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ABSTRACT

DIFFUSION IN THE MITOCHONDRIAL INNER MEMBRANE:

IMPLICATIONS FOR THE MECHANISM OF ELECTRON TRANSFER

AND

HEXAAMMINERUTHENIUM, AN EFFECTIVE ELECTRON DONOR

TO CYTOCHROME OXIDASE

By

Jerome H. Hochman

Chapter I. Chromatography of the calcium transport inhibitor, ruthenium

red, on a cation exchange resin yields a colorless component capable of donating

electrons to cytochrome oxidase. On the basis of spectral, physical and activity

studies the compound was identified as Ru(NH3)52+/3+. Ru(NH3)62+ is an

efficient electron donor to cytochrome oxidase, and exhibits biphasic steady

state kinetics qualitatively similar to cytochrome 3, but with lower affinity

(Km1 = 8 uM, sz = 88 1M). Under conditions that favor tight binding to

cytochrome oxidase, cytochrome _c_ acts as a competitive inhibitor of

Ru(NH3)62+, indicating that the two electron donors interact at the same

site(s). The ability of Ru(NH3)62+ to efficiently donate electrons to

cytochrome oxidase in a manner similar to cytochrome 3 make it a potentially

valuable tool for studying energy conservation by cytochrome oxidase.

Chapter II. The role of diffusion in mitochondrial electron transfer is

the subject of a current controversy. In general, two limiting cases have

been proposed: (i) electron transfer occurs through a unit electron transfer

chain in which stable associations exist between the redox components or

(ii) electrons are transferred by random collisions between freely diffusing



redox partners involving only transitory associations between the components.

To elucidate this problem we have measured the mobilities of phospholipid,

ubiquinone, cytochrome _c_, and cytochrome oxidase in inner membranes of

giant mitochondria from cuprizone fed mice. Using affinity purified

morpholinorhodamine labelled antibodies against cytochrome oxidase the

diffusion coefficient for this component was found to be 1.5 x 10’10 cmZ/sec.

The diffusion coefficients for singly modified derivatives of cytochrome _c_

which had native-like activity were found to be 1.6-3.6 x 10"10 cmz/sec in

42 mM mannitol, 8 mM Hepes and 7 x 10“10 cmZ/sec in 25 mM (Tris)

cacodylate. These values are too low to be consistent with a random diffusion

mechanism of electron transfer in this segment of the respiratory chain.

The diffusion coefficient for fluorescently labelled ubiquinone (8.5 x 10'9

cmz/sec) is similar to the value obtained for the phospholipid,

NBD-phosphatidylethanolamine (6.0 x 10"9 cm2/sec) and is consistent with

ubiquinone functioning as a mobile electron carrier. However, when digitonin

is incorporated into the mitoplasts decreased rates of ubiquinone diffusion

and increased rates of electron transfer are observed. A model is presented

to explain these results in which an equilibrium exists between freely diffusing

and associated electron transfer components.



Some of the work presented in Chapter II has previously been reported

and is reprinted by permission of the publishers from "Dynamics of Electron

Transfer in Mitochondrial Membranes" by Hochman, J.H., Schindler, M., Lee,

J.G. and Ferguson-Miller, S. (eds. F.W. Stratman, D.L.F. Lennon and R.L.

Zalton), in Biochemistry 2f Metabolic Processes, pp. 441-450. Copyright

1982 by Elsevier Science Publishing Co., Inc.
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MITOCHONDRIAL ELECTRON TRANSFER: AN OVERVIEW

Oxidative phosphorylation constitutes the predominant mechanism for

conservation of energy in biological systems. The process, which is obligatory

to all aerobic life, occurs in the mitochondria of eucaryotes and the plasma

membrane of procaryotes. Being responsibile for over ninety percent of the

energy conserved in aerobic metabolism, oxidative phosphorylation repre—

sents one of the most important adaptions in evolution.

The concept of the respiratory chain was first reported by Keilin in 1925

(Keilin 1925, 1966) who demonstrated the existence and the ubiquitous nature

of the cytochromes 3,2 and g in aerobic life forms. Originally the respiratory

chain was thought of only as a pathway in which the oxidation of metabolites

was linked to the reduction of oxygen. However by the end of the 1940's

numerous reports appeared which associated this activity with the

phosphorylation of ADP (Lipmann, 1941, 1946; Ochoa, 1940; Freidkin

and Lehninger 1948). As a result of these studies considerable attention was

directed toward elucidating the mechanism by which this oxidative

phosphorylation occurs.

Initial attempts to explain this process were largely inspired by knowledge

1



of the chemically linked, ATP forming reactions in glycolysis. As a result

of this influence, models were proposed in which phOSphorylated (Lipmann,

1946) and nonphosphorylated (Slater, 1953; Lehninger, 1955) high-energy

intermediates were involved in phosphorylation of ADP. However, in spite

of numerous attempts to isolate the energy-rich intermediates, no compounds

were found with this activity. Moreover, the ability of structurally diverse

uncouplers to inhibit phosphorylation of ADP while stimulating electron transfer

activity and ATP hydrolysis was difficult to reconcile with a chemical coupling

mechanism. Recognizing these discrepancies and the significance of the

membrane localization of the respiratory chain, Peter Mitchell (1961) introduced

the chemiosmotic hypothesis. The model, derived from physiological rather

than chemical considerations, proposes that an asymmetricany-oriented

respiratory chain can catalyze vectorial electron and proton transfer across

the membrane such that the free energy from the redox reactions is conserved

in the form of a pH and electrochemical gradient. This gradient, later termed

the proton motive force, is then used to drive the synthesis of ATP.

Although the chemiosmotic hypothesis initially met with considerable

opposition, experimental support for the model gradually accumulated. Most

notably, experiments with chloroplasts (Jagendorf and Uribe, 1966), and with

the purified mitochondrial ATPase reconstituted into liposomes (Kagawa and

Racker, 1971; Racker and Stockeneus, 1974) showed that ATP synthesis could

be reversibly driven by an electrochemical gradient.

At the present time the basic premise of the chemiosmotic hypothesis

is widely accepted and the model serves as the central dogma for studying

bioenergetics. While this understanding has contributed greatly to our knowledge

of oxidative phosphorylation, many questions concerning the details of the

process still remain to be answered. One of the most intriguing problems



concerns the molecular mechanisms for generating the proton motive force

in mitochondia. The original hypothesis proposed by Mitchell (1961) states

that the redox centers alone are responsible for generating the membrane

potential. However, this relatively simple model has been challenged by recent

reports that some of the respiratory complexes may function as redox-linked

proton pumps (Wikstrom, 1977; Wikstrom and Krab, 1980). The implications

of the proton pump mechanism is that proton translocation is comformationally

linked to the redox reactions, possibly even involving communication between

the respiratory complexes (Chance, 1981). In order to resolve this problem

it is necessary to consider the structure/function relationships of the respiratory

chain components and the membrane in which they reside.

(mochrome oxidase (Complex IV):
 

Cytochrome oxidase is the most extensively studied integral complex

in the electron transfer chain. Although there are controversies concerning

even the most basic properties of the protein, a fairly detailed understanding

of its structure and function is beginning to emerge.

Cytochrome oxidase is the terminal electron carrier in the respiratory

chain. The enzyme catalyzes the transfer of electrons from cytochrome _c_

through its four metal centers (hemes _a_ and 33; Cua and Cua3) to oxygen,

yielding the net reaction:

1 cytochrome 32+ + l H"' + 1/402 -> 1 cytochrome _c_3+ + 1/2 H20.

The details concerning the mechanisms for this reaction are still being

elucidated; however it is generally recognized that heme 33 and Cua3 are

involved in the binding of oxygen and its conversion to water while heme _a

and Cug are the initial electron acceptors from cytochrome 3 (For review



see chapter 6 of Wikstrom et_a_l; 1981).

The net reaction catalyzed by cytochrome oxidase is very exothermic,

releasing approximately 23 kcal per mole of water produced (Wikstrom it.

_a_l_., 1981). This energy is not released as heat but is conserved in the form

of a membrane potential (Hinkle _e_t_ 21. 1982, Hinkle 1973). The mechanism

by which cytochrome oxidase contributes to proton motive force is currently

the subject of considerable controversy. The original model proposed (and

still held) by Mitchell (1961, 1966; Moyle and Mitchell, 1978) states that

electrons are transferred from cytochrome c on the cytoplasmic side of the

membrane to oxygen on the matrix side resulting in the consumption of protons

from the matrix. According to this model no protons are ejected onto the

cytoplasmic side of the membrane and one charge is translocated per electron.

In contrast to this view, Wikstrom (1977; Wikstrom and Saari, 1977; Krab and

Wikstrom 1978) has proposed that cytochrome oxidase may also function as

a redox-linked proton pump such that protons are taken up in the matrix and

ejected on the cytoplasmic side of the membrane. While the majority of

researchers in the field have obtained evidence that supports the proton pump

model, it is not yet possible to completely rule out that the very small transient

acidification observed in this complex system is some kind of artifact.

Analyzing the structural requirements for cytochrome oxidase has been

difficult due to the complexity of the enzyme and the problems in purifying

an intrinsic membrane protein in a reproducible way. Conventional procedures

for preparing cytochrome oxidase utilize differential detergent solubilization

of mitochondrial membranes followed by repeated ammonium sulfate

fractionation (Yonetani, 1961; Fowler _e_t. _a_l. 1962, Kuboyama gt §_1_. 1972). More

recently milder purification procedures have been developed which utilize

ion exchange (Merle and Kadenbach, 1980) and/or cytochrome _c_ affinity



chromatography (Weiss and Kolb, 1979; Bill gt gt. 1980, 1982, Azzi gt _a_]. 1982;

Thompson and Ferguson-Miller 1983). Enzyme prepared by these techniques

have been reported to consist of anywhere from 6 to 13 subunits (Poyton

and Schatz, 1975; Briggs gt _a_l_. 1975; Downer gt $1. 1976; Verheul gt _a_1_. 1979;

Merle and Kadenbach, 1980, 1982; Wei and King, 1981; Merle e_t gt. 1981;

Kadenbach and Merle, 1981; Bill gt gt. 1982; Thompson and Ferguson-Miller,

1983; Kadenbach gt gt. 1983). The number of subunits is usually assessed by

the number of major bands revealed by SDS-polyacrylamide gel electrophoresis.

Most researchers accept that mammalian cytochrome oxidase is composed

of at least seven subunits, and complete sequence analysis of the beef heart

oxidase reveals 12 polypeptides in one to one stoichiometry. Kadenbach and

co-workers (Merle and Kadenbach, 1980, 1982; Kadenbach and Merle, 1981,

Merle e_t 11.. 1981, Kadenbach .e_t _a_l_. 1983) contend that the mamalian enzyme

consists of 13 different polypeptides, arguing that conventional SDS gel

electrophoresis is not able to resolve the smaller polypeptides. Whether all

these polypeptides represent true subunits or are artifacts resulting from

contamination or proteolytic degradation has yet to be determined.

The three largest subunits (I, II and III) are coded for by the mitochondrial

DNA (Mason and Schatz, 1983; Rubin and Tzagoloff, 1973; Yatscoff gt gt.

1977; Bernstein gt _a_l. 1978; Rascati and Parsons 1974; Hare gt g_l_. 1980). The

DNA sequences for these subunits have been determined for yeast (Bonitz

e_t gl_. 1980), humans (Anderson e_t _a_l.' 1981), mouse (Bibb gt gl_., 1981), rat

(Grosskopf and Feldman 1981) and beef (Anderson, 1982) enzyme. A comparison

of these sequences shows that they are highly conserved suggesting that these

subunits play an important role in the enzyme's function. Indeed, at present

these are the only subunits which have been ascribed functions.

The central roles of subunits I and II are suggested from the analysis of



cytochrome oxidase isolated from the procaryote Parracoccus denitrificans.

