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THE MEMBRANE ORGANIZATION OF CYTOCHROME c -OXIDASE
Maurice Scott Swanson
Membrane-Bioenergetics-Grouh
Lawrence Berkeley Laboratory
Department of Pﬁ321ology -Anatomy

University of California
Berkeley, California

ABSTRACT -

The membrane organizatton of mitochOndria1 Cytoehrohe ¢ oxidase, and
the role of 1ntracomp1ex, 1ntercomp]ex, rotat1ona1 and 11p1d versus
protein mot1on to that organ1zat1on, has been 1nvest1gated by am1no
acid chemical modification and‘electron paramagnet1c resonance.

Crosslinking of phrified and resonstituted cytbéhrome-g_bxidase end
mitochondria with biimidates, in the presence and absence of cytochrome

C, has been used to investigate oxidase subunit interactions, and

“whether cytochrome ¢ mobility is required for eTectron transport

activity;vBiimidate_treatment of oxidase induces crossTinkage between

.a]1 of the oxidase protomers except subunit I when >20% of the free

amines are modified. Steady—state activity is much more inhibited by

biimidate than mono1m1date treatment Transwent k1net1cs of ferro-

: cytochrome a reduct1on 1nd1cate 1nh1b1t1on resu]ts from an effect

on heme a to a; electron transfer. Crosslinking between oxidase mole-
cules to form large aggregates displaying rotational correlation times
>1 ms does not affect oxidase activity inhibition.

Cross]inking'bf mitochondria results in the covalent coupling of

‘cdmplexes'ggq-and'ggs_with cytoehrome éﬁ and inhibits steady-state

bxidase‘activity more than in the case of purified:oxidase. Addition
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of cytochrome g_fo'the puriffed oxidase of to c-depleted mitoplasts
fncreases the extent of activity inhibition by biimidates slightly.
Cytochrome ¢ oligomers formed by'bfimidate treétment act as competitive
'. inhibitors of native c, however cross11nking‘of-cytochrome c to c-
depleted mitop]asts}or purified oxidase results in a catalytically ‘
inactiVe'cohp]ex. |

The rotatibna1 mobiTity of spin-labeled oxidase in purified form,
and incorporated into Tiposomes, waé'a1so studied'to gain information
on the membrane organization of oxidase. A rigidly attached maleimide
'spin Tlabel permitted the measurement‘of the protein's overall rotation-
al mobility by saturation trahsfer'e]éctkon paramagnetic resonance. A
Tongfchain maleimide spin label was used to detecf the fluidity of the
1ipid hydrocarbon regionvadjacent to the'protein by conventional EPR.
‘Oxidase activity and_cytochrbmevg_binding were»not'affécted by labeling.
Reconstitufed mémbrahe-vesfc]es, cohtaining functionally incorporated
enzyme(as indicatéd by high e1ectron'transport'acthity and respiratory
control), were prepared byreither sonication or.cholate dia]ysis,lﬂne
'méthod offpreparing the purified enzyme resulted in a high degree of
pfotein rotatiOna1»mobility at 4°c both in the purified detérgent- »
vsolubiTized enzyme(effectivé rotétibna1 cbrre1ati§n fime of 100 ns) and
in reconstituted.membranes(cdrre1ation time of 40 us). By contrast;
anotﬁer purificatfdn procedure resu]ted in 1ittle or no sub;mi11isécond_
protein rotational mobility both in.purified form ahd in reconstitufed
| membranes, sﬁggestingvthe preseﬁce df large protein aggregates. Thus,
the state of aggregation. of cytochrome oxidase'fn'membranes appears to

depend on the state of‘aggregation prior to reéonstitution. The mobile
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~ and immobile enzymes had the same high activity.

In both.reconstituted preparations the bulk of the 1ipid was quite
fluid at 4°C, as probed by a free fatty acid spin label. The Tipid

hydrocarbon region adjacent to the protein, as:probed by the Tong-

‘chain maleimide spin label, was ‘also quite fluid in the membranes con-

taining mobile enzyme;,but was strongly immobilized in the membranes

containing immobile enzyme.

These findings have led to a model for the struéture and membrane

- organization of tytochrome oxidase, and the role of cytochrome c

rotational and/or translational motion on the mitochondrial inner

membrane surface.
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INTRODUCTION

‘Aerobic cells derive the energy essential for the maintenance of 1ife

from biological oxidation reactions. The most common of these processes

'_are dehydrogénations utilizing molecular oxygen as an electron acceptor.

In eukaryotes, these substrate oxidations are catalyzed by aérobic

dehydrogenases, or oxidoreductases, which are positioned within the
mitochondrial inner membrane as a series of reduction-oxidation

complexes of increasing‘midpoint potentia]..Since these enzymés which

comprise the electron transport chain are integral membrane proteins

their diffusion is Timited within the plane of the bilayer, énd yet
e]ectron transport; which involves the'dynamic interaction of redox
centers positioned‘within these catalytic compTéxes, is an éxtreme]y
efficient and regulated process involving not only electron transport

and transhydrogenations, but a1so'phdsphory1ation of ADP. Knowledge -

- about macromolecular dynamics of mitochondrial inner membrane components

is thus essential to understanding how cells derive their energy by
substrate oxidations.
This dissertation is a study of the terminal oxidoreductase of the

electron transport chain(ETC), cytochrome ¢ oxidase. The rationale of

- this project is that since cytochrome oXidasé’has been postulated to be

a central control point of electron tranqukt(1-3), and sinte it is the
only enzyme complex which reacts_With‘both.oxygen and the only water
soluble(peripheral) protein of the ETC, cytochrome ¢, information about

how motion within the cytochrome oxidase éomp]ex, and between it and

,othér ETC components, might prdvidé an“inSight into how spatial ré]a-
tionships within ahd_between the comp]éxes cou]d modulate electron flow |

“down the chain.



2,
In the present investigation, we hévevattempted,td describe the types
of motion which occur within cytoéhrome c oxidase by chemical modifi-
cation and electron spin résonance(ESR)vstudies, Moreover, it has been
possible to not only define rotational mobility parameters of the oxidase
complex diffusing in various environments by Saturation transfer spin
resonance techniques, but also the relative motion between protein and

1ipid withinvthe complex by conventional EPR.
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- 'BACKROUND

Why Cytochrome ¢ Oxidase ?- Photosynthesis, the biochemical process

.which‘converts.1ight energy into potential chemical energy, results in

the evolution of oxygen by the following process:

COZ + 2H20 >{CH20}n + H
The oxidizing power of this evolved oxygen may be:expkessed in terms of
the standard'potentia]‘of the.réaction:

- o _
/02 +e +H <—————— 2”20 . _ (1-2)

At pH 7 O th1s potent1a1 va]ue is +0.820 V(7). The ava11ab111ty of

molecular oxygen, which is a re]at1ve1y stable and strong oxidant, is .

: then'uti1ized for the procésé of electron acceptance in eukaryotic

mitochondrial electron tkansport

.As Fig. 1 111ustrates the reduct1on of mo1ecu1ar oxygen to water
must proceed via a one electron step to superox1de ‘a reaction wh1ch is
not thermodynam1ca11y favorable s1nce the standard reduct1on potent1a1

is -0.330 V(2). This disfavored one-electron step is the reason that

‘molecular oxygen is relatively chemically inert, and does not,spontan-

“eously transform into watek. Therefore, in order for oxygen reduction

to occur either a relatively large amount of energy must be utilized

- as a driving force or a two-electron step to peroxide must occur. Another

reason-for the chemical inertness'of-dioxygen concerns its atomic

structure 1n that although dioxygen has an even number of e1ectrons,

_1t is paramagnet1c since its two h1ghest .occupied mo]ecu]ar orbitals

each conta1n an unpa1red e]ectron React1ons 1nvo]v1ng molecular oxygen
and peroxide or ox1de which are not paramagnet1c, are forb1dden since

spin reversal must occur. However, if mo1ecu1ar oxygen is allowed to

interact with the paramagnet1c-center,of a transition metal, which then



Fig. 1. Conversion of molecular dxygen
to water:standard oxidation-reduction pot-
entials. The 1argé arrows refer to pathé

ways which involve one-electron steps.
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actsvas a.reaction catalyst, theﬁ reduction to water één bccur.
Cytochrome c oxidase therefore performs three essential functions
in its mediation 6f mo1ecu1ar oxygen reduction. Firét,_it is respohsib]e
for circumventing the restriction imposed-by‘the oxygen molecule in
vreducing dioxygen to water. Secondly,_it a11ows‘de11very of oxidizing
equivalents from the high oxygen potential to‘an acceptor of suitable
potential in order not fo release energy all at once. Thirdly, it couples
the energy transformation of a reduction;oxidafioh potential to a
phosphate potential for the synthesis of ATP:

2ADP + 2Pi ————> 2ATP + 2H,0 o (1-3)

2

| ~ where the phosphate potential is'defined as:

_{ATP}

_ o)
AGp= A6, * RTIN —A55y7p7T

(1-8)

Protein and Lipid Components

The electron transport chain of eukaryotés fs composed of four
oxidation-reduction complexes, designated‘as complexes I-IV, which
contain protein, 1ﬁpid,transition metals, nucleotides, quinones, and
labile sulfur(3-6). Table I defihes the compTexes in terms of‘the type
and quantity of their constituehts, however it is not possible presently
.fo‘fully characterize the membrane displacement of the complexes in -
relation to one another. The simp]e'COnceptAthat the e1éctron transpdrt
'complexeé are arranged in a linear sequence of increasing midpofnt
potentia1(7) has evolved into a more c6m1icated,'but not'necessarily
more accurate; view of the complexes as being relatively randomly
.distributed and even self-aggregating assemb]ies(B).’For iﬁstance,v

Héckenbrock and Hammon(9) , have demonstrated by using ferritin-labelled

&



Table i -

‘Oxidation-Reduction Components of

The Electron Transport Chain

- Complex __Enzyme Components Concentration
per mg protein
I NADH:ubiquinone 10  Flavin mononucleotide 1.4-1.5 nmol
' -oxidoreductase non-heme iron 23-26 ng atom
(1.6.99.3) labile sulfide 23-26 nmo1l
ubiquinone ‘ 4,2-4.5 nmol
Tipid 0.22 mg
II succinate: Flavin adenine 4.6-5.0 nmol
ubiquinone 10 dinucleotide -
- oxidoreductase non-heme iron - 36-38 ng atom
(1.3.99.1) “labile sulfide 32-38 nmol
: cytochrome b 4.5-4.8 nmol
Tipid 0.2 mg
IIT ubiquinol: . non-heme iron 10-12 ng atom
: cytochrome ¢ - Tabile sulfide - 6-8 nmol
~ oxidoreductase ubiquinone - >2 nmol
(1.10.2.2) cytochrome b 8.0-8.5 nmol
cytochrome ¢ 4.0-4.2 nmol
lipid : 0.4 mg
IV - cytochrome c: cytochromes aay 10.5-14.0 nmol
oxygen - copper : 11-12 ng atom
oxidoreductase 1ipid - 0.02-0.4 mg
(1.9.3.1) ' ) o

Combiled from information in Reference (4).



and affinity-purified IgG immunoglobulins monospecific for cytochrome

_ oxidase that approximately 2000 cytochrohe g_oxidase bihding sites
exist dn the surface of the inner membrane'which contains an average |
of 17,000 oxidase mdnomers. This 1mp1ies-that'since the active unit of -
oxidase is a dimer,‘at least when it is 1soiated, that tetramers or
'higher’oligbmers of these dfmeric Qnits éommonly occur in vivo.

Pkevious]y, a structural COncépf of the energy transducing membrane
of mitochdndria based upon the distribution of particles detéctab]e
by freeze-ffacture e1e¢tr§n.micr05copy suggested tﬁat'particle dist-
ributioh»was not'onTy asymmetriC-bUt that particles, assumed to be
protein, were immersed in a 1ibid"sea'(10)(Fig. 2). This model is an
adaptation of the fluid mosaic-modéT»of membranes as popularized by
Singer and Nico]sbn(11), By contrast, Sjbstrand and cbwquers(12,13)
have produced evidence thaticristaevmembfanes contain densely packed
protein, suggéstihg that the inner membrane of hitbchondria may be
highiy'vfscous. In this 1atter model apposed cristae membranes contain
a smé11 amount of bilayer and an enormous'concéhtration of protein
somewhat similar to a 'brick wa11"whére the ‘bficks', or:protein,
are interspersed with 11bid"mortar;(12). This question of'the displace-
ment of protéins in the inner mitochbndrié]-membrane has hot'yet been .
resolved. | , | _

Within thé inner membrane, cytochromé oxidase as the termiha] enzy-
matic componenf is positfoned so that it can accept electrons from
feduced cytochrome g!and donate them to molecular oxygen(Table I).
Cytochrome g_bxidése is thus a transmembrane and o]igomeric enzymatic
complex consisting of 6-10 polypeptides, twp copper atoms, two a-type

hemes and Iipid(2-40%,>by weight)(14). The cytochrome oxidase complex



| Fig. 2. 'Mitochondrial particle distributions

as detected by fkeeze-fracture}e]ectrdn micro-

graphs df inner and outer membranes, after Packer

(10). The diagramfwas constructed from represen- .

tative replicas of half membranes created by -

the freeze fracture technique(used by permission).
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s 1arge with dimensions of 52 x 60 x 85 ﬂ, and can on]y‘be remoVed

from the mitochondrial membrane by detergents(15).

TabTe I1 lists the molecular weights of the oxidase polypeptide

“subunits détermined‘by'Swanson et al(16,17), and the range found in

the literature. Since the polypeptide weight of complex IV equé]s
122,500 and the average lipid content is 0.2 mg/mg'protein then the

average monomer of the enzyme, assuming no subunit duplications occur,

. should have a molecular weight equal to 147,000. The only reported

case in which the enzyme has been found to exist in an active form in

~this molecular weight range is (31), although in our hands this pkep—

aration only,retains_10% of its original activity. Therefore it appears

that the isolated cytochrome g_oxidase complex tends to be a self-

aggregating system, and'thét'at lTeast dimerization is required for

efficient electron shuttling.

‘Table 11 a1sO summarizes what is known about the structure of each

of the oxidase subunits and their disposition in relation to one

another and to the,membrane, Table iII;]ists the amino acid composition

of purifiéd oxidase -and who]e'mitdchbddria. Table IV illustrates the

variation in the Tipid cqntent.Of purified oxidase and whole beef

'_heart.mitochondria.'lt is important to note that the negative phospho-

lipid, diphosphatidyl 91ycer01(DPG), is,a'majorAcompohent of isolated

oxidase.

”Cytochrome10xidasefHemes‘and'Copper-Atoms-» Anothef aspect of

cytochrome oxidase structure concerns the prosthetic groups, hemes g_'

and ga,.and the relationship of the iron within these structures to the

copper atoms 1in the'compTex. Fig. 3 shows the.chemica1-structdre of

heme a; heme a3 pos$ib1y differs only in the fact that it is positioned
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Table I11
Amino Acid Compositions of Beef Heart Mitochondrié and
Purified Cytochrome g;Oxidése
Purified Cytochrome Oxidase Chymotrypsin-

Amino Acid  (heme a}=11.5% "{heme 2)=10.5° oxidase® _Mitochondria®
Lysine ’ 28 | 39 25 435
Histidine 20 30 20 150
Arginine 21 31 17 310
Aspartic Acid . 52 60 41 562
Threonine 51 53 40 364
Serine 53 54 31 396
Glutamic Acid 52 60 40 686
Proline 48 46 35 339

~ Glycine 53 59 46 580
Alanine 55 62 46 628
Cysteine 7 7 7 70
Valine 5 51 39 482
Methionine 13 35 35 181
Tsoleucine 0 43. 37 396
Leucine 79 87 . 64 654

" Tyrosine v29 ' 33 .23 188
Phenylalanine 43 | 47 38 303

' ; 63 59 . 507
Tryptophan 27 30 27 . 77
Ethano]amine - - - 148'

“Total Residues® 716 g27 601 - 6801

~3Ref. (32) bpet (33) CRef (34) dpased on per mole heme_g
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hqmc_m IV

v:omusoidnaa Content of Beef Heart Mitochondria and.

‘Preparation

vcsgﬁdma Cytochrome c oxdammm

DPG

Extraction’ vxonma:1m " PE. PC ~ PI others
Mitochondria Chloroform-Methanol® 16 31 37 10 5
Alkaline b
Chloroform-Methanol 18 30 38 5 9
. m:nkam Type
Cytochrome ¢ (Isolation ow&msum:wv
Oxidase Membranous : C
(Triton) 50.4 13.4 30.1 - 6.0
.rﬂu*a-ﬁﬁmmn
(Triton) 73.0 - - - 27.0
zmscsmsocma , :
Aooo & o:oamﬁmv 30.0 30.6 32.0 - 7.0

“Ref (35)  CRef (37,38)

d

bref (36)  YRef (39)
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Fig. 3. Thé hemésvof cytochrbme oxidase.
a) The chemical structure of the prosthetfc
group'bf cytochromes bf.c1ass A(héme a).
b) Absorption spectra of'oxidiied, reduced,

and CO-Tiganded cytoéhrdme ¢ oxidase.

‘The aa, concentration in the cuvette was

10 M.

15.
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in another region of the enzyme and 11gands CO and oxygen, among others,
~and thus can be spectrophotometr1ca11y d1st1ngu1shed

Ke111n:and Hartree(40,41) first postulated the existence of two types
-~ of hemes in cytochrome oxidase on the basis of visible spectrum changes
induced by cyanide and CO. Since then it has been possib]e‘to demonstrate
.that both components 1igand in a 1:1 moIar ratio to cytochrome aga e
(42444), and therefore only one of the_hemes'must bind these ligands.
Neither the hemes'nor'the copper atoms of cytochrome oxidase are
covalently Tinked to the proteln and are released when the enzyme 1is
‘disrupted by strong detergents or organic so]vents(14) Fig. 3 shows
the absorpt1on spectra which are obtained for the oxidized and reduced
enzyme;-and also when' CO isj1iganded to heme §3 wherevthe absorption
max imum wave]ength in the Soret region shifts from 445 to 428.5 nm.
Studies by wilson_and COWOrkers(45,46) on hydrated and‘oriented multi-
1ayers ofv'membranoué'dcytochrome oxidaee and whole mitochondrial
membranes'have indicated that the hemés-are oriented 1n.both syetems.
w1th the normal. to the heme p1ane 1y1ng approx1mate1y 1n the membrane
'plane

Qytochrome Oxidase: M1dpo1nt Potent1a1s— Another aspect of both hemes

and copper atoms of cytochrome ox1dase‘1s that they haye characteriétic
| han-reduction or midpoint potentials. Potentiometric titrations, based
upon the absorption of the hemes;-yie]d'reddction-OXidation potentia]s’
for these various components. Wilson et a1(47,48) have concluded from

" these studies that two separate-one electron acceptors exist in the
ox1dase comp]ex which differ in m1dpo1nt potent1a1(E 2) by 150 mV.
Qytochrome a is def1ned as the 1ow potential heme with an E m7.2 =0.210 V
~and cytochrome a3 as the h1gh potent1a1 heme with an E m7. 2-0.385‘V.



- Cu

The low potential copper, which is detectable by various physical meth-

ods, has an Em7.2=0’245 V, and the so-called invisible copper has an
Em7.2=0'340 V. These workers suggest, on the basis thétvthe extinction
coefficient of cytochrome a is increased when heme a; binds CO, that
heme-heme 1ﬁteractions on]y-océur when Heme §3'is 1jganded(49;50).
Malmstrom(51), however, has obsekved théf'the assignment of the high
and Tow potentia]s to heme é_énd 33> respective1y; is somewhat arbitr-
ary, and that the two hemes méy hot,reside in two different environ-
menté.ﬂNeverthe]ess, it does abpear thét reduction, or oxidation; does

proceed through two iron-copper pairs with.one at high potential and

one at low potential(2) in the cytochrome g_oxidése complex. It should

also be noted that conclusions about the relationships between the
' are o
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jron and copper in these pairs/,at present, unjustified since the oxidase

complex is a highly Coéperative system and the intrusion of one electron

into this system may'Strongly perturb the eiectron affinities of the

other electron active centers.

Cytochrome Oxidase:EPR- Electron spin fesonance signals from cyto-

chrome c oxidase results from the oxidized iron and copper moieties,

Fef3 and Cu+2. Cu+2 yields an intense and sharp EPR signa] at g=2 in

both model complexes and in‘oxidase. The copper signal of purified

oxidase can be due to adventitioUs]yfbound'Cu+2, which is. possibly a

Type 1 or tetrahedrally-distorted coordination, and integrally-bound

+2, which is poséib]y Type II or rhombohedrally-distorted. This

inherent copper signal, Type Ii, is not_remeed by chelating agents

(52), and ndt_saturab1e~at ke1ative1y high microwave poWér(53){ It was

noted quite early that.only'40%'of'the-tbta1 Cu+2 which is observed
chemically(54) was EPR detectable(55), and it now appears that 80%



of the signal from one Cu+2 and none from the other copper is disting-
uished by EPR(56) This EPR invisibility probably arises from inter-.
act1ons between copper and other ox1dase metal centers which wou1d
be expected to quench the total copper signal.

Oxidized iron, Fe 3,'1n cytochrome oxidase is characterized by a
major EPR signal at g=3 with minor compohents ét-g=2.2 and g=1.45. |

Because of the Tine width of the iron signal, and its partial place-

- ment under the cbpper‘signa], it isAdifficu]t to quantitate this signal.

Once again, the total intensity of the Fe+3'signa1lis only 40% of the
chemically observable iron(56), and thus the Tow signal intensity of

1bw spin'Fe+3

mUst be due to interaction with anethef paramagnetic:
center; This type efvfnteraction is poor]y understood a1though heme-
hemevand heme-copper interactiohs-heve been suggested(46) . |

Several investigatorsvhaVe attempted essignments”of the EPR‘detect—
able iron and copper'to cytochromes g_and as. During reductive titra-
tions the Tow spin signal.at g=3 disappears, with a corresponding mid-
point potential of +0.340 Vi0.0Z V(57), and a high spin signal at g=6
appears. The high spin‘signa1, composed‘of at least one axial and one

- rhombic species, is maximized in the half-reduced enzyme and it dis-
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appears upon further reduction with a midpoint potential of 0.210+0.20 V.

Some controversy exists esrto»how the signals should be assigned.

| Wilson and Leigh(50) have 1nterpreted this signal modification iﬁduced
by partial reduction as'befng indicative of the g=3 signal belonging

- to heme"a3 since the low spin signal-disappears togetﬂer with'the

" reduction of the high potent1a1 component(47) Hartzell and Beinert

(57) suggest that the spin state of cytochrome a changes with the redox :

state of cytochrome gs,»That_imp1ies that cytochrome a is Tow spin
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when a, is oxidized and high spin when ag is reduced, and that the a3

'is EPR 'invisible'. Recently, Beinert and Shaw(58) have shown that if

the enzyme is fully reduced in the presence of an equimolar quantity

~of cytochrome c then anaerobic reoxidation by ferrocyanide or porphyrex-

ide results in simultaneously intense high and low spin heme signals

~at 0.1-2 s after mixing. These investigators have shown that about

80% of the total heme can be detected under these conditions. In
addition, 70-100% of one heme, represented by‘the low spin, and 60-70%
of the other heme, represented by the rhombic high spin signal, can be
accounted for as well as 8-20% of one heme being‘present in the axial

high spin signal. This work implies that, although the Tow spin signal

- can still be assigned to cytochrome g} the rhombic high'spin sigha]

must be attributed to cytochrome a,.

