. & Slater, E.C. (1962) Biochem. Biophys. Acta.,
58, 539. |
43-Yu,C A, Yu L & King, T.E. (1975) ) Biol. Chem::“"ZSO. 1383.

"i}

it
¥

K

.

4

3



o g v g

PRI df hEA Yer Dy TG by A M e
EAERL ! . i VA TING .

112

Y

44-Fry,H. & Green,D.E. (19‘80) Biochem. Biophys. Res. Comm., 93,
1238. | ro

_45- Robinson, N. C,, Str;y, F. & ifalbert, L. (1980) Biochemistry, 19,
3656. ‘ e

46- Vik, S. B, Georgevich, G. & Capaldi, R A. (1981) Proc. Natl Acad.
Sci. USA, 78, 1456.

\ 47- Errede, B.F. & Kamen, M.D. & -Hatefi, Y. (1978) Methods Enzym,,

~ 53, 40.
48- Jarausch, ], Kadenbach, B. (1985) Eur. ]. Biochem., 146, 211.
49- Babacock, G. T, Callahan, P. M. & Salmeen, I. (1981) Biochemistry,
20, 959
50 Ellis, W_R,, Wang,H Blair, D. I, Gary, H.G. & Chsan, S. 1. (1986)
Biochemistry, 25, 161 . '
51- Leigh, J. H. JR., Wilson, D. F, Owen, G.S. & King, T.E. (1974) Arch.
~ Biochem. Biophys., 160, 476. . L
S2- Powers, L., Chance, B., Ching, Y. & Angiolillo, P. (1981) Biophys. .
34, 465.

'53- Palmer, G, Babcock, G.T. & chkery L.E (1976) Proc. Natl. Acad.

Sci.. USA, 73, 2206. ‘

S4- Peisach, J. (1978) “In Fromier; of Biological Energetics” (Dutton, P.L,
Leigh, J. . & Scarpa, A. eds) pp. 873-881, Academiq Press, New . ~
.York ' | 32‘

55- Brudvig, M. M." & Tapaldi, R. A. (1980) Biochemistry, '
19. 4173, © . . '

s '

[



113

56- Van Geld\ér BF. & Muijsers, A. 0. (1964) Biochem. Biophys. Acta,
' 81,405, '
57- Chance, B, Saronio, C. & Leigh, J. 5. JR. (1975) JBml Chem., 250,
9226.
58- Wood, P. M. (197‘;) FEBS Lett. 44, 22.
. 59- Okunuki, K., Hagihara, B., Sekuzu, 1. & Horio, T. (1962) J. Bnochem
(Tokyo), 51, 204.
60- Shaw, R. W., Hansen, R. E. & Beinert, H,, (1978) J. Biol. Chem., 253
6637. : . |
61- Antonini, E, Brunori, M., Colosimo, A., Greenwood, C. & Wilson, M. T.
(1977) Prc. Nalt. Acad. Sci. USA, 74, 3128.
* 62- Wikstrom, M., Krab, K. & Saraste, M. (1981) Annu. Rev. Biochem,,
50, 623. )
~ 63- Tweedle, M. F., Wilson, L. J, Carcia-Iniquez, L, Babcock, G. T. &
Palmer, G. (1978) }. Biol. Chem., 253, 8065. |
64- Clore G. M, Andeasson, E, Karlsson, B. , Assa, R. & Malatrom B.G.
(1980) Biochem. J, 185, 139. ‘ - ¢

65- Carter, K. R, Antalis, T. M., Palmer, G., Ferris, N.S. & qudruff,W.H. :

(1981) Proc. Nalt. Acad. Sci. USA, 78, 1652.

66- Caughey, W. S, Bayne, R. A. & McCoy, S. (1970) ]. Biol. Chem., 255,

2994. |

67- Osheroff,N. B., Brautigan,’ D.L. & Margoliash, E. (1980) J. Biol.
Chem., 255, 8245. ) '

68- Young, J.L. & Caughey,S. W. (1986) Biochemistry, 25, 152.