This enzyme has electron transfer activity and spectral properties analogous

to the mitochondrial enzyme but consists of only two subunits with molecular

weights similar to those for subunits I and II from eucaryotic sources (Ludwig

and Schatz 1980). Subunit I from this enzyme demonstrates abnormal behavior

on SDS polyacrylamide gels characteristic of the hydrophobic subunit I from

eucaryotic sources (Ludwig and Schatz 1980, Sone 1981). Moreover, subunit

II from Parracoccus is immunologically cross reactive with that from

mitochondia (Ludwig 1981). However it should be noted that antibodies to

Parracoccus subunit II not only react with subunit II from other sources but

also cross react with some of the smaller polypeptides. Consequently, while

these results are suggestive of subunits I and II from mitochondria being

intimately involved in the electron transfer reactions, some involvement of

the smaller subunits can not be ruled out.

In the eucaryotic enzyme, radiation inactivation studies indicate that

the molecular weight for the functional unit necessary for electron transfer

is between 70 (Kagawa, 1967; Thompson gt a_l., 1982) and 110 kd (Suarez gt

g_1_., 1984). similar to the sum of the molecular weights of subunits I and II.

In agreement with this are the results of studies in which mild treatments

were used to dissociate the subunits of cytochrome oxidase. In these studies

subunits I and II were found to contain all the heme A (Winter gt gl_. 1980),

and the copper was exclusively associated with subunit II (MacLennan and

Tzagoloff 1965; Winter gt gt. 1980). Chemical modifications (Millett gt gt.

1983) and cross-linking studies (Millett 1982; Briggs and Capaldi 1978; Bisson

_e_t g_l_. 1977, 1975, 1980) also identify subunit II as the high affinity binding

site for cytochrome g. It thus seems likely that subunits I and II have all the

properties necessary to account for the electron transfer reactions in



cytochrome oxidase.

Subunit III has been reported to play an integral role in the apparent proton

pump activity of cytochrome oxidase. The first evidence of involvement of

subunit III in this activity was reported by Casey gt gt. (1979) who showed

that the hydrophobic carboxyl-modifying reagent, DCCD [a known inhibitor

of proton translocating ATPases (Beechley gt a_l. 1967; McCarty and Racker

1967)], inhibits proton ejection activity but not electron transfer of cytochrome

oxidase. Analysis of the DCCD treated enzyme showed that the compound

binds to subunit 111 (Casey e_t gt. 1980, 1981); Prochaska gt gt. 1981) and is

attached to a glutamic acid residue which is part of a sequence similar to

the DCCD binding region of the ATP synthetase (Prochaska gt gt. 1981).

Cytochrome oxidase preparations depleted of subunit 111 do not appear to exhibit

proton pumping when reconstituted into phospholipid vesicles (Pentilla gt

gt. 1979). However subunit III depleted enzyme does demonstrate respiratory

control (Carroll and Racker 1977; Pentilla and Wikstrom 1981; Wikstrom 1981;

Wikstrom gt _a_l. 1981; Saraste gt gt. 1981; Thompson and Ferguson-Miller 1983)

and exhibits normal electron transfer activity (Thompson and Ferguson-Miller

1983). These results suggest that proton translocation by subunit III is only ‘

loosely coupled to electron transfer and that in the absence of proton pump

acitivity electron transfer still proceeds with the formation of an

electrochemical gradient.

It should be emphasized that the proton pump activity of cytochrome

oxidase and the role of subunit III in this process are quite controversial. Using

the purified two subunit Parracoccus denitrificans enzyme Ludwig (1981)

observed proton pump activity in reconstituted liposomes suggesting that subunit

III is not necessary for proton pumping. Moreover the possibility that structural

damage may have been imposed on cyctochrome oxidase upon DCCD treatment



or subunit 111 removal can not be ignored.

The role of the smaller cytoplasmically derived subunits is still largely

unknown. Although some reports have appeared indicating subunit V contains

heme A (Yu gt gt. 1977a) and that cytochrome g cross-links to subunits V and

VI (Erecinska 1977 ) these results have not been further substantiated.

The structure of cytochrome oxidase has been studied using several

techniques. A low resolution (12 A) image of the enzyme has been obtained

from. 2 dimensional ordered arrays produced in detergent- extracted membranes

(Vanderkooi gt gt. 197 2; Wakabayashi gt gl_. 1972; Vail and Riley 1974; Henderson

e_t gt. 1977 Seki gt gt. 1970; Fuller gt g]. 1979) using electron microscopy with

image reconstruction. The shape of the enzyme is similar to a slanted Y in

which the forks extend into the matrix approximately 15 A and are separated

by 15 A, and the tail extends into the intermembrane space 60 A. The

orientation of the subunits within this structure, has been studied using

crosslinking (Briggs and Capaldi 1977, 1978; Bisson gt gt. 1978, 1980),

susceptibility to labelling by hydrophobic and hydrophilic reagents (Eytan

gt gt. 1975; Chan and Tracy 1978; Eytan and Broza 1978; Bisson _e_t gt. 1979;

Ludwig e_t g. 197 9; Prochaska gt gt. 1980; Cerfetti and Schatz 1979; Georgevich

and Capaldi 1982) and accessibility to subunit specific antibodies (Frey _e_t

gt. 1978; Chan and Tracy 1978). The results of these studies aresummarized

in Figure 1.

The enzyme has been isolated in active monomeric (MW = 130-200 Kd)

and dimeric (MW = 260-400 kd) forms (Robinson and Capaldi 1977; Bisson gt

gt. 1980; Ferguson-Miller gt gt. 1982; Thompson gt gt. 1982; Thompson and

Ferguson-Miller 1983; Nalecz _e_t_ g1. 1983; Georgevich gt gt. 1983; Suarez gt

_a_t. 1984a). The distribution of cytochrome oxidase in these two forms appears

to be dependent on both the pH and ionic strength of the aqueous environment



Figure 1. Structure of and arrangement of subunits in cytochrome

oxidase summarizing ,data from electron microscopy

with image reconstruction, cross-linking, chemical

labeling and antibody accessibility studies. Reproduced

with permission from Thompson (1984).



 

                         

Figure 1



10

(Nalecz gt gl_., 1983; Georgevich g1 gt. 1983; Suarez gt 3g. 1984b). Whether

the dimer represents a physiologically important form or just a feature of

the purified, detergent-solubilized enzyme remains to be determined.

Regardless, further analysis of the proton pumping activity and the pre-steady

state kinetics of the two forms may provide revealing clues toward elucidating

the enzymes mechanism.

Cytochrome c:

Cytochrome g is the only small water soluble component in the electron

transfer chain. The protein resides on the cytoplasmic side of the inner

mitochondrial membrane and catalyzes one electron transfers from cytochrome

3391 to cytochrome oxidase. The molecule consists of a single polypeptide

chain slightly over 100 residues long with one heme g, and has a molecular

weight of about 12,400 daltons. Having a relatively large number of lysine

residues, cytochrome g has a large net positive charge with an isoelectric

point of 10 (Keilen and Hartree, 1945; Barlow and M‘argoliash 1966). As a

result of these features cytochrome g has readily lent itself to purification

and to various studies resulting in a detailed understanding of the molecule's

evolutionary, structural and kinetic properties.

The tertiary structures of cytochrome g from horse, bonito and tuna

have been determined to 2 A resolution (Dickerson gt gt. 1971, 1972; Takano

gt gt. 1973; Ashida _et _a_l. 1973; Tsukihara e_t g. 1973; Tanaka gt gt; 1975;

Swanson gt gt. 1977). In spite of the evolutionary distance between the three

species, the folding of the polypeptide backbone in the three cytochromes

is identical (Ferguson-Miller gt gt. 1979). Basically, the structure as shown

in Figure 2 is that of a typical water soluble globular protein with virtually

all the hydrophobic side chains in the interior and the hydrophilic residues

on the outside. The protein contains five a—helical regions, a tight hydrogen
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Figure 2. Front view of Tuna Cytochrome g. The structure is

deduced from x-ray diffraction data at 2 A resolution.

The amino acid sequence is:

*G-D-V-A-K-G-K-K-T—F—V-Q-K-C-A-Q-C-H—T-V-E-N-G-G-

H-K-V-G—P-N-L-W-G-L-F-G-R-K-T-G-Q-A-E-G-Y-S-Y-T-

T—D-A-N-K—S-K-G-I-V-W-N-N-D-T-L-M-E—Y-L-E-N-P-K-K-

-I-F-A-G-I-K-K-K-G-E-R-Q—D-L-V-A-Y-L-K-a
: I

T '
P

‘
9

7
’

”
F
3



 
39:6 m
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bonded structure on the right, a loose structure on the left and a hydrophobic

crevice in which the heme is held.

The heme is buried within the protein only exposed to the aqueous

environment at the outer edges of pyrrole rings 11 and 111. It is covalently

attached to the polypeptide chain via thioether bonds between the vinyl side

chains of pyrrole rings I and II and cysteinyl residues 14 and 17. The heme

iron is hexacoordinate with the two axial ligands being to histidine 18 and

methionine 80. In addition to the residues cited above, 16 predominantly

hydrophobic amino acid side chains are in contact with the heme. The

importance of these residues in defining the properties of cytochrome _c_ is

illustrated by the fact that sequence analysis of cytochrome g from 80 species

indicates that only eight of the residues associated with the heme exhibit

any variability (Ferguson-Miller _e_t_ gt. 1979) and all changes are highly

conservative.

The analysis of the tertiary structure of cytochrome g not only yielded

pertinent information regarding its chemical nature but also made

interpretation of chemical modifications possible. Based on these studies

a fairly comprehensive insight into the properties of cytochrome g important

in its biological activity has been developed.

In order to map out the interaction domain of cytochrome g with its

reaction partners, derivatives of cytochrome g modified at specific lysine

residues were prepared. The reaction kinetics of the derivatives were studied

with several reaction partners, including cytochrome oxidase (Brautigan gt

gt. 1978a,b; Ferguson-Miller gtgt. 1978; Ahmed gt_a_l. 1978; Smith g_tgl_. 1977,

1980; Osheroff _e_t gt. 1980), cytochrome _t_>_c_1 (Speck gt gt. 1979), purified

cytochrome g1 (Konig gt gt. 1980), cytochrome 35 (Smith gt gt. 1980) and

sulfite oxidase (Speck e_t gt. 1981). At about the same time other groups
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approached the problem by looking at the susceptibility of lysine residues

to chemical modification when cytochrome g is bound to its redox partners

relative to when the protein is free in solution (Rieder and Bosshard, 197 8a,b,

1980). The results of the two approaches were in good agreement and showed

that the same interaction domain on cytochrome _c_ is involved in binding to

all of the redox partners tested (Margoliash and Bosshard, 1983). This domain

contains lysine residues 13, 27, 72, 86 and 87 which encircle an area of the

protein that includes the exposed heme edge and several hydrophobic and

hydrophilic residues of low evolutionary variability.

In addition to the large decrease in activity observed for the modifications

within the binding site (_>_ 90% inhibited), derivatives outside of this region

also showed some degree of inhibitions. This phenomenon was explained in

terms of the influence of the chemical modification on the dipole moment

of the molecule, which has a high concentration of positively charged residues

oriented toward the front and essentially all the negatively charged residues

on the back (Koppenol and Margoliash, 1982). These results have been

summarized in a model where cytochrome _c_ associates with its redox partners

at the interaction domain and transfers electrons via the exposed heme edge,

while the probability of such interactions occurring is optimized by the large

dipole moment of the molecule (Koppenol and Margoliash, 1982; Margoliash

and Bosshard, 1983).