Cytochrome ¢ Oxidase and the Electron Transport Chain:Function-

- The e]ectrbn<fransport chain is situated within the inner mitochon-
drial membrane such that it can'accept_réducfng equiva]ents, in the
fofm_of NADH, succinate or any of the other reducing substrates, which
creates electron flow down.a pofentia] gradient with molecular oxygen
being the final electron acceptor. Table V Tists the various natural
and artificial enzymatic reactions which the oxidation-reduction |
complexes, I-IV, catalyze. We are interested in'reviewing the reaction
which cytochrome ¢ oxidase catalyzes'prinéipa11y because we will be
analyzing a1teratiohs‘of this'éctivity by various'protein}chemica1
modifiéation'reagents.'Cytochrome ¢ oxidase is thé terminal oxidase

pf respiratory metabolism in allveukaryotic and some prokaryotic

‘organisms and catalyzes the reaction:
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Table V

Redox xmmOﬁdo:m Catalyzed By The Isolated Respiratory noatdmxmm

Comp lex Reaction nmﬁmdema _ >0ﬁ4<dﬁ< _ Conditions

I - NADH-»ubiquinone-1 : 25 <smx with respect to
NADH-ferricyanide 685 acceptor concentration

11 . Succinate»ubiquinone-2 50-55 .
Succinate-PMs(DCIP)® 50-55 v with respect to

T {PMS}

IT1 Reduced ubiquinone-2- , .
cytochrome ¢ 300-500 -

v | Ferrocytochrome mWow , , 140-180 infinite {cytochrome nw

by mXﬁsmuodmﬁdos of rates
measured 1in range of 10-
30 uM ferrocytochrome c

Ascorbate + TMPD +

ferricytochrome c»

ﬁmxxoozﬁon:1oam,mwOm 400 nodmxooxmv:do smmmmﬁmsm:ﬂ
: electrons/s  in 67 mM KH,P Opﬁ

50 polarographic smmmcxmsm:w
nmoles.0,-min in 25 mM Tris-acetate (25°C)

>ndd<4ﬁ< is mxnsmmmmm as umoles of substrate oxidized, mxo:m:@ma or :kaxodwNma per min
per mg protein at 38 C except c) & d).

cvgw. phenazine methosulfate;DCIP, 2,6-dichloroindophenol
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+2

4 cyt. ¢ 3

4 B+ 00— foyto A 20 (1-5)
The only known'e1ecfron.donor for ferricytochrbme ¢ oxidase under
 physiological conditions is ferroéytochrome c, although the enzyme is
also reducible by dithionfte(59), NADH(GO), éscorbate(Gl), énd dichioro-
hydroquinoné(62). We_w111’feview how the reactioﬁ of both dioxygen

‘and cytochfome ¢ with cytochrome oxidase results in net e]ectron»
transfer, | |

The Cytochrome c-Cytochrome 0xida§e'ReaCtion:Cytochrome ¢ Binding

Properties- In order for ferrocytochrome g_toidonate an electron to
thé:oxidase complex it must first bind to the active site on the
enzyme. Howéver, since the 1ﬁteraction between ¢ and aay is primarily
e]ectrostatic(63) this presents a conceptual difficulty since the
inner membrane surfaceipossesses net negatively-ﬁharged lipids and_
protein moieties. Howevér, this apparent baradoxlis resolvable because
_of the heterogeheity.qf these negatfve]y-charged lipid and protein
,binding sites. In other words,.the enzyme possesses a certain comple-
ment of eXtréme]y high affihity binding site(s) and a multitude of
Tower affinity sites. The association-dissociation reactioh is then

possibly mediated by the redox state of cytochrome oxidase:

k g K .
E+ S<___1_?E-S or_gf2(+3) + §g3;~l—>gf2(+3) -'gg§f2’+3) (1-6)
ok :

K .= ._____-_1__._

Unfortunately, both ferro- and ferricytochrome ¢ also bind small anions
‘and cations(64-66). Studies on the solution electrophoretic properties
of ferricytochrome c(64) indicate that anions bind to both regions of

high 1ysine and arginine density on the g!mo]ecu]e in the order(at pH



6;9): |
phosphate>chloride>iodide>sulfate>cacodylate

Some of thesé anfons, such as phosphate, are bound so tightly they are

only removed by e1ectrodia1ysi§(64), For instance, the Kd(apparent) of

PO, | |

Ions such as ch1or1de actua]]y distinguish the cytochrome ¢ redox

H is 25-100 uM, while chloride 15 50-100 uM(67,68).

2
state in that they preferent1a11y bind to either the ferrous or ferric
- forms while others, such as phosphate,‘b1nd with equal affinity(65).
Obviously then buffer ionic strength becomes very'important in deter-
mﬁning the binding affinity of cytochrome c for ions, Iipids; and
proteins. | | |

Margb]iash and'coworkek$(69) have utilized this facet df‘cytochrome
¢ binding to stUdy the binding kinetics of various eukéryofic cyto-
chromes ¢ to purified;and'Keilin-Hartree particle cytochrome c oxidase.
They haye shown that at Tow ionic strength in cacodylate buffer,
cytbchrdme.g binds ﬁo-purified oxidase in an approximatély 1:1 molar
ratio, and this complex is not‘dissociated by gel filtration. Asso-
ciation and dissbciation"of ¢ from its high affinity okidase'binding

site does occur(70) however with time, and this can be expected to

24,

1ncrease the number of c molecules wh1ch rebind random]y to 1ow aff1n1ty

.s1tes. Definition of these high and low affinity sites in terms of
whether they are composed of 1ipid and/or proteih is not presently
-possib]e,’however Van Gelder et al(71) have suggested that the high
affiﬁity site is surrounded by negative charges and buried within the
complex'since the enzyme is not reduced, in the abséncelof éytochrome"'
" ¢ which is reduced readily, by hydrated electrons. Koppenol et al(72)

have calculated the electric potential fields around ferri-and ferro-



cytochrome ¢ and have suggested that the c¢ dipole is attracted and then
forced to align in the direction of the electric field vector which
points into cytochrome oxidase. |

- Binding Domains._of Cytochrome c on Cytochrome Oxidase- Recently,

the cytochrome ¢ domain which interacts with cytochrome oxidase with
extremely high affinity has been defined by Margo]iash and coworkers
(69,70), and has been mapped to fhe left of the upper ha]f,of the
exposed heme edge with the center of contact at the g-carbon of phenyl-
“alanine 82‘>This delineation of the molecular arrangement of cytochrome
¢ with respect to its h1gh affinity b1nd1ng site on the ox1dase was
poss1b1e not on1y because of the ava11ab111ty of monocarboxyd1n1tro—
‘pheny1 der1vat1ves of lysines 60, 39, 22/99, 27, 8,.87, 72, and 13 of

- the cytochrome'g_mo1ecu1e(73), but ajso the development of a kinetic
assay which allows the calculation of a disSociation constaht(Kd)

for different poou]ations of chemica]]y.modified molecules based upon
the finding that TMPD and ascorbate, but not ascorbate alone, are able
to reduce ¢ bound to its high affinity-site(Kd=0,03 uM) at'1owvionic
strehgth in fhe abeence'of po1yva1ent dnions whfch bind to the 4
molecule, such as phosphate

Cytochrome ¢ Binding to L1p1ds- Cytocthme'g:also,binds avidly to

negatively charged 1lipids. For instance, c will bind to.1ip1d vesicles
composed of 80% phosphatidyl cho1ine'ahd 20% cardio]ipin in 15 mM KC
(pH 8.0) w1th a Kd~200 uM Since the Tow affinity s1tes, as determ1ned
by the prev1ous1y descr1bed method(70), have a Kd:1 uM these will bind
quantitatively more c, however this Tipid aff1n1ty does affect the
EadieQHofstee-Scatcharo analysis(this thesis) of both the high and

Tow affinity sites.

25,



26.
Brown and Withrich(74) have investigated the binding of ferricyto-
chrome c to 1:4 cardio1ipih:phosphatidy1 choline sing1e b11ayer vesicles

by ]H and 13

C_NMh combihed with EPR detection of a spin probe covalently
attached to the g_mo]ecu1e‘at methionine-65. The vesicles were approx-
imately 300 R}ih diameter both invthe absence and'presence of the'
protein. They discovered that the binding of cytochrome g!affects
phospho]ipid_distributton within:the bilayer in that g_apparent]y.
binds to cardiolipin head groups and causes clostering of this phos-
pholipid; the interior'of the bi1ayer is unaffected by the presence

of the protein. Phospho]ipid.c1ustering 1eads to segregation of immobil-
ized cardiolipin, which disp1ays Tower rotationa] movement because |
of its interaction with.cytochrome_gﬁ and mobile phdsphétidy] choline

_ popu1ations Evidence was. also obtained that cytochrome c-binds to
these vesicles w1th its heme group po1nt1ng away from the phospholipid
,-prote1n 1nterface Th1s work 1mp11es that cytochrome c binds to pure
1ipid systems by its ‘'backside'; we have already presented ev1dence
that th1s,c_b1nds to purified ox1dase, reductase, and Keilin-Hartree
parttcﬁes near itsvheme crevice or !froht-side'.

" Enzyme Kinetics: FerrocytOChrome c to Ferricytochrome a- Kei1in(75)

was'the f1rst to study the re1at1onsh1p between cytochrome C concen-
tration and the rate of oxygen uptake by.Kei]in-Hartree particles. He
interpreted his results in terms of Schutz’s 1aW(76):V

| v= kNTESIE C(1-7)
"where the velocity of an enzyme catalyzed reaction is directly propor-
tional to the square root of the product of the enzyme and substrate
" concentrations and‘time. Interestihg1y; thts equation. is a better

vapproximetion for some cytochrome c catalyzed reactions than the
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Michaelis-Menten derivation of the Henrf equation(77):

k {E} + {S} |
v= P (1-8)

Km + {S}

A point wh1ch should be 1ntroduced here is the types of assays which

are used to determine steady-state and transient k1net1cs of the cyto-
chrome c reaction. The most simple experimental assay involves follow-
ing the.oxidation of ferrocytochrome g(Tab]é VI) at 550 nm by cytochrome
dxidase in the absence of a'regeneration system, such as ascorbate, for
ferrocytochrome g_ohce.it is oxidized. This system is ideal for study-
ing pre-steady state or‘trahsiéht kineticérof fhe reaction of heme ¢
with heme a, since the oxidation of the forﬁer can be followed at a
wave1ength,of'500 nm and thé reduction 6f the latter at 605 nm or 445
nm(62):_An‘interesting asbéct of this_work is that the addition of

-7 M'Oz) of cytochrome'

~ferrocytochrome ¢ to an anerobic 5uspension(10
' oxidase initiates biphasic absorbance.changes at the above wavelengths.
The first, or burst, phasé is be1iéved to correspond to the‘formation
of ferroéytbchrome a and the oxidation of ferrocytdchrome c and is
_‘cqmplete in 10 ms; the same type of reaction occurs in the presence of
cyanide.which‘1igands'to;cyt6Chrome g3(62)(sée.Tab1e VII). The slow

- phase, which 1ast$ séveral.seconds, appears to relate t0’the intra-
'cytochrome oxidase complex e]ectron transfer rate from ferrocytochrome
a to férricytochromé a3;.ﬁxamination‘of the near infrared regfon»of the
visible spectrum during these trans1ent kinetic exper1ments also in-
d1cated that cytochrome a is. in rapid equilibrium w1th a second site,

“identified as the visible copper because of its ‘830 nm absorbance(81).

As shown on Table VI, the reaction of ferrocytochrome g_with oxidase
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Table VI

‘Steady-State and Transient Kinetic Activity Determinations of

Isolated Cytochrome m.oxmammm

Determination | Reaction® 3 Rate” _Temperature
, _ o
Transient
mumnﬁ1ousonoamﬁxmn A
2550 nm absorbance mw~ + m4w+mWw + mwN aom-_ou e
(rate constant) . 20
spectrophotometric ;. , . yv
A605 nm absorbance mwN + WMw+MWw + mMm - 750 s ! 20°¢
spectrophotometric o : _
p445 nm absorbance  a” + 0, »a5> + Hy0 150 57 *20°
- Steady-State | |
polarographic ~ {TMPD + ascorbate} +
Mty g2 | N
St 4 413,18 42 B
+ 0,050 + H)0 - 250-450 57 25

ma:m.ﬁmmnﬁﬁozm are osdk_xmuxmmmswmﬁ*osm of the umﬁszmkm and are not
-balanced. In the polarographic example cytochrome ¢ dissociation can,
but does not have to, occur after heme a reduction.

Prates are dependent on the type of preparation, and are expressed as N, CRef (62)
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7 'Inhibitors'6f:1561ated'Cytochrome E;Okidase
Ligand __ Inhibition Type ‘Ki(M) Group®
co | competitive  0.32 x 107 I
azide uncompetitive 33 x 1078 .I
fluoride®  complex 3500 x 1070 11
formate uncbmbetitiVe - 1500- x 1076 -
hydfox]amineb i : : A
(NO) _ uncompetitive® 500 x 1070 IT.
cyanide . noncompetitive 0.2 X 1076 I
sulfide - ndncompetitive 0.2 x 107° 1
semicarbazide® - 017 11
hydrazineb o - | 0.1]. IT1
bisulfited - competitive® 1.0 x 1072 I
sah’cya]dox‘imeb - 4.4 xrlo’3 - nr
~ethylxanthate® = - .[,.,,i 48x 10 I

Determined from reciprocals, 1/v versus 1/{02}'by Ref (78).
netabolism of hydroxylamine generates NO, which is inhibitory.

bva]ue is K, determined by (79), values are for active transport
~at pH 7.4.d ' B :

Cdetermined by (80),‘vé1ue is determined at saturating'{ggs}.

dGr‘oup I:an inhibitor forms a completely inactive 1:1 enzyme .
inhibitor complex '

Group II: a 1:1 enzyme inhibitor complex still retains some
residual activity and only a 1:2 complex is completely inactive
Group III: Both 1:1 and 1:2 complexes are formed, and any'gga-
_inhibitor complex is inactive :

ecompetitive with respect to azide and cyanide .
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consists‘of several phases the first of WHich is a second order reaction
‘with a rate constant of'106-107 M sec™! The transfer of electrons
within the complex is slow under anerobic conditions in the iso1a£ed
oxidase, 0.6 e1ectrons/s/§_a_3 unit, as monitored by the appearance of
photosensitivity of the CO-g_a__3 comp]ex(CO only 11gands a (82) Chance
et al (83) hdweVer have shown that the rate limiting 1ntracomp1ex
electron transfer in intact mitochondria when oxygen js pulsed into

the medium is on the order of 400 electrons/s/aa; unit for the burst

- phase. This paradox has not yet been resolved.

Antonini et a](82)‘have proposed a scheme for the transfer of e1ec-a
. trons fme.reduced cytochrome g_fe‘cytochrome oxidase as follows:

a3 +2 43

+2 4o 42 41 42 +1

a3 ,_Cuv 33", Cu —_—%,E- > Cuy s 357, Cu —-—;».
resting - ' reduced 2H.0 2e”
' 2
0 . o -
2 +3 +2 +2 +1 -2 2e” +3 2 +2 +1 -4
>a ", Cuv > 337, Cu ; 02 >a3", Cuv > 337, Cu 02
pulsed

where Cq72’+3 is the visible and Cu‘+2’+3 the invisible COpper. The -

1nteresting.a5pect'of this mcdel is that it predicts the rate of

' 1nterna1 electron. transfer from cytochrome a in the pu]sed enzyme will
be cons1derab1y faster than in the resting ox1dase an observat1on
which can be demonstrated exper1menta11y(82)

- Steady-state kinetics can be examined by the" add1t1on of substrates
and e1ectron donors which regenerate ferrocytochrome c after it is
voxidized by ferricytochrome'a(Table VI). In this tybe of system the
reaction velocity is proportional to the ferrocytochrome g_concentraé
ticn at’saturating_ascorbate,concentratiohs:. |

- k'o{AH'}_'{g*?'}_ o (1-9)
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The steady-state kinetics measured by the various assay techniques

should apply to the same empirical rate equation(84):

L +2. L 2
- Vmaxe - Viax (S "}

- PR X
K+ '{c }+fg } K+{£tota1}

(1-10)

VR

‘ This rate equation implies that even at saturating‘substrate_concen-

tration the reaction is first order. Explanations of this rate equation
were first provided by Mjnnaert(85) in the form of six possible mech-

anisms, however his mechanism IV has prevailed:

E - {ES EP}

The rate equation of this mechanism would beﬁ o

K.k 42

+2°-1. e{c "}
'E;é’+ K i' )
VR= - = - . (I-11)
_ k_q L '
K, Sotar!

It is interesting to note that this mechanism suggests that ferri-

cytochrome ¢ is a competitive inhibitor of ferrocytochrome c.

‘Enzyme Kinetics: Cytochrome ¢ Oxidase to Oxygen- Cytochrome ¢
oxidaseisa bisubstrate enzymaticvcomp1ex which prodUces ferricytochrome

c from ferrocytochromé_g, and water from molecular bxygen. The reaction

of oxidase with oxygen at Tow temperatures has been mdst extensive1y

studied by Chance and coworker5(86;87), Three cytochrome oxidase

compounds , designated as A, B; ahd‘C, are formed at significant conc-
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entration at Tow temperatures, as detected by near infrared absorption
spectra. Compound A appears to.be oxycytochrome‘oxidase, Compound B has
been determined to ‘be peroxycytochrome oxidase(86),‘and_Compound C is
thought to bevferrous-cupric copper-superoxide anion'intermediate. An.
idea of how these compounds arise is debicted below:

UNIFORM VALENCE : .
41

! o’ 0,  Cu Cu+]' cu™! cut!
Fe'? Fe™? - ¢ hv Fe*? Fe*? ¢ o, “Fe*? Fe'3 - 0
Compound O ' Ay ' (By)
wl ol _f o o,
= Fe*2 petb 02 — s (43 43 2
" Compound B, ' ' Resting or Oxidized
MIXED VALENCE: ‘
ottt 0, cu*? et cu*? cu*!
Fe*3 Fe™ - (o Th Fe*3 Fe'? "0, >Fe*3 Fot3 - 0,
COmpoued 0 | A, | (C1)
Cu+2 Cu+2 _ Cu *2 Cu+g_ O_
> Fe'd Rt 0 T Rt pet3 T2
- Compound C, o C,

Affer the photo]yeis of the reduced CO-oxidase compound by 1ight, oxygen
- binds and the various intefmediateslare fdrmed, however it shou]d be
.Streséed that this_phenomenon is only detectable at temperatures around
-40+ -100°C, Compound A, the first intermediate formed, has a second
order rate constant of format1on of 685 M 1s 1 at -94°¢, a K, at —100 C
equa] to 300 uM while the apparent act1vat1on energy(E ) is 9.9 kcal/

mo]e(87-89)§ However; the Km for oxygen at room temperature is equal
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to 0.05-0.1 uM; the feason for this discrepancy is unknoWn.

~ As the sample is warmed to above -90°¢ cohpound A is converted to

| 1

at -78°C) and an Ea=12.5 kca]/mo1ef As the above figure shows this is
thought toicorreSpond to the pxidation of the invisible copper.

The figure a1so demonstrates that ¢ompdund A can be'formed from é
mixed valence state oxidase and when electron transfer is allowed to
proceed above -90°C then compound C is formed from A,

Another spectrally distinct form of cytochromé ¢ oxidase at room
temperatufe was first diséovered by Okunuki et a1(90), whd observed
that during aeratioh of the reduced oxidase a_spectkal intermediate,

with an absorption maximum of 428 nm, appeared which was converted to

.thé fully oxidized form(absorption maximum 418-423 nm) in the reaétion

catalyzed by cytochrome c. They termed this form 'oxygenated' cytochrome

' aag, and .suggested that this distinct spectral fokm represented a

functional intermedfate in the reduction of oxygen. The functional

~.significance of this intermediate, which has é]Sovbeen analyzed with

spin label probes(25) is not clear. : ‘
Wilson and coworkers(91,92), based upon an analogy with CO binding,v
have suggestéd”thét oxygen forms a 'bridged' éompound bétwéen the
cytochrome a3 iron and the 'invisible’ copper. The bound peroxide,
which is formed by a two-electron reduction of fhe dxygen, is then
further reduced to water in either one twofe1éctron.stép or two one—'

electron steps.

"Steady;State'and Tr5ns§én£TKihe£ics- Schindler(93) has introduced

evidence that the relationship between respiration rate, vé, and

‘oxygen partial pressure, Poz; cannot be described by a Michaelis-Menten

- 33.
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type rate equation, but instead can be fitted to the empirical rate

equation proposed by Bander and Kiese(94):

AN LE S
- ‘max 02 S _ | 112
0,
7 o-1.-1

By measur1ng the k +1 38 =10 M 's”" and relating this to values for the |
apparent Km for oxygen and turnover nUmbers(TN) of the oxidase, he
" obtained the following re]dtionship: |

ko= —1N_ | (1-13)

mapp : 4k, q

app
to the reaction rate at saturating oxygen concentrations.

where n=0.65. This equat1on 1mp11es that the Km is 1tnear1y related
Degn and Wohlrab(95) have measured the steady-state respiration rate
of rat liver mitochondria while simn1taneou§1y monitoring the redox
state of the cytochromes. At the Kmapp for oxygen, a streng‘dependency
~existed on the mitochondrial energy state and variations in the steady-
- state cytochrome oxidation_]eVe]sras a function of the rate of oxygen
~ consumption between coupled and'uncoup1ed respiration This obserVation
appears to be in conf11ct w1th the last equation since Km decreases w1th
m1t0chondr1a1 de- energ1zat1on or uncoup11ng
 Transient kinetics of the reaction between cytochrome g‘dxidase and .
oxygen can be.accomplfshed by ‘the stopped-flow or f]ésh-f]ow method -
where CO-reduced ox1dase is mixed with oxygen and the CO compound is
photo]yzed(96 97). The apparent second order rate constant us1ng

7 y-1 -1

isolated enzyme was 8.5 x 10" M~ (96). Using the method of Degn and

Wohlrab(95), Petersen(1) has also investigated the reaction of oxygen

3
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and'redueed cytochrome ag using oxygen steady-state kinetics and has
calculated a second-order rate constant in agreement with that obtained -

by transient kinetics, approximately 108 M']sf1.

Motion in_Enzyme Complexes- The idea that the myriad of static
chemica] structures, which conceptua]tze such entities as sugars, fatty
and amino acids to us, comb1ne to form macromo]ecu]ar assemblies, such
as membranes, is fundamenta1 to the understand1ng of 1ife processes.
However, organ1zed mot1on,of these chemicals at the expense of negative
' entropy'is what appears to constitute life. All mo1ecu1es and their

constituents undergo random therma1 motion at temperatures exceeding
absolute zero. By motion ne mean from atomic transitions and'osci11-
ations to-macromo]écu]ar rotational and translational movement. This
.observat1on 1ntroduces a dilema elucidated by Erwin Schrod1nger in
his book, "What is L1fe", wh1ch is: how do 11fe processes wh1ch appear
to critically depend on events on the atomic and molecular level
function in an orderly fashion under the continuous bombardment of
random thermal energy?.The answer appears to be that ceT1s expend
energy to minimize entropy a]thougn the manner in which this is accom-
plished is only vague]y understood. It wou]d appear. that the process of
electron movement in the e1ectron transport .chain, wh1ch we have des- |
cr1bed as an organized series of reduct1on ox1dat1on cata]ysts, is not
able to to]erate substancial randomness in the organization of the
mitochondrial inner membrane. Each of the comp1exes must precisely
associate with their-redox partner in order'for e1eotron transport‘
nto_be an efficient proceSS; A‘central question.in_modern biophysics
~and biochemistry is not only hoW'ranoom motion is;minimized between

redox cata]ysts,'but how within a complicated membrane enzyme complex
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can effigieﬁt electron shutf]{ng occur at the expense of negative en-
tropy? Our’concerﬁ is the define the types of macromolecular motion
dispiayed by cytochrome c oxidase, and to re1ate these motile properties
to structural and functfoné] aspetts of this enzyme. |

Prior to analyzing data on the‘ro1e of motion within cytochrome ¢
“oxidase to the organizatibh.and functioning.of'tﬁat protein-lipid
cqmp]ex, we muét first -define the fype§ of motion with which we are
concerned and the physical basis for ané1yzing that motidn. The comp-
“onents which comprise the ihner mitochondria] membrane with which we
vare concerned are the 1ip1d, heme, cdpper, and protein moieties intégra]
'ﬁo the enzyme. .

Motion of Membrane‘Components- Bib]ogiqa] membfanes are held'tOJ

gether by non-covalent interactions between Tlipid and protein molecules.
This non-covalent bonding allows motional freedom of these mémbrane
components.

| "Lipid'Motioh- In membrane bilayers 1ipids undergo transverse, rota-

tional, and lateral, as well as segmental, motion. Jain and'White(QS)
_have described five types'of motioh in biological membranes: 1) gauche-
trans transitfons; 2) Segmenta];motion; 3) transverse motion; 4)'rota-
tional motion; and 5) Tateral diffuéiohal.motfon,

| 'A.gauchertranS’juhp 1hv01ves.r6tation'abouf a C-C bond in'the satur-
éted acyl chain moiety ofvphospho1ipids,‘The ffequency of this transi-

9 .410

vA tion is ~107-10

12 éf]

5'1(98) while C-C bond osci]]ationrfrequency is 3-6
x 10 , and the-trdpsition energy réqUired'to jumb is ”3L6cha1/
mole(99).:Segmehta1 motion refers to ‘the f1éxing of the fatty acid
chains and fheir oscillatory motioﬁ about an axis normal to the membrane

plane. McFarland and McConnel1(T00) have proposed a general membrane
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model which accouﬁts for the 'flexibility gradienf‘ or tHe observed
ihcrease'in the hydrocarbon chain motion as one approaches the terminal
methy1 groups of the fatty écid chain. Their model suggests that a coop-
erative tilt of the acyl chains occurs near thé polar head groups. The
head groubs are tilted reiative to the normal to the membrane surface
'whereas the region of the chain near the terminal mefhyl.groups is
perpEndfcular to the surface. This process results in reduced motional
freedom in the head group area.iFﬁrthermore, when'the fatty acid chains
are tilted at a 30° angle, the carbon atom density near the head
groups;is ~13% higher than in the region near the termina] methy1$.
| However, trans+gauche++gauche"1somerizations.aré less probable in this -
region than near the terminal methy1 groups; Tﬁis-process fncreases
,the cérboh atom density gradient in the direction of the normal to the
, bf]ayer, and thus the carbon atom density throughout the‘hydrotarbon.
regﬁonvfs nearly constant across the bilayer(101).