" 69- Sharrock, M. & Yoneiani, T. (1'977) J. Biol. Chem., 253, 6637.
70- Clore, G. M. (1981) Biochem. Biophys. Acta., 634, 129,
71- Nicholls, P., Petersgn, L. C. & Hansen, F. B. (1974) Biochem. Biophys. |
Acta, 188, 261. - S ' —
72- Erecinska, M. & Wison, D.F. (1978) Arch. Biochem. Biophys.,'
188, 1. . ‘ ,
73- Antonini, E., Brunori, M G&genwood C., Maimstrom, B.C. & Rotilio,
) G.C.(1971) Eur. ]. onchem 23, 396.
74- Van Buren, K. ). H,, Nicholls, P. & VanGelder. B. (1972) _Bioqhem.
| Biophys. Acta., 256, 258. '
75- Malmstrom, B. G., (1979) Biochem. Biophys. Acta., 547, 281. : L~
76- Assa, R; Albracht, S. P. ], Falk K.E, Lanne, B, Vanngard, T. (1976) !
Biochem. Biophys. Acta., 422, 260. '
77- Speck, S. H., Koppenol, W- H., Dethemer, S. J. K, Osheroff, N,
Margoliash, E. & Rajagopalan, K. V. (1981) ). Biol. Chem., 256,
7394, . ,
78- Shaw, R. W., Hansen, R. E., Bienert, H. (1979) Biochem. Biophys. -
Acta,, 548, 386. o
79- Brudvig, G. W., Stevens, S. T. H., Morse, R.H., Chan, 5. T. (1981)
Blochemxstry, 20, 3912 .
80- Lanne, B, Malmstrom B. G., Vanngard, T, (1979) Blocgﬁem Bmphys
. Acta, 545, 205. . :
81- Powers, S. D., Lonchrie, K. A, Sevarino, K. A, Patterson. T.E. &
Poyton, R. 0. (1984) J. Biol. Chem., 259, 6564.

- ¢t

FL07 Lo~
&
O
-
EY
b

%&‘1 oo




.....

oy e
. P L

115

82- Buse, G., Meinecke, L. & Bruch,B., (1985) }. Inorg. Biochem., 23,
- 149,

83- Frey, T.G, Kukn,L. A, Leigh, JR. ., Costello, M. ). & Chan,S.H.PY
(1985)‘ J. Inorg. Biochem,, 23 ,155.

84- Kornblatt, J. A., Braaff,G. A. & Williams,G.R. (1973) Can. ).
moénem., 51, 1427.

85- Yonetani, T. (¥966) , Biochem. Prep., 14-20.

86- CRC Hand Book of Chem:stry & Physics, Weast 62nd. ed. 1981-1982
CRC Press.

87- Gibson, O, H, Palmer, Q. & Warton,D.C. (1965) J. Biol. Chem., 240,
915. X L |

88- Yoshikawa, S, & Horie, S. (1965) ]. Biol. Chem., 257, 1359.

89- Mo“rrison, M. & Horie, S. (1965) ].-Biol. Chem., 240, 1359.

90- Volpe, J. A. 0, Toole, M. C. & Caughey, W.S., (1975)-Biochem.
Biophys. Res. Commu., 62 48.

91- Warton, D.C. & Gibson, Q. H (1976) J. Biol. Chem 251, 2861

) 97(]lixammgo, F.G., Altschuld, R. A, Moh, P.P. & Alben, J.0. (1982)

~Biol. Chem., 257, 1639.
93- Wanino, W. W. (1983) Biol. Rev., 58, 131.
94- Goodman, G. & {eigh, J.5.(1985) Biochemistry, 24, 2310.
95- Gibson, Q. H. & Greenwood, C.{1963) Biochem. )., 86, 541.

© 96- Vanneste, W. H. (1966) Biochemistry, S, 835.

97- Blair, D. F., Bocian, D. F., Babcock, G. T. & Chan, S. 1. (1982)
Biochemistry, 21, 6928.




116

98- Lemberg, R, Pilger, T. B.G. (Newmn h & Clark, L. (1964) Proc. Roy.

Soc. London, Ser. B, 159 429.

99- Braezinaki, P. & Malmstrom, B.G. (1985) FEBS Lott, 187, 111.

100 Babcock, G. T., Vickery, L.E. & Palmer, G, (1978) }. Biol Chem.,
253, 2400, :
101- Wikstrom, M. K, Harman, H. ], Ingledew, W. J. & Cance,B. (1976}
FEBS Lett,, 65, 256.
102- Reed,C. A. & Landrum, J.T., (1979) FEBS Leut, 106, 255.
103- Landrum, . T., Reed, C. A, Hatang, K. & Scheidt, W.R., (1978)
~ J. Am. Chem. Soc, 100, 32,32.
104- Alben, ). 0, Moh, P. P,, Fiamingo, F.G. & Altshuld,R. A. (1981)
Proc. Nalt. Acad. Sti. USA, 78, 234. |
105- Thomson, A. }., Eglinton, D.G., Hill, B.C. & Greenwood, C. (1982)
_ Biochem. J, 207, 167. ) -
106- Jensen, P, Wilson, M. T, Assaa, R. & Malmstrom, B. G. (1984)
Biochem. ], 224, 842.