The reaction of cytochrome _c_ with cytochrome oxidase is very complex,

exhibiting biphasic (Nicholls 1964, 1965; Ferguson-Miller _e_t gt. 1976, Errede

and Kamen 1978) and even triphasic (Ferguson-Miller g g1.., 1978; Thompson

g_t gl_. 1982) kinetics. The original model proposed to explain these kinetics

involved two (or three) separate kinetically active binding sites on cytochrome

oxidase (Ferguson-Miller, 1978). Alternatively, the triphasic kinetics observed
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under some conditions (Thompson gt gl_., 1982) could be ascribed to

inhomogeneity in the cytochrome oxidase population, due to different states

of aggregation of the enzyme. Recently an alternative model has been

introduced where cytochrome g interacts with a single catalytic site within

a negatively-charged domain. Binding of the first cytochrome _c_ molecule

will be strongest and will decrease the net electrostatic field, thus reducing

the affinity for a second (or a third) molecule. Similarly, binding of the second

cytochrome g results in sufficient perturbation of the electrostatic field

to lower the affinity of the first molecule (Margoliash and Bosshard, 1983).

It is worth noting that these mechanisms may not be necessary to understand

the activity of cytochrome _c_ in repleting the electron transfer chain (Nicholls

1974, 1976) where monophasic high affinity binding, similar to the initial

phase for cytochrome oxidase, is observed.

Cytochrome gc_1 (Complex 111):

Cytochrome £91, also termed ubiquinol-cytochrome g reductase, is a

structurally intricate transmembrane complex which communicates electrons

between ubiquinone and cytochrome _c_ and accomplishes proton translocation

(for review see Bowyer and Trumpower, 1981; Nelson, 1981). The enzyme

has been isolated from several sources (Hatefi gt gt., 1962; Rieske gt gt.,

1964a; Yu gt gl_., 1978; Weiss and Kolb, 1979; Gellerfors gt gl_., 1981) and

generally exhibits eight bands on SDS electrophoretic gels. However, as is

the case with cytochrome oxidase the number of subunits observed, and their

apparent molecular weights vary under different electrophoretic conditions

(Marres and Slater, 1977; Capaldi gt gt., 1977) and as many as 10 polypeptides

have been observed (Marres and Slater 197 7).

Subunits I and 11 [MW = 50 and 45 kd respectively (see Nelson 1981)] are

termed the core proteins. Although no redox centers have been associated
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with these polypeptides, alkylation of core protein I leads to partial inactivation

of the enzyme suggesting that this peptide plays a catalytic or structural

role in the holoprotein (Gellerfors gt gl_. 1976). Attempts to deduce the topo-

logy of these components in the native membrane has largely led to conflicting

results. In 35S-DABS labelling studies using beef heart mitochondria core

protein 1 has been localized exclusively on the matrix side of the membrane

in some studies (Mendel-Hartvig and Nelson 1978) and only on the cytoplasmic

side in others (Bell gt gt. 1979). Similarly core protein II has been shown

to label solely on the matrix side (Mendel-Hartvig and Nelson 1978) and on

both sides of the membrane (Bell gt gt. 1979). In Neurospora crassa both

proteins have been proposed to be water soluble components located on the

matrix surface (Weiss gt gt. 1979; Hovmoller gt gt. 1981).

The peptides containing metal centers (cytochrome 33-566 and g—562,

cytochrome c1, and the Reiske iron sulfur cluster) have been identified as

subunits III, IV and V. These subunits are recognized to be in the complex

in a molar ratio of 2:1:1 (cytochrome g:cytochrome 3: iron sulfur cluster).

Their stoichiometries with respect to the other components is not yet resolved

(Gellerfors and Nelson, 1975; Marres and Slater, 1977; Yu gt gt., 1977b; Weiss

and Juchs, 1978; Mendel-Hartvig and Nelson 1981). I

Subunit III has been identified as cytochrome b (Weiss and Ziganke, 1974;

Weiss, 1976; Marres and Slater, 1977; Lin and Beattie, 1978). The molecular

weight of the heme-free polypeptide chain has been calculated from its DNA

sequence to be 42,505 daltons (Nobrega and Tzagoloff, 1980; Anderson gt

gt., 1981); however due to the high concentration of hydrophobic residues

in the chain the subunit migrates with an apparent molecular weight of only

27,000-33,000 daltons on SDS polyacrylamide gels. Since both E hemes appear

to reside in identical polypeptides the differences in the properties of 33—562
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and g—566 are hard to explain. Although some reports indicate that a second

small molecular weight heme 9 containing peptide may exist (Gellerfors and

Nelson, 1975; Das Gupta and Rieske, 1973; Baum _e_tgt., 1967; Yu gtgl_., 1975;

King, 1981) the results of Marres and Slater (1977) suggest that this is due

to non-specific absorption of dissociated heme. Alternatively, Slater (1981)

ascribes the discrepancies between the hemes properties to slight conforma-

tional differences.

Cytochrome g1 has been identified as subunit IV and is reported to have

a molecular weight of 29,000-31,000 (Yu gt gt., 1972; Trumpower and Katki,

1975; Konig gt gl_., 1980; Robinson and Talbert, 1980). Recently the complete

amino acid sequence has been determined from the beef heart protein

(Wakabayashi e_t gt., 1980). Similar to cytochrome g, the heme in cytochome

_c_1 is covalently attached to the polypeptide chain via two cysteine residues

located close to the amino terminal (King, 1981). The last 42 residues toward

the carboxyl terminal have a high concentration of hydrophobic and basic

amino acids which have been implicated in anchoring the protein into the

membrane (Wakabayashi gt gt., 1980; Li gt gl_., 1981). There are two highly

acid regions extending from residues 58 to 79 and 167 to 173 which may be

involved in cytochrome g binding (Wakabayashi gt gl_., 1980). There are also

several unique sequences including 1 pro-x-pro-x-pro-x—pro sequence and

5 pro-pro doublets which have not been assigned functions (Wakabayashi gt

gl_., 1980).

The fifth subunit has been identified as the Rieske iron-sulfur protein

(Trumpower and Edwards, 1979). The purified protein contains a single 28:2

Fe center (Rieske e_t gt., 1964b; Siedow gt gt., 1978) and exhibits an apparent

molecular weight of 25 Rd on SDS-polyacrylamide gels. Both the iron-sulfur

protein and cytochrome 9g1 depleted of this protein have recently been

prepared in reconstituted active forms (Trumpower and Edwards, 1979;
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Trumpower gt gt., 1980; Trumpower, 1981a). During intermediate steps in

its isolation, the iron-sulfur protein is tightly associated with cytochrome

c1 and a smaller subunit suggesting that a functional association may exist

between these components in the native complex (Trumpower and Edwards,

1979; Trumpower, 1981a). Indeed, studies on this system suggest that the

iron sulfur center directly precedes cytochrome CI in the electron transfer

sequence (Trumpower, 1976, 1981a,; Edwards and Bowyer, 1981). Further

studies revealed that the iron sulfur protein is required for the reduction

of cytochrome g in the presence, but not in the absence of antimycin (Edwards

and Bowyer, 1981). These results indicate that a linear electron flow through

the £1 complex is not tenable. Instead, branched cyclic electron flow

mechanisms have been proposed (Mitchell, 1976; Wikstrom and Krab, 1980).

In addition to the four metal centers, two ubiquinone binding proteins

have been reported. One of these proteins (QPs) has been isolated and is

implicated in the ability of cytochrome bcl to reconstitute with succinate

dehydrogenase (Yu gt gl_., 1977c). The second bound ubiquinone has been

detected in the purified enzyme by the appearance of a stable ubisemiquinone

in the presence of catalytic amounts of succinate dehydrogenase (Yu _e_t gt.,

1978, 1980; Nagoaka gt gl_., 1981). Using an arylazido—ubiquinone analogue.

Yu and Yu (1980) have identified these two proteins as 15-17 kd and 37 kd

molecular weight components.

The structure of cytochrome gel in the membrane is still largely

unresolved. The complex has been isolated as a dimer in triton X—100

(von-Jagow gt a_l., 1977), however active monomeric preparations have recently

been reported (Nalecz and Azzi, 1984). Membranous 2—dimensional crystals

have been prepared of the complex from Neurospgra crassa and a low resolution
 

(25 A) image was obtained (Weiss gt gt., 1979; Wingfield gt 3%, 1979), and
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more recently to 10 A (Perkins and Weiss, 1983). The molecule appears to

have cylindrical shape 150 A long by 70 A across and spans the membrane

extending 70 A from one side of the membrane (presumably the matrix side)

and 30 A from the other.

Ubiquinone:

Ubiquinones are a famiy of lipid soluble molecules which function in

mitochondria as electron carriers between the dehydrogenases and cytochrome

994. The structure of ubiquinone—10, the form most predominant in mammalian

mitochondria, is shown in Figure 3. The molecule consists of a

2,3-dimethoxy—5—methyl-l,4-benzoquinone group attached to a 50 carbon

(10 unit) isoprenoid chain. The vicinyl methyl moieties on the isoprenoid

side chain impose steric hindrance to rotation around the single bonds while

the extensive unsaturation introduces periodic rigidity (Trumpower, 1981b).

As a result of these factors the molecule is conformationally restrained.

The redox properties of ubiquinone are due to the substituted 1,4 benzo-

quinone which can reversibly accept two electrons in a manner that is coupled

to the uptake and release of protons. The methoxy and alkyl ring substituents

in part regulate the redox potential of this group, lowering its midpoint

potential by 100 mV from that of unsubstituted 1,4-benzoquinone (Morton,

1965). The substitutions on all four positions also prevent the benzoquinone

ring from irreversibly reacting with protein sulfhydryl groups which otherwise

could form thiol—ether adducts with the quinone (Snell and Wiessberg, 1939;

Redfearn and Whittaker, 1962; Trumpower 1981b).

The redox-linked uptake and release of protons by ubiquinone is particularly

interesting because of its apparent involvement in the generation of a

membrane potential (Mitchell, 1966, 1976). If the oxidation and reduction

reactions occur asymmetrically on opposite sides of the membrane, then
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Figure 3. Structure of ubiquinone-10 and its oxidation states:

ubiquinone (top) semiquinone (center) and ubiquinol

(bottom).
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ubiquinone can directly participate in the generation of the proton motive

force. Studies designed to determine the rate that ubiquinone flip-flops

(Kingsley and Feigenson, 1981) and transports reducing equivalents (Hauska,

1977a,b, Futami gt gt., 1979) across the membranes of phospholipid vesicles

indicate that the processes ocur at rates more than sufficient to account

for such a mechanism.

The orientation of ubiquinone within the membrane is largely unresolved.

The length of ubiquinone-10 is 56 A (Trumpower, 1981) suggesting that the

molecule would span the entire width of the lipid bilayer. However, NMR

(Kingsley and Feigenson, 1981) and fluorescence quenching measurements

(Chance, 1972) place the benzoquinone head group predominantly in a hydro-

phobic region of the membrane. In order to accommodate the whole molecule

in the hydrophobic region of the membrane, Trumpower (1981b) has proposed

that a bend may exist in the isoprene chain. Alternatively, it has been

suggested that ubiquinone may predominantly reside in the center of the

bilayer with the side chains lying parallel to the plane of the membrane (Quinn

and Esfahani, 1980; Katsikas and Quinn, 1982). Taking into account the rapid

flip-flop rate for ubiquinone (Z 23 sec‘l) (Kingsley and Feigenson, 1981) both

perpendicular and parallel orientations of ubiquinone must exist to some extent.

The position of ubiquinone also appears to be dependent on its redox state

in as much as the time averaged location of the reduced quinol ring is closer

to the membrane surface than that of the quinone form (Kingsley and

Feigenson, 1981). Since these studies have been performed for the most part

on protein-free liposomes it is not known to what extent the findings can

be applied to the protein rich mitochondrial membrane.

The Dehydrogenases (Complex I and Complex II):

The initial electron acceptors in the respiratory chain are the flavin-linked

dehydrogenases, succinate ubiquinone reductase (Complex II) and NADH
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dehydrogenase (Complex 1). These complexes oxidize substrates (succinate

and NADH respectively) on the matrix side of the mitochondrial membrane

and transfer electrons to ubiquinone. In the case of NADH dehydrogenase

this is accompanied by the translocation of protons from the matrix to the

inter-membrane space.