The time constant for these types'of‘motion are less than 107° S,
and since more disorder exists in the center 6f the bilayer this
introduces packing-probjems._This problem cén be overcome by-beﬁdingfthe.
chains as explained above, dr_by decreasing the packing density iﬁ
» the'glycerol backbone regfon where the'extra space is filled by water
molecules(102). N |

Trénsverse motion or the flip-flop 6f 1ipid molecules from one half

of the bilayer occurs qﬁite s1ow1y in‘érfificia] systems, ér a half-
- time of 4-11 days for phoSphatidyi choline f]ip-fiop in PC vesicles
(103,104). McNamee and McConné11(105) measured theAflfp-f1op'rate of

a head group phospholipid spin label in vesicles prepared from the
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eTectrop]ax'of'E1ectrophoru$'e1ectricus and found it to be much gkeater

or ~4.7 min)

at 15°C. They have specu]ated‘that denatured protein
60u1d'possib1y'cata1y2e‘the higher flip-flop rates seen in biological
membranes while Bretscher(106) has postulated an enzyme, 'flippase’, -
-which is able to catalyze phospholipid f]ip—flpp:in biological membrane
sysfems.' )

The rotational motion of the'phospho]fpids of sonicated liposomal

~membranes about an axis normal to the bilayer plane occurs in the}10'6-

10f9 sec range above TC(1O7,108). The idea of phospho]ipid‘rotational
motion is intricately tied to 1atera1_diffu$iona1 motibnuwhich is the
movement of phospho1ipid-mo1ecu1és past each other in the m;mbrané:
plane. This conCépf may.be-vfsua1ized as a compact ensemble of spinning
"tops', placed on avplahe, where each "c0p‘l or Tipid mo]ecu]e possesses \
random, or near1y random, diffdsiona] pfoperties, Table VIII shows that
for both ahtificfa1 and native 1ipid systems the lateral diffusion

constant has beén calculated to be on the okder of 10'8cm2s'1

; Another
aspect as to how quick1y phospholiﬁids will diffuse laterally in a

| bilayer involves the fact that different fatty acid chains display

~ different transition femﬁerature values for the fluid to solid, or
rigid, state. Transition témperature is dependent on chain Tength, 3
degree of unsaturafion and'branching(98),'For 1ﬁstance,;if the fatty
acid chain length is varied for-phosphatidy] choline the transition
‘temperature can rangé from 0°C for L-a-dilauroyl to 41°C for L—a—
dipa1mitoy1.'Defined,trénsition'temperatures or cooperative endothermic
.transiiions exist in homogeneous jjpid suspension§ because of the or-
génizatiOn of the’po]ymethy1ene chains. Above the tranéftion temperature -

(T.) the chains exist in a quuid'crystalline phase or a mixed gauche-
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- Table VIII

Membrane

Lipid vesicle
(109)

Lipid vesicle
(109)

Lipid vesicle
(110) '

Lipid vesicle
(111)

Lipid vesicle
anmy
" Sarcoplasmic
reticulum(112)

Sarcoplasmic
reticulum(109)

Electroplax(109)

Sciatic nerve
(109)

‘Escherichia

".CO1

‘ and‘Artificia1‘Membranes

© Diffusing Species  Detection Temp(°C) D
dipalmitoyl phos-v |
phatidyl choline
+ cholestero]l
ESR 20-50 - 0.1-10
. egg phosphat1dy1
- ch011ne o :
NMR 20 0.5
‘dipalmitoyl
phosphatidyl "
choline ESR 25 1.8
dimyristoy]l :
ethanolamine ESR 59 2.8
d1pa1m1toy1
- phosphatidic - ' _
acid fluorescence 60 17.0
hetekogeneous _
phosphoIipid ESR 40 10.0
heterogeneoUs' .
phospholipid NMR 31 0.4
heterogeneous
'phosphonpid NMR 33 - >0.1
heterogeneous a |
phospholipid NMR - 31 0.5
heterogeneous ' .
. .phospholipid NMR 31 1.8

ava'lues are expressed as D x 10 (cm

Numbers in. parentheses refer to Reference numbers
2 -1,
- ) *

39.
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fféns conformation, which confers a degree of disordér to the region
near the terminal hethy]_group.‘Below the T. the 1ibid exists in the
gel phase where the chains are in the all-trans orientatibn. This
,variabi]ity‘ih chain Tength and head group structure in'bio1ogica1

membfanes has been hypothesized td result in the lateral phase separa-
tions in the membrane p1ane(114). The extent of these zones of fluid
and solid Tipid depends on the tempekature and the molecular structure
~of the phospho11p%ds invoived. |

This phenqmenon has been .studied in binary mixtures of purified
phospho]ipids,by McCohne11's'group(115) usihg phase diagrams to prédict
bilayer structure. For instance, in mixtures of dielaid6y1ph§sphatidy1
choline and dipé]mitoy]phosphatidy1_ého]ine one obtainé a three region
phase diagram where the phases aré sepafated by the "fluidus’ br
fluid and 'solidus' or solid temperature versus mole percent curves. At
temperatures'ébove the f]uidus curye.the mikture of phosphoTipids is |
homogengous]y f}uid_with a11’ofvthe molecules undérgoing rapid lateral
bilayer diffusion and below the soTidus CUrve.the.miXture is also homo-
~ geneous but the rate bf lateral motion is 1es§. HoweVer, between these
curves a coexistence of two domains occurs where the lipids are éither
relatively f]Uid or séiid.»Theﬁe phase separation domains have been
visua]ized 1ﬁvarffficia] mﬁxéd 1ipid_systems by freeze-fracture electron
microscopy(]TB),rdifferehtial écanning ca1orimetfy(116), ref]ectivity
: measuréments(117),'x-ray diffraction studiés(liS), and se1eéted dark
field electron micro$copy(1j9); These studies have all indicated that
the cooperative geT phaéé'domaihs exist énd'arevup to sevefa} micro-
hefers in diameter containing several hundred molecuTes.'
Returning,then'to‘OUr spinhing top‘mode]'we encounter several

i .
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interesting facets of our 'membrane’ structure wﬁich arise out of
éonsiderafion of rotational and lateral motion. Since the population
is heterogeneous, and since the composition of the components affects
their rotational and lateral mobi]ity, then the membrane, instead of
'vex1st1ng as a system of phospho11p1ds(or tops) d1sp1ay1ng random
walk, will contain patches of lipid d1sp1ay1ng Tow rotational and
translational motion and others djsp]ay1ng high rotational and trans-
lational motion; these dbmains will be in cohstanfvflux.vThese events
will also possibly depehd upon and, in turn, affect the degree of
segmental. and trénsverse motion of the component phospho1ipfds. It
is beginning.to‘be'difficuit to visua]ize‘such a dynamit system, and
yet_we’are'sti11 far disp]éced from natural membranes where local ion
cdncehtrations,.and periphera] aﬁd_intrinsjc membrane proteins, might
.a1so be ekpected'to.affect_the types of motion which phospholipids

in the bilayer undergo | |

| Of the methods used to detect the various types of Tipid motion, the
spectroscop1c techn1ques of EPR, NMR, and f1uorescence have been the
most predominantly used. This is due, in part, to the ava11ab111ty of
spin-Tabeled aha]ogues‘of fétty aC1as and phospholipids which are
assumed to mimic the behaVior;bf the native iipids; Since these probe
mo]ecQ]es only 'see' an approximation of thevnatura1 membrane, the
~ question which arises is how much do thesé structure'réporters perturb
the environmeﬁt in which they ére located. There is évidence that
certain types of spin-labeled mo]ecu1e5'tendlto f]uidiie the local
membrane area at concentrations in ekcess of 1 mole%(TZO), and that

~ the nitroxide in»spin-labeled'fatty'acids has a tendency to orient’
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itself at the air-water interface. HoweVer, studies using these probes
are useful for comparative'purposes;

Protein Motion- The inherent complexity of membrane-bound enzyme

complexes dictates that the types of motion which we have to consider
for the proteih moiety of cytochromevg;oxidase'wf11~be manifold ande
difficult to analyze. Nevertheless it is possible to extrapolate what
is known about protein struqture and conformational changes a]though
 the aecuracy of this appraoch is not assumed. |
Protein structure is divided into four levels ofvorganization based
. on the 1eve1‘of_interaction requiked for the maintenance of that
structure. Wé'§%11 be particu1ar1y'concefhed Wfth the‘alterations iﬁ
‘ tertiary and quaternary structure of cytochrome c oxidase. Tertiary
structure is defined by'thelmanner.in which the secondary structure
is folded, due to amino acid interactions as hydrogen-bond formation,
Van der Waals interactiens,.charge-transfer forces and salt-linkages.
Interactions between these po1ypeptfdes,.whieh assume various:tertiary
'structureé based on their amino acid sequenee and hydrogen-bonding
interactions between carbony] oxygen and amide nitrogen atoms, yfe1d
aggregates of individual molecules.

The'types’of motionAwhich'we‘wil1 censider may be divided into two
: grodps or_motion within a po]ypeptide chain.and motfqn.between broto-
mers of an o]igomeric protein. Unfortunately the description of the
types of motion which'membrahe proteins undergo cannot be simply
described as.fn the case of 1ipid since‘each'brotein has a different
streetUre, and this wil]-affect.ité mo1ecu1ar'motion characteristics.

‘However, we will be interested in motion within1e protein which-can - ----
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be detected by reporter mo1eco1es such as spin 1abe1s or.fluorescent
probes; and rotational and translational, or lateral, hotion of an
entire Tipid-protein‘complex within the membrane. Since the dynamic
natore of an enzyhe is directly related to its function, I will attempt
to descrihe the types of motion which we have found to be relevant
; to cytochrome c ox1dase without deta111ng genera] examples taken from
other prote1n systems, such as hemog1ob1n

The detection methods used to study the types of motion which occur
w1th1n membrane enzymes 1nvo1ve study1ng changes in the cata1yt1c
: act1v1ty wh1oh are induced by such things as 1nhjb1tors(1), temperature
h'(96), cofactors(63),'ions(69),'1ipids(121), and chehica] modificatioh
reagents(122). Bothrsubt1e and large conformational changes in the
“seoondary, tertiary, ahd quaternary strﬂttures‘of proteihs can also
be.detected by the use of EPR(ZS), NMR(123), and f]uorescent(124)’
iphobes attached.specifioa11y,or'non—specifica1]y to amino acids.

Fig. 4 shows the_methodshWhich_have'oeen used to study the rotational
hoiton of soluble and membrahe;bound proteins. It is.importanf to
-note that thebtime scaTe.which is abp]icab1e to some techniques is
frré]evant to others E]ectron microscopy has been used in conJunct1on
with f]uorescent(]ZG), and ferr1t1n 1abe1ed(127 128) antibodies spec-
ifically elicited to certa1n membrane-prote1ns in order to study the
translational diffosion'of-membrane proteihs.

#ypes of Motion in the Cytochrome < Ox1dase Comp1ex- The types of

“motion which we will be'1nvest1gat1ng in the role of motion in the
membrane organization of cytochrome oxidase may be divided into four

sections , or'intratomp1ex; intercomplex, rotational, and 1ipid versus



"~ Fig. 4. Methods used to estimate rotational

- correlation times of proteins,'after Thomas(125).

44,



45.

mn.o._... .

-
-
L
-
——
b
o~

'™

.,
o S o0
R RERNITIR ORI

-
——
g

Y9I VRO TINTANGD

s
ey

ek , .
: ST TSI T T T T T T _ Y] _
SNTYILIVS TFOTT "RVAve

- e e . m— — —— —— — - — —— — ——

9

)c’-.
L
e

iy

S

#

t

oy . o K v , »



protein motion. The rationale for this division of motion parameters

important for oxidase activity involves a pragmatic aspect of studying'

protein-lipid macromolecu]esb Oxidase intra- and intercomplex motion
.invb1ves a myriad of chemical events inc]uding peptide bond rotations,
minor and major oscillations of secondary, tertiary, and quaternary
protein structure, énd a variety of 1jp1d‘motion'descr1bed in the

previous section. Of course, it is not pbssib]e to study all of these

motion characteristics in detail, and therefore we afe left with obser-

ving the effects of restrictihg motion by chemical modification. The

: idea of investigating tHeirotatioha1 motion of the entire complex IV
is ]ess‘complicated; and methods have'recent1y been deve]opéd for this
type of determination. The motion of protein in re]atfdn to lipid
within the enzyme is also an aspect Which can be empirically investi-

gated uti]izing'existing spectroscopic technology. However, cytochrome

oxidase is a dynamic enzyme system, and it should be recalled that the

types of motion we will be discussihg concern defined protein and lipid
movement which is indireét]y_obser?ed; wevmust a]ways be concerned
with the 'uncertainty'’ princip1e when examfning'mo1ecu1ak motion.

Prior to descr{bfng~the objectives of this dissertafion, it w111
5e useful to review thg 1itefature which is tonterhed with protein and

Jipid motion of complex IV in the order described above.

~ Intracomplex Motion- One of the basic postulates of the_conforma~ ‘
tional coupling hypothesis of oxidative phosphorylation(129) is that
each of_the energy transducihg.compiexés of the respiratory chain is

’_'osci11ating between different conformational states during electron

46..

transport. Since the chemiosmotic and chemical coupling hypotheses do .~
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not depend on the idea of various energetic protein conformations

as much, many researchers have attempted to demonstrate that dramatic
intracomplex motion occurs'during the redox cycle of cytochrome oxidase,
since it is not Only‘believed to be a control point of electron trans-
port, but it is also an.ATP'coupling site.

A éénsiderab]é'amoUnt of experimental evidence indicates that the
conformétion of the:oxidized oxidase varies from that of the reduced
form. Nicholls and coworkers(]BO)*haVe suggested that since iron atom
spih state changes haverbeen 1inked to protein confomatidnal changes
in'hemog1obin(131-133), and are paft of haem-haem interactions
reéponsib]e fOr sigmoidal oxygen binding curves, then cytochrome.
oxidase, which also displays haem-haem spin state changes(134,135)
which can be related tovoxygen_bfnding; might also undergo conforma-
-tibna] changes. The rationale of this approach has been that since
’Hemé ligands as sulfide and cyanide'form‘such tight COmp1exes‘with
heme gé(Tab]e VII), and since heme g_énd‘_q3 interact so strongly(136),
thén fhese events suggest.thét the oxidase has a tendency to assume
specific conformations under a vakiety'of environmental stimuli. It
~is important to define.the‘term 'conformatioha1.change' in this
cohtext, where a conformationa1 state is defined as a spectroscopic
~state. Therefore, any changes observab]é spectroscopié$11y either due
to changes in the envirohment of a chéomophbre Oh paramaghetic absorp-
tiohbof an intrinéic-or extfinsic protein moiéty is fhe result of a
'conformational Change'. For inétance, cyanidé and sulfide complexes
are always in the red-shifted or'1ow-spin.conformatiqn, whiie the
formate complex is.blue—shffted'and'high spin(TSO). Oxygen also fnduces

a catalytic cycle of reduced to'oxygehated to oxidized spectroscopic
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formé; which we discussed previously. Wikstr8m(137,138) has also
‘studfed cohformationa1 chanQes‘induced-in the oxidase during energiia-
tion ofvthe mitochondrial inner membrane, and has proposed a model that
implies that the induction'of a membrane potential generates an elec-
trical field which causes a conformational change within the oxidase
complex. This protein change is suggested to be_more than just a minor
molecular rearrangement in that it alters the pKa of certain amino acids
exposed to both the matrix and the inner membrane space, and is.respon-
sible for an hypothesized proton translocation function for the oxidase.
Proton translocation by cytOchrome‘oxidase is a matter ofchnsiderab1e
debate(139-141). '

Another way in which'intracomblex motion has been studied 15 through
the use bf spﬁn Tabel probes attached to oxidase protein. Dasgupta
and Wharton(25) have studied the motion and envirohment of an N-ethy1—
maleimido spin 1abe1vin the bxidiZed, oxygenated, and reduced conform-
atfons. They discovered that the spin label Was most immobilized in
ferrocytochrome c oxidase and least in the ferricytochrome form. Evi-
dence that the oxygenated form i$ a conformational yariant has also
been provided by Myer(142), who analyzed the circular dichroic speétra
of the oxidizéd and okygenated enzyﬁe. | V

In recent years, severai investigators have attempted to eluéidate
the fo1e~po1ypeptide mobility plays in the functioning of several
~ electron transport enzymes by employing chemical probes whiéh form
cové]entnbondszith amino acids(122). Imidoesters, a class bf reagents
which react with primary amines to form‘cationié amidines, have been
’utiTized by this laboratory to demonstrate inhibitions of ATPasé, NADH

oxidase, succinate oxidase, and ascorbate-TMPD oxidase to varying
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degrees in rat liver mitochondria(143,144). It was shown that crosslink-
ing by the bifunctional reagent'DM$(11 R between reactive groups) is
much more 1nhibitory that eimp1e amidination induced by a monofunctional
reageot, EA. fhe conc1usion.from these studies was that bifunctional,
and not monofunct1ona1, alkylating reagents inhibit enzyme act1v1ty

by 11m1t1ng molecular mot1on, but the type of mobility Timitation has
not been de11neated(145), Recently, Bonaventura et al(146), described
some functional and structural alterations in cytochrome oxidase induced
by DMS and concluded thet'DMS tretament of iSo1ated'oxidase did not
alter the reduction of heme a by Unmodified heme c} but affected the
electron trahsport rafee between hemes.g and §3; These resu]ts indicate
that during the redox cycTe molecular motion on the scale of 10 R or
~greater occur. This indicates that major conformational variants arise
during electron traosport through compfex IV

Intercomp1ex Mot1on- The close assoc1at1on of cytochrome c ox1dase

'w1th cytochrome ¢ reductase is 1mp11ed in all mode1s of e]ectron trans-
port, even if cytochrome c acts as an electron shuttle. The fact that
e1ectroo transport down the chain from comp]exes'I+IV‘1s such an effi-
_cient process implies that‘random motion of the comp]exeevis minimized.

'By iotercomp]ex motion we mean the motion expefieﬁced by cytochrome
oxidase io re]atfon to cytochrome ¢ and the other comp1exes; |

The cytochrome content data(147,148) of beef‘heart mitochondria
indicates that the'inner‘membrane-contains the ATPase complex, complex
111, cytochrome'cﬁ and complex IV io tﬁe approxfmate ratios 1:1:2:2.
Ernster(149) has hypotheSized; based upon this and other data, that the

' cytochromes and ATPase combine to form redox assemblies, however no

~evidence exists for this idea.
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The role of mdtion between cytochrome ¢ and éytochrome c oxidase
‘however has been extens1ve1y studied using a variety of approaches.
Margo11ash and coworkers, using chemically modified cytochromes c(70)
‘and site-specific anti-cytochrome g_antibodies(150), have demonstrated
_ that the binding site on the cytochrome ¢ molecule for the reductase
vand oxidase .complexes areAessenfial1y identiea](]S]). This suggests
that cytochrome c mobility is requifed for é]ectron shuttling between
- these two cbmp]exes. It has_also been reported that a]tefations in the
affinity of cytothrome c to the oxidase inhibit the rate of electron
transfer within the oxidase complex even after the modified c-oxidase
complex is formed(152). Chance and coworkers(153), have also suggested
a 'branching'-mechanfsm ro]e'for cytochrome g_mobi1ity based upon
studies which indicate that cytochfome:g;not only mediates electron
flow between reductase and oxidase molecules that belong to a single
‘assembly', but also it can mediate between those which belong to |
different 'assemblies'..Chance has defﬁned 1ateka1 diffusion of-cyto-
chrome ¢ on the membrane‘p1ene as motion: 1) across the bilayer surface
between comp]exes; 2) across the surface of one comp]ex to another,
and 3) microscopic vibrations and trans]at1ons which bring the hemes
of the donor and acceptor 1nto close proximity(154).

In agreement with the results obtained by Margoliash's laboratory,
as descr1bed prev1ous1y, Azzi and coworkers(]55) have reported that
ecova]ent binding of cytochrome c to oxidase, by the photoaffinity label
FNPA, causes a severe inhibition of ascorbate-TMPD oxidase activity
in the:case.where linkage was made between oxidase‘and'1ysine—13 ef

QytochrOmé'é;’1inkage'thr0ugh lysine-22 caused a sma]]er(]O%) inhi-



bition. However, it should be noted that in the absence of added cyto-
chrome c, the complexes of cytochrome €-aa; were inactive.
- In contrast to these crosslinking studies, Erecinska et al(156) have

reported that horse heart cytochrome ¢ can be covalently bound to

c-depleted rat liver mitochondria via a 2,4-dinitro-5-fluorophenylazide’

(DNPA) linkage. When the mitochondria are disrupted by detergent a 1:1
comb]éx of>g;ggsvcan be purified which retains activfty. The additfon
of native cytochfome c to thié,complex of g;gga.AOes not result in an
increase in actiVify. |

Rotational Motion- Rotational motion of the cytochrome g_oxidaée

complex within the mitochondrial inner membfane may be expected to be
affected by a Variety of interactions between oxidase molecules and
other redox components; Hbch1i and'Hackenbrock(127,128), have demon-
strated using m{topjaéts, which had beén converted from the complicated
-natiQe configuratioh to simple spheres by treatment in hypotonic
medium, and freeze-ffacture electron microscopy that, if.the inner
| membranes are equi]ibrated at -10°C in 30% glycerol(w/v) and then -
'répid1y frozen, the fracture faces of both mémbrane7ha1ves reveal .
1atéra1 separation between c]uSters'of intramembrénévpartic1es, which
“are assumed to be!protein; However, when the membranes at 2$°C are -
rapidly frozén no Tateral phase séparatioh of pkotein and 1ipid‘occurs
(127). These investigatdrs have also employed ferritin-Tabeled immuno-
globulins mono-specific for tytochrdme g;oxidaéé to demonstrate that
ciustering of oxidase, through the cross]ink%ng action of the
immunoglobulins, occurs at both 25°C and -10°C, but that warming

of the 510°¢ sample back to.25°C does not result in separation of the

-clusters treated with the'monOspécific jmmunoglobulin(128). These

51,
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observations soggest’that, at Teast in these perturbed inner membranes,
cytochrome oxidase diffuses freely at physiological temperatures, and
therefore must possess a high degree of rotationa] freedom.

The rotational mobility of the heme as component of cytochrome oxidase

in'situ in native rat liver mﬁtochondria has been studied by Junge and
coworkers(157) by observation of the time-dependence ot linear
_-dichroism‘fo11owing flash photo]ysis of a C0=aa comp]ex They hare
1nterpreted their data to suggest that the rotational correlation time
of the heme a3 is at least 100 ms(158). In agreement'w1th the idea that
- cytochrome oxidase istrotationa]]y immobilized, several Taboratories
‘have demonstrated that it is possib]e to obtain a 'membranous' prep-
aration of oxidase which is active(150,160), and in which the enzyme
appears to be packed in an ordered two-dimensional array(161). Henderson
et al(162) have.obtained e1ectron microscopic evidence'that this crude
preparation of oxidase is vesicu]ated and that the vesic1es are coll-
apsed. They suggest that oxidase mo]ecules on apposed membrane layers
interlock, but that adjacent enzymes do not touch bewng separated by
11p1d bilayer. areas. B1as1e et al(163) have stud1ed the other ‘membran-

ous ox1dase preparations by X- -ray diffraction, opt1ca1 polarization,
and EPR spectroscopy, and have demonstrated that the oxidase molecules
in these bilayers are asymmetriealiy distributed, span.the membrane,
and that their distribution-is non-crystalline. Whether or not'oxidase
ex1sts as a crysta111ne and therefore aggregated, structure in the
1nner m1tochondr1a1 membrane has - not been 1nvest1gated The rotat1ona]

mob1]1ty of the enzyme certainly m1ght depend on its aggregat1on

state, but this possibility has not been approached experimentally.
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Lipid Versus Protein Motion- As opposed to the rotational mobility

" of the entire cytochrome c oxidase complex, many investigators'have
been concerned with the re]atiQe motion of lipid infrinsic and extrinsic
~ to the enzyme. It has been known for quﬁte some time that not all of
the phospholipids within the oxidase complex can be removed Without
protein denaturation(36). This implies thatvphospho1ipids are‘trapped
within the tertiary or quaternary structure of the protein. Crane

and coworkers(37,38) haVe demonstrated that highly lipid-depleted
oxidase prepdratidns are reactivated by phospho]ipid or'non—ionic
detergents such as'Twéen, Emasol, or.Triton, and have implied that
phospho]ipids not only enhance,thé interaction between cytochrome ¢
and éytochrome oxidase but that they also aid in maintaining molecular
arrahgementé favorable to efficient 1ntracomp1ex e1e#tron transferi
The requirement of a fluid intramo]ecQ]ar 1ipid/environment has also
been demonstrated using phospho1ipid-détergent exchange chromatography
(22). Theée workers foﬁnd no phospholipid head group specificity for
reconstitution of ehzyme activity after 1{pid depletion, but they did
discover that the longer, and therefore the more fluid, the fatty acid
chain the higher the activity(22). These studies éuggeét fhat phospho-
1ipid fluidity within the oxidase'comp1ex is importaht for activity
and suggests a highly randomized configuration for the acyl chain,

In contrast, Jost et;a1(164?166).have produced evidence, obtained
with spin-lébe]ed_fatty acids(165) and phosbho1ipids(166),,that a
tightly bound 1ipid 'annu1u§' exists'around.each cytochrome oxidase
mo]ecu]é in 'membranous’ and.lipid-déficiehtrenzyme.preparations.VUsing
-cytochrome oxidase;dimyritoyl phosphatidyl choline COmp1exes, Where a

small proportion(2 mole% relative to the unlabeled phospho1ipid) of the
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total phosbho]ipid‘population was spin-labeled, Marsh et al(167) have
demonstrated sévera1 distinct components of ﬁhe EPR spectrum correspond-
ing fo lipid-boundary layer 1mmobijization and.bilayer perturbation

" by protein packing._The latter component is only seen in bilayer
containing high concentrations of profeins.