!

.107- Kuhn-Nentwig, L., Kadenbach, B. ‘(1985) Eur. J. Biochem., 153,

101. '

108- Goodman, G. (1984) ]. Biol. Chém., 259, 15094.

109-'Nalecz, K. A, Bolli, R, Ludwig, B. & Azzi, A’ (1985) Biochem.
onphys Acta, 808 , 259 &,

110- Skachs, M. S.-, David, M. , Werner, S. & Rajbhandary, U L., (1986) .
J. Biol. Chem., 261, 869.

* 111-Zing, Y. Z, Georgevich, G. & Capaldi, A. (1984) Biochemistry, 23,

R T i g S P
B ..5,:\.325&.-'«7 a"”
a e

A )

T

A
¢

R 14}
B



117

5616. .

112- Markossian, K. A., Paitian, N. A. & Nalbandyan, R. M. (1983) FEBS
Lett, 156, 235. ’

113- Robinson, N. & .Wiginton, D. (1985) }. Inorg. Biochem., 23, 171.

114- Peatow, B, Panskus,G. & Ludwig, B. (1985) . {no}. Biochem., 23
183..

115- Ching, Y. C., Argade, P. & Rousseau,D. L. (1985) Biochemistry,
24, 4938. '

116- Griffith, 0. H,, McMillan, D. A, Keana, J.F. W., _Josi, P. (1986)
Biochemistry, 25, 574.

117- Ogura, T., Yoshikawa, S., Kitagawa, T_.(1985) Biochemistry,
24, 746. '.

118- Powers, L. & Chance, B. (1985) ] lorg. Bioch'em.,\ 23, 207.

119- Wilson, D. F, Lindsy, J. G. ‘& Brocklehurst, . S. (1972) Biochem.
Biophys. Acta,, 256, 27.~

120- Scott, R. A, Schwartz, ). R. & Cramer,S. P, (1985) ). Inorg.

' Biochem., ~23. 199. . '

121- Koppenol, W.H. & Maréoliash, E. (1982) Biochem. ), 257,
4426. . '

122- Nicholls, P. (19_64) Arch. Biochem. Biophys., 106, 25.

123- Speck, 5. H, Dye, D. & Margoliash, E. (1984) Proc. Natl. Acad.
Sci.USA, 81, 347. - v

124- Errede, B. & Kamen, M.D. (1978) Biochemistry, 17, 4101S.

' 125'- §m;th, H. T, Stonehuener, J. Amhed, A. }, Staudenmeyer, N. l

>
L




- F4 XY B g AR LT I (LS A T
A 4 4?;@@??1@1 J RN N ‘ S
REAEA P .

. . .

118 -
, . ’ L\
& Miller, F. (1980) Biochem. Biophys. Acta, 592, 303. '
126- Davies, K. A, Hatefi, Y. Salemme, F.R. & Kamen, M.D. (1972) .
. Biochem. Biophys. Res. Commu., 49, 1329. ,
127- Ferguson-Miller, S., Brautigan, D. L. & Margoliash, E. (1978) -
J. Biol. Chem., 253, 149. . :
128- Smit, H. T., ‘Ahmed, A. ). & Millet, F. (1981) J. Biol. Chem,,
256, 4984. ‘ |
129- Yonetani, T. & Ray, G.S. (1965) J. Biol Chem; 240, 3392.
130- Yu, Y. N.T., Kerr, E. A, Ward,B. & Chang, CK. (1983) —
" Biochemistry, 22, 4534. -
_ 131- Ferguson-Miller, S, Brautigan, D. L. & Margoliash, E. (1976) ;
© ) Biol.Chem, 251, 1104, - |
132- Kornblatt, J. A, Hui, G. B., English, A. M. (1984) Bioéhemistry, o °
- 23, 5906. o C '
o 133-Q Petersen, C. L., (1978) FEBS Lett., 94, 105. ‘ .