These proteins are structurally and functionally complex and at present

relatively little is known about them. Succinate ubiquinone reductase consists

of five polypeptides (two of which reside on the matrix surface of the

membrane and constitute succinate dehydrogenase) and contains three iron

sulfur centers, one cytochrome _b_, one FAD, and two bound ubiquinones (for

review see Ohnishi, 1981). NADH dehydrogenase is considerably more complex

and has been reported to be comprised of 26 non-identical subunits (Heron

t gl_., 1979), 5-6 iron sulfur centers, one FAD (Ragan _e_t gl_., 1981; Singer

t al., 1981; Ohnishi, 1981) and two bound ubiquinone molecules (Suzuki, 1983).

Structure of the Inner Mitochondrial Membrane:

From the previous discussion it is apparent that the components of the

respiratory chain are very intricate both with regard to their structure and

the mechanisms by which they fulfill their biological roles. In agreement

with the structural requirements predicted by the chemiosmotic hypothesis

the components appear to span the lipid bilayer in a manner that allows

asymmetric translocation of electrons and protons. Based on the total content

of flavin, hemes and ubiquinone in the mitochondrial inner membrane

(Vinogradov and King, 1979; Azzone _e_t a_l., 1979) the stoichiometry of the

electron transfer components is approximately l.5:10:1:2:2 for complexes

I plus II: Q: cytochrome _b_c_1: cytochrome g: cytochrome oxidase. In addition

to these complexes, cytochrome 25 in the outer membrane (Sottocasa gt

gl_., 1967) and sulfite oxidase in the intermembrane space (Cohen e_t a_l., 1972)
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are present in much smaller amounts and are capable of feeding electrons

to cytochrome c.

The inner mitochondrial membrane consists of approximately 25% lipid

by weight (Fleischer gt _a_l., 1961, Collbeau gt gt., 1971; Vinogradov and King,

1979; Krebs gt _a_l., 197 9). The lipid composition is almost exclusively phospho-

lipid, predominantly in the form of phosphatidylcholine, phosphatidylethano-

lamine and cardiolipin (Fleischer gt gl_., 1961, Vinogradov and King, 1979;

Krebs e_t gt., 1979). These phospholids appear to be asymmetrically oriented

in the membrane (Nilsson and Dallner, 1976; Krebs gt gt., 1979) with 3896

of the phosphatidylethanolamine, 74% of the phosphatidylcholine, and 25%

of the cardiolipin on the cytoplasmic side of the membrane (Krebs e_t al.,

1979). The inner membrane contains almost no cholesterol (Madden __t_ gt.,

1980) and has a high unsaturated fatty acid content which may confer a high

degree of fluidity to the membrane (Fleischer gt gt., 1961; Colbeau gt gt.,

1971).

The remaining 75% of the membrane mass is protein. Although this

high protein content led to a popular conception that the proteins may exist

in a densely-packed protein lattice, displacement of the membrane protein

complexes by inducing lipid patches at low temperatures (Hackenbrock _e_t

gt., 1976; Hochli and Hackenbrock, 1976, 1977) or by electrophoretic procedures

(Sowers and Hackenbrock, 1981) indicate that only one third to one half of

the membrane surface area is occupied by protein, and several lines of evidence

indicate that free independent diffusion of the integral electron transfer

components can occur (Sowers and Hackenbrock, 1981, Hochli gt gt., 1981;

Kawato _e_t a_l., 1980). However, the question still remains as to what degree

association between the electron transfer components is important in efficient

electron transfer and energy coupling. In general, two limiting cases can
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be proposed: stable associations of the components in a solid state electron

transfer unit (Lehninger, 1959; Blair gt gt., 1963) or random collisional

encounters between free diffusing components involving only transitory inter-

actions for electron transfer to occur (Hackenbrock, 1981).

In the work presented in Chapter 2 of this thesis, I have addressed this

problem using the technique of fluorescence redistribution after photobleaching.

This approach has many advantages which make it attractive. In particular,

considerable information can be obtained regarding the structure of the inner

mitochondrial membrane. Moreover, by obtaining direct measurements of

the diffusion rates for the various components it is possible to make a quanti-

tative assessment of the feasibility of electron transfer occurring by a random

diffusion mechanism. The work presented in Chapter 1 discusses the

purification and characterization of a contaminant in ruthenium red which

is a potent electron donor to cytochrome oxidase. This contaminant mimics

cytochrome _c_ in its interaction with cytochrome oxidase but structurally

is considerably less complex. Since there are few effective electron donors

directly to cytochrome oxidase, the compound may prove to be a useful tool

for studying cytochrome oxidase and determining the energy conserving

mechanism of this complex.



Chapter 1

Hexaammineruthenium, An Effective Electron Donor

To Cytochrome Oxidase

Introduction
 

Ruthenium red ([NH3)5-Ru-O-Ru(NH3)4-O-Ru(NH.3)5]+6) (Fletcher gt

gt. 1961; Carrondo gt gl_., 1979) is a potent inhibitor of mitochondrial calcium

transport (Moore 1981; Vasington e_t a_l. 1971) and has been reported to be a

good mediator of electron transfer to cytochrome g (Schwerzmann g gt. 1976).

Although it was originally used as a stain for cell surface glycoproteins,

ruthenium red has also been shown to bind to a wide range of anions, including

RNA, DNA, phospholipids, and acidic peptides (Luft, 1971; Freidman gt _a_t.

1979).

The inhibitory effect of ruthenium red on mitochondrial calcium transport

was first demonstrated by Moore (1971). Low levels of ruthenium red (10

nmol/mg mitochondrial protein) completely inhibit calcium uptake by

mitochondria (Moore, 1971; Vasington gt gt., 1971). Higher concentrations

of the dye inhibit the low affinity binding of calcium to phospholipids (Vasington

gt a_l., 1971; Freidman _e_t_ gl_., 1971). The inhibition of ruthenium red has been

24
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shown to be specific for calcium transport coupled to mitochondrial respiration,

having no effect on calcium transport in microsomes (Bygrave 1978 a,b) or

the plasma membrane (McDonald gt gt. 1976). Furthermore, calcium efflux

from mitochondria is insensitive to ruthenium red (Crompton gt _at. 1976; Caroni

gtgl_. 1978; Haworth gtgt. 1980).

Schwerzmann gt gt. (1976) reported that low concentrations of ruthenium

red (2 uM) stimulated electron transport in whole mitochondria and inner

mitochondrial membranes. This activity was insensitive to antimycin and

rotenone but inhibited by KCN, indicating that ruthenium red transfers electrons

to the terminal portion of the respiratory chain. On the basis of this data,

it was concluded that ruthenium red transfers electrons from ascorbate or

NADH to cytochrome _c_, in a manner similar to, but more efficient than, the

electron mediator more commonly used, TMPD.

Further studies, undertaken to characterize the potentially useful ability

of ruthenium red to mediate electron transfer, showed that the activity of

the dye was inversely related to its purity (Ferguson-Miller, personal

communication). Resonance raman studies also revealed that highly purified

ruthenium red neither binds to nor reduces oxidized cytochrome _c_ (Freidman

gt gt. 1979). This study reports the isolation and identification of a contaminant

of ruthenium red that is responsible for the electron mediating activity

previously ascribed to the dye. On the basis of physical, spectral, and activity

characteristics, we have identified the contaminant to be Ru(NH3)52+/3+.

Although the electron mediation was originally proposed to occur via cytochrome

g (Schwerzmann gt gt. 1976), we have shown that Ru(NH3)62+ is a kinetically

efficient electron donor directly to cytochrome oxidase.
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Experimental

Material. Cholic acid, deoxycholic acid, rotenone, antimycin A, protamine

sulfate, bovine serum albumin, and ruthenium red (40% dye content) were

obtained from Sigma Chemical Co. (St. Louis, MO). Prior to use the eholic

acid Was recrystallized three times from ethanol. Ru(NH3)¢;3+ was purchased

through Alfa Products (Danvers, MA). TMPD was obtained from Eastman

Chemical Co. (Rochester, NY). Lauryl(dodecyl)maltoside was prepared according

to Rosevear gt gl_.(l980). All other chemicals used were of the highest grade

available.

Preparation of mitochondrial membranes. Beef heart inner mitochondrial

membrane particles (Keilin Hartree preparation) were obtained by the method

of King (1967) as further detailed by Ferguson-Miller gt gt. (1976). The isolated

particles were stored at -20°C in 0.15 M phosphate-borate buffer, pH 7.8,

containing 5096 glycerol.

Rat liver mitochondria were isolated from Sprague Dawley rats by the

method of Johnson and Lardy (1967). Inner mitochondrial membranes were

prepared as intact mitoplasts using the procedure of Sottocasa gt gt. (1967)

as modified by Felgner gt _a_]. (1979), and were washed with 0.15 M KCl in 0.45

M sucrose to remove cytochrome g. Whole mitochondria and the inner

membranes were resuspended at 30 mg protein/ml in 0.07 M sucrose, 0.25

M mannitol, 10 mM Tris (Cl), pH 7.4 with 2096 dimethylsulfoxide for storing

at -65°C. Outer mitochondrial membranes were prepared according to Felgner

e_t 3111979).

Cytochrome c and cytochrome oxidase purification. Horse heart

cytochrome _c_ grade VI purchased from Sigma Chemical Co. was purified using

the method of Brautigan _e_t gt. (1977) and was stored at -20°C. Prior to use,

cytochrome g was reduced with dithionite and gel-filtered on Sephadex G-7 5
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superfine (Pharmacia) in 25 mM Tris-cacodylate buffer pH 7.8 in order to remove

polymerized cytochrome _c_.

Cytochrome oxidase was purified with cholate from Keilin-Hartee particles

by a modification of the method of Kuboyama gt gt. (1972). The purified enzyme

gave a turnover number of 200-400 sec'1 in 50 mM potassium phosphate pH

6.5, 1 mM laurylmaltoside,‘ and had 8 to 10 nmole heme g/mg Lowry protein.

Chromatography of ruthenium red. The cation exchange resins CM cellex

(Bio Rad) and CM cellulose-52 (Whatman) were prepared according to the

manufacturer's suggested procedures.

To purify the active component in ruthenium red, 1 gm of the commercially

prepared dye was applied to a 5 x 75 cm (1472 ml) column of CM-cellex

equilibrated with 0.1 M potassium phosphate, pH 7.8. The column was eluted

with 4 liters of the same buffer followed by 2 liters of 0.2 M phosphate buffer

and 15 ml fractions were collected. The fractions containing the electron

transfer activity (as indicated by their ability to stimulate mitochondrial oxygen

consumption) were pooled, diluted four times with double distilled water, and

applied to a 2.5 x 35 cm (400 ml) CM-cellulose column equilibrated with 25

mM potassium phosphate, pH 7.8. The column was washed with 250 mls of

25 mM phosphate buffer and eluted with 0.1 M potassium phosphate, pH 7.8.

After this second chromatography, the fractions containing activity were pooled,

diluted as above and concentrated on CM-cellulose in 25 mM phosphate buffer

and eluted with 0.5 M potassium phosphate, pH 7.8. The concentrated sample

was gel-filtered on a Biogel P-2 column (0.7 x 50) in 50 mM ammonium

bicarbonate, pH 8.2, and lyophilized.

Ruthenium red was also chromatographed in ammonium bicarbonate buffer

on CM-cellulose. The detailed conditions are described in the legend to Figure

6.
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Kinetics of electron mediation by Ru(NH3)62+/3+. All the kinetic data

were obtained polarographically with a Gilson model K-IC oxygraph equipped

with a Yellow Springs instrument electrode using a high sensitivity membrane.

The assays were performed in 50 mM Hepes, pH 7.4, with 2.8 mM ascorbate

and 1 mM laurylmaltoside. The rate of autooxidation of Ru(NH3)62+ was

measured in the presence of cytochrome gg3 following addition of protamine

sulfate to a final concentration 10 uM. This rate was subtracted from the

apparent enzymic rate prior to the protamine sulfate addition. Turnover

numbers were calculated from the velocities measured in nmol 02 per second,

by multiplying by 4 (to give the nmol of Ru(NH3)52"‘ required to reduce l nmole

Oz) and dividing by the total nmol cytochrome _a_a_3 present in the reaction

vessel.