As opposed)to the results obfained with EPR, énalysis of cytochrome
_oxidase-deuterated phosphatidy]l choiine_comp1exes by deuterium Fpurier-'
transform NMR indicates that the fatty acid chains are’hiéh]y'dis-v
~ordered. No evidence was found‘in these studies for immobilized or
boundary 1ipia. Thé discrebancy in the EPR and NMR.studies may resu]t
from different phosph011p1d -enzyme preparative. techniques, and the time

scale reso]vab]e by the two resonance methods(168,169).



ObjectiveSfandSSignificance'of‘this'Study

Hopefully, it has become apparent that the role of intracomplex,

intercomplex, rotatfona],-and 1ipid versus protein motion in_efficient

electron transfer from cytochrome c to oxygen is poorly understood

at present. This'fie1d of study is beset by poorly defined systems

and controversy as to the artificiality of studies in vitro with the

- isolated cytochrome ¢ oxidase complex. The ultimate objectiye‘of‘this

study is to provide a clearer understanding of how motion, within the

framework mentioned above, affects oxidase activity in defined

systems.

1)

2

3)

4)

More specific objectives are:

to understand the_requirement'of motion within the inner
mitochondrial membrane by inducing structural mobility
restraints through the use of bifunctiona1'imidates.
c1ariffcation df how both mono- and bifunctional alkylation
of prfmary amines affects cytochrome c oxidase activity

of the purified and r%conétituted énzyme, and when}it is

“in situ in the inner membrane.

to understand how cytochrome c-cytochrome oxidase binding

interactions are affected by variations in the intra-
molecular and rotational mobility of the enzyme by using _
a water-soluble spin'probe wHich has been deye1oped in.tﬁe
course of this kesearéh, an imidoester spin label. |

to determinezif cytochrome c covalently bound to its

high affinity binding site on the»cytochrbme oxidase complex

is_cépab]e_of’accepting electrons from ascorbate or ascorbate-

- TMPD.

55,



.5)

6)

7)

o)

to determine if'purffied éytochrome oxdiase is rotationally
~mobile or immobile when it is reconstituted into the bilayer

of a Tipid vesicle.

to determine whether'rotatipna] mobi]ify of complex IV is.
requireq or not required fdr activity.

to understand how boundary 1ipid fluidity withiﬁ the enzymatic

complex contributes to the fUnction df cytochrome oxidase.

to determine whether the rotationa]'mbbi]ity of cytochrome |

oxidése is affected by the type of 1ipfd used to reconstitute
the enzyme, and whether this effect alters activity.

to summarize thé_types:qf motion which are detectable by the

techniques pfévious]y meﬁtfoned, and to assess ideas as to

the membrane Qrganization of cytochrome oxidase which can be

accombdatéd by the motile properties of the comp1éx.
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EXPERIMENTAL METHODS

MATERIALS :

' Lipids and Detergents- Phosphatidyl choline, phosphatidyl ethanol-

' aminé, phosphatidy1 inositol, and diphosphatidyl glycerol were purchased
from Avanti Biochemicals,_lnc., and were gréater than 99% pure. Asolec-
tin containing 95% soy phosphatides was obtained from Associated
Concentrates, WOodéide,‘Long Island, N.Y.. Ch61ic and deoxyého]ic acids
vwere‘from Aldrich and.were recrystallized twice from ethano1; Tween 20
(po1yoxyéthy1ehe1sorbitan monolaurate), Tween 80(polyoxyethylene sofbi-
'tah monoo1eate), Triton X-100 and X—114.weré purchased from Sigma

_Chemica] Co.

‘Imidoesters and Heterobifunctional Reagents- Dimethylsuberimidate

dihydrochloride(DMS), dimethyladipimidate dihydrochloride(DMA), dithio-
bisprdpriohimidate dihydroch]dride(DTBP), methyl acetimidate(MBI),
methy] mercaptobutyrimidate(MMBI), p—azidopheny1acy1 bromide and 4-
fluoro-3-nitropheny1 azide(FNPA) were obtained from Pierce Chemicals.

Micellaneous- A1l of the gel filtration resins employed in this

study as well as Ficoll 400 and Percoll were obtained from Pharmacia
4and e]ectrohhoresis purity reagehts wefe from Bfo-Rad. Cytochrome c
(Type VI) was. from Sigma Chemicals.

Spin Labels- The,commerciai]y obtained spinf]abels used in this
_study were from Syva, and inc]uded 4;ma]eimidq-2,2,6,6;tetramethy1—

piperidinooxyl(MSL), and 2-(14—carboxy1tetradecy1)—2—éthy1-4,4-dimethy]-

3-oxazo1fdiny10xy1 methyi»esfer(FASL(1,14)); Dr. P. Devaux kindly
--providéd 2—(14-§grboxy1tétradecy]—N-ethy1 maleic ester)-2-ethyl-4,4-

dimethy1-3-oxazolidinyloxy1(MSL(1,14)). These various spin labels are
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diagrammed in Fig. 5.

Imidoéster'Spin’Labe1- The imidoester spin label was synthesized

according to the following protocol.
'3-Cyano—2,2,5,5-Te£ramethy1pyrro1ine-1-0xy1: |

The method of Krinitskaya(170) was followed wifh slight modifica-
tion. To a 250 m]‘fiask equipﬁed with a magnetic.stirring bar, 7.0 gm
(0.084 M) 2,2,5,5—tetramethy1;2-pyrro1iny1-1—oxy1-3-carboxamide(
Eastman Kodak) énd 125 m1 énhydrous-pyridine were added. The orange
§o1ution.contained-avtan 1nso]ub1e,impurity which waé removed by fil-
tration. The clear solution was cooled under nitrogen to -30°¢ and
tosyl chloride(27.2 gh., 0.143 M) was added in increments over a 5 min,
periodxwhereupoh the temperature rose to -15°C; The resulting clear
solution was allowed to warm to room température and remained sealed
- under.nitrogen for six dayé. The solution was adjusted to pH 10.0 by
addition of 96 m1 of 4 M KOH and heated for 1 hour at;80°C to destrqy-
excess tosyl chloride. After cooling, the alkaline soiution‘was extracted
four times with 150 m1 portions of ether;_Thé extract wés'subjected to

2 x 350 ml of 10% HC1 washes, 2 x 350 ml saturated Na,C0,, 1 x 350 m]

3>
H20. After Na2304 drying, evaporation of the_ether yielded 5.5 gm of
a'ye11ow-orange solid which was.d15301ved in 250 m1 hexane at 22°C,
fi]tered, evapdrated to 55 ml, and chilled to -189C to yield 3;4 gm
Tight yei]ow crystals. M.P, 62.5-63.5°C(Literature(170) 6275-63), and
infra}ed(KBr disk) revealed 2250.cm'] characteristic of CN absorbance.

The 1680 cm™ !

band due to amide was absent.
Methy]—3-imidate-2,2,5;5-Tetramethy1pyrro]1ne-150xy1'Hydroch]oride:

The method of base catalyzed imidoester'formétion as described by
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Fig. 5. ‘Spin Tabels used in this study for

determination of protein rotational corre-

Tation times, and lipid versus protein motion.
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Schaefer was used(171). In a 50 ml1 flask, 3.0 gm of 3-cyano-2,2,5,5-
tetramethy]pyrro1ine¥1-oxy1 and 26 m1 of 0.687 M NaOCH3 in methanol were
placed. The clear solution was allowed to stand at 22°C for 15 min. At
the end of this period, sodium methylate was destroyed by gassing the

~ solution with dry CO2 to saturation. Following fi1trationiof the

sodium methy]ate-CO2 adduct, .the c1ear-so1ution was evaporated to dry-
ness under vacuum y1e1d1ng a light orange oil. Gas chromatographic »

v ana1ys1s of the reaction product revealed several 1mpur1t1es including
:a large amount of unconverted nitrile starting compound A small sample
of the reaction product(as an_ether'solution) when washed with 0.1 N
HC]/H 0 and reéuojected to gas chromatographic.ana1ysis snowed av
comp1ete and se]ect1ve removal of one of the react1on products which

was assumed to be the desired free 1m1doester On this bas1s, the

~ reamining reaction product was dissolved in 25 ml- anhydrous ether

to which ether saturated with anhydrous HC1 was added dropw1se(caus1ng
an orange prec1p1tate to form) until gas chromatograph1c analysis of the
supernatant revealed only a trace of the desired compound to remain

in solution. The precipitate was filtered under.nitrogen, Washed with
fresh ether and dried under vacuo. Yield was 700 mg. Infrared(KBr).

-1 and 1625 e characteristic

reVea1s'strong absorbance at 2860 cm
of imidoester hydrochloride. The spectrUm showed a complete absence of
nitrile. This synthesis is shown diagrammatically in Fig. 6.

~ METHODS :

‘Biologica1‘PreparatiOns- Beef heart mitochondria’for the preparation
of cytochrome [ ox1dase k1nd]y provided by Drs T.P. Singer and D.

Green & H. T1sda1e were prepared by the method of B1a1r(172) For the



Fig. 6. The synthesis of the imidoester spin
label used to probé cytochrome gfcytochrome.

oxidase interactions.
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| OCH,
C=N ' : c|‘=N,H
><‘-=§< NaOCH3 >C“§<
N’ - MeOH N
0 0
ELEMENTAL ANALYSIS | chl OCH,4
Found | Expected R | (|?—+-NH- _
c | 52.34  s51.39 o/,
H| 775 776 - >(N§< |
N | 12.37  11.98 | |
12.76  15.17 | 0

Precipitate From Ether
Overall yield = 5.7 %

XBL788=3490
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study of imidoester effecfs on whole beef heart mitochondria, small
scale preparations were performed by the method of Smith(173). Rat
liver mitochondria were isolated according to previously published
methods(174). Mitoplasts were prepared by rupturing the outer membrane
in hypotonic salt(15 mM'KC1) and é;dep]eted mitoplasts were then
prepared according to Jacobs>énd Sanadi(175).

For the isolation of phospholipids from both beef heart and rat
Tiver mitochondria,‘a chloroform-methanol extraction was performed
(176,177). Purified phospho]ipids.were1stored at -20°C for no longer
than 24 hr prior to use. Asolectin was purified by acetoné,extraction
(178) ahd stored at -20°C under nitrogen.

Cytochrqme c oxidase was isolated by Variety of techniques(Table IX).
For studies on intramolecular modification, the enzyme was prepared from
beef heart mitochondria as described by'Capa1di and Hayashi(183); Test
runs were made to determine the optimal concentrations of K" cho]ate
and ammonium Su]fate(zzoc saturatéd) to use at each fractionation step.
For comparison studies, cytochrome oxidase purified from Keilin-Hartree
- particles by the method of Vah'Buuren(181)‘and enzymatically charac-
terized by Nicholls et al(130) was employed.

For experiments 6n the rotational motion of 1ipid and proteiﬁa
the oxidase complex was'iso1ated by two techniqués. In order to'qbtaiﬁ
a lipid-rich preparétion(40%.1ipid, by weight), the mitochondria were
first ffﬁctionated with deoxycholate and then with chp]ate according
to the procedure of Erredevet al1(184), and this enzyme will be referred
to as DOC-oxidase. The 1ipid-pobr(2-6% 1ibid, by weighf) preparatioh was

isolated by fractionating the‘mitochondria_first with Triton X-114
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Table IX

Beef Heart Cytochrome m.oxﬁammm_ : B

Isolation Procedure Detergents Salts Lipid Content Heme a Concentration

g . mg/mg protein nmoles/mg protein
Yonetani (179)2 cholate (NH,),50, 0.15 | 8.6
1 preparation {0.10} {8.7-8.5}
Kuboyama et a1(180)%  cholate (NH,) 50, . 0.26 9.5
1 preparation Tween 20 o {0.20} {11.0}
Van Buuren(181)2 DOC KCl ©0.26-0.31 8.6-11.7
3 preparations cholate AzzpvmmOp {0.20-0.30} {10.0-12.0}
Fowler et a1(39)" DOC KCT 0.31-0.42 © 8.2-9.1
2 preparations - Azzhvmmop "{0.30-0.40} - {8.4-8.7}
Wharton & Tzagoloff®  DOC KCT 0.35 8.0
(182) 1 preparation cholate AthvmmOh {0.30} {7.7-8.5}
Capaldi & Hayashi® DOC KC1 ©0.15-0.32 ~ 8.0-10.1
(183) 5 preparations cholate Az:bvmmo» - {0.17-0.25} {9.4-10.6}
Errede et a1(184)P DOC KCT ©0.35-0.42 9.0-10.5
3 preparations cholate Azzpvmmob {0.30-0.40} {10.5-10.9}
Hartzell & Beinert? Triton KCl © 0.02-0.06 10.0-11.8
(185) 3 preparations cholate AzzpvmmoNF {0.02-0.05} {13.0-14.0}
Numbers in brackets refer to literature values

. b

Starting preparations were: a

Keilin-Hartree particles or

beef heart mitochondria
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and then with cholate(185), and this preparétion will be called -
Triton-oxidase. The.Tritoh-oxidase preparation is generally insoluble
" at low enzyme concentrations especia]]y if extensive fractionation
by ammonium sulfate is required to obtain a hiéh]y purified oxidase
- (heme a> 10 nmoles/mg protéid. Thérefore refractionation of the enzyme
in Tween 20 with ammonium su]fafe fesu]ts in a highly purified and
soluble preparation(16), fequired for the EPR experiments. Further
'purification'of a11 oxidase preparations was perfofmed, in some cases,
by gel filtration essentia]Ty;according to Briggs et al(186) using
_25:mg of pUrified oxidase'fn a 1.5 x 65 cm Sepharose 4B column equil-
jbrated with 0.09M NaCl. 0.02 M Tris—C]»pH 8.0 and 0.5% Tween 80.

A1l of the enzyme preparations were stored by adding aliquots drop-
wise into a Nalgene beaker filled with 1iquid nitrogen in order to
form small beads whfch were then stored 1in Tiquid nitrogen. This
method is convenient because it allows the removal éf sma11”quantities
of ehzyme'at a time, andvthe activity remains constant for at 1east'sixv

months.

‘ 'ChemiCal'Mod1f1Cat10ns— Stock imidate so1utions*were prepared by the
method of Tinberg et al(143) using 0.133 M triethano1amine-0.33 M
sucrose pH 9.0 for mitochondrial preparations. DMA, DTBP, ana DMS were
used as 5-40 mM incUbétion solutions, and MA, EA, and MBI as 10e80 mM.
Amidination was accomplished:by incubating mitochondria(6 mg/m1),
jsolated oxidase(1,23vmg/m1), cytochrome c(6.5 mg/ml),.and vesicles
(0,25 mg/m1) for 30 min at room temperature. Substitution of 0.133 M
'KH2P04-0.33'M suérose,for the mitochondrial preparafions,ér 0.133 M
‘7 KH2P04,for.the.isolatéd oxidase,as the incubétion'buffer resulted in

identical imidate effects. 1mmediate1y after the incubation time had -



expited, all of the preparations were placed on ice, the ascorbate-TMPD
oxidase activities were determihedvpo1arographica11y, and 60 ﬁ1-3.0 M
sodfum acetate pH 5.0 was added to hydrolyze excess reagent. Both
five-fold dilution and.centrifugation of the mitochondrial Samples

or immediate dié]ysis of purified and reconstituted o*idase yielded
jdentical results. A1l samples were then dia]yied fmmediate]y'against
-o1000 volumes of deionized water overnight at 3°C.

Amidinated.cytochrome C was prepéred as'above except that the sodium
acetate additioh was omitted. Immediately after overnight dialysis
against deiohized water, the DMS-treated_cytochrome cﬁl.S ml) was
subjected to gel filtration on a 1.0 x 50 cm column edui]ibrated in
0.05 M KH2P04 pH 7.4, and elution Was carried outVWith the same buffer.
After chhomatography ooo1ed fractions corresponding tovoligomers and
monomers of cytochrome C were d1a1yzed aga1nst 1000 fold vo]umes of
de1on1zed HZO since phosphate buffers inhibit the flow rates of Am1con

UM filters. The §ﬂnp1es were then concentrated in a Model 12 Amicon
-Cell equ1pped with a UM 2 membrane and concentrated at 3 C to at least
0.2 mM, In order to obtain comp1ete separation of monomeric cytochrome
c from the 011gomer1c popu]at1on DMS treated cytochrome c was |
. chromatographed on a 0 7 x 30 cm of Sephadex G-75 Superf1ne equilibrated
in 50 mM Tris-acetate pH 7. 8. . N

ETn Labe1 Stock so]ut1ons of - the 1m1doester spin 1abe1 20 mM.'
were prepared as descr1bed(187) us1ng 0.133 M KH PO4 as the stock buffer
Reduced and oxidized cytochrome c(6.5 mg/m]) preparatlons were incubated
for varying‘periods of time op to 24 hr»at;220C at an imidoester

_concentration of 10 mM. Thehdegree of amidination resulting from imi-
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doester'treatment was determinedvby following thé loss of free amino .
groups after Sephadex G-25 chromatogfaphy in 50 mM KH2P04‘pH 7.4. The
spin content of each samp1evwas calculated from the second integral
'of the spectra using a PDP 11/34 computer interfaced with the EPR
spectrometer. | | |

In order to study protein rotatfoha] mobi]ity, cytochrome oxidase
was spin-labeled with MSL using 2 moles of label per mole of Triton-
‘oxidase, and 5 moles per mole of DOC-oxidése. Preparations wefe incu-
bated 10 min at 22°C and_then non-covalently attached label was elim-
inated by Sephadex G-25 gel filtration in 50 mM'KHZPO4 pH 7.5, 0.25%
~ Tween 20, 0.05% cholate. Iﬁ the case of both the Triton-oxidase and
DOC-oxidase, it was necessary to treat the spin—]abe1ed oxidase with
1 mM cysteine and 10 mM pbtassium ferricyanide forv60 min in order to
minimize the weakly immobilized signal. At_the eﬁd of the incubation
period, the sample was dfiuted ten-fd]d in the above buffer and pre-
cipitated wi?h‘ammonium su1fate(0.35ﬂsaturation). This pellet was
brought ﬁp in either 0.25 M sucrose for incorporation into liposomes.
vorvdetergent-containing buffer(50 mM KH2P04 pH 7.5, 0.25% Tween 20,
0.05% cho]ate) for the determination of the rotational mobility of
the so]ub1e.oxidase. Labelling of cytochrome c oxidase with the fatty
acid maleimide spin probe, MSL(1,14), was performed according to
Favre et al(188) at.a spin label to aag molar ratio of 2:1. The émount
_ of MSL(1,14) bdund tovlipfd in fhe cytochrome oxidase complex was
determinéd after alkaline cﬁlorqfoermethano1 extraction of the enzyme

(36).

The fluidity of Tipid associated with both soluble and reconstituted»

68.

- cytochrome oxidase was studied using a fatty acid spin label, FASL(1,14).
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For studies on the intracompiei motion of cytochrome oxidase, 3.0 mg
of the MSL probe were added to 15 mg of enzyme(in a total volume of
v0.5 m1) and the mixture was incubated for 15 min at 22°C. This solution
was then chromatographed fo remove non-covalently bound spin on G-25
(Sephadex) in SOImM KHZPO4 pH 7.5, 0.25% Tween 20, 0.05% cholate.

Cytochrome Oxidase Subunit Separation- ’The'subunits of the cytochrome

g_oxidase complex were dissociated in detergent and then'chromatographed
1n.order toﬂdetermine_the binding sites of the various spin 1abeis.

. Spin—]abé1éd cytochrome o*idase(ZO mg) was dissolved in 1.0 m1 of buffer
containing 5% SDS, 8 M urea, and 0.05 M NaH,P0, pH 7.2 by heating at
37°C-f0r 30 min(ZO). Chromatography was.carried out at 20°C in a column
(1.5 x 85 cm) of SephacryT S-ZOO Superfine equilibrated with 5 mM SDS,

»8 M urea, 0.05 M NaH2P04 pH 7.2 at a f]ow rate of 3 Cm/hr. Fractions were
collected in three pools corre;ponding to elution peaks an¢ 1yophi1ized
after desalting by dié]yéis agafhst deiohized Hzo, After lyophilization,
the samples were brought upvih 0.4 ml of the elution buffer and EPR

conventional spectra(V]) were recorded.

High-affinity Binding as Measufed by Gel Filtration- The technique
used to bindlferricytochrome ¢ to cytochrome oxidasé in a 1:1 molar
ratio was essentially that of Ferguson-Mi11er et 61(69), except that
300.u1 samples were apb]ied to a 1;5 x 50 cm column of Sephadex G-75
at 25°C and a 1.5 x 30 cm column at 49C. Cytoéhrome c was added in a
~ five-fold molar excess to.cytochromegga, which had been dia]yzed
"vagainstVZS mM'Tris-cacodylate pH 7.8; 0.25% Tween 20, 0.05% cholate,
dnd.fhe‘kesulting mixture was app}ieq to,the G;75 co1umn.”PEior to
binding'bf the spin-]abe]ed c to cytochrome oxidase, monémeric ferri-

cytochrome C was obtained by gel filtration through G-75 Superfine in a
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column(0.7 x 30 cm) équi]ibrated in 50 mM Tris-acetate pH 7.5(189).

Electrophoretic Analyses- SDS gel electrophoresis was carried out

in a Bid-Rad Model 220 Dual Vertica] Slab Cell using,either 1.5 mm
spacers and -20 well combs(mitochondria and 1§olated oxidase) or 3:0 mm
spacers and 10 well combs(veéicles) a% 50 mA per gel for 90-120 min.
Gels were‘made according to the discontinuous Tris-glycine system of
Laemm]i(190)1u51n9'3% stécking and 12.5% separation;ge1s(acry1amide/
biéacry1amide, 30/0.8%) for thé separation of mitochondrial samples.
‘For isolated oxidése and vésic]es 5% stacking and 13.5-16.0% gradient
'ge1é(acrylamide/bisacrylamide, 30/1.6%) were uti]ized'in order to achieve
acceptable resolution of small moTeculak weight polypeptides. Gradient
‘ge1s'were-prepared at 3°¢C with pre-cooled solutions by means of a

- Buchler gradient former and pefista1tic pump . Immédiate1y priof to
electrophoresis, samples were either not heated, heated at 379¢ for 30-
.120 min or at 100°C fbr T;S min in a éo1ubilization’cocktéil comprised
of Q1ycef01, SDS(1%), stacking buffer, mercaptoethanol, and a trace

of bromophenol blue tracking dye. The samples were nbt'frozen at any"
point .in the procedure sincévthis Ted to irreVersib1e aggrégation. Gels
were fixed and stained with coomassie blue as described By Fairbanks et
al(191) in a stirred Corning ACI'electropHokésis chémber.'Densitometric
tracings of stafned gels were made at 545 nm using a Tinear transport
accessory on a Gilford Model 240 spectrophotometer.vGels were calibrated
for molecular weight using phosphorylase a, boviﬁe serum albumin,
ova]bumin,.chymofrypsih A, myog]bbin, 1yzoiyme, cytoéhrome g, and bovine
trypsin inhibifor a§ stahdard proteins,\Gels 6f a11 crosslinked samples
were ca]ibrafed,against‘appropriate controls to determine‘the amount of

brotein not entering the separation gel by weighing reprodﬁctions of



densftometer tracings. The calculation of the 'oligomer spread', which
is due to'hetérodeneous monofunctional attack and hydrolysis of the
}bifunctional imidoesters was calculated assuming cérfain molecular
weights for the reacted'imidates(DMA=231;DMS=259). The calculation

of the increase of pd1ypeptide molecular weight due to monofunctional
imidate reaction wasvalsovberfnrmed in this manner.