134- Maurel, P, Douzou, P, Waldmann, J. & Yonetani, T. (1978) .
‘Biochem. Biophys. Acta, 525, 314. -

135- Orii, Y. & Okunuki, K. (‘1965) ). Biochem_, 58,561.

136- Wikstrom, M. & Krab, K. (1978) FEBSLett, 91, 8.

137- Moyle, J. & Mitctiell, P. (1978) FEBS Lett, 88, 268.

138- Einaradottir, 0. & Caughey, W.S. (1985) Biochem. Biophys. Res.
Comm. 129° 840. '

139- Rees, D.C. (1980) J. Mol. Biol, 141, 323.

~ 140- Atwashi, Y. C, Chuang, T.F., Keenan, T.W. & Crane,F. L. (1971)

f

L




.....
el

154- Beinert, H, Shaw, R, Hansen, R.E. & Hartzell,C.R. ' (1980)

! Biophem‘.-Biophys. Acta, 591, 458.

155- Orii, Y. (1985) J. Inorg. Biochem., 23, 263.

156- Dems M. Neau,E. (1985) ]Inorg Biochem.,, 23 259.

157- Baboock G.T. jean J.M,, Johnson, L. N, Woodruff, W.H. (1985)
z9 ) Inorg. Biochem., 23, 243. -

.158- Witt, S. N, Blair, D. F, Chan, S.1. (1986) ]. Biol. Chem.,, 261,

8104. . | . y
159- Azzx A.(1980) Biochem. Biophys. Acta, 594, 231.
160 Morgan J.E., Blair, DF. & Chan, S. 1. (1985) ] Inorg. onchem

' 23, 295. i . )
1_61-Bickar C. Bonaventuf'a, C. & Bonaventura, ].-7 (1984) ]. Biol. ‘
Chem., 259, 10777. .. ¢ )

. ’ 162- VarBuuren,K.]. H,, Zuurendonk P.F. & Van Gelder, B. F (1972)
‘ Biochem. Biophys. Acta, 256, 243. '
163- Nicholls, P. & Hilderbrandt, W.  (1978) Biochem. Biophys. Acta.,
- 504, 457. ' |
164- Jones, M. G., Bickar, D., Wilson, M. T., Brunori, M., Colosimo. A.
& Sarti, P. (1984) Biochem. }, 220, 57. |
165- Yonetani, T. (1960) J. Biol. Chem:, 233, 845. L
166- Nicholls, P, Chance, B., Estabrook, R W. & Yonetani,T. (1966
“In Heme and Hemeprotein” Ac{ldgmic Press, New York, pp. 490.
167- Montgomery, R. & Swenson, C. A. (1976) “Quantitative Problems
~, In The Biochemical Sciences” pp- 1445145 ,2nd ed. W. H. Freeman \
o

A



AT HAC AR e
AN oy, R

BRSPS

119

Biochem. Biophys. Acta, 226, 42. , .
141- Robinson, N. C, Capsfdi, R. A. (1977) Biochemistry, 16, 375.

142- Lowry, O. H.,, Roseébrough, N. J,, Farr, A.L. & Randa R.G. (1951) -

J. Biol: Chem., 193, 6328.
143- Chan. P.S., Toribara, T. ¥: & Warnner, H. (1956) Annal. Rev. .

Chem., 28, 1756, . . B
144- Vogel, 1. V. "Quantitative Inorganic Annalysis” 2nd éd. pp. 25F &
263. ‘

145- Wilm;, Y., VanRijn, J L. M.L. & ‘lan Gelder', B. E (1980)
Bioghem. Biophys. Acta,, 59§: l'f.

146- Adar, F., Erecinska, M. (1979) Biochemistry, 18, 1825. ‘

147- Wilms, ), Dekker, H. L, Boehnns, S. R. & Van Gelder, 8. .
(1981)'Bi.oche'm. Biophys. Acta., 637, 168. |

148- Waniho,W.W., Eichef, B. & Gould, A. (1960) J. Biol. Chem.,
235, 1521. c ‘

149- Yonetani, T. (1961) J. Biol. Chem., 236, 1680. ‘

150- Hill, B.C. & Greenwood, C. (1984) Biochem. J, 218, 913.

151- Roberts, H. & Hess, B. (1977) Bichem. Biophys. Acta,, 462,21:5.= ‘

152- Crane,F. L. & Sun“, S.S.(1972) " In Electron and Coupled Enzyme
Transfer In Biological Systems” Vol 1B,~ ed. King, T. B. &f ’
Klingeberg, M., Academic Press, New York, pp. 477. .