Identification of RX. The infrared spectra on the active contaminant

and Ru(NH3)63+ were performed on a Perkin-Elmer 167 infrared

spectrophotometer. Both samples were chromatographed on CM-cellulose

in ammonium bicarbonate, pH 7.0, and lyophilized prior to equilibration in

D20. Absorption spectra were obtained using an Aminco DW2a dual beam—dual

wavelength spectrophotometer or a Beckman DU-8 UV-7Vis computing

spectrophotometer. Neutron activation analysis of RX was performed at the

MSU Nuclear Reactor Facility.

Results

Chromatography of Ruthenium Red. To determine whether the electron

mediating activity of ruthenium red was associated with a contaminant,

commercial ruthenium red was chromatographed on carboxymethylcellulose

ion-exchange resin (CM-Cellex) in potassium phosphate buffer, pH 7.8. The

dye fractionated into a number of colored bands and the electron mediating



29

activity eluted well ahead of the ruthenium red (Figure 4). Ruthenium red

itself showed no ability to stimulate respiration in mitochondria, and when

added back to the active fractions caused some inhibition. The electron transfer

activity co-eluted with a pink component with an absorption maximum at 484

nm (Peak A, Figure 4). Peak B, immediately following, had an absorption

maximum of 481 nm. Ruthenium red (absorption maximum 475 nm in the

oxidized form) eluted in two peaks corresponding to the reduced form (peak

C) and the oxidized form (peak D). When the buffer concentration was raised

from 0.1 to 0.2 M, a small amount of remaining ruthenium red was displaced

from the resin. Ruthenium violet (Luft, 1971) remained bound to the column

even at 2 M potassium phosphate.

Rechromatography of the pooled fractions containing the electron mediating

activity, under the same conditions as the first column, resulted in separation

of the activity from the remaining colored components. The ability to enhance

electron transfer was found in a colorless fraction with absorption in the

ultraviolet region.

To ascertain whether the electron mediating activity was in fact a property

of the 275 nm-absorbing compound, the material was applied to a column of

Biogel P-2 (fractionation range, 100-1800 daltons) equilibrated in 0.05 M

NH4HCO3, pH 8.2. As shown in Figure 5, the 275 nm absorbance and the activity

co-eluted with an approximate molecular weight of 400 to 500 dalton

(standardized against cytochrome _c_ and NaCl). This result provided strong

evidence that the component absorbing at 275 nm, which will be referred to

as RX, was the electron mediating contaminant of ruthenium red.

Since aqueous solutions of ruthenium red are unstable (Luft, 1971) it was

of interest to establish purification conditions that would maximize its stability

and still achieve the separation of RX and other contaminating species.
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Chromatography of commercial ruthenium red on

carboxymethylcellulose in potassium phosphate buffer.

Ruthenium red (1 gm) in 0.1 M potassium phosphate,

pH 7.9, was applied to a 75 x 5 cm column of CM-cellex

(BioRad) and chromatographed in the same buffer.

Fractions of 15 ml were collected and absrobance was

scanned from 350 to 650 nm. The oxidized components,

ruthenium red and the 484 nm absorbing species, both

absorbed strongly at 47 5 nm and had minimal absorption

at 425 nm. Electron mediating activity (0) was

determined by measuring the increase in oxygen

consumption produced by the addition of a 50 ul aliquot

of a fraction to cytochrome _c_-depleted mitochondrial

particles (0.5 mg per ml) in 25 mM acetate (Tris), pH

7.9, 250 mM sucrose and 2.8 mM ascrobate. The

characteristics of peaks A,B,C, and D are discussed

in the text.



O
O
Z

0
0
9
l

0
0
0
8

(
S
I
N
)
B
W
H
'
I
O
A

N
O
I
l
fl
‘
I
E
l

F
o
—
r

A475 minus 425

9
0

 

ACTIVITY"1

\s

A
y
n
-
9

"
S
L

0

l

n moles O2/m in)

U

C

I

 

r

 

 

 

,2

 

Figure 4

 



31

Figure 5. Gel-filtration on Biogel P-2 of the electron-mediating

fraction separated from ruthenium red. An aliquol)

of the activity-containing fractio ascroban obtained

from the second CM-cellulose chromatography (Amax

= 275 nm) was applied to a 50 x 0.7 cm column of Biogel

P-2 equilibrated in 50 mM ammonium bicarbonate,

pH 8.2, and 0.2 ml fractions were collected. Absrobance

(O) was monitored at 275 nm and activity (A) was

measured as described in Figure 4.
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Ammonium containing buffers at near netural pH have been suggested by Luft

(1971) to prevent breakdown of ruthenium red, and use of the volatile buffer

ammonium bicarbonate would permit lyophilization of the purified product.

Thereafter, ruthenium red was applied to a CM-cellulose column in 0.05 M

NH4HC03, pH 7.0, and the column was washed with 0.1 M NH4HCO3, resulting

in the elution of small amounts of RX and chloropentaammine ruthenium III.

Chromatography was continued at 0.5 M NH4H003, and the elution profile

observed at this ionic strength is shown in Figure 6. Ruthenium red eluted

in broad band well behind RX and the 484 nm-absorbing component. Though

this single column fractionation is not adequate for separating RX from several

other contaminants, it provides an effective method for purifying ruthenium

red.

Identification of the Electron Mediating Component, RX. Following

gel-filtration on Biogel P-2 in NH4HCO3 buffer, RX was lyophilized and 130

mg of material were recovered from 1 g commercial ruthenium red. As a

first step in identification, the sample was analyzed by neutron activation.

Using this technique, it was determined that ruthenium was the major metal

species in RX. Smaller amounts of sodium, chlorine, potassium, and a trace

of platinum were also found.

To detect the presence of carbon, l3C-NMR was run on a concentrated

sample RX (50 mg/ml). No carbon signals were observed.

The results of neutron activation, 13C-NMR, and the small molecular

weight estimate obtained by gel filtration, suggested that RX might be a simple

ruthenium amine. Figure 7 shows a comparison of the ultraviolet spectra of

RX, chloropentaammineruthenium III and hexaammineruthenium III. The

spectrum of RX is seen to be essentially identical to that of

hexaammineruthenium III, with an absorption maximum of 275 nm, while the
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Chromatography of commercial ruthenium red on

carboxymethylcellulose in ammonium bicarbonate,

pH 7.0. Ruthenium red, 51 mg in 0.05 M NH4HCO3

was applied to a column (27.5 x 0.7 cm) of CM-cellulose

equilibrated in the same buffer. The column was washed

with 320 ml of 0.1 M NH4HCO3 and eluted with 0.5

M NH4HCO3. Fractions of 3 ml were collected and

monitored at 275 nm (A) 488 nm (I) and 542 (O).

Activity (A) was measured as described in Figure 4.
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chloropentaammine has an absorption maximum at 323 nm. Another possible

candidate, nitrosylruthenium III chloride, has an absorption maximum at 250

nm (Luft, 1971).

The identity of RX and hexaammineruthenium mm was further confirmed

by equilibrating samples of both compounds in phosphate buffer, and then

applying them together to a Biogel P-2 column. They eluted as a single sharp

band that contained the electron transfer activity. When applied separately,

the two compounds also eluted at the same position.

In Figure 8, the infrared spectra of RX and hexaammineruthenium (III)

chloride in deuterated water are compared. Although neither compound is

completely pure, they have distinctive bands at 1450, 1085, 985 and 940 cm’1

in common.

From the studies discussed above we conclude that Ru(NH3)62+/3+ is

the electron mediating contaminant in ruthenium red. Further investigation

of the activity of Ru(NH3)62+/3+ as an electron donor/acceptor in the

mitochondrial respiratory system corroborated this identification.

Electron Transfer Activity of Ru(NH3)32+/3+. As originally observed

by Schwerzmann gt _a_t. (1976) ruthenium red mediates electron transfer from

NADH or ascorbate to oxygen in the presence of mitochondria, by a pathway

that is sensitive to cyanide and insensitive to antimycin and rotenone. These

authors concluded that ruthenium red was donating electrons to cytochrome

g and thence to cytochrome oxidase. However, the strong positive charge

on ruthenium red (+6) made it an unlikely candidate as a kinetically efficient

mediator to the positively-charged cytochrome _c_ molecule. This same reasoning

applies to Ru(NH3)62+, the active species in ruthenium red. Therefore, rat

liver inner mitochondrial membranes were depleted of cytochrome g, and

unpurified ruthenium red and Ru(NH3)62+ were examined with this preparation
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Figure 7. Comparison of the ultraviolet absorption spectra of

RX (A), Ru(NH3)63+ (B) and chloropentaamineruthenium

III (C). The spectra were run in 0.5 M ammonium

bicarbonate pH 7.0.
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Figure 8. Comparison of the infrared spectra of RX (A) and

Ru(NH3)53 (B) in D20. The bands at 1450, 1085, 985

and 940 cm“'1 are characteristic of RX and Ru(NH3)53

Those at 3850, 3450, 2500 and 1200 cm1 are due to

D20.
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for their ability to stimulate electron transfer from ascorbate. Figure 9A

shows that oxygen consumption in the absence of cytochrome _c_ is strongly

accelerated by both compounds and is inhibited by protamine sulfate (1 11M),

KCN (2mM) or azide (5 mM), all of which inhibit cytochrome oxidase. The

results indicate that Ru(NH3)62+ is a good donor of electrons directly to

cytochrome oxidase. This conclusion is confirmed using purified cytochrome

oxidase as shown in Figure 98. A low rate of autooxidation is observed with

ascorbate and the ruthenium compounds alone, while addition of cytochrome

oxidase results in a high rate of oxygen consumption that is not further enhanced

by cytochrome g.

Electron transfer from succinate to oxygen in the presence of Ru(NH3)(;3+

and cytochrome g—depleted mitochondria was not observed, indicating that

none of the respiratory chain components from succinate to cytochrome c1

are kinetically competent electron donors to Ru(NH3)63+.

With whole mitochondria, NADH at uM concentrations serves as an efficient

electron donor to the active component in ruthenium red (Schwerzmann gt

gt., 1976). But when the outer membrane is removed, a much higher

concentration of NADH (3 mM) is required to support respiratory rates only

half those observed with an equal concentration of ascorbate. In Figure 9C,

it is seen that purified outer mitochondrial membranes (OMM) added back

to an inner membrane preparation, greatly enhance the rate of oxygen

consumption in the presence of Ru(NH1963+ and NADH. The rapid rate is

sustained until all the NADH is consumed. Outer membranes alone do not

givea measurable rate of oxygen consumption with Ru(NH3)(;3+ and NADH.

The sharp cut-off respiratory rate when NADH is consumed indicates that

a component in the electron transfer sequence has a very high affinity for

NADH, and furthermore, it is apparent that this component is associated with
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Electron transfer activity of Ru(NH3)62+/3+ and ruthenium

red. A) Enhancement of electron transfer with cytochrome

g depleted rat liver inner mitochondrial membranes.

Oxygen consumption was measured polarographically

in 0.22 M mannitol, 0.07 M sucrose, 10 mM Tris(C1),

5 mM phosphate, 2 mM EDTA, 1 mg/ml BSA at pH 7.5,

with 2.8 mM ascorbate. Other additions were made

as indicated to the final concentrations of: ruthenium

red (RR), 70 ug/ml; Ru(NH3)62+, 3.5 ug/ml; protamine

sulfate (PS), 10 11M. B) Enhancement of electron transfer

with purified cytochrome oxidase. Oxygen consumption

was measured in 50 mM Hepes, pH 7.4, 1 mM

laurylmaltoside. The final concentrations were:

cytochrome aa , 0.2 11M, cytochrome _c_, 4.5 uM, KCN,

2 mM. C) Stimulation of Ru(NH3)62+ mediated electron

transfer from NADH by outer mitochondrial membranes.