SDS-urea gel e1ectrophoresis-was penformed acconding to Downer et al
(20) using‘a Bio-Rad Model 150A Tube Gel Electrophoresis Cell. For
vcomparative purposes continuous buffer phdsphate gels were also made
and run as described by Weber and Osborn(192) |

Enzyme Assays- Two types of assays were emp1oyed for the determ1na-

tion ofvcytochrome ¢ oxidase act1v1ty.-Po1arograph1c assays, in 4.0 ml
of buffer at 25°C, were carried oUtAeither'according to Nicholls et al
(130) in the,presence'of 1% asolectin in 67 mM KHZPO4 and 0.5% Tween
80ipH,7;4 using 12.5 mM notassium asconbaté, 0.5 vaTMPD, and 2.5 td
25 uM cytochrdme g;or according to Feerson-Mi11er et al(70) for thd
determinafion of the dissdciation constant for high affinity binding
using 25 mM Tr1s acetate pH 7.8 and 7 mM potassium ascorbate 0.7 mM
"TMPD, 0 004 to 4.0 uM cytochrome c and 50 nM cytochrome aa3(f1na1
concentrat1on), In the latter case, monomeric ferrocytochrome c was
obtained by ge]‘fi1tration‘through.Sephadex G-75,Superfiné‘as described
(189). B - o |

Assays for thejactivity and orientation of oxidaseAincbrporated into
‘liposomes was performed at 20°C in 50'mM-KHéP04»pH 7.5 using 25 mM
potassium ascorbate and 1 mg/ml cytqcnrome 51193).'Unéoupling was

achieved by a mixture of 0.5 ng/m1 valinomycin and 2.5 nM FCCP while

.



orientation was determihed by comparing rates of 02 consumption.in the

absence and presence of'3%'Tween 80(w/v). The baseline rate in the

absence of cytochrome ¢ was détermined in all cases énd subtracted

from the rates obtained af'the various cytochrome c concentrations.
For sample comparison, cytochrome oxidase activity was also deter-

mined spectrophotometrically at 25°C in a buffer containing 0.05 M

| KH2P04 pH 7.0 and 0.5% Tween 80 by'following the oxidation of ferro—

'cytochrome‘g, Activities were expressed as MAo'in moles of cytochrome

g.ox1d1zed/mo1e heme a,, and MA max. 2nd Kmapp were determined according

" to Vanneste et al(194).

-~ Transient kinetics of ferrocytoéhfome g_oxidafioh'by-cytochrome oxi-=
“dase were also performed spectrdphotometrica11y as.described above
using an Aminco-Morrow Stppped'F]bw attachment._Data were collected

on a storage oscilloscope, and analyzed according to Gibson et al(62).

Micellaneous Assays- Heme a concentration was determined using an
Aminco DW-2 spectrophotometer from the reduced minus oxidized difference

spectrum of cytochrome oxidase in 0.1 M KH2P04 and 0.05% deoxycholate

1

pH 7.0 using a A€605-630=]3’2 mM'_cm'](194). Heme'§3 concent}ation

was determined from reduced versus reduced p1us'C0 difference spectrum

1

Using a Aegog £ pas=148 MM cm'1(194). Cytochrome ¢ concentration was

also determined spéctrbphotometrical]y in a 0.05 M KH
: ,

2PQ4 pH 7.4 buffer

=20 mM”'em™1(70).

using -a Aé540_550 |
- Free amino groups weré detected f]uorométrica11y dn a'Perkin-Elmer .
- MPF-44A fluorescence spectrophotometer usinQ_f]uorescamine by a modifi-
- cation of Bohlen et al(195) using 1% SD$(144). Protéin concentrations

were detefmined by the method of Lowry et al(196) usihg defatted bovine

serum albumin as a standard; a tr chloroacetic acidfprecipitation

72.
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modificafion of the procedure was used when so]vent or salt interferen-
ces were a problem. For rapid analysis of mitochondrial and crude oxidase
protein eohcentrations, the rapid biUret procedpre of Van Buuren{181)
wes employed. |

Phospho1ipid content analyses were performed by a total phosphorous
determ1nat1on of an alkaline chloroform:methanol1(2:1) extract and
concentration was expressed as mg/mg protein. Su1fhydry1 content was

determined using 5,5'-dithiobis-(2-nitrobenzoic acid), or DTNB, using

.‘ the method of E]]mén(197) in 0.1%'SDS.=Midpoint potential measurements

of cytochrome [ were'perfbrmed according to previous1y published
procedures(198 199) at 22°¢.

| Osmot1c sens1t1v1ty measurements were performed essept1a11y according
to T1nberg et al(144) by incubating m1tochondr1a(0.5-1.0.mg protein/m1)
in either 0.25'M sucrose or,deiqnized HZO‘ The sampies were allowed to

equilibrate for 15 min at 259C in a controlled temperature water bath,

and the absorbance was recorded at 546 nm. The empﬁrica] index of osmotic

sensitivity was taken as,the_ratio(Ab546(H20)/Ab546(sucrose).

Liposome Preparation- Liposomes composed of part1a11y7pure asolectin,

m1tochondr1a1, and pur1f1ed phospholipids were prepared by cholate
dialysis(200) or by a mod1f1cat1on of the son1cat1on procedure of Racker
(201) “For the son1cat1on precedure phospho11p1ds(25 mg) were dried
under a stream of nitrogen, red1sso1ved in a sma11 volume of ether and
dried agajnvunder nitrogen for 5-10 min, To th1svdr1ed preparat1on 1 m]v

PO4 was added and sonication of this suspension was per- .

2 |
formed in a beth-type sonifier under argon for 15 min at 22°C. Tmmed-

~ jately after sonication, 1.25 mg of cytochrome oxidase was added and the

mixture incubated at 22°C for 30 min. At'the end of this incubation

73,
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period, fhe mixture was sonfcated for 5 min under argon. Concentration
of both types of vesicle suspension;was achieved by centkifugat{on at
45,000 RPM in a 50 Ti rotor for 90 min. The resulting pellet was resus-
pended to a fina1'§gs concentration of 30-50 ﬁMf In order to obtain an
immobilized vesiéle shspension all preparations were»centrifdged
~in an EPR capi]]afy which was inserted into a specially designed Lucite
tube. This preparation was'centrifuged in a~Type 42.1 rotor at 25,000
RPM for 24 hr. |

- Liposomes were also reconstituted with pure neutral phospholipid
' aécording td the procedure of Karlsson et a1(202) in a 50 mM bofate |
bufferva 7.7 containing 150 mM'NaC1.'Phosphatidy1 cho1ine from egg yolk |
wa§ suspended ih the above borate buffer to a concentratioh of 25 mg/
ml and sbnicated under a water-saturated argon'stream‘for 30 min using
a coniéa1‘centrifuge tubé positidnedrin an ice bath..After centrifuga-
tion of thié suspénsion dt 14,000 g for 60 minm 1:m]'ofvthe supernatant
was removed and mixed»Wifh 0.2 m1 of aa, to obtain a finé] concentration
of 30 uM aa,. In the case of the Triton-oxidase, the enzyme was‘incu-‘
bated with the 11ppsdmes for 60 min at 0% prior to‘sbnication sinée
immediate sonication led to inactivationAof theroxidase;,The mixture
was then sonicated 1 min on/1 min off/1 min.bn at OOC.'

| For the studies on intracomplex motion of the enzyme, vesic]eé were
also obtained by éoniCation of a mixture of110 mg purified oxidase, .
v400 mg crudeisdybeén asolectin, and 16.0 ml of 67 mM KHZPO4 pH'7.4
using a Branson ModeT 350 tip soﬁifier.‘SonicationsIWere performed at
0%¢(70 W, half—inch'fapped_tip) for a total 6fA60 min using a-2 min on/
2 min off Cyclg to prevent tempefature inéreases-qnder an argon

- atmosphere, wnich was water saturated. Immediately after sonication



multilamellar liposomes and titanium particles were removed by cent-

rifugation at 180,000 x'g using a 50 Ti rotor. The 1ight green super-

natant was removed carefully with a Pasteur pipette leaving the residue.

Ficoll Gradient Anaiysis-' Discontinuous Ficoll gradients were pre-

pared according to Carroll and Racker(193) in 50 mM KH2P04 pH 7.5 using
steps of 5, 6, 8, 10, 15, and 30% Ficoll. After temperature equilibra-
tion of the gradients at 4°C for 4 hr, 1T ml aliquots of the cytochrome
oxidase Tliposomal suspensibn were carefully applied to the top and
centrifugation was performed in an SW 41L swinging bucket rotor at
150,000 x g for 17 hr at 4°C. Each step of the gradient was éna1yzéd
for phospholipid content; enzyme activity, protein concentration, and

respiratory control.

EPR'EkperﬁmentSiPractical Asggcts(see Abpendix IT for Theoretical
Aspects)- A Varian E109E X-band spectrometer was emponéd in the |
absorption mode for the first harmonic in phase(Vi) and the second
harmonic out of phase(vz'). A 0.5 mm inside diameter glass capillary
cell was used together with a quartz dewar. The temperature was con-
trolled With a Varian E4540 Variable Temperature Contro]]er; The
microwave field strength received by the sample was determined by
~ calibration witﬁ a solution of Fremy's Sa]t(203)..The microwave setting
was 10 mW corresponding to a field Strength of 0.13'gauss; Conventional

EPR spectra(vl) were recorded with a 100 kHz field moduiation(1 gaUss
| peak to peak amp]itdde). Saturatioh transfer spectra(VZ‘) were recofded
~with a field modulation of 50 kHz(6.3 gauss amp]itudé) and phése
sensitive detection at 100 kHz(second harmonic), out of phase. The
phase was set by minimizingAthe signal at Tow microwave(OQS mW) power.

The microwave power setting was then increased to 40 mW corresponding

75, 4



to a field strength of 0.25 gauss and the V2' spectrum was recorded.
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-RESULTS AND DISCUSSION

Section I: INTRACOMPLEX VERSUS INTERCOMPLEX MOTION

To distinguish hoW'the requirement for motion within the cytochrome
oxioase complex affected activity, the porified and reconstituted
oxidase was treated with mono- and biimidates(Fig. 7). Results on the
inhibition of the purified enzyme wefe then compared to those obtained
When_who1e mitochondria or mitoplasts were treated. The role of cyto-
chrome c as a mobile electron carrier'between cytochrome C reductase
and oxidase was studied by fo11ow1ng the effect of mono- and biimidates
on the steady state kinetics of the. cytochrome ox1dase react1on using

ytochrome ¢ supplemented and depleted mitochondria and purified
enzyme..
| RESULTS

'v'Purifted Cytochrome Oxidase:Cross1inking- To detect crosslinking

during biimidate treatment of purified cytochrome oxidase, samples
were subjected to SDS gel e]ectrophoreSis(Fjg, 8). Interpolypeptide
crosslinking results in the'disappearance of bands and the appearance

of new bands of Tower re1at1ve mobilities. Polypeptide aggregates

| exceed1ng 110,000 daltons are exc]uded from the separation gel. To

e1iminate the possibi]ity that aggregation created the altered electro-
phoretic patterns seen in the imidate-treated samples several solubil-
ization methods were used(Methods), but the geT patterns showed that
extenstve:cross1ink1ng only occurred with bifunctional imidates. Poly-
pebtioe’I appears resistant to'Crosslinking, whereas-disappeérance

of all of the other subunits coincided with the formation of a new

band of MW~87,000. This might correspond to a crosslinked aggregate -



Fig. 7. An illustration of possible mono- and
biimidate reactions in the mitochondrial inner

membrane,
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Biimidates: ( e—e )
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 Chemical Name - Fofmu1a aximum Link(ﬁb
6,
Dimethyl adipimidate NHa Ha
(DMA) | - + CH 40+ C-CHy CH, CH, CH, - £-OCH, 9
. - . GMH H
Dimethyl suberimidate 02 Y4
(DMS) CH30-C-CH2CH2CH2CH2CH2CH2-C-OCH3 1N
Monoimidates: (e— )
T O
Methyl acetimidate P
(MA) : CH30-C-CH3 -
&
Methyl butyrimidate i
(MBI) - CH30-C-CH2-CH2-CH3 -

XBL 799-12053



'Fig. 8.  SDS gel electrophoresis of control

and 1midoéster-treated cytochfome ¢ oxidase.

Purified oxidase(10 uM) was incubated at various

imidate concentrations, dfa1yzed, and then 30

ug prdtein were loaded per channel.
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. CYTOCHROME OXIDASE

BE Subunit # (M.W.)
60-
40 ¥ | (35,500)
_ 1 (22,000)
20 —1ll (20,500)
— 1V (16,500)
—V (12,400)
10
—V1 (8,100)
. — VIl (4,400)
5
T Is|s|= | oMs (mM) MA (mM) |z |o
(@] —
EIEIZ2| 40,20, | 80,40, |2|B|E
SI8|2| 15.10.5 | 30,20 10 |Z|X|&
nig | O O % -
a -
(V5]
95 |
hem';":;lrg?; 9.0 nmoles heme a/mg protein
protein
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'of‘po1ypeptides IT-VII with:an apparent MW=85,000+ 2,000. Treatment
of cytochrome oxidase with 5-40 mM DTBP, a cleavable biimidate, results
in electrophoretic patterns similar to those shown for 5-40 mM DMS in.
the absence of a disulfide reducing agent. Addition of mercaptoethanol
results in uncrots]inked patterns similar to thoso shown for MA-treated
samples. Unfortunately, DTBP strong]y inhibits cytochrome oxidase at

very’ToW concentration(~1 mM) , becausé of HZS’ which is apparent1y
generated during'biimioaté tréatment. Sulfide has been shown to be a
noncompetittve inhibitor towards oxygen With a Ki=0'2 oM(78).

The gradient gels used to separate the oxidase protomers resolves
not only the seven compooents'and two contaminants reported by Downer
et al(20), but also highervmo1ecu1ar weight contaminants. These 1arger-
vpo1ypeotides, which can be eliminated bvaepharose 4B chromatography,
did not affect the crosslinkfng patterns significant1y(data not shown).
The number of primary aminoygroups modified is oompared in Table X
with the percent of total protein not entering the Separation gel. The
assay for croés]inking underestimates the amount of interpolypeptide
coupling since if two polypeptide VIT's are‘couo1éd(Mw=4400) these .
crosslinked products will still enter the separation gel and be scored
as uncrosslinked protein. |

The electrophoretic profile of cytochrome oxidase is not markod]y
changed when}a T:1 mixture of cytocﬁrome c and oxidase is treated with
MA, but small differences are detected in the case of.DMS. Subunits
IT and III stain less intensely at 5 mM DMS when the enzyme is inoubated

-with cytochrome c. The variations in étaining intensity are small

however, and conclusions as to the cytochrome ¢ binding site(s) on
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Table X

Imidate Treatment of Oxidized Cytochrome c¢ + Purified Oxidase

_ , Primary Amino Group " Separation Gel Oxidase Activity
Imidate Concentration =~ Decrease . mxoacama_naOﬁmA: Remaining
)y (@) () @
MA 10 S <199
80 66 , <1 _ _, 55
. MBI 10 S a 10
ay . _ | 80 | . 54 . ._ - <1 .” 47
DMS 5 - ‘ 20 5 . 62
N 40 . 64 | 23 . 1
s B _ Values are the mean of at least five determinations
oy
o
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' the oxidase comp]ex.cannbt_be drawn because of the high ionic strength -
1 at which.imidate tretaments are performed(70). Sephadex G-75 gé1 fi]-
;tration of cytOchromevoxidase,,whiCh had been incubated with cytochrome
‘c and treated with 5 mM DMS, resulted in the elution of two peaks.

:The first peak contained all of the cytochrome'oxidase and 0.2-0.4
“cytochrome gﬁmoiécu]es/égs'unit, but this fraction did_not possess
iascorbate-TMPD dxidase acfivity in the absence of édded cytochrome c.

Enzyme Activity- MA and DMS inhibit oxidase activity(Fig. 9) alth-

Eough the bifunctional is much more effective at concentrations <10 mM.
gTabie X compares the enzyme inactivation versus the percent separation
Egei exc]uded'protein.iAt DMS éoncentrations >20 mM the opacity of the
:isoiated oxidase soiutionsvincréaséd.ISephakbse 4B chromatogfaphy |
. showed that intérméiecu]ar crosslinking occurred. However, increasing.
2the concentrétion of enzymé in the incubation mixture enhances éctivity
;both in control and 20 mM DMS-treated.oxidase(Fig. 9). Aithough DMS
}inhibition of ferro- and ferricytochrome oxidase activity is identical,
MA inhibitign of the activityvofvtﬁe reduced form is -15% greater than
fhe oxidized form. The smaller MA inhibition-éppeafs to be due to the
feaction of 5-10% mbrebfréevémines in the. reduced as compared with the
oxidized enzyme. 'MA and DMS appear as noncohpetitive(irreversibie)
inhibitors as'dépicted on a Lineweaver—Bufk plot for both ferro- and.
ferricytochrome oxidase. Fig. 9 also demonstrates that the addition .
éf cytochrome c to the enzyme during imidate treatment slightly affects
vfhe extent of activity inhibition. However, DMS inhibition in the pre-
» QEnce of cytochrome c is only 5% more than in its absénce, aﬁd-the

» qisparity between the enzyme activity at a particular degree of amine



Fig. 9. Inhibition of ascorbate-TMPD

oxidase activity by imidate treatment of

 cytochrome oxidase;,CytOChrome oxidase

(10 ﬁM) was incubated either in the ab-
sence or presence of cytochrome»g(]O uM) .
When the effect of dilution was studied

the incubation concentration of cytochrome

‘_oxidase varied between 0.15 to 15 uM. »
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modificatfon is constant in the two cases.FUnder pre-steady state assay
conditions, transient oxidation rates of ferrocytochrome ¢ by control
and croés]inked preparétions(ZO% free amines modified) are identical
with a second order rate constant of -3 x 10° M']sec'].

Imidate treatment of cytochrome oxidase reconstituted into 1ipid
vesicles composed of phosphatidyl choline and diphosphatidy] glycerol
resulted in activity ihhib%tion similar to thé-detergent—so]ubj]ized
enzyme. If’partia11y pure asoTectin or mitochondria] 1ipids were used
to reconst1tute higher imidate concentrations were requ1red to obta1n
.a particular degree of act1v1ty inhibition and cross]1nk1ng due to
the presence of pr1mary‘am1ne—conta1n1ng'11pjds. It is 1nterest1ng
that'cross1inkihg of reconstituted oxidase did not affect the respira-
~tory control ratio d1sp1ayed by any of these vesicle types(RCR=3-5,

depend1ng on the preparat1on)

*p1n Labe1 Studies- To detect micro-environment alterations in the -

oxidase comp]ex5 a maleimide spin label which binds covalently to‘a
'gr0ub on the protein independent of fmidoééter reattion sites was
chosen. This label reacts.épbroximate1yb1000 times more readi1y with
sulfhydryls at.pH 7.0 than with lysines(204). It Was found that 4-6 -
spin ]abels»were attached per ggs‘unit at pH 710; and the 1midoe§ter
reaction_wés performed at pH 8.549.0. While at tow imidate concentra-
tiqns(io mM for DMS.or 20 mM for MA) the spectrum of spin-]abe]éd
oxidase is unaffected, at higher cbncentrations an increase in the -
weakly immobi1ized sfgna] is detectable(Fig. 10). This weakly
immobilized signa] increase appears to occur because of'a detergent-

Tike effect of imidoester hydrolysis -products(205) since spectra



Fig. 10. Electron paramagnetic resonance

spectra of control, MA, and DMS-treated
cytochrome oxidase labeled with a short-
chain maleimide spin label. Spéctra were

- examined before and after dia1ysis.
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Control

pre-diolysis

post-dialysis [

40DMS

 post-dialysis
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Spectro recorded at:
4 x103
0.5 sec
16 min

XBL799-3796



_obtained after dialysis show that the weakly fmmobi]ized signal has
returned to thé'1ine height of the control for the MA-treated prepar-
ation. In agreement with‘the results of Tinberg et al(143), the
‘hydro1ysis product of DMsg‘dimethylsuberate; was not inhibitory to
ascorbate-TMPD 0X1dase activity at Tower Concentrations(<1OAmM),'but
- was at higher concentrations. This‘indicates that the inhibition'of
'activity'at DMS concentf&tibns >10 mM is not only d product of cross-
1iﬁkfhg, but also results frpm other factors s&ch as a pos;ib]e |
detergent effect of dimethy]suberate. THe.strongly 1mmob%]ized signal
in the DMS-treated sample thoqgh becomes much 1arger‘than the weakly-
1mmob11ized signa1 aftér dia1ysis. Oxidase activity of spin-Tabeled
and imidoester—treated preparations were identical to samples not '
1abe]ed.,>

Mitochondria:Crosslinking- At DMS concentrations >10 mM(Fig. 11),

some crosslinked material is unable to enter the stacking gel which
implies that the apparént molecular Weight of theée*cross]inked aggre-
gates exceeds 500,000 daltons. The electrophoretic resd1ution of poly-
peptides whiph are'not major componehfs of mitochondria is not achieved
due to their “low concentrati¢n§ MA‘apbeared to disrupt’thé'é1ectro_
phoretic profile df mitochond?ia more than in the'case‘of the purified
‘enzyme. Nevertheless, mitochondria treated with 200 mM MA show hypo-

~ smotic lysis behaviorlessentfa11y jdentical toAcontrdl preparations

as detecfed by ]ight scattering(MethddS) inditating.that treatment with
the monofunctional reagent does not cause sufffcient croés]inking’to
effect the oémotic properties of the inner membrane. Mitochondria
treated with the cleavable biimidate, DTBP, 6n1y rupture in a similar

manner to untreated.preparatipns after_the disulfide bond is cleaved

90.
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Fig. 11. - SDS gel é]ectrophoresis of control
and‘iﬁidate—treatéd beef heart mitochondria.
Mitochondria(10 mg/m1) were incubated with
various imidate concentrations, dialyzed,

énd then 30 pg were loaded per channel.
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by dithiothreitol, whi]e'mitochondria treated with DMA or DMS concentra-
tions >2 mM weke‘osmoticaily insensitive. Cross]inking of oxidase
- polypeptides to other complexes is believed to have occurred since
Tess than 1% of the electrophoretically resolvable material remains
in the separation gel at high DMS_éoncentrations.'By cross1inkihg
mitoﬁhondria at Tow biimidaté»concentration(S mM) and subéequent
detergent fYactiOnatidn and Octyl-Sepharose 4B hydrophobic chromato-
graphy(206) it was not possible to.purify cytochromes-gg_3 independent
of cyfochromesvggj or to entirely separate cytochrome ¢ from cytoch-

romes )
omes aa,

Mitochondrial Enzyme Activity- MA énd DMS inhibit ascorbate;TMPD
oxidase activity in mitochondria(Fig. 12, Table XI). DMS -induced
vinhibifionvis 1iﬁear up to 60%'free‘amine modification while MA is
much-]essVinhibftory.-The incfeased jnhibition by MA‘at 50% free amine
modification might reéu]t from intrdduction of the bulky N-alkyl
acetamidine group onto protein and/or lipid sftes'since the.larger
monoimidate, methyl butyrimidate(MBI), increéses the inhibition only
5-8%,more than MA, while the inhibition‘pattérn remains quite similar.
Addition of cytochrome ¢ during incubation of mitochondria with MA
- does not affeét inhibition éf thé activity, but in the case of DMS
inhibition was significahf]y increased. Hypotonic lysis of the outer
membrane and salt-induced removal of cytdchrome ¢ results in mitoplasts
which are less inhibited by bifmidate crossiinkiné whereas the decline
of native mitochondria] oxidase activity is intermediate between

mitochondria which are c-supplemented and those which are c-depleted.