153- Hill, B.C., Brit(tain, T. I-fglit,on, D. Gi, Gadshy, P.M. A., Greenwood, C. ,
Nicholis, P., Petergon, }., Thoms,o‘n, A.) & Woon, T. C (1983)
Biochem. J., 215, 57. '" -

;e e 4T s T » PR L S S L% ! 13 SERERE B L] 5 = YaE
P W F T g RN LR < - ERE i‘jfu’ﬂz’q DEdr e AT , o 5‘){;\%,\‘1?55’_'7;‘,," 4 NESIN

" - P T v et B o . . PR P

. . . LT



- & Compi‘ny. San Fransisco '
168- Nicholls, P. & Hnlderbrmdt W. (1978) Biochem. J., 173. 65.
169- Johnson, M, K., Eglinton, D. G,, Goodmg, P. £, Greenwood, C,

Thomson, A. ). (1981) Biochem. J, 193, 699.

. 2
170- Fuller, S. D, Capaldi, R. A. & Henderson, R (1979) J. Mol. Biol,,
. 134, 305. ) — ‘
? 171 Capaldi, R. A, Malmatesta, F. & Darley-Usmar, V. M. (1983)
_ Biochem. onphszActa 726, 135. |
& 172- Qgura, T, Sone, N, Tagowa K & Knagawa T (1984)
s " onchemlstry, 23 2826 X
o, _173- Kornblatt, . A, Lu'H. A, (1986) Eur. J. Biochem., 159, 407.
N | 174- Weerman, E. C. I, Wan Leeuwen Jw. LVan Buuren,K.J. & ;
o Van Gelder. B. F. (19"' 2) Biochem. Biophys. Acta, 680 134. . y

il

175 Sinjorgo, K. M. C, Mejlin, ). H. & Muqsers A. 0 (1984) Biochem.
Blophys Acta, 767, 48. ’

176- Capaldi,R. A., Darley-Usmar, V.M., Fuller S.D. & Miller, L(l982)

>

 FEBSLent, 138,1. . : <
177- Dxckerson R E, Timkovich,R. & Almassy.] (1976) ). Mol.
, Biol, 100, 473. S
178- Millett, F., De Jong, C. Paulson, L. & Capaldi,R. A. (1983)
 Biochemistry, 22, 546." |
o 179- Naqui, A., Kumar C Ching. Y.C, Powers, L. &Chﬁnce, B. (1984)
L | onchemxstry, 23 6222.
I 180- Madden, T D, Hope, M. J & Gullm P.R (1983) Biochemistry,

[




. 122
~ . \ - ,
22, 1970. -
N 181 Thom )son D.A & Ferguson-Mxller S (1983) onchemstry,
.22, 3178. 4 .
'182- Wemtraub S. Muhvbarac,B B. & Wharton D C. (1982) :
JBnol Cheni, 257, 34940.
:_t83- Maroney, P. M., Séholes, T. A. & Hinkle, P. C (1984)
Biochémistry, 23%991 , . 7 )
184 §.mlorgo K.M.C, Steven H. S N., Dekker, H. L. & M'ulsers A. 0

(1986)‘,Bnochegn. Biophys. Acta., 850, 108. >
185- Kornblatt, J k:(1977) .Can. | Biochem., 55, 458.
‘,”}86w Nxcﬁs P. & Shaughnessy,s (1985) Biochem. J., 228, 201 L
‘187- Robmson N.(1982) Biochemistey; 21, 184.
188~ Millet, F., Darley-Usmar, V.M. & Capaldx RA (1982)
_‘,» onchemxstry. .21, 3857. - - ’
189- Bisson, R., Jacebs, B & Capald1 R A (1980) B’xochemlstry,
19 4173
: 190 Papa S., Lorusso, M. Capuamo N & De Nmo E. (1983) FEBS Lett.,
157 7. '
191- Veerma‘n ECI, Wums j Gasteleqn G. & Van Gelder, B.F.
' (1980) Biochem. onphys Acta,, 590, 117. -,
192- Brooks/ S.P.). & Nncholls P. (1982) Biochem.: onphys Acta.
680, 33, |
193- Hill, B.C. & Greenwood C. (&84) FEBS Lett., 166 362
194- Anfalis, T. M. & Palmer, G. (1982) J. Biol. Chem, 257, 6194,

@

PR T Ty Lt - ST THYRCIIME A et T
WhRE e T P3RS .
. 5 LA

My, -



. 123

195- Malmstrom, B.G. & A;adreason. L. B. (1985) ). Inorg. Biochem.,
©o23, 83 - o ’
196- Brautigan, D. C, Ferguson-Milter, S., Tarr, G. S. & Margoliash, E.