Conditions were the same as described in 9A. In both

traces, cytochrome g-depleted inner mitochondrial

membrane particles were present at 0.7 mg protein per

ml. Other additions were made as indicated to the final

concentrations of: Ru(NH3)62+, 6 ug/ml; NADH (first

addition), 3.5 mM; outer mitochondrial membranes (OMM),

0.34 mg protein/ml; NADH (second addition) 1.75 mM.
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the outer membrane. Similar results are also observed when microsomes are

added to inner mitochondrial membranes in the presence of NADH. The most

likely explanation of these data is that the NADH-cytochrome b5 reductase

complex in the outer mitochondrial membrane or in microsomes catalyzes

the transfer of electrons from NADH to Ru(NH3)53+, which subsequently reduces

cytochrome oxidase. .

Our original interest in the apparent electron mediating capacity of

ruthenium red stemmed from its reported superior ability, compared to TMPD,

to transfer electrons to cytochrome g. The results of the studies described

so far clearly demonstrate that the actual electron mediator, Ru(NH3)52+/3+,

behaves in a manner quite distinct from TMPD, being a much superior electron

donor directly to cytochrome oxidase. Figure 10A shows a comparison of the

activities of Ru(NH3)63"' and TMPD as electron donors to purified cytochrome

oxidase in the presence and absence of cytochrome g. Concentrations of

Ru(NHg)63+ two orders of magnitude lower than those used of TMPD gave

maximal rates of oxygen consumption with cytochrome oxidase alone. Addition

of cytochrome g caused inhibition of the Ru(NH3)63+-induced oxygen uptake,

while the TMPD-induced rates were stimulated by as much as 100-fold

under the same conditions. In Figure 108, the inhibition by cytochrome _c_ is

shown to be competitive with respect to Ru(NH3)32+. This behavior indicates

that Ru(NH3)62+ is reacting with oxidase in a manner similar to cytochrome

g, possibly at the same negatively-charged site (or sites). As shown in Figure

11, the steady-state kinetics of reaction of Ru(NH3)2+ with cytochrome oxidase

in the presence of excess ascorbate are qualitatively similar to those of

cytochrome g (Ferguson-Miller _e_t gt., 1976). A biphasic pattern is observed

in an Eadie-Hofstee plot of the data, from which an approximate Kml = 8.6

11M and sz = 88 11M can be estimated from tangents to the initial and final
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Kinetics of the electron transfer reaction of Ru(NH3)62+

with purified cytochrome oxidase. A) Comparison of

Ru(NH3)62+ and TMPD mediated electron transfer.

Rates of oxygen consumption by purified cytochrome

oxidase (0.1 uM) were measured in 50 mM Hepes, pH

7.4, 1 mM laurylmaltoside, 2.8 mM ascorbate, and various

concentrations of: TMPD (A); TMPD + 1 11M cytochrome

_C_ (A): Ru(NH3)52+ (O): Ru(NH3)62+ + 1 11M cytochrome

g (0 ). B) Lineweaver-Burk plot of oxidase activity

from data shown in Figure 7A, comparing the kinetics

in the presence of Ru(NH3)52+ (O), or Ru(NH3)62+ plus

1 11M cytochrome g (C).
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Eadie—Hofstee-Scatchard plot of steady state kinetics

of the reaction of Ru(NH3)522"” with purified cytochrome

oxidase. Conditions were the same as described for

10A, except cytochrome g_a3 was 0.23 11M and the

Ru(NH3)6 concentrations ranged from 0. 9 to 223 11M.
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phases of the data.

Discussion

The finding that ruthenium red was an effective mediator of electron

transfer in mitochondria (Schwerzmann gt gt. 1976) as well as a potent inhibitor

of calcium transport, warranted further investigation since ambiguities could

result from expression of the two activities simultaneously. Furthermore,

there are few efficient artificial electron donors available for studying the

terminal segment of the mitochondrial respiratory chain, making it a potentially

valuable tool.

When commercial ruthenium red was subjected to cation-exchange

chromatography it yielded a number of colored components and a colorless

fraction absorbing in the ultraviolet region (Amax = 275 11111) that contained

all the electron mediating activity. Neither the purified ruthenium red nor

any of the other colored species were able to stimulate mitochondrial respiratory

activity, nor did they enhance the activity of the UV-absorbing component.

When the electron mediating fraction was gel-filtered on Biogel P-2, the activity

was proportional to, and co—eluted with, the absorbance at 275 nm, at an

apparent molecular weight of 400 to 500 daltons. Neutron activation analysis

of this substance showed that ruthenium was the predominant metal component,

and no carbon was detected by l30-NMR.

It has previously been suggested by Luft (1971) that a common contaminant

of ruthenium red was hexaammineruthenium II/III, since it is an intermediate

in the synthesis of ruthenium red from RuClg and ammonium hydroxide, and

a likely product in its breakdown. Furthermore, Ru(NH3)62+ is a known reducing

agent for cytochrome _c_ (Ewall and Bennett, 1974; Adegite and Okpanachi,

1979) capable of rapid outer-sphere electron transfer reactions involving little
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change in the ruthenium-nitrogen bond distance upon oxidation or reduction

(Stynes and Ibers, 1971; Sutin, 1979). A recent paper (Scott and Gray, 1980)

has also shown that Ru(NH3)62+ reduces cytochrome oxidase.

A comparison of the ultraviolet spectra of hexaammineruthenium (III),

chloropentaammineruthenium (III), nitrosylrutheniumlflll), and the active fraction

isolated from ruthenium red, showed that the latter compound has absorption

spectrum identical to that of hexaammineruthenium (III). The identity of these

two compounds was further confirmed by comparing their infrared spectra,

their elution profile by gel filtration, and their activity characteristics with

mitochondria, inner mitochondrial membranes and purified oxidase. On the

basis of the results of these physical, spectral, and activity studies, we conclude

that the ability of impure ruthenium red to stimulate electron transfer from

ascorbate or NADH to oxygen in mitochondria, is due to the presence of the

contaminant, hexaammineruthenium film, and is not a function of ruthenium

red itself.

The pathway of electron transfer from NADH and ascorbate catalyzed

by Ru(NH3)62+, was investigated with whole mitochondria and isolated

components. It is evident from the ability of Ru(NH3)62+ to stimulate

cyanide-sensitive oxygen consumption with cytochrome g-depleted mitochondria

and purified cytochrome oxidase, that Ru(NH3)62+ transfers electrons directly

to cytochrome gg3, without the intervention of cytochrome _c_. Although

Ru(NH3)62+ reduced cytochrome g rapidly at low pH and high ionic strength

(1M NaCl) (Ewall and Bennett, 1974), the stopped-flow kinetic data of Scott

and Gray (1980) demonstrate that Ru(NH3)52+ reduces cytochrome oxidase

at rates at least three orders of magnitude greater than those reported for

cytochrome _c_ (Adegite and Okpanachi, 1979) under conditions more suitable

for enzyme studies, 0.1 M ionic strength. This behavior differs from that of
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TMPD, which is a relatively poor mediator of electrons directly to cytochrome

oxidase. Under conditions that favor the binding of cytochrome g to cytochrome

gag (50 mM Hepes buffer, pH 7.4), electron transfer from TMPD to oxidase

is strongly stimulated by addition of cytochrome _c_, while that from Ru(NH3)62+

is competitively inhibited. The competition between cytochrome g and

Ru(NH3)62"’ indicates that the two reducing agents transfer electrons at the

same site on the oxidase. In addition, Ru(NH3)62+ exhibits biphasic steady-state

kinetics with purified cytochrome oxidase, qualitatively similar to those found

for cytochrome _c_ (Fergurson-Miller gt gt. 1976), but with lower affinity in

both phases (apparent Km1 = 8.6 uM; apparent sz = 88 11M). These results

are in agreement with the presteady state kinetic findings of Scott and Gray

(1980) which show that Ru(NH3)62+, in a manner analogous to cytochrome

_c_, rapidly reduces heme g prior to heme g3 in cytochrome oxidase.

A further similarity between the behavior of Ru(NH3)62+ and cytochrome

_c_ was revealed by the requirement for the presence of the outer mitochondrial

membrane to obtain efficient electron transfer from NADH. In the absence

of outer membrane, millimolar concentrations of NADH were required to support

even moderate rates of oxygen consumption with inner membranes and

Ru(NH3)62+/3+, while in the presence of outer membrane, micromolar

concentrations of NADH were sufficient to obtain the same rapid rates observed

with ascorbate. These results can be explained in terms of an enzymically

mediated reduction of Ru(NH3)63+ by NADH via the NADH-cytochrome

g5-reductase complex. The ability of Ru(NH3)(;3+ to act as an electron acceptor

from cytochrome 25 again mimics the activity of cytochrome _c_ (Parsons gt

gt., 1966, Sottocasa gt gt, 1967 a; Schnaitman and Greenawalt 1968). Since

Ru(NH3)62+/3+ and cytochrome g are positively-charged molecules, it is not

unexpected that they would both transfer electrons with kinetic efficiency
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to negatively charged redox partners. On this basis it might also be predicted

that Ru(NH3)¢;"’2/+3 would accept electrons from cytochrome _c_l. However,

the reduction potentials of the two compounds [Ru(NH3)62+/3+, 0.078 V (Mayer

and Traube, 1968) ; cytochrome g, 0.28 V (Leigh and Erecinska, 1975)] are

not compatible with Ru(NH3)53+ acting as an electron acceptor from cytochrome

g1 under the conditions used where cytochrome g1 would not be maintained

highly reduced. No transfer of electrons from succinate to oxidase was observed

in cytochrome g—depleted mitochondria supplemented with Ru(NH3)62+/3+.

The possibility remains that Ru(NH3)62+ may be able to donate electrons

efficiently to cytochrome _c_l.

Ruthenium red is used by many investigators in the study of mitochondrial

calcium transport because of its potency as an inhibitor of this process. It

is recognized that most commercial preparations are impure, but the

recrystallization procedures recommended by Luft (1971) and Fletcher (1961)

are lengthy and give very low yields. Furthermore, the high rates of electron

transfer observed by Schwerzmann gt g1. (1976) were produced by ruthenium

red purified according to Luft, indicating that this procedure may not remove

Ru(NH3)52+/3+, or that this contaminant is re-formed upon storage.

Chromatography of ruthenium red on carboxymethylcellulose in ammonium

bicarbonate buffer, as described in this paper, provides a more reproducible,

high yield method for obtaining pure ruthenium red that can be lyophilized

to remove the ammonium bicarbonate and stored in a dry form.

The contaminant of ruthenium red responsible for its electron transferring

activity, Ru(NH3)52+/3+, is shown by our studies and those of Scott and Gray

(1980) to be a kinetically efficient electron donor directly to cytochrome

oxidase, with kinetic characteristics qualitatively very similar to cytochrome

g. Therefore, this compound may provide a useful tool for investigating the
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kinetic and structural requirements for energy coupled electron transfer in

the terminal segment of the respiratory chain. One controversy that may

be clarified through the use of the Ru(NH3)62+/3"’ concerns the function of

cytochrome oxidase in proton translocation. Although several researchers

in the field have obtained evidence that support the proton pump model, others

argue that the small transient acidifications observed are artifacts resulting

from the interactions of cytochrome g with the phospholipid vesicles (Moyle

and Mitchell, 1978; Papa _e_t_ gt., 1980). Using Ru(NH3)62+/3+, it is possible

to study this process without cytochrome g, thereby simplifying the system.

Indeed, recently Moroney gt gt. (1984) have used thisielectron donor to study

the proton pump activity of cytochrome oxidase.