Cytochrome ¢ Crosslinking- Cytochrome c slightly increases DMS
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Fig. 12. 'Inhibitibﬁ of ascorbate-TMPD. oxidase
activity in intact, cytochrome é;dep]eted, and
cytochrome gfsupplemehted beef heart mitochondria.
Mitochondria were at 10 mg/m1 profein in the

“dincubation mixture.
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Table XI

Imidate Treatment of Purified nkﬁon:wosm Oxidase and Cytochrome c-depleted

i

Beef Heart Mitochondria

Primary Amino Group mmvm1mnﬂo= Gel Oxidase Activity

Sample  Imidate Concentration ‘Decrease Excluded Protein Remaining
| (mM) @  m C®
Purified MA 10 - 6 1 98
Oxidase 80 . 67 o o
DMS 5 8 5 | 7
40 67 23 18
Beef Heart  MA 10 1 5 %
Mitochondria: 80 N 75 | a0 . 78
DMS 5 7 . 24 8

0 60 72 53

Values are the mean of at Teast five determinations
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inactivation of cytochrome c oxidase. Since cytochrome g'cbntains 19
lysine residues which constitutes 20% of the residues in its primary
structure, g_cou]d be rahdom]y crosslinked to various portions of the
oxidase(or to the inner membrane surface) and inactivate it indirectly,

or it could be immobilized at its active site. Cytochrome c was there-

~ fore treated with MA or DMS, and the relative abilities of these mod-

ified cytochrome g»mo]ecu]es'to reduce unmodified purified cytochrome
oxidase were assayed. DMS-treated cytochrome c was separéted,on
Sephadex G-75 into monomer énd oligomer fractions. SDS ge1 e]éctro-
phoresis shows that separation of monomers from oligomers was complete,

but some monomers are present in the o11gomer fraction(Fig. 13). It is

~noted that in MA- and DMS-treated samp]es band diffusiveness increases
in these gels particularly around the dimer region. This may result

~ from random alkylation of free amines; this has been used to calculate

effective 'oligomeric regions' as is shown in Fig.13. Crosslinking at

' this cytochrome ¢ concentration(O.S mM) a1so results in some polymer

formation(>decamer). The m1dpo1nt potentials(E m7. 0*285+5 mV) of native,

MA, and DMS-treated cytochrome c were. unchanged.

A Lineweaver-Burk plot of ascorbate-TMPD oxidase activity(Fig. 14)
using control and imidoester-modi%ied cytochrome ¢ molecules as sub-
strates, indicates that MA and-cbntro]"samp]eS'have nearly identical
Voax and identical Ky va]uég.‘ The'unséparatéd DMS-treated sdmp]e
possessed a much 1ower‘VmaX and_higher'Km, but when the DMS-treated

sample was separated by column chromatography, the monomer fraction

which was recovéréd was only slightly inhibited while the oligomer

-fraction was very inhibited. One possibility is that oligomer formation

‘was decreasing the effective concentration of ferrocytochrome c. This

97.



- Fig. 13." SDS géT electrophoresis of imidate-

treated cytochrome c. Each channel was loaded

- with 40 pg protein.
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Fig. 14. Double reciprocal plot of
ascorbate-TMPD oxidase activity using
MA- or DMS-treated cytochrome ¢ as

substrate.
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possibility appears to be eliminated by the finding that oligomeric
g_is a partial competitiye_inhibitor of native c with a K1=5.4 uM.
Complete separation of oligomeric from monomeric cytbchrome'glwas
achieved at Tow ionic strength(Fig. 15). Eadie-Hofstee-Scatchard plots
demonétrate that the Kd for the hfgh affinity site is similar for

native, MA, and DMS c(~3 x 10'8 M) but much greater for

monomeric

DMS c(-1.1 x 1070 m).

polymeric”
Heterobifunctional Crosslinking Studies- Since cytochrome ¢

covalently bound to its high affinity interaction site on cytochrome
oxidase might inhibit electron transport between heme ¢ and heme a,
attempts were made to crosslink c to oxidase using the combination of
methy1 mercaptobutyrimidate(MMBI) and p-azidopheny1acy1bromide(APAB)
(207). The advantage of this two-step crosslinking reaction is that
disQ1fide exéhange between'MMBI—1abe1ed cytochrome ¢ SH groups and
cysteine résidues on the oxidase does not occur, and the crosslink

is stable to disulfide reducing conditions.‘when modified cytochrome
¢ and cytochrome oxidase are combined and chromatographed on a Sepha-
dex G-75 column at low ionic strength,‘they e]uté tdgether in the
.range 0.8-1.]:1(2;953). This complex is not cytochrome_g_stab]y bound
to its high affinity interaction site(70), howeyer it fs expected that
-a significant proportion of the total g‘pqpu1ation'does remain bound
at this site; After'activation of the nitrene(207) this mixture was
again chromatographed on Sephadex G-75 in 50 mM‘KHZPO4 bH 7.4. AT

of the cytochrome ¢ which is not cdva]ently bound should dissociate
and elute later, however a significant amount of the modified
cytochrome ¢ remained bound to the oxidase(g;gg3 ratio in the first

elution peak equals 0.5-0.6:1). Phecipitation_ofrthe enzyme with



Fig. 15. Elution profile of DMS-treated

cytochrome E'frdm a Sephadex G-75 Superfine

column.
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ammonium sulfate(0.35 saturation) did not alter the concentration of
cytochrome ¢ with respect to the enzyme.

Margoliash and coworkers(70) have shown that cytochrome c bound to
its high affinity site on cytochromeboxidase can be reduced by
ascorbate plus TMPD but not be ascorbate alone at low ionic strength
in a buffer containing no competitive ions, such as phosphate. Polar-
ographic tracings of experiments conducted in 25 mM Tris-cacodylate
pH 7.8 with ascorbate plus TMPD as reductants show that oxygen util-
ization is quite low, however addition of native cytochrome c appre-
ciably increases the rates in both buffers. This suggests that c
is not bound to its high affinity interaction site. Similar results
were obtained with another heterobifunctional reagent, 4—f1uoro—3—
nitrophenyl azide(FNPA), although modificétion of cytochrome c by this
reagent significantly increases the Kd for the high affinity site
(Kd"0.13 X 10'6 M). These samples were also subjected to SDS gel
electrophoresis. The cytochrome c-oxidase complex showed decreased
staining infensity of both subunits II and III. |

An Imidoester Spin Probe of Cytochrome c-Cytochrome Oxidase Inter-

actions- As specified in the'intkoduction the tertiary structure of
cytochrqme ¢ is arranged such that lysines 87, 22, 27, and 8 are at
fhe periphery of the high affinity binding site, and lysine 13 is
- near the center(70); A water-soluble spin-labeled imidoester was
prepared as spepified in'Methods and used to probe this interaction
of a water-soluble and membrane-bound protein. .

Reaction of fhe spfn label with cytochrome ¢ occurs slowly with a

substancial amount still reacting at 24 hr(Fig.. 16). Double integration
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Fig. 16. Time course of imidoester spin-

labeling of cytochrome c.
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of the first derivative EPR spectra shows that after 24 hr of treatment
onTy 2.2 mo]écu1es are bbund per molecule of -cytochrome c, while
‘analysis of the free amino groups indicated 3.8 Tysines had reacted.
‘However, since 30% of the tofa] spin of the reaction mixture is lost
in 24 hr this suggests that only 2.7 spins should be detected on the
1abe1edvg_popu1ation, in good agreement with the EPR spectra. By
comparison, labeling of cytochrdme'g_With methyﬁ acetimidate(t% hydrol-
ysis=27 min) and methy1 benzimidate(tg hydrolysis=55 hr) at pH 8.5
shows that 17 and 15 of the total lysines are modified in 30 min by
40 mM reagent, respectively. Perhaps the double bond within the ring.
stfucture of the label stabilizes the imidoester and sTows its reaction.
Under these'1abe1ing conditions the oxidized and reduced spectra of:
Spin—]abeIed cytochrome g_is.unchanged.‘SDS gel electrophoresis of the.
spin-Tabeled cytochrome ¢ did not reveal the presence of oligomers;
crosslinking by other monofunctionaJ reagents has been hypothesized
to occur(208). | | |

$ince’the imidoester Tabeling of proteins is specific and preserves
charge, it was of fnterest to see if labeled cytochrome E_mo]ecu]esi
“retained similar electron ‘transpdrt and binding activities as the
native protein. Eadie~Hofstee-Sca£chard analysis(70) demonstrated that
the spin-labeled cytochrome g_mo]ecu]es(Z'spins/g)‘were jdentical to the
native protein,vand similar to cytdchrome g.exténsive1y modified with
methyl acetimidate(17 lysines modified)(Fig, 17). Chromatography at
low ionic strength in the presence of cytochrome oxidase resulted in a
0.811.1:1(53993 molar ratid) comp]ex.for both native and modified

cytochrome c.
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Fig. 17.. Eadie-Hbfstee-Scafbhard plot
of native, imidoester spin-labeled, and

~MA-treated cytochrome c.
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The spectra in Fig. 18 demonstrate that the imidoester spin label

is weakly immobilized on both cytochrome g(rc=9.3 X 10"10)

and cyto-

" chrome oxidase molecules. These results are similar to those reported
by -Drott et al(209) using N-(]-oxy1—2,2,5,5-tetramethy1-3-pyfro1id1ny1—
'bromoacetamide to label the frée sulfhydryl of yéast cytochromé C

%)

(TC=1.0 x 1077) and identical to the results of Azzi et a1(210) using .

N(2,2,5,5—tetramethy1-3-pyrro]idy1%]-oxy1) 1odoacetam1dé‘to Tabel

_]O). However,

methionine-65 on horse héart cytochrome E(TC=9.3 x 10
one of‘the principal advantages of using an imidoester spin label for
proteiﬁ.spin labeling is its water sé1ub11ity. The‘weak immobilization
and hyperf{ne coup1ing(1$.5¢0.2 gaUSs) indicate the nitroxide is
exposed to a §o1ar ehvirqnment{

Réaction of .the 1m1doester occurs with unpfofonated lysines and is
.thus favored.at high pH. The high positive charge density of cytochrome
c tends to repel the positively'charged imidoester and also raise
the 10¢a1'pH'as a fuhctioniof proton repu1sion; As these two effects
tend to cancel each other it is difficult to prédict which lysine
residues oh the profein will reactvuﬁing criteria of local charge
density.-The bindiﬁg of cytochrome g_to cytochromevoxidasé in 25me
 Trisfcacody1ate énd in 50 mM phosphate wasvstudied. In ofder to obtain
a cytochrome c-cytochrome oxfdase comp]ex where g_Was‘only boundlto.its
high affinity site, chromatography.at low ionic strength was pefformed
(2). Since this has been kinetically described as cytochrome.g_bdund
on]y ﬁo its high affinity site fukther immobilization of the nitroxide
might bé expecfed to occur if there had'been substancial labeling of

the lysines near the heme crevice. The spectra of the imidoester-



Fig. 18. ESR spectra

a) free imidoester spin label, and covalently

attached to cytochrome ¢ and cytochrome oxidase.

b) 1labeled cytochrome ¢ bound to 1fpid—rich

and 1ipid-poor cytochrome oxidase and.aso1ectin

vesicles.
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Cytochrome ¢ tightly

bound to cytochrome

oxidase
(37% lipid by weight)

Cytochrome ¢ and
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-labeled cytochrome c, shown in Fig. 18, indicated that most of the
spins become more immobilized upon binding of the protein to its
binding site(r =2.4 x 1b'9). This implies that most of the labeling
has occurred at 6? near the binding site, or(less likely) that upon
binding there is an alteration of_thé cytochrohe g_structure leading
'to changes in the énVironment of sbins that are distant from the -
binding sife; The splitting of the three nitroxide Tines(hyperfine
coupling) remains about 15.2 gauSs upon bihding and therefore the
environment of the épins remains po]af as the spins become immobilized.
Binding of spin—]abé]ed cytochrome ¢ to a 1ipid-poor(185).cyt0chfome

.Q oxidase results in signfficant]y less immobilization of the nitroxide
than the lipid-rich prepdration(184). Thié indicates that the Cytochrome
c binding sites on fhesé‘two‘oxidase preparatidns are dissimilar even
though they are kinetically indistinguishab]e at.1ow ionic strength.
Binding of spin-]abe]éd cytochfomevg_tovnegative]y—chargéd phos-
pholipid vesicles also immobilizes the nitroxide but to a lesser
“extent than cytochrome oxidase(rc=1.8 X 10'9). '

~ The binding ofjspin—1abe1ed cytochrome c(2 spins/g) to cytochrome
c-depleted mitochondrial inner mémbranes-was salt dependent(Fig. i9).
%)

‘The correlation time of the bound c(r.=2.2 x 1077) was similar to

that of the bound cytochrome c specifically labeled at methionine-65
‘(210)(TC=2.3 x.10'9); This indicated that most of the spin became

immobilized upon binding to the sa]t-dep]etéd membranes .
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Fig. 19. Dissociation of imidoester spin-
labeled cytochrome ¢ from cytochrome c-

dep1eted inner_mitochondria] membranes .
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DISCUSSION

The results of the present iﬁvestigation, and other using chemical
crosslinking(143-145) and different methods(16), show that long-range
motion of cytochrome oxidase with respect to other components in the
respiratory chain is nbt required fdr activity. Some degree Qf motion
is, however, clearly essential for a fully functional enzyme, and for
it to interact norma]Ty in the electron transport chain. The préb]em
is to identify the degree to which sUch motion is required and the
Qpecific,groups involved on the interacting profeins._Evidence pertain-
ing to these twb po{nts 1s-djscussed further below.

Interaction and Motion of Oxidase Polypeptide Subunits and the Role

of Lipid- Crosslinking of purified oxidase inhibits_heme a to heme a,
e]ectron transfer. Thus under pre§steady'state conditions trahsient
‘ferrocytochrome ¢ oxidation and ferricytochrome a reduction is
similar for cOntro] and crosslinked preparations. Bonaventura et al
(146), who also investigated transient kineticﬁ of ferrocytochrome c
oxidation by control and crosslinked oxidase, arrived at similar
conclusions. Furthermore, they have demonstrafed that the rate of CO
- ligation to heme a, is jdentical for both the 60ntro1 and crosslinked
enzyme. v

Intermolecular éross1inking of oxidase with DMS did nof appear to
affect enzyme activit}. Oxidase can be isolated as aA'membranous'
patéh(]59,160) in which it is régu]ar]y ordered in a two-dimensional
cnysta]]ine array(161,162). Hi§h1y purified oxidase preparations when_
reéonstituted into 1ipid vesicles also display a tendency to aggregate

(16), and there have been speculations(14) that the active enzymatic
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unit is a dimer of four hemes and four copper atoms. Hackenbrock and
Hammon(9) have provided evidence by freeze-fracture e]ectroh microscopy
.that cytochrome oxidase may exist in an aggregated form within the
mitochondrial inner membrane. The experiments reported here indicate
that intermolecular éross]inking‘of oxidase does not affect cytochrome
.c acceSsibi1ity to the heme c-heme a electron transfef site. This
implies that 1ntermo1ecu1ar crosslinking -creates, or poss1b1y stabil-
izes, regular]y ordered cytochrome ox1dase aggreqates Thus us1nq
saturat1on transfer EPR techanues, our laboratory has recently
demohsfrated(]G)vthat the rotational Correlation time of oxidase
recbnstituted into 1ipid vesicles is insensitive td biimidate-induced
ihtersubunitlcrosslinkihg. Oxidése could be reconstituted in a relatively

immobile aggregaféd patch(12>] ms) or in a highly mobile form(r,=40 us),

2
but activity of the mobi]e and immobile oxidase complexes were
1dent1ca1( nax =400 e]ectrons/s); and reconst1tuted vesicles displayed
h1gh resp1ratonycontro1‘ Kunze and Junge(158) have shown by Tlinear
dichroic measurements that the cyto‘chrome'_al_3 compohent of fhe okidase
complex disp]ays no rotational motion <100 ms. Taken together these -
| resu1ts imply that cytochrome oxidase exists in an aggregated form
in the inner mitochondrial membrane. v

Our studies(16) a150‘show that the f]ufdity of lipids adjacent.to
the oxidase depends on the rotational mobi]ity_of'the proteiﬁ. If
oxidase is not aggregated when'it is'réconstituted_intovvesicles, Tipid
spin probesvcova1enf1y'bound to the proteih do not display a strong]y
immobilized EPR spectral component, whereas if the protein dfsp]ays

little rotational motion a strongly immobilized Tipid component is also
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observedi However, the activity of cytochrome okidase with highly fluid

and strongly immobilized 1ipid is identical. Hence, lipid fluidity is

not required for electron transport through the oxidase complex.
intercomp1ex Motion and Cytochrome c-Oxidase Interactions- Cross-

o

1inking'of oxidase to cytochrome c reductase occurs concurrently with

inhibition of ascorbate-TMPD oxidase activity_in mitochondria. The
questioﬁ which arises is whether crosslinking of fhe oxidase and
reductase chp1éxes to each othér is, in part, responsible for the
inhibition of enzyme activity or whether the results may be entirely °
explained by crosslinking of the oxidase subunits which we'havevshownv
to be inhibitory. Chemical modification results with mitochondria

and isolated oxidase Cannot be directly comparéd because of unavoidable
differences in'reagent accessibi1ity and amine content. Assuming that
the inner membrane contains ~25-29%(211) of the total mitochondrial
pfotein, and.20% of this is oxidase protein(14), then oxidase comprises
-5% of the total mitochondrial brotein. Since the lysine content of
purified oxidase(4-5%) and mitochondria(6%), and the amine phospho]ipid
content, are similar, then at a specifi;_percentage of free amine
modification the inhibition-of mitochondria1 oxidase activity should

be at least an order of magnitude less than purified dxidase if the

two preparations are incubated.wifh imidates at the same heme a
concentration. The assumptioné are that oxidaée po]ypeptides aré not
more accessible than the other complexes' polypeptides, and that
vqytochrome accessibility Yemains simi}ar in the two Caseé. E*periments
reported here demonstrate that the inhibition of mitochondrial oxidase

activity is considerabTy more than expected based on comparative



studies with the.purified oxidase. This suggests that intercomplex
crosslinking also affects cytochrome oxidase activity.

Rendon et al(212) have reported thaf rat liver mitochondria treated
with DMS at 0°C retain respiratory control. Proton permeability,
state IV succinate oxidase and'adenine.nuc1eot1de trans]dcase activi-
tieé were not affected by crosé]inking When assayed at 30°C,bbut
ATPase and ADP-stimulated succinate oxidasé activities were inhibited.
‘We have demonstrated that when oxidase vesicles havfng high.respira-
tory control aréAtreated with DMS, ascorbéte—TMPD oxidase activity is
inhibited but respfratory cOntrq1 fs hot affected. Hence, crosslinking
hinimaT]y perturbs membrane integrity but inhibitévenzyme aétivities
differentially. |

Addition of cytochrome ¢ during biimidaté treatment increases the
extent'of 1nactivation; but éur results using hetekobifunctiona]]yQ
derivatized cytochrome ¢ indicate that it is crosslinked at a site
‘which dbes not interfere with the bindfng thnative c. Formation of a
covalent complex of cytochrome c-oxidase resu1t§»in very Tittle
endogenous electron transport.

Bisson et al(155) hayé used FNPA_to,derivatize cytbchrome c. This
reagént suffers from the diéadvantage that it.chahges positiveiy—
charged lysine residues to uncharged secondary amines, and e1ihination
.of pqsitjve chargé néar the oxidase high'affinity binding domain on
the c molecule is known tolalter'g_-g_a__3 bihding interacfions(70). These
investigators also noted that FNPA-g;gg3‘comp1exes were incapable of |
electron transport in the absence of added native cytochromevg.

Erecinska et al1(156) have uséd.a 2,4-dinitro-5-fluoropheny] azide(DNPA)

121.
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»—cytochrome C der1vat1ve which displayed an apparent K for the reaction
with cytochrome ox1dase 5-6 fold greater than native c. The addition

of these DNPA-c molecules to cytochrome c-depleted rat liver mitochon-
dria; and light activation of the nitrene, resulted in a 1:1(g_aa3)
complex. In contrast to our results and thQse of Bisson et al(155),
DNPA-L:_-_a_a_3 complexes Were active. Moreover, electron transport rates
were only slightly stimulated by added native g, :

A Model of Cytochrome c-Cytochrome Oxidase Interactions -in the

Inner Mitochondrial Membrane- Margoliash and coworkers(70,150,151)

have demonstrated by selective chemical modification.and antibody
studies that interaction domains on the cytochrome ¢ molecule for

the reductase and oxidase are essentially identical. Brown and
W&thrich(74) have shown that cytochrome ¢ binds to phosphatidyl
cho]ine-diphosphatidy1vg1ycero1 vesicles by its 'backside'(near
resfdue 60) and causes c]ustering of diphosphatidyl glycerol. Our
studies indicate that cbva]ent bonding of cytochromebs_to oxidase

can be obtained, but that thﬁs‘comp1ex is incapable of electron
transfervactivity; These results indicate that cytochrome g_rotationa]
and/or lateral movement on ‘the inner membrane surface is requiréd fof
electron shuttiing. The results suggest a que](Fig. 20) for the

role of motion in electron transport betwéen-thé reductase and oxidase
~complexes. It is suggested that the ferricytochrome c dipole axis(72)
preferentia]]y'orients towards its high affinityrinteraction site
near heme c, on the reductase. When electron transfer fesu]ts in the
reducfion of heme c, chargé distribution of the high affinity

“interaction site changes and this results in dissociation of ¢ from the



Fig; 20. A model for the structure of
: cytdchrpme ¢ oxidase, and hypothetical
rotationaT_mot{on of"qyfoéhrome C. The
dimension5'111ustraied are for a .'mem-.

branous’' enzyme preparation(159,160),

while the subunit disposition(3) and heme -

-displacement are from previous studies(27,

213).
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reductase and rebinding to phospholipid sites. The c dipole axis
reorients towards the high negative charge density on the oxidase
interaction site ahd.binding occurs; electron transfer then takes

place between heme ¢ and heme a.
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Section II: ROTATIONAL AND LIPID VERSUS PROTEIN MOTION

Cytochrome g~oxidase appears to be a closely associated éomp]ex of
po1ypéptides and 1ipid which requires a degree of intracomplex fluidity
in 6rder to undergo its caté1ytic cycle. Electron transport in mito-
chondria however might also involve the rotational motion of the
1nd191dua1 enzyme complexes, and this’prOperty could affect the
organization of membrane-bound cytochrome oxidase. Therefore spin,
Tabels were used to study the motion of 1lipids and the rotational
mobi]ity of the spin-labeled pfofein(214) in various envjronmehts,
including when it is functionally incorporated into the bilayer
. of a Tlipid vesicle. Thié approach, which has proven useful in the
-study of other membrane-bound protéins(188) was used to assess the

importance of lipid and protein mobility for enzyme'function.
RESULTS

Characteristics of Enzyme Preparations- The preparations which

were utilized for the determination of the rotational mobility of the
soluble and membrane-bound cytochrome oxidase are described in Table
Data for,chymotrypsin-treafed preparations is also presented for
comparison with previous results(193). Triton-oxidase hadﬁthe smaT]est
amountvbf po]ypeptide contamination, while DOC-oxidase was much more
contaminated as shown 1in Fig. 21. 1t shou]d be noted that this
discontinuous buffer gradient gel allows the reso]ufion of many high
molecular weight conféminants not detected on continuous buffer gels
- employing urea and SDS(20). As was noted in the previdus section, these
h{gh molecular weight contaminants could be e]imfnated by further

- purification using cholate ahd ammonium sulfate(193) and gel filtra-
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Table XII 
Characteristics of the: Cytochrome Oxidase 'bPép&Y‘étiOns
Preparation ~  ‘Purity o Activity®  Lipid Content SH Gmupsb
nmoles heme electrons/  mg lipid/
' g/mg_protein S pgr’ggg mg protein
- DOC-oxidase 9.0-10.5 - 400 | - 0.35-0.42 9
Triton-oxidase _10.0-11.8 400 0.02-0.06 7
Chymotrypsin  10.0-11.7 140 ND¢ 7
DOC-oxidase _
Chymotrypsin i0.5-12.0 400 ND 7

- Triton-oxidase

aActivity is expressed as Vmax value in 67 mM KH2PO4 pH 7.4, 0.5%

in the presence of 1% asolectin at 25°C

bDetermined according to (197) in 0.1% SDS. Values, the mean of at

least three determinations, were rounded to the nearest whole number.

CNot determined
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Fig. 21. SDS Qél'electrophoresis of the
cytochrome okidase preparations used in the '
rotational,mobility study. The numbers at the
bottom of the gel profile refer to the
number of»ﬁg loaded per channel. The stack-:
ing gel was removed for conveniehce, and did

not contain any stained material.
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‘tion on Sepharose 4B(20). The nine po1ypep£1des seen in Fig. 21 are the‘
seven polypeptides of bovine heart cytochrome c oxidase plus the two
contaminanté Va and VIb described by Downer et al(20); these could

not be entirely eliminated by incubation of the enzyme with chymotry-
psin(10 wg/mg oxidase protein) at 25°C in 0.1 M NaH,PO, oH 7.8, 0.5%
cholate for two hours(34,193). In the case of the Triton-oxidase no
reduction of thé_specific activity occurred as a result of the
proteo]ytic digestion, whereas in the case of the DOC-oxidase the
activity declined from 400 to 140 e]eétrons/s per aa, unit.