(1978) J. Biol. Chem., 253, 140. "
197- George, P. (1965) The Fitness of Oxygen in Oxidases & Related
Redox Systems (ed. King, T. E., Mason, H. S. & Marison, M.) , vol. 1,’
. John Wiley, New York, pp. 3-33. '
198- Brautigan, D. 1., Ferguson-Miller, S. & Margoliash, E. (1978)
). Biol. Chem., 253, 130. |
199- Leeuwen, j W. (1983) Biochem. Biophys. Acta,, 743 408."
200- Mathew, J B., Webber, P.C., Snlmeen FR & Rxchards F. M.
(1983) Nature, 301, 1
201- Thomson, A. ], Greenwood, C., Cadsby,P. M. A., Hiil. B.C &
Nicholls, P.' (1985) °). Inor. Biochem., 23, 187.
202- Devaux, P. F. & Seingneurert, M. (1985) Biochem. Blophya
~ Acta, 822, 63. E ﬂ
503- Ludwig, B. (1980) Biochem. Biophys. Acta., 594, 177.
204- Poole, R. K. (1983) Biochem. Biophys. Acta., 726, 205.
205- Georgevich, G., Darley-Usmar, V., Malatesa, F. & Capaldi, R.
© (1984) BiocHlemistry, 23, 1317.
206- Hare, ). F, Ching, E. & Attardi,G. (1980) Biochemistry ,
19, 2023. o
207- Buse, G & Steffens, G.). (1978) Hoppe-Seyaren LPhyml
Chem., 359, 1005.

t.




e ) ' ‘ 124

;

208- Enzyme Structure and Mechamsm (2nd ed.) Alan Fersht, lmpeml
Couege ofScnehce and- Technolosy, London, 1985 byW H. Freeman
and Company op. 155-170. _

209- Bisse, G.(1987) Eur. ). Biochem,, 164, 295. -~

o 210- Milar, F, Wrigglesworth, ). M. & Nicholls, P. (1981) Eur.}.

| Biochem., 117, 13. | ]

211- Gregory, L.C. & Ferguson-Miller, S. (1988) Biochemxstry 27, 6307.

212- Smnh L. & Conrad, H. (1956) Arch. Biochem. Bnophys 63 403.

213- Smith, L. Davis, H. C,& Nava M.E (1979) Biochemistry 18.3140.

T A ST T LT . gt
AL .
" L -
~ 1

. .

+

Ry a7t .
i i s e
Pt g A et b Tl




v

" APPENDIX [1]}
cyt.‘ ¢ox.+CN- _____. cyt. ¢ ox.- CN

S
fcyt. ¢ ox.- CN) '
Kco = 106 or more (Ref. 170)

[cyt. ¢ ox.] [CN-]

co = complex

[*] [CN]
Ka=——47.2110-10

[HCN]

&

cyt. cox. concentration = 5 uM in heme a a3~ 25 uM

Total cyt. cox. = [cyl. ¢ ox,) + fcyt.cox.-CNJ= 2.5 x 10-6

Total CN- = [HCN] + [CN-] + [eyt. ¢ o1.-CN] = 10-3

Assuming a complete conversion of cytochrome ¢ oxidase to cyt. ¢ox.-CN

complex; _
cytgor-CN=25110"6 -

(H*] [CN]

[HCN =

721 10-10

Final cyanide concentration in the reaction tube = 10-3

-

(A)

(B) -
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AL pH 8 [CN-] - 2106, atpH 6 [CN]= 21 10-8 and at pHS
[CN-] = 21 10-9 | ,'
Free cytochrome_c oxidase can be caiculated from equation (A)
atpH8 cyt.cor=106 -~
atpH 6 cyt.coxr. =104
~atpHS cyt.cor=10"3
at the same KCN concentration as pH is lowered one unit, CN- present in
: ’@e solution decreases ten fold; whereas free cytochrome ¢ oxidase
’ ihcreases tén fold. As it has been shown in acidic solutions, pH ¢< 6 the . ( ‘

- [CN'] is nearly zero and no complex ion forms (167).
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