CHAPTER II

DIFFUSION IN THE MITOCHONDRIAL INNER MEMBRANE:

IMPLICATIONS FOR THE MECHANISM OF ELECTRON‘TRANSFER

Introduction

Since the discovery that proteins in membranes are capable of long range

lateral diffusion (Frye and Edidin, 1970) considerable attention has been focused

on characterizing this process and the role that it plays in catalyzing biological

reactions. Theoretical considerations suggest that the orientation of enzyme

active sites by the membrane (McCloskey and P00, 1983) and the reduction

in dimensionality imposed by limiting a reaction to the membrane surface

can result in statistically enhanced reaction rates (Adam and Delbruck, 1968;

Berg and Purcell, 1977; Hardt, 1979). However, while it is recognized that

2-dimensional diffusion is a central feature in many membrane-mediated

reactions, the precise role of diffusion in specific processes has not been

established. In some cases it has been proposed that catalysis occurs by random

collisions between reaction partners involving only transitory associations

(Leibman and Pugh 1979, 1981; Yee and Leibman, 1978; Hanukoglu and

Jefcoate, 1980), while in others, the evidence suggests that the reversible

formation of functional aggregates occurs (Haworth gt gt., 1982; Gut gt gt.,

1983). One system where a collisional mechanism has been implicated is

47
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the mitochondrial electron transfer chain. This system is particularly

interesting because of the unique structural features of the inner mitochondrial

membrane which is designed to carry out efficient electron transfer between

large integral protein complexes in a membrane of unusually high protein

concentration, and because of the specialized role of the membrane in the

energy conserving process.

Early ideas concerning the structure of the mitochondrial inner membrane

were influenced by the observation that the protein to lipid ratio is very high

(Colbeau gt gt., 1971), suggesting that integral membrane proteins might

be forced into some kind of organized arrays. The possibility was considered

that the electron transport chain might exist as a structural unit (Lehninger,

1959; Blair gt gt., 1963; Klingenberg, 1968), a concept that has been extended

to include direct communication with the ATP synthesizing machinery (Boyer,

1977; Chance, 1977, 1982). These views were further reinforced by findings

that unit electron transfer particles could be prepared from mitochondria

(Blair gt gl_., 1963) and could be reconstituted from the isolated components

(Fowler and Hatefi, 1961; Hatefi gt g_l., 1961). However, the chemiosmotic

hypothesis of energy conservation proposed by Mitchell (1961) led to a new

perspective on the necessity for physical interactions between the electron

transfer and energy coupling processes, since direct chemical or conformational

communication was not required for an energy transfer event involving a

proton gradient. Experiments designed to investigate the degree of static

organization among the inner mitochondrial membrane proteins (Hochli and

Hackenbrock, 1976, 1978; Sowers and Hackenbrock 1981) showed that despite

the high protein content, large integral proteins are able to diffuse freely

and independently over considerable distances and only occupy approximately

half the total membrane area (Sowers and Hackenbrock, 1981). In addition,
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studies on the rotational mobility of cytochrome oxidase demonstrate that

as much as half of the oxidase in native mitochondrial membrane has free

rotational mobility (Kawato gt gt., 1980, 1982). Schneider gt gt., (1980, 1982

a,b) also showed that artifically induced alterations in the distances between

electron transfer components are accompanied by changes in electron transfer

rates. When the distances between redox centers are decreased by inducing

the formation of lipid-cholesterol patches that excluded proteins, the rate

of electron transfer from succinate or NADH to oxygen is increased, while

increasing the distances between redox centers by incorporation of phospholipid

results in a decrease in the electron transfer rates. On the basis of these

findings it was proposed (Hackenbrock, 1981) that mitochondrial electron

transfer occurs by a diffusion mediated mechanism in which normal rates

of electron transfer are accounted for by rapid diffusion of cytochrome _c_

and ubiquinone.

Cytochrome g has been suggested to communicate electrons between

cytochrome _b_<_:_1 and gay; by rapid diffusion on the negatively charged membrane

surface (Chance, 1974; Roberts and Hess, 1977; Margoliash and Bosshard,

1983; Froud and Ragan, 1984) with correct orientation of the mobile carrier

maintained by its large dipole moment (Koppenol and Margoliash, 1982).

Evidence supporting this idea was obtained from studies on the effects of

chemical modification of cytochrome g on its reactivity with redox partners.

It was found that the same residues are involved in the binding of cytochrome

g to both cytochrome 3&1 and cytochrome gg3, suggesting that cytochrome

must first dissociate from one complex to react with the other (Brautigan

I
n

gt gt., 1978 a,b; Ferguson-Miller gt gl_., 1978; Ahmed _e_t 3%., 1978; Rieder

and Bosshard, 1978, Ferguson-Miller gt gt., 1979; Speck gt gl_., 1979). In

agreement with this is the observation that increasing viscosity of the reaction
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medium competitively inhibits the ability of cytochrome g to transfer electrons

between cytochrome 931 and cytochrome oxidase (Swanson gt gl_., 1982).

Nevertheless, studies on the rotational mobility of cytochrome g in rat liver

mitochondria indicate that it is (similar to that of oxidase, implying their

existence as a reasonably long-lived complex in the native membrane (Dixit

_e_t gl_., 1982). Moreover, when cytochrome _c_ is covalently crosslinked to

mitochondrial inner membranes, significant rates of electron transfer are

retained (Utsumi and Packer, 1967, Erecinska gt gl_., 1975, Waring _e_t gl_.,

1980) suggesting that dissociation of cytochrome g from its redox partners

may not be required for its activity.

Ubiquinone, the other potentially fast-diffusing component, participates

in the communication of electrons between‘ flavin-linked dehydrogenases

and the cytochrome t)_<_:_1 complex. Because of the lipid-like nature of the

molecule and its presence in excess of its redox partners (Vinogradov and

King, 1979), ubiquinone has generally been considered to function as a mobile

electron carrier (Green, 1962). By analogy to phospholipids in other membrane

systems, this view has been extended to suggest that ubiquinone diffuses

at 10'8 cmZ/sec, a rate that is compatible with a diffusion mediated role

(Hackenbrock, 1981). However, it has been argued that the long rigid isoprenoid

tail may impede ubiquinone diffusion (Trumpower and Katki, 1979; Wraight,

1979).

Evidence favoring a role for ubiquinone as a rapidly diffusing electron

carrier has been obtained from a number of kinetic studies (Kroger and

Klingenberg, 1973a,b; for review see Rich, 1981, 1984, Crofts and Wraight,

1983). Correlating the steady-state levels of reduce ubiquinone and the kinetics

of the oxidation and reduction reactions with the overall rates of electron

transfer in coupled mitochondria, Kroger and Klingenberg (1973a,b)
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demonstrated that 80-90% of the ubiquinone functions kinetically as a

homogeneous pool.

However, studies on the ubiquinone binding proteins suggests that

(ubiquinone may function primarily as a bound prosthetic group (Yu gt gl_.,

1974, 1981). Moreover, using the purified components in a reconstituted

system, evidence has been obtained for direct interactions of cytochrome

b_c_1 with soluble suc'cinate dehydrogenase (Yu gt gt., 1974) and Complex I

(Ragan and Heron, 1978; Heron fl gt., 1978a,b) raising the possibility that

electron transfer can proceed via direct association of the complexes rather

than exclusively by free diffusion of ubiquinone.

To address the ambiguities regarding the role of diffusion, and the

functional significance of physical associations among the electron transfer

components, we have measured the rate of diffusion of cytochrome g,

cytochrome oxidase, ubiquinone and lipid in the membranes of giant

mitochondria from cuprizone-fed mice using the technique of fluorescence

redistribution after photobleaching (FRAP). The results provide information

necessary to quantitatively assess the feasibility of electron transfer occurring

by a random diffusion mechanism. In addition this study demonstrates the

feasibility of performing photobleaching measurements on intracellular

membranes.

Experimental

Materials

Cuprizone [bis(cyclohexanone)oxaldihydrazone] was purchased from G.

Fredrick Smith Chemical Co. (Columbus, OH) or from Aldrich Chemical Co.

(Milwaukee, WI) and was recrystallized from boiling 95% ethanol (Tedeschi

and Bowman, 1983). CM-cellulose (Whatman, CM-52) was prepared according
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to the manufacturer's suggested directions. Cytochrome 3 (Sigma type VI)

was further purified by the procedure detailed by Brautigan gt gt., 1978).

Prior to use in kinetic assays cytochrome g was reduced with dithionite and

gel-filtered on Sephadex G-7 5 superfine (Pharmacia) in 25 mM (Tris)cacodylate

pH 7.8 in order to remove polymerized cytochrome g (Brautigan gt gt., 1978).

Tetramethylrhodamine isothiocyanate (Polysciences, Warrington, PA), morpholi-

norhodamine isothiocyanate (Research Organics, Cleveland, OH), and lissamine

rhodamine B sulfonylchloride (Molecular Probes, Junction City, OR) were

stored dessicated in the dark at -20°C. NBD—phosphatidylethanolamine (Avanti

Polar Lipids, Birmingham, AL) in chloroform/methanol 2:1 was dried with

nitrogen gas, resuspended at 1 mg/ml in absolute ethanol and stored in 100

microliter aliquots under nitrogen gas in sealed glass ampules. Laurylmaltoside

was prepared according to Rosevear _e_t gt., (1980). Ubiquinone- 10 was

purchased from Sigma Chemical Co. (St. Louis, MO). All other chemicals

used were of the highest grade available.

Preparation of Giant Mitochondria

Unweaned 17—19 day old mice (Swiss Albino ICR) were fed a diet containing

3 g of cuprizone in 500 g of ground rodent chow and were supplied exclusively

with deionized water. Six to twelve days after initiating the diet, giant mito-

chondria were prepared from the livers of these mice using a modification

of the method of Tedeschi and Bowman (1983). Three to five livers per 5

mls were minced, washed four times and homogenized in isolation buffer

(220 mM mannitol, 70 mM sucrose, 2 mM Hepes (Tris) pH 7.4 containing 0.5

mg/ml BSA) with a loose fitting glass homogenizer. The homogenate was

centrifuged at 120 x g for l min and the supernatant was saved. The pellet

was homogenized in isolation buffer, filtered through two layers of cheesecloth

and centrifuged as before. The supernatants were pooled, layered on top
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of 5 mls of 0.5 M sucrose and centrifuged for 10 min at 410 x g. The top

layer which contained smaller mitochondria and other membranes was discarded

and the pellet was gently resuspended into the 0.5 M sucrose (lower) layer.

The sample was diluted to 0.3 M sucrose with glass distilled water and pelleted

at 750 x g for 5 minutes. The pellet was resuspended in 5 mls of isolation

buffer, layered on 0.5 M sucrose and centrifuged at 240 x g for 3 min. The

t0p layer was collected and the giant mitochondria were pelleted at 750 x

g for 5 minutes.

Unless indicated otherwise, whole mitochondria were depleted of outer

membrane using the procedure of Sottocasa gt gt., (1967) as modified by Felgner

e_t gt., (1979), and the mitoplasts were pelleted at 3,000 x g for ten min.

Digitonin—treated mitoplasts were prepared according to Schnaitman and

Greenawalt (1968) and were washed three times. Mitoplasts prepared by

either technique were resuspended in 250 mM mannitol, 50 mM Hepes pH

7.2 and swollen by the gradual addition of five volumes of double distilled

water over 10 minutes. In cases where cytochrome g diffusion was measured,

whole mitochondria were depleted of cytochrome g by swelling in 20 mls

of 10 mM Tris phosphate pH 7.5, followed by addition of 3 mls of l M KCl

and pelleting prior to the removal of the outer membrane.

Mitochondrial , protein concentrations were determined on

deoxycholate-solubilized membranes using the biuret procedure. The

concentrations of the cytochromes were determined from difference spectra

(dithionite reduced minus ferricyanide oxidized) of deoxycholate solubilized

membranes using Ac552_542 = 18.7 mM"1cm"l for cytochrome g + g1;

110550-575 = 23.4 mM"1cm"1 for cytochrome g and Ac 605-630 = 24 mM‘lcm"1

for cytochrome gg3.

The total phospholipid content of broken (freeze-thawed) mitoplasts

was determined using the procedure of Ames (1966). The types of lipids were
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determined by extracting them from the membranes according to the procedure

of Awasthi gt gt., (1971) and chromatographing in two dimensions using the

solvent system of Parsons and Patton (1967) on Supelco Redi coat 2D precoated

TLC plates which had been preextracted with methanol/methylene chloride,

1:1. The lipid spots were visualized according to Thompson and Ferguson-Miller

(1983).

NBD - Phosphatidylethanolamine Labeling:

Ten microliters of NBD-phosphatidylethanolamine (1 mg/ml in 100%

ethanol) was added to a one ml suspension of swollen giant mitoplasts (0.5

mg mitochondrial protein) in 42 mM mannitol, 8 mM Hepes pH 7.2. The mito-

chondria were incubated with the fluorescent probe for five minutes, washed

three times and resuspended in the mannitol—Hepes buffer. Under these condi-

tions approximately half of the probe was incorporated into the membranes.

Preparation of Fluorescent Ubiquinone:

All of the reaction steps during the preparation of fluorescent ubiquinone

were performed under nitrogen gas to prevent autooxidation of the ubiquinol.

Ubiquinone-10 (100 mg in 1 ml chloroform/methanol (2:1) was reduced with

a few grains of sodium borohydride until the solution was essentially colorless

(no yellow). After all the hydrogen gas had bubbled off, the sample was dried

under N2 and 0.3 g of lissamine rhodamine B sulfonyl chloride in 5 mls of

pyridine was added. The reaction was allowed to proceed for 6 hours, dried

as before, and resuspended in chloroform/methanol 2:1.

The reaction mixture was extracted 2 times against water and the organic

phase was dried. The mixture was resolubilized in 100% ethanol and the

fluorescent ubiquinone was repeatedly precipitated out of 50% ethanol at

4°C and centrifuged until no dye was observed in the supernatant. The final

pellet was dissolved in 0.5 mls chloroform:methanol:water 65:25:4 and applied
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to a 1 ml silicic acid column (Iatrobeads, Iatron Laboratories, Tokyo, Japan)

equilibrated with the same solvent mixture. The column was eluted with

the chloroform:methanol:water mixture and the initial peak containing

unreacted ubiquinone and the fluorescent derivative was saved. The ubiquinone

mixture was dried with nitrogen gas, dissolved in 0.5 mls of 5% ethanol in

n-heptane, and applied to a 1 ml silicic acid column. The unreacted ubiquinone

was eluted from the column with 596 ethanol in n-heptane while the fluorescent

labeled ubiquinone remained tightly bound 'to the top of the resin. After

the unreacted ubiquinone was completely washed from the column, the fluores-

cent analogue was eluted with chloroform/methanol 2:1, dried under nitrogen,

and dissolved in 100% ethanol at 0.03 mg/ml.

Mitoplasts in 42 mM mannitol, 5 mM Hepes pH 7.2 were labeled with

20 microliters of the ethanolic quinone solution per ml two times and were

washed twice. Under these conditions the fluorescent quinone constituted

less than 296 of the total lipid.

Preparation and Characterization of Fluorescent Cytochrome _c_:

Cytochrome g (40-80 umoles) was bound to a column of CM-cellulose

(1.5 x 7.5 cm) equilibrated with 25 mM potassium phosphate pH 6.7. The

column was re-equilibrated with 10 mM sodium bicarbonate pH 9.6. The

layer of CM-cellulose containing cytochrome g was removed, placed in a

beaker containing tetramethyl— or morpholinorhodamine isothiocyanate (1.5

moles/mole of cytochrome g) in 10 mls of 10 mM sodium bicarbonate, and

allowed to react with the dye in the dark under constant stirring for four

hours. The reaction was terminated by addition of 20 mls of 1 M lysine pH

9.3, followed by gel filtration on a column of Sephadex G-10 (2.5 x 34 cm)

in 25 mM potassium phosphate pH 6.5, to separate cytochrome g from

non-covalently bound dye. The mixture of derivatized forms of cytochrome
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g was purified by repeated chromatography on CM-cellulose columns in 65

mM potassium phosphate as described by Brautigan gt gt. (1979). The

derivatized forms of cytochrome g eluting close to the native protein were

collected separately, concentrated on CM-cellulose and eluted with 0.5 M

sodium chloride. The concentrated samples were desalted on Sephadex

G-10 (superfine) in 25 mM (Tris) cacodylate, pH 7.7.

Cytochrome _c_ concentrations were determined from the spectra of the

reduced protein using 0550-610 = 25 mM‘lcm‘l. The activity of native

cytochrome g and the derivatives was measured with cytochrome g depleted

rat liver mitoplasts in 25 mM (Tris) cacodylate, 250 mM sucrose pH 7.9 using

the method of Ferguson-Miller gt gt., (1 97 6).

The positions of the lysine modifications were determined from

Chymotryptic maps by a modification of the procedure of (Brautigan gt gt.

1978b). Native and derivatized cytochrome _c_ were desalted by dialysis against

50 mM ammonium bicarbonate using small molecular weight cut off dialysis

tubing (1,000 Mr cut-off, Spectrum Medical Ind., Los Angeles, CA). The

samples were lyophilized for 48 hours with several additions of double distilled

water to insure complete removal of the ammonium bicarbonate, and the

cytochrome g was resolubilized at a concentration of 10 mg/ml in 100 mM

ammonium bicarbonate pH 8.5. a-Chymotrypsin (10-50 ug/mg of cytochrome)

was added and the samples were digested for 20 hours at room temperature.

The samples were lyophilized for 2-3 days as before. Thin layer

chromatography plates (20 x 20 cm precoated with Avicel to a 250 um

thickness; Analtech, Inc., Newark, DE) were sprayed with electrophoresis

buffer (pyridine/acetic acid/water, 100:4:900 v/v) and pre-electrophoresed

for 30 minutes. The cytochrome g digests were dissolved in the electrophoresis

buffer at 100 mg/ml and 0.1 — 0.5 mg of the protein were spotted on the plates.
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The plates were then electrophoresed at 400 volts (20 volts/cm) until the

heme-containing peptide had migrated 1 - 1'} inches from the point of

application (approximately 1% hours). The plates were dried overnight and

chromatographed in butanol/pyridine/acetic acid/water (60:40:12:48 v/v)

until the solvent front was 1 inch from the top of the TLC plate. The red

heme peptide(s) was easily detected and the other peptides were visualized

with buffered ninhydrin (Easley, 1965). Arginine—containing peptides were

identified for native cytochrome _c_ peptide maps using the Sakaguchi staining

procedure (Easley, 1965), in which a solution of 0.012596 -napthol in absolute

ethanol containing 36 mM urea was substituted for solution A. The pink

arginine positive spots were circled and the plates were sprayed with acid

ninhydrin.

To perform the FRAP experiments swollen cytochrome _c_-_depleted

mitoplasts were labeled with 20 11M fluorescent cytochrome g in 42 mM

mannitol, 8 mM Hepes pH 7.2 and were diluted ten fold or pelleted and

resuspended in the same buffer or in 25 mM (tris) cacodylate pH 7.9. The

initial FRAP measurements were performed with swollen cytochrome

g-depleted mitochondria (with some outer membrane associated) in 42 mM

sucrose, 8 mM Hepes pH 7.2.

Preparation of Fluorescent Antibodies to Cytochrome aa3:

Cytochrome oxidase was prepared according to the method of Kuboyama

gt gt., (1972) as modified by Suarez gt gt., (1984). The laurylmaltoside

solubilized enzyme was dialyzed against phosphate buffered saline (136 mM

sodium chloride 2.7 mM potassium chloride, 8.1 mM dibasic sodium phosphate,

1.5 mM monobasic potassium phosphate, pH 7.2) and was mixed with an equal

volume of adjuvant. Rabbits were injected subcutaneously at multiple sites

on the back. The initial injection was with 4 mg of enzyme in Freunds complete

adjuvant and was followed by repeated injections of 1 mg of enzyme in Freunds
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incomplete adjuvant at 2 week intervals. Blood samples were taken 7-10

days after each injection. Once a significant antibody response was observed

the frequency of injections was reduced to 2 month intervals.

The antibodies were purified on a Protein A Sepharose (Sigma) column

according to Tucker gt a_l., (1978) and dialyzed into 0.1 M sodium bicarbonate

at pH 9.5. The dialysate was centrifuged at 10,000 x g for ten minutes in

order to remove any precipitated protein. The antibody-containing supernatant

was reacted with 0.15 mg of morpholinorhodamine isothiocyanate per mg

of antibody and the reaction was allowed to proceed for 3 hours in the dark.

Free dye was separated from the labeled antibodies by gel filtration on

Sephadex G-25 followed by overnight dialysis against phosphate buffered

saline. The labeled antibody solution was applied to a 5 ml cytochrome oxidase

affinity resin prepared from guanidine-HCl-treated cytochrome oxidase

according to Hammon and Hackenbrock (1976) using cyanogen bromide

activated Sepharose 4B prepared by the methods of Cuatrecasas gt _a_l., (1968)

or Kohn and Wilchek (1982). The column was washed with phosphate-buffered

saline until no dye could be detected in the eluent and the antibodies were

eluted with 6 M guanidine—HCI pH 5.6. The more tightly binding antibodies

were pooled and dialysed for three days against phosphate buffered saline

with repeated buffer changes. The fluorescent antibody was stored in phosphate

buffered saline at -20°C.

Prior to labeling the mitochondria, samples of the antibody preparations

were dialysed against 42 mM mannitol, 8 mM Hepes pH 7.2 overnight and

centrifuged at 10,000 x g for ten minutes to remove any protein which may

have denatured during storage. Swollen mitoplasts were incubated in the

antibody solution for 5 minutes, pelleted and washed repeatedly.
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Fluorescence Redistribution After Photobleaching:

Glass slides and coverslips were washed, rinsed thoroughly with water

and 95% ethanol, and allowed to dry. Ten microliters of labeled mitoplast

suspensions were applied per slide and the coverslips were sealed around the

edges with paraffin to prevent evaporation.

Diffusion measurements were performed on the labeled mitoplasts by

the technique of fluorescence redistribution after photobleaching using the

instrumentation and method developed by Koppel (1974, Koppel _e_t gt., 1980).

Individual fluorescently labeled mitochondria were scanned with a low intensity

laser beam. A sample profile of the fluorescence emission distribution for

a mitochondrion labeled with fluorescent cytochrome g is shown in Figure

12, (t < 0). The peaks indicate that the fluorescent probe is associated with

the membrane, giving more intense fluorescence at the edges of the organelle.

A higher intensity photobleaching pulse (0.1 - 0.2 see) is applied to one edge

of the mitochondrion resulting in the profile seen in Figure 12 (t = 120 sec.).

The redistribution of the bleached and unbleached fluorescent probe (Figure

12, t = 600 sec) is followed with sequential scans and the data is analyzed

using a normal-mode analysis for diffusion on spherical surfaces as described

by Koppel g gt. (1980). Rhodamine fluorescence was monitored with an

incident .wavelength of 531 nm, and combination of Leitz dichroic mirror

TK 580 and barrier filter K520 or a sharp cut filter made from Corning Glass

3482 (< 1% transmittance below 544 nm; > 90% transmittance above 567

nm). NBD fluorescence was monitored with an incident wavelength of 477

nm, and a combination of Leitz dichroic mirror TK 510 and barrier filter

K 530.
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A representative FRAP experiment. Scans of

fluorescence distribution of TMR labeled cytochrome

c on an intact inner mitochondrial membrane before

(1; < 0), soon after (t = 1205) and a longer time after

(t = 6003), irradiation of the leading edge of the organelle

with a bleaching pulse of 0.2 seconds duration. A series

of 21 scans at 2 minute intervals were taken per

mitochondrion. The mitochondria were repleted with

TMR cytochrome _c_ and were monitored on a glass slide

with a coverslip sealed with paraffin to prevent

evaporation. The arrow indicates the location of the

center of the focussed bleaching beam (1 11 diameter).
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Results

Isolation