Assays of the activity of spinflabe1ed Triton-oxidase and DOC-oxidase
are shown in Fig. 22. No differences cou1d be detected between the
native and spin-labeled enzymes.’Asvéhown in Fig. 22, only the lipid-
'pook Triton-oxidase preparation cou]d be activated by the addition
of 1ipid,:as previously reported(202). The binding;affinity constant
(Kq) of cytoChrome‘g_at the high affinity site is 0.03 uM in good
agreement with other results(70). V |

As can be seen from Table XIII approximately one MSL spin label per
oxidase remainedvafter spin-labeling énd the cysteine and ferricyanide
treatment. In order to determine whether the spin population was bound
to one distinct subunit of the enzyme, the preparation was dissociated
with 2% SDS and 8 M urea and chromatographed as detailed in the
Methods section(Fig. 23). EPR was used to determine the amount of
spin associated with eachvfraction. SDS-urea gel e1éctrophoresis waé
then performed as in (20); and it was found that spin was associated
only with fract1ons containing subunits II and ITI(MW 22,000 and 20,500)

; these were not resolved further because of spin loss which occurred
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Table XIII

‘Reduction of the‘ "coi'/alently-'Bou'nd ‘MSL Spin 'PY‘Obe

# Spin Labels # Spin Labels? # Spin Labe1sb

Preparation - Added/aa3_; ____Reacted/aa, Not Reduced
Triton-oxidase 2 ’ 1.5 ' 1.1
DOC-oxidase 5 32 1.4

®Based on the number of SH’QrOups for DTNB reaction (197) before
and after spin-1aebé1ing(mean of 5 determinations).

bCa]cu]ated by double integration of spectra taken before and

after cysteine and_ferricyanide treatment(mean of 5 determinations).



Fig. 22. | Po]aﬁographicbactivity,aSSays of spin-
Tabeled cyfochrome c oxidase. |
a). Lineweaver-Burk plot of steady-state 02
conéumption. |
b). Eadie-Hofstee-Scatchard plot showing
high affinity binding kinetics of cytochrome
C.
A11 points represent mean averaées of at 1eaét .
~ five determiﬁations. Activity assays of native
“and spin-1abe1ed cytochrome oxidése yielded

identical results.
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Fig. 23. An elution profile from a

Sephacryl S-200 column of detergént(SDS)-

solubilized cytochrome c oxidase.
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doring the chromatographic procedure. Kornblatt etAa1(215) have

previously demonstrated that (]4C)-NEM and MSL both react with a sub-

unit of MW 25,000 at pH 8.5, but subunits II and III were not resolved
in their electrophoretic study. Recently, these investigators have

(]40)—NEM reacts with subunits IIT and VIa at

produced evidence that
pH 7.0 with the labeling of subunit III being predominant(19).

Reconstitution Using Phosphatidyl Choline- Following spin labeling

and chromatography the DOC-oxidase e]utéd always from the column as a
turbid suspensioh, whereas the Tkiton—oxidase remained'optica11y clear.
The turbid suspension had the opa]escent‘appéarance characteristic
of a vesicle ‘suspension. An electron micrograph.of a negatively-
staihed preparation of DOC-oxidase after chrométography(Fig. 24),
“demonstrates that it consists of a very hetekogeneous population of
vesic1e§ with diameters ranging from 500 to 2500 R; some multilamellar
vesicles were also detected, but wevfound‘oo.respiratory control 1in
theseipreparations.v |

Since sotoration.tranSfer EPR experimehts require spin label conc-
entrations on the order of 10 uM or higher, a reconstitution procedure
developed by Karlsson et'a1(202) was used at a low lipid to protein
ratio(1:1, by weight), permitting convenient concentration of the
‘enzyme to 50 uM. Negative]yfsfaioed preparations of DOC-oxidase
reconstituted ih‘this manner, showed vesicles of mean diameter 1020+
100 ﬂ(Fig. 24), but'with‘ho detecfab]e respiratory contro]; an analysis
of these samp]es on a discontinuous Fico]] gradient(Fig. 25),
demonstroted little of oo eozymé incorporation in the phosphatidyl

 choline vesicles, 1n-agreément-with preVious results(216). Using
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Fig; 24. Electron micrographs of prep-
arations negative]y—stained with 1% phos-
photungstate(pH 7.0) followed by 1% uranyl

acetate.
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'Fig. 25. A Ficoll discontinuous gradient analysis

of protein incorporation into lipid vesicles. The
sonication procedure of~(202) was employed using
breformed phosphatidyl cho]iné vesicles and DOC-

. oxidase, and the cholate dialysis prOcedure of

(201) was used empioying either mitochondrial

| 1ipids or pértia11y¥purified asolectin and the Triton-
. oxidase, either chromatographed or not.. The use

‘of mitochondrial lipids in the cho]ate diaTysis

~ procedure did not change our results in any

detectable fashion.
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‘partially purified asolectin we were able to obtafh 20% incorporation
of cytochrome oxidése by this technique( as detected by Ficoll gradient
anaiysis). However, with 80% of the enzyme unincorporated, the |
respiratory control ratio was very 10w(RCR=1.3t0.2).

Pfeparations with much greater reﬁpfratoky control ratios weré
obtained by different reconstitution procedures using much higher
lipid to protein ratios. | |

Reconstitutfon with High Respiratory Control- These cytochrome

:oxidasé vesicles were prepared-by a modification of Racker's sonication.
technique(ZQ]), and cholate dia]ysis.technfque(ZOO), using partially
purified aso1e¢tin or mitochondrial 1ipids. Only Trifon—oxidasé was
used, which after spin-labeling and chromatography can be shown to be
in a disaggregated form(see Tlater Resu1ts). |

The complete incorporation of Triton-oxidase into bartia11y'v
purified asolectin vesicles is shown invFig._ZS. Similar results were
obtained with mitochondrial lipids. E]éctron micrographs of these
négative1y-stained preparations are shown at the bottom of Fig. 24
~ (mean vesicle diameter 420:30 R).

EPR Spectra of the Various Preparations- Determination of rota-

tional motfon of proteins by thé technique of séturation transfer EPR
requires that a spin label be bound to a macroholeculé such that the
population of weék]y immobi 11 zed spins is minimized as deteéted on the
- vy spectrum. The molar rafio of MSL to cytochrome c oxidase, the |
incubation time and temperature were adjusted to minimizé this weakly
~immobilized ﬁopu1ation, but in the case of both the DOC- and Triton-

oxidase additional treatment with cysteine and ferricyanide was
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réquired. This treatment,affécted neither the activity of the enzyme

nor the Kd for high affinity binding of cytoChromé‘g>measured at low
ionic_strehgfh.‘Both DOC- -and Triton-oxidase preparations possess

nearly identica1 V1 sbectra at 4QC(F1g. 26), bUt when the Triton-oxidase
fs reconstituted by the cholate dialysis or soniéation(our modification
of (201)) procedures, a small weak]y immobi1izea'popu1ation of spfnsr
(at arrows) can be seen at_22°C but not.at 49C. To avoid ahbiguities

all the spectra were recorded at 4°c.

Lipid Versus Protein Mobi]ity-‘ As described by Jost et al(164,165),
“when lipid(including séme spin-labeled hydfocarbon chains) is ddded

to oxidase which has been partially phosphoTipid,dep]eted, the spin
Tabels become Strong]y ihmobf]ized. The DOC-oxidase was clearly in a
membranous form(Fig. 24). As shown in Fig. 27, the fatty acid spin
label FASL(1,14), becomes immobi]fzgd(v] spectrum) when it is added

to this’preparation, fﬁ agreehent with resu1ts_obtained with similar
oxidasevpreparat{ons(166); However, Fig.'27 also shbws that the
rotatfonaT corre1at{on‘time of MSL spin-labeled DOC-oxidase is >1 ms

(V2' spectrum).

Rotational CbrreIatidn-Times of Purified and Reconstituted Triton-
oxidase- A préparation of Triton-oxidase was spin-labeled andveither
(a) chrbmatographed qnd then treated.with cysteine and ferricyanide or’
(b) directly treated without chromatography; Both preparations were |
then precipitated at 0.35 saturation of ammonium sulfate and rediss-
olved in detergeht—containing buffer. Thesevtwo types_of spin-]abe]ed
Triton-oxidase were thén reconstitufed using partia]]y purified

asolectin or mitochondrial lipids by the cholate dialysis procédure.
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Fig. 26. Conventiona1(V]) spectra of the

purified(in detergent) and reconstituted

cytochrome'oxidase(50,uM)-preparations spin-

labeled with MSL. The arrows designate the
weak]y 1mmdbiiized signal present at 22°¢C
in the Triton-oxidase preparations recon-

stituted by the cholate dialysis method.
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TRITON-oxidase
- Purified
- 4°C or 22°C
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Reconstituted
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)

- Fig. 27. A conventiona](v1) spectrum of ,
added FASL(1,14)_and second harmonic(V,') spectrum
of covalently bound MSL to purified DOC-oxidase
(50 uM) in 50 mM KH,PO, PH 7.5, 0.25% Tween

20, prior to lipid addition.
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Similar results wére obtained by our médffication of the sonication

pkoCedure(ZO]). |
Saturation trénsfer spectra of the four types of preparations aré
shown 1n.Fig; 28; indicated are the parameters L, L", C, and C" used

‘to estimate the rotationa1;cbrre1ation timés. The Triton-oxidase,

- which was chromatographed-fol]dwing spin-labeling, poséessed an
effective rotationaj corre]ation»timé(TZ).ofyabout 100 ns,'as»deter—

mined‘from,the.above parameters of its spectrum(see Fig. 29). This'

is the correlation time predfcted forva sphere with a molecular .,

" weight of ~200,000 at 406(16). This preparation contaihs*on1y 4% jipfd |
(by.weight), and the ﬁrotein'svestihated MW s 140,000(17) it dpbears
Itherefore that the chrométographed Triton—oxidase exists in a dis-

‘aggregated form, in’agréement'with analytical u1tracentrffugation
studies in Triton X-100(22) and Emasol 1130(32).

The Triton-oxidase that was hot chromatographed prior to cysteine
and ferricyanidé treatment disb]ayed a rotational correlation time of
>1 ms, indicating proteih aggregation. Since a large part of this~‘
preparation aggregated on the Sephadex G-ZS'ge1 fiitration column when
chromatbgrapﬁed, and could only be solubilized by continued elution,
it appears that the enzyme exists in a heterogeneous mixtufe of particle
siies and thét gel fi]trafion in detergent slowly e]iminateé the
higher molecular weight aggregates from the population.

As.can be seen in Fig. 28, the Triton-oxidase which was mobile in
the chromatographed form remained mobile when reConstituted(T2"40 us),
while the immobilized unchromatographéd prepdration remained immobi 1ized

when reconstituted. The vesicles made from the immobile and the mobile
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Fig. 28. Second harmonic(vzf) sbectra of

' burified'and}reconstituted Triton-oxidase
preparations'which were éithér not chrom;
atogréphed or chromatographed after’spin
‘labeling. The spectral parameters L, L",

C, C' are used to calculate effective
rotational correlation times as described in

Methods .
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Fig. 29. Plots of the spectral parameters C'/C

and L"/L and their relationship to the rotational

correlation time, Tos illustrating the procedure
used to determine effective correlation times for
nitroxide spin label saturation transfer EPR

spectra(V'z')° The curves were obtained from theor-

etical studies and mode]-éystem experiments on iso-

tropic rotational diffusion(203). Purified Triton-

voxidase(in detergent) after éhromatography(of——o);

Purified DOC-oxidase(in detergent) after'chromaf

tography(0o—o0); Triton-oxidase, chromatographéd

and then reconstituted(a—a); Triton-oxidase, not

chromatographed and then reconstituted(s—m);

rhodopsin, as determined by(188)(wv—w); ca* -ATPase
, native Tipids (a—a) ; Ca++—ATPase, 1ipids replaced

with dipalmitoyl lecithin(¢—@). Both of the Ca++-

ATPase values were determined by(214).

151,
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preparations were quite similar in size with diameters of 410:30 R
and 420+30 R respectively(Fig. 24). Both preparations were fully active
(Vmax=400’e1ectrons/s) and possessed high respiratory contro1-ratios
(in some cases ciose to 5), indicating that most of the enzyme was
~functionally incorporated(193). |

The rotatfonaT time of ke@onstituted cytochrome oxidése appeéred
to be independent of vesicle mobility, since cehtrifugation of the
vesicle suspension to form a compact geJatinous pellet did not alter
the V2' spectré.rTreatment.of the mobi1evTriton-oxidasevin reconsti- -
tuted vesic]es, at low oxidase concentration(0.38 mg/m1) with the
bffunctipna] imidoeéter, dimethyl.suberimidate, at a final concentration
of.10 mM doés not resuft in a.furthér immobilized spectrum. Electron
micrograbhs of these vesicle preparations indicate that no infer—
Qesicu1ar.crosslinking occurs under_these conditions, whereas SDS gel
e1ectrophoresis demonstrates extensfve.po1ypeptide coupling of all
~ the oxidase subunits, except for subunit I(MW 35,500)(217). Since the
MSL spin probe is bound to eitﬁer subunit Il>or‘III, our crosslinking
~fésﬁ1ts indicate thatvwegare not observing the ihdependent rotational
MOtion of these subunits. Under these conditions no inter-cytochrdme
oxidase crosslinkjng isvbe1ieved to occur(217).’G1utara1dehyde
freatment(40 mM final concentration) of concentrated vesicle suspensions

- {5 mg/m1) does result in an immobilized V,' speétrum of the mobi1e

2
- preparation(Tz*increases'from 40 ys to >1 ms); glutaraldehyde treat-

“ment of the immobi1é reconstituted oxidase did not appreciably alter
the V,' spectrum(L"/L increased from 1.20 to 1.25).

"~ A summary of the saturation transfer data obtained:for the various
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preparations of cytochrome oxidase»used in this study(Fig. 29), shows

how effective correlation times were estimated(214). The spectral

i~parametér.C'/C is especially sensitive in the 10'6

while L“/L‘is sensitive in the range 1073 to'10f6 S.

to 10'8 s range,

o Lipid Mobility Corre1afes with Protein Mobility- Since the recon-

stituted Tkitbn—oxidase vesicle preparations contained a 1ipid to pkotein
molar ratio of >3000:1, it is virtually impossible to seleétively
study thé 1ipid adjqcent to the protein using free §pin probes of
the 1ipid phase. Tﬁefefore a 1ipid probe was used that was covalently
attached*to'fhe protein, MSL(1,14). The nitroxide group of tﬁis
probe is éttached near one end of thevacyl chain and the.other end
reacts with the'sulfhydryl group at pH 7.0 through the N-ethyl
maleimide 1inkage. This prbbe has been used to study the 1ipid envir-
onment of rhodopsin in retinal disk membranes(188). MSL(1,14) was’
added at a mo]af ratfo'of.2;1 to aa,. Determinafiohs of the total spin
bound to the enzymé; following elimination of the non-covalently bound
MSL(1,14), were perfofmed as in (188) and 1ipid_was then extracted by
the alkaline ch]orofofm;methano1 proéedUre described in Methods.
These results indicate that 90+5% of the total,spin was bdund'to the
protein portion of the enzyme. As can be séen in Fig. 30, MSL(1,14)
is immobilized on both the chromatbgraphed(mbbi]e protein) and the
non-chromatographed(immobi1é protein) purified:Triton-oxidase, but a
greater proportion is immobilized on the non-chromatographed preb-
-arations. When these two types'of Triton-oxidase were reconstitﬁfed,
the prepafation containing mobile prdtéin'displayed no evidence of a

strongly immobilized MSL(1,14)(Fig. 30, center:right), whereas the
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Fig. 30. Conventfona](v]) spectra of MSL(I,14)
covalently bound to Triton-oxidase.-The differeﬁce
spectra of FASL(j,14)-MSL(1,14) at the bottom of
.the figure were obtained by computer subtraction‘ 
" using a PDP 11/34 Computer attached to the EPR
recorder; Purified §§3 concentratjon was 100 uM
/in 50 mM KH,PO, pH 7.5, 0.25% Tween 20, 0.05%
cholate. Reconstituted aa. concentration was SOvuM

3

in 5.0'mM.KH2P.04 pH 7.5.
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preparation containing immobile protein showed a large amount of
immobilized MSL(1,14)(Fig. 30,centef left). The spectra of added FASL
(1,14) (free faﬁty acid) to thesé preparations(molar ratio of FASL(1,
T4):0Xidase was 1:1) are depicted at the bottom of Fig. 30. As
expected, neither Tritoh—oxidase vesicle type immobilized a significant
fraction of this free fatty acid 1abe1:at these high lipid to protein
ratios. It.is interesting to nofe that the spectrum of the MSL(1,14)
,fn the mqbi1é Triton—oxidase(Fig. 30,-¢enter right) is slightly

- broader than that of the ?ASL(],i4) - MSL(1,14) difference spéctrum
in the same preparation(F{g.30, bottom right). Thus, although the
adjacéntvﬁydrocarbon chains are not_stfong]y immobilized by the
prbtefn, fhey are slightly less mobile than the 1ipid chafns far

from the protein. The Hyperfine splitting of the covalently labeled
MSL(1,14) differs at mbst by 0;2 gauss from that of FASL(1,14) in
the reconstituted systems indicating that the two probes are probably

in similar hydrophobic environments.
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DISCUSSION

Thebrotationa1 mobility of isolated and reconstituted cytochrome
g oXidase frqm beef heart mitochondria has been studied and correlated
 with the f]uidjty of the hydrophobic environment adjacenf to the
protein. Prior to chromatography, the spin-labeled complex never'disp1ays'
rotational mdtion in thé*sub-mi]]isecohd range of corre]étion times
(Fig. 28). Chromatoéraphed DOC-oxidase, whiéh‘contains considerably
more 1ipid and contaminant“pq1ypeptides(Fig. 21} than the Triton-
oxidase pféparation, has a tendency to vesicu]ate and/or form
enzyme sheets even in detergent, and shows no sub-millisecond kota-
tional motion. However;vchromatographed preparations of spin-labeled
" Triton-oxidase, in the pkesence'bf detergent, display rotational
correlation fimes in the 100 ns réhge(FiQ. 28), indicating that the
enzyme is prbab1y disaggregated.vThese results suggest that, as
iSQlated,‘éytochrome oxidése is probably in the forh of aggregated
patches( as prévioUs]y observed, Reference 165), and that chromato-
graphy in thé presence of detergent can, under certain conditions,
disaggregate these patcheé. |

Functional 1ncorporétion of cytochrome oxidase into 1ipid vesicles
was achieved at high 1ipid to protein fatids(12.5:1,_by_weight), by
the cholate dia]ysis.or sonication procedukes,vbut.this did not.seem
to modify the aggregation state of the oxiaase. Following the incokpora
ation of non-chromatographed samples of cytochrome oxidase into
liposomes, the rotational correlation time of the.pfotein remains
>1'mS; jncorporation of chromatogréphed oxidase into 1iposomes results

in a rotational cokre]ation'time:invthe 40 ﬁs range, indicating that
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'. the oxidase probably remains in a disaggregated form in the membrane.
The activity of the complex in the reconstituted preparations |
does not seem to‘depend on.its rotational corﬁe1ation time; the res-
piratory control ratios are.a1so very similar in tHe two kinds of
reconstituted preparations and so are the lipid to protein ratios of
the various populations of vesicles obtained in the Ficoll gradients.
These results are ihdebendent of whether mifochondria1 or partia11y
purified aso]ectih is used for reconstitution. Therefore, sub-milli-
second rotatioha1 mobility of Qytochrdme c oxidase is not required
for electron transfer from cytochrome'g(its natufa1 donor) to
oxygen).vAggregated patches of the complex will efficiently transfér
electrons from cytochrome c to 02 and may in fact be presenf in the
inner membrane of mitochondria, as previously suggested(9). |
Invcbntrast to nochhromatographéd'oxidase, both Ca++-AfPase

(Mw ~100,000) from sarcop1a5mic reticu]ﬁm(214,2]8) and rhodopsin
(MW ~40,000)(219) display a high degree of sub-millisecond rotational
mobility both in native and reconstitutedvmembranes(Fig. 29). In
addition, when the mobility of the Ca**-ATPase is inhibited, the
enzyme activity is also inhibﬁted. Like the immobile cytochrome
oxidase preparations, spin—]abe]ed recombinant acetyl choline receptors
havévno sub-mi11isecond'rotatibna] mobility, indicatiﬁg protein
agéregation(ZZO). | I

~ The results with reconstituted cyfochrome oxidase coValéht1y 1ébe1ed
with MSL(1,14):at a lipid to protein‘ratio of 12.5:1(by weight)
-indicatelthat'the hydrophobic environment of the oxidase is very viscous
in the aggregated’form, and very fluid in the disaggregated form(Figs. :

28 and 30). It is difficult to identifyipretise]y the region around
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the.oxidase sémp1ed with this probe; the maximum distance from fhe
‘maleimide moiety to the nitroxide radina1 is about 30 R and therefore
no more than the first three layers of lipid around the enzyme are
sampled by fhe probe. It is not surpniéing that, inftne aggregated form,
the immediate environment of the oxidéée should be so viscous; in this
case only a few lipid molecules are expected to be trapped between
the oxidase complexes with their fatty acid chains in a constrained
environment. | v
Earlier EPR studies with spin-labeled fatty acid chains and lipids

in cytochrome oxidase preparations haye shown a high degree of imm-
obilization of lipids at Tow '|.1'p1'vd to protein ratios(165-167). The
results obtained with DOC-oxidase and thé fatty acid spin probe
FASL(],]4)(Fig; 27) have confirmed this. In'the previous studies
(165-167), the amounf of stnongly immbbi]ized-1ipid was shown to be
prOportiona] to tne émount of protein, and the resu1fs were inter-
preted to mean that each protein independently immobilized a constant
number of Tipid molecules. This was Visua1ized as a boundary Tayer of
strongly immobilized 1ipid. An equally pnobable explanation for these
results con1d have been the immobilization of 1ipid trapped within
protéin aggregates which do not disaggregate at high 1fnid~conéentra-
tions. The latter explanation is supported by the resu]tsvof the pre-
sent'inVestigation.Furthermore, in the disaggregated form of the
reconstituted enzyme, the fluidity of the hydrophobic environment
around the oxidase measured with the MSL(1,14) probe fs only sTightly
less than the fluidity of the bulk ]ipfd hydrophobié environment‘
measured with the FASL(1,14) probe(Fig. 30). |
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Theoretical considerations(221) and NMR data(168,222-224) suggest
that,vif a boundary layer of lipids exists around proteins then,
compafed to fhe bulk 1ipids, its fatty acid environment may be more
f]ufd below the bulk 1ipid phase trahsition and less fluid abovebthe
phase transition. The protein may act Tike an impurity'or defect in
the lipid lattice, a]tering'somewhat the ordering of the fafty acid
'chains'near its hydrophobic énvironment.~Dah1quiSt and- coworkers

(222,226) have perfofmed deuterium NMR experiments on a DOC-purified
oxidase preparation.'They found evideﬁce forftwo_distjnct popu]atjons
of 1ib1d hydrocarbon chains, one strongly immobilized and one approx-
imately as mobi]é as pUre 1fpid in the absence of pfotein, Under
simi]arvéonditions of preparation, the DOC-oxidase used in the
present investigation'ié aggregated. O]dfie1d et 61(168) performed -
éna]ogous NMR experiments on a ch§1ate-purified cytochrbme oxidase
preparation and have'not'detected an immobilized phospholipid pop—
ulation. If this latter preparation contéined diéaggreéated enzyme,
vthen the discrepancy between these two NMR sfudies may be exp]ainéd
by our analysis; that is, a distinct Sfrong]y immobilized population
of hydrocarbdn chains:exists only when tﬁe énzyme is aggregated.

A similar situation ar1ses in rhodops1n -containing membranes(188),
Awhere the 1mmob111zat1on of the prote1n and 1ipid occur only at low

"-11p1d to prote1n ‘ratios.

161,
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" 'GENERAL DISCUSSION

The résu1ts of this investigation on the membrane organization of
cytochrome g_oxidase'havé indfcated that the oxidase complex is a close-
ly-knit functidnal unit'which_requires avcertain degree of polypeptide
flexibility for e]ectroh transporf activify. Crosslinking betwéen
oxidase mb]ecu]es'to form 1argevaggregates does not affect actfvity
inhibition by>biimidates whereas covalent coupling of oxidase to complex
ggq.dOes.'Furthermore, if appears that oxidase-mediated eiectron trans-
port is not affected by 1mmobi1izatfbn of the protein jn-a 1ipid bi-
layer, and lipid flﬁidity within the oxidase Comp1ex-1s not required
for éctivfty. | | |

These results suggest a model for the.organization of cytochrome ¢
oxidase’within the mitochondrial inner'membraneras showh.in Fig. 31.

The e]ectroh transport chain is ijlustréted as being composed of close-
. 1y associated protein-lipid complexes wfth ubiquinone mediating electron
transport between complexes I, II, and III. The ratio of complex I:II:.
III:E;IV.is shown as 1:1:1:2:2 based upon(147,148) . Although this
diagram shows only one e]ectron‘transport chain it ié Tikely that many
chains are clustered together,'ag shbwn'by electron microscopy using
ferritin-labeled immunbg1obu11ns monbspecific for cytochrome oxidase(9).
Cytochrome oxidase is i]lustrated as being a functional dimer based

upon the inner membranevcyfochrome content(147,148), ana]ytica] ultra-
centrifugation(14), satdration transfer EPR(16) and crosslinking
studies. The oxidase complex is also shown in two differént conforma-
tional states. The partially reduced oxidase(gfz; gf3) is illustrated
as being more cbmpact based upon analytical ultracentrifugation(23) -

and chemical modification(217)'studies. Cytochrome ¢ is depicted to be



Fig. 31.  An illustration of the possible

vorganizatiOniof the mitochondrial electron

transport chain. The conformations of the

complexes are arbitrary.
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mobile as explained in Fig. 30. Lipid organization of the inner membrane
is shown as being non-uniform. The various transition temperatures(114)
and miéro-environmenta1 effects of mono- and divalent cations(98), and
protein contentkation(lGQ) might dictate whether certain 1ipids; such

as diphosphatidylglyceroi(74), w111 be dispersed or clustered.

Implications of the Model- The most obvious imp]ication“Of the model

is that thé.inher\mitochondria] membrane is not organized as a fluid
~mosaic of protefn and lipid. Since cytochrome oXidaSe, and possibly the
other resbiratory comp]eXes, do not thergb rotational motion'on the
sub-millisecond time scale, then é1ectron transbort activity requires
‘that the reductibn-oxidation éénteks of the complexes be Within a few

| angstroms of each other..If the complexes ére,immobi]ized, one way

to modulate e]eqtron'f1OWjdoWn the chain is for the proteins to assume
'dffferent'conformationa]‘states.so that, for instance, the hemes are
abarf undefbédnditions of high energy charge so.that electronic commun-
1cation betweén them is inhibited.'Anothervway in which electron
movement down'this pseudo 'solid-state’ e1ectron chain is for some
cbmponents of the‘chain, such és ubiquindne énd cytochrome c, to be
mobile. The function of these mobile carriers is to regu]éte the amount
of energy generatéd_by e]ectfon f1ow‘down the potential gradient. For
instance, when energy.charge is high, ATP binds to cytochrome Q_and

’restricts its binding to both'the reductase and oxidase complexes(227).
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- SUMMARY
1) The dynamics of electron movement within the mitochondrial inner
mémbrane appears to require that the electron transport chain complexes
be closely associated. |
2) In the present'study,vthe rea]tionship of {ntracomp]ex,/intercomp1ex,
rotational, and lipid versus protein motion to the membrane organization
of cytochrome g_okidase has been studied.
3) Cross]inking of purified or reconstituted cytochrome oxidase;’whiéh
results in the covalent cbup]ing of subunits II-VII;_is much'moré
inhibitory to steady-state oxidase activity than monoimidate treatment.
4) Since the chain length of the bfimidates employed in this study is
11 R or less, these oxidase subunits are closer to one another than
this distance. o
5) At lower extents of amine modification(<20%) biimidate crosslinking
of oxidase does not affect heme c-heme a electron ﬁrénéfer rates.
6) These results indicate fhatveven though the subunits of the_cytochrome’
oxidase comb]ex are c1ose1yvassociated as a functional unit, a certain
degree of_po1ypeptide f]exibflity is required for activfty.
7) The role of 1ntracomp1exvmotion has been studied in mitochondria ahd
purified oxidase in the presence and absence of cytbchrome C.
8) Crosslinking of mi tochondria by biimidates éppears to be more inhibi-
tory to steady¥state oxidase activity in the case of mitochondria than
for purified oxidaée.
9) Biimidate:treatment of mitochondria resu]tsbin the crosslinking of -
complexes:ggq and aa, with cytochrome c. | |
10) Crosslinking of éytochrome ¢ to c-depleted mitoplasts or purified E

oxidase resulted in a catalytically inactive complex.
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- 11) These results suggest that the electron transport chain complexes
are closely associated in the inner membrane, and that cytochkome.g
mbbi1ity is required for electron transfer between complexes III and IV.
12) The rotational mobi]ityfof cytochrome oxidase was measured by
“saturation tranéfér EPR. |

~13) The purified oxidase could be brepared in a form which displayed

a high(ré¥100 ns) or a.1ow(r2$1'ms) degree of rotational mobility.

14) When reconstiﬁuted; the rotational mobi1ity»of membrane-bound
-.oxidase depended upon its rotational mbbi]ity prior to reconstitutioh.
However, the mobile and immobile enzymes had the same high activity.

15) Lipid motion within the oxidase comp]éx was also studied by con-
ventional EPR, and was found to be related to protein rotétiona] mobility.
If the protein was highly mobile, then the Tipid was also quite fluid.
ConVerse]y,.if the protein was immobilized on the sub-millisecond time
scale, the lipid disp]éyed'a strongly immobilized spectral component.
16) These results have been used to construct mode1s’fdr the intra-
moleéu]ar arrangement of cytochrome oxidasé polypeptide subunits, and
the disposition of the'bxidase complex within the electron transport

" chain.



APPENDIX I

Theoretical ESR Aspects -

l.Conventional 1st Harmonics(53, 228)- A1l of the electron paramag-
~netic resonance work reported ih this paper was perfofmed using stable

nitroxide radicals. As previously mentioned, we are interested in

examining both rapid (1010 to 5 x 108 5'1), intermediate(5 x 108

s'j), and_s]ow(TO7 to 10° 5'1) motions of these radicals when they are

to 107

cﬁva]ent]y.bound to protein.and when they are freef In order to describe
these types of motions it is ﬁecessary to provide a theoretical found-
“ation for dataAana1ysis for both fapid(]st harmonic) and slow(2nd
harmonic) motions(203). |

Conventional EPR is capéble of detecting motfon in the time rangé

to 10 , and 1t is useful in determining the motion of free
and bound(whether cové]ent]y or not) populations of nitroxides. Basic-
ally, analyses of motion in both convention§1 and second harmonic EPR
depend on spéctka] changes fn Tine widths and shapes which can be re-
lated to specific rates of motion by theorética1 and empirical analysis.
EPR is a spectroscopic technique which a]iows detection of electronic
transitions between the Zeemén Tevels of a paramagnetic system position-
ed in a static ﬁagnetic field. EPR detection of nitroxide radicals
therefore dépends‘on the intrinsic angu1ar‘mbmen£um of the unpaired.

electron spin. Contributions to non-zero angular momentum, J, results

from spin angular momentum, S, and orbital angular momentum, L. The
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magnétic moment of an atom is an electronic state defined by the factors

L, S, and 3 is dictated by quantum theory as:

u= -gBeJ_
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where g=1 + J(J + 1) +S(S + 1) - L{L+ 1)
2d(J + 1)

B,= Bohr magneton, fe| 4i/2mc
g ? spectroscopicvsplittfng factor
When rédica]s are sftuated in a constant magnetic Fie1d of strength,

Ho’ the unpaired spins orient themselves in relation to the field. This
is because electron spins are quantized and are allowed only certain
orientations in the field, each corresponding to a discrete energy.
There are only two allowed orientationévgiven for the unpaired elecfron,
the spinQUp or parallel and spin-down or anti-parallel projection. This

is depicted below in an energy diagram:

_;_~1F4 hv=ggH -
v ’
\ $ T4

As'shown, in fhe absence of a magnetic field both orientations possess
equal energy and thus are equé11y favorable. The imposition of a magnetic
field, Ho’ results in the spin-down possessing considerably more
energy; it thus becomes the less favorable orientation. The factor which
makes it possib]e'to'dse this phenomenon to study'atoms in various
states results from the fact that electromagnetic radiatiqn can induce
transifions in this system from the Sbin-up to spih—down projection.
The basis fbr the spectroscopic transitfon is given by:

| hv= ggH

where h= Planck's constant



B= Bohr's magneton

g= 2.0023 for a free electron

The g-value defines the spectral absorption positién for a particular
magnetic species, but usually deviates(from 2.0023) because of orbital
magnetism which arises from electron orbital motion, which in turn is
dependent on the molecular enVironment of the electron. That is
perpendicular superposition of an electromagnetic field of frequency-
v will result in spin reorientation and equalization of the population
of the two Zeeman levels if the energy of the field (hv) equals the
energy required for reorientation. EPR as a spectroscopic technique
relies on restoring a spin system perturbed away from thermal equi-
Tibrium(relaxation) by the induction of a magnetic field. As electro-
magnetic radiation is absorbed by the spin system this loss of energy
(hv) is detected by the spectrometer and recorded much as a light
spectrometer detects light absorption. Loss of absorbed electro-
magnetic radiation by the spin system depends on the environment of
the electron or, in other words, how quickly it is able to lose that
absorbed radiation and reabsorb more.

The ability of a spin system to lose this absorbed energy is
characterized by its spin-spin(r]) and spin-1attice(r2) relaxation.
Spin-spin relaxation time(r]) results from variation in local magnetic
fields induced by surrounding electronic and mégnetic moments. While
this results in a frequency broadening of the resonance transition
between the Zeeman levels, it does not change the average energy of the
spins in these levels; this effects the width(broadness) of the absorp-

tion lines. Spin-]attice(rz) relaxation time is the result of spin

170.
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interactions with surrounding(lattice) electronic and magnetic fieids
of varying magnitudes and direction. This effects population dist-
ributions in the Zeeman levels, or the average energy of the spin
system, and therefore a1teratﬁons are induced in the absorption line
" height.

ESR Spectral Characteristics:Rapid Motion and EPR- Nitroxide free

radicals containing a paramagnetic moiety are relatively stable and
inert because of the protective effect of the four methyl groups as

depicted below:

ESR spectra of derivatives of this structure are composed of three
sharp and well-resolved hyperfine lines which result from the coupling
of the unpaired electronic spin with the nuclear spin of the nitrogen.
The unpaired electron is Tocalized on a 2pm nitrogen orbital. These
spectra are not only sensitive to mo]ecu]ar motion, but also the
solvent in which they are dissolved. This arises from the fact the
magnetic parameters of radical speciés are sensitive functions of
molecular electronic distribution. The unpaired electron in the
nitroxide radical is in the spherically symmetrica1 S state where it
is de]oca]ized over the oxygen and nitrogen Isotrop1c hyperfine
structure therefore results from spin interaction with the nitrogen
nucleus which causes splitting of the EPR absorption lines into three

components corresponding to a nuclear spin orientation along(M=+1),
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perpendicular to(M=0), and against(M=-1) the constant magnetic
field, where M is defined as the nuclear magnetic quantum number.
Anisotropic hyperfine structure results from the fact the the
electron can also be in an unsymmetrical P orbital where the type of
electron-nuclear interaction is independent of the rotational angle
between the radical and the magnetic field. The type of interaction
thus becomes dependent on the angle between the direction of the p
orbital axis and the constant Magnetic field. The resonance condition
for an electron interacting with a nucleus with a magnetic moment
M=+1,0,-1 is changed by the additional local field induced by the
nucleus. Anisotropic hyperfine structure is averaged to zero in a low
viscosity medium by rapid thermal motion of the radical. In a system
of randomly oriented nitroxide molecules each case possesses its own
set of local fields induced by nuclei surrounding unpaired electrons
due to varying orientation of the radical molecular axes relative to the
magnetic field direction. In the case of rapidly tumbling molecules,
the EPR linewidth narrows due to the fact that this anisotropic com-
ponent is averaged out. Another type of spectral anisotropy, g factor
anisotropy, is produced because of the influence of an asymmetrical
electronic component and orbital magnetism results in g-factor deviation.
This deviation is dependent on radical orientation and the intensity
of its motion. When the radical is unable to undergo rotational and
translational motion the simplified absorption spectrum is the result
of the superposition of microspectra of a 1arge'number of radﬁca]s, atl
with different orientations of hyperfine and g-factor tensors relative

to the applied magnetic field.
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STow Motion and EPR(229,230)-’ For the determination of rotational

correlation times in the range 107721073 s'], spectra-are obtained

empirically and compared to theoretical analyses. In this time range
the principle difficulty is contributions from anisotropic motion.
Slow motion may be studied by saturation of the spin System in

three ways: 1) electron-electron double magnetic resonance(ELDOR);

2) steady-state saturation; and 3) passage or modulation spectroscopy.

'In;ELDOR experiments,'fhe saturation transferred from an intensely
irradiated ('pumped') resonance frequency to a weakly irradiated
('observed') frequency is observed.'Thisttechnique'unfortunate]y'

suffers from very Tow sensitiVity, Steady-state saturation involves

observing changes in signal amplitude and lineshape which accompany .

microwave power increases, but these spectral changes are small

compared to the signal amp]itude. In passage; or saturation transfer

, EPR the spin system is displaced from thermal equf]ibrium by partié]

saturation, and the transfer of saturation, as the spins diffuse

between a saturated and unsaturated spettra1 position, is observed.

. Therefore this type of spectroscopy depends on the rate of spin passage

through resonance as a result of an imposed modulation of the resonance

condition. The modulation employed is a sinusoidal modulation of the
Zeéman magnetfc field or:
| -%Hmco;( Wt ) | -
where Hm=peak to peak amplitude

wm?frequehcyiof modu]ationw.

Therefqre'saturation transfer is based on the competition between field

modulation and the rotational diffusion in regulating spin passage

173.
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through resonance. When w _]=r2=f], the response is most sensitive

°s.

m
to changes in Tos and for nitroxides this equals =10~

Instrumentation:Saturation Transfer- Saturation transfer spectra

may be recorded on a conventional spectrometer Which is outfitted for
second harmonic detectiqn(as shown in Fig. 1.). Spectra are recorded

in phase(V]) and out of phase(Vz’), but the modification permits
_modu1ation of the magnetic field af % the frequency of ﬁhase sensitive
detection(second harmonic defection). In this case, the field is
modulated at a frequency(wm/2w) of 50 kHz and phase sensitive detection
is used to observe the signal component at']OO kHz.

'Spectral Analysis:Saturation Transfer-  Thomas et al(203), using

computer simu1atiohvahd experiments with various free spin Tabels

~and spin-labeled proteins, have succeeded in analyzing second harmonic
spectra in terms of rotational correlation time. Fig. 2 shows spectra
obtained from a free spin label, Tempol, in water and increasing

~ concentrations of glycerol, as well as a short-chain maleimide,

which is étrong]y immobilized on hemoglobin. As can be seen the

V,' spectra undergo distinctive changes between 1077 to 1073 s,
whereas the conyentionaT V] speqtré do_nbt. Fig;.3 demonstrates that
these workers have been able to correlate the spectral parameters

c'/C, L"/L, and H"/H to the second harmdnic correlation times(rz)

of these various molecules.



Fig; 1.(Append1x I) Schematic.diagram illustrating
~modulation and phase-sensitive detection circuits
used for convéntional and second'harmopic analysis.
The 100 kHz system is shown, and dashed lines denote
'components which are reduifed for saturation transfer

'ana1ysis, after Thomas et a1(203).
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Fig. 2.(Appendix I) ConVentiona](V1) and secbnd
harmonic(Vz') spectra illustrating spectral changes
associated with various rotational correlation times
of isotropically tumbling nitroxide spin labels.
Thé top two pairs.repregent a small spin label,
tempol, in water & glycerol. The‘mfdd1e two

pairs are from MSL-]abé]ed hemog]obin in glycerol
and water solutidns while the bottom géir df
spectra are from MSL-hemoglobin pkecipitated with

(NH,),S0,, after Thomas(230) (used by permission).
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~ Fig. 3.(Appendix I)‘The spectra1 parameters‘C'/C,'L"/L
~and H"/H piotted against the rotational correlation time
_(12) determined from saturation transfer spectra(solid '
lines), and from theory and'compdter simulation(dotted

Tines), after Thomas(230) (used by permission).

179,



4{;_—_.

108

1074 o2 °°

T, (sec)

XBL 799-12045

180.



U0 LU s 8 U8 4
181,

APPENDIX II.

Problems Associated with Imidoesters as Crosslinking Reagents

Chemical quification reagents are useful tdo]s for studying struc-
ture-function re1atiohships in prdteihs, however they suffer from
problems associated with reaction heterogeneity, charge alteration, and
breakdown product interfefence; Imidoesters are particularly valuable
fdrvstudying how the fnduction of motion restraintsion polypeptide
subunits of oligomeric enzymes affects enzyme activity. The addition
ofvthese amino acid modification reagents to a solution containing
free amines resultsin a variety of products being formed depending
on the structure and concentration of the imidate, the nature of the
~ attacking amine(s), temperature, pH, and buffer concentration. The
'vstarting imidoester will undergo various chemical reactions when added

to an aqueous buffer such as hydrolysis(Roman Numerals are from (231):

*sz , w0 | o ) NH,
R'-C-0R" = [Re-C-0R?|— > RP0H + R'-C
' OH 0
VII X XI1
NH, + R'-C-ORZ
_ i :
0 XIII

where the principle products are the amide and alcohol or the ester
and ammonia,
The ammonia which is generated may then react with the imidoester

to form an amidine(I):
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| esz Caw, M eﬁ”z
"R'-C-0R% ——3s R'-(I:-OR'2 S RC R20H
' ~ NH, | - NH, '
VII | oo 1

o Reaction of the imidoester with a primary amine on a protein will

generate another amidine(II):

Oy CNHL NH
T, SRZ e it SRZ RYC c ., R20H
] R M
v 1

This amidination reaction results in the covalent bonding of the
imidoester to the protein. Unfortunately, other reactions may occur
~in that the intermediate amine may react with ammonia to generate

the following series of reactions:

. 4
R'-C-OR S R':C-0R® ———=> R'-C-0R
cl:. 3 <™ . @% Og < (I: 3 B
NHR NHR , NHR
v I VI
NHRY |
S R'-C + REOH
NHRS
111

‘The tetrahedral intermediate can also react with another R3NH2}as

- follows:

R o3 Rt

R'-C-OR% —— 2= R'-C-0R?"
{ 3 ~ :
NHR' -

' IX
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The VIII product may also undergo hydro]ysis to form the alcohol and
regenerate free R3NH2.

Hand and Jencks(232) have demonstrated that the observed rate
constant follows a be]]-shabed curve for the disappearance of imido-
esters in the presence of amines as a function of bH. The intermediates
and side reactions described above are therefore'strong]y pH depend-
ent. Low pH tends to favor hydrolysis, resulting in the formation
of the ester XIII ffom the conjugate acid form of X or XI, and amino-
lysis févoring the formation of the imidates.VII or VIII from the
conjugate acid of ' High pH favors hydrolysis of the conjugate base
of X or XI to form the amide XII and amino1ysisvof the conjugate
baSe of V.to form amidines I or II, - :

" Browne and Kent(208) have'emp1oyed brOton NMR spectroscopy to
determine the half-time of imidoester disappearance in aqueous
solution at 22°C and 35°C. They found that at 0.2 M ethyl aéetimidéte
(EA) the Tl/2 for imidoester disappearance was <5:min at pH 8.5 for
both temperatures and at pH T0.0 at 22°C the Tl/2 was >25 min. Hunter
and LudWig(233) however found that the Tl/2 for methyl acetimidate(MA)
disappearance in aqueous buffer at’pH‘8.5 was approximately 33 min,
The kinetics of reaction.prdduct‘formation‘which resulted when either
MA or EA were combined with primary amines, n-propylamine and e~
aminocaproate, at pH 8.0 and 10.0 were also studied. At Tower pH,
both imidoesters reacted very rapidly(the reaction was 85%:comp1ete
<1 min) and essentially quantitative]y'to forﬁ N-alkyl imidates(VIII)
from the primary amines(see Fig. 1). These products were then con-.

verted slowly(T,= 4-7 min depending on the imidoester used) to yield
. % . ) ‘
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Fig. 1.(Appendix II) An illustration of the
types of reaction products which can result
when imidates are added to a solution con-

taihing primary amines, after (231,234).
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two parts ester(XIII) and one part N-a]ky1'écetamidine(II), however
there was an initial lag of 1-2 min before II was produced in signifi-
cant amounts. If the reactidn of EA with e-aminocaproic acid was
carried out at pH 10.0 in 0.5 M borate buffer the yie]d of N-alkyl
acetamidine was two to three fold higher(60% versus 20-30%) than at
the lower temperature, and tne fornation of II was 90% complete in <3
min after mixing. However, these'experiments were conducted using an
initial amine concentration of 0.38 M and 0.40-0.46 initial fmidate
concentrations for EA and MA, respectively. At tne Tower imidate
concentrations used in this study less ammonia is produced and therefore
there is less competitibn with the hydroiysis reaction.

These results imply that at pH 8;5-9;0, where all of the imidate
treafments reported in this dissertation were performed, hydrolysis
to regenerate the protein amino groups is faster compared with amidine
formation since conversion of VIII to V to IT will be a re1ative]yv
slow process. Fig. 1 shows that the N-a]ky] imidate VIII could also
react with another protein amino group which would result in an
N,N'-disubstituted amidine(III). A mononncfiona]'reagent could, py
this pathway, produce a.one carbon atom crosslink. This figure also
demonstnates that reaction of the N-alkyl intermediate(VIII) with the
imidoester(VII) could océur:repetitively_causing the addition of‘one
positive charge and 2.7 R chain Tength per step; Hydrolysis could then
occur which would end the mu]tip]e'émidination or XVIi-COu]d react |
with ammonia or an amino group to form a polyamidine(see Fig. 1).

Siezen(234) haS presented evidence for po]yamfne'formation at pH

8.0 during the crosslinking of the A + B subunits of a-crystallin by
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o
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dimethyladipimidate(DMA) and dimethy]suberimidaté(DMS). This resulted
in the individual chain being charge modified. For these experiments
0.2-25 mM reagent and 0.35-0.50 mM e-amino groups of A2 and B2 chains
were used at 20°C for 2 hr. -

In our experiments with cytochrome ¢ oxidase, care was taken to
- avoid reagent excesses and long incubation times which might be expect;
ed to lead to monofunctional crosslinking and polyamidine formation.
. We have a]readyidemonstrated that monofunétiona] crosslinking, if it
did occur,.cou]d not be detected by SDS gel é]ettrophoresis to a sig-
nificant extent 1in igolated 0xid53é. In the case of mitochondria,
a]tenation of the gel pattérn did téke place however. It has been
demonstrated that minimaiicross1inking by monofunctionals under these
~conditions ~occurs(143). The concentrations of free enzyme-specific
amines and imidoesters were also contn011ed so that even the highest
imidoester concentration employed, 80 mM monofunctional and 40 mM
bifunctiona1; the molar ratio of imidoéster to pnimany'amine did not
exceed']OO:]..Sieze did not see significant po]yamidine formation with
the imidoester to amine molar rafio of 10:1. In the case of cytochrome
| c a small amount of intermo]ecuiar(<1%) monofunctional crosslinking
did occur when the incubation ratio of monofunctional imidoeéter was
4:1. | ‘_ |

At thé ]6wer concentration of-imidate.used(5410 mM) however,ithe
ratio of imidoester to frée amine was on the order of 10-20:1.

It is likely that'undénvthevnonditions used;kfhe'effect of imidates

'»6nvenzyme activity at high reagent‘cbncéntration is due to both N-alkyT
1aCetamidine formation and to.other side reactions. It is for this

- that : _ :
reason / analysis of the effect of crosslinking on enzyme activity

187.



is most valid at incubation imidoester concentrations <10 mM.
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-Problems Associated with Nitrenes as Crosslinking Reagents

Knowles(235), who was responsible for the introduction of nitro-.
phenylazide groups as nitréne precursors, has reviewed how the nitrene
is generated from the azide and the possible reaction products.,

Table I shows that‘once the nitrene is generated it can undergo a
variety of reactions. The advantage of using aryl azides is that they
can be photolyzed at 350 nm unlike the alkyl azides which have their
‘absorption maximum at ~290 nm, a regidﬁ where significant protein
absorption occurs, Although the nitrenes can react in non-polar
environments and at.very Tow temperatufes, the numbers 6f producté
generated presents a problem. This diffi§u1ty is insigniffcant when
one is only attempting to distinguish if a proteih fs 1abe1]ed(
crosslinked), but is great if reaction site specificity is important.

It is also important to note that crOSSTinking by putative1y mono-
functional azide reagents can occur by the mechanism in the last
part of Fig. 1. Neverthe]ess, tHese reagents are very useful as general

heterobifunctional crosslinking reagents.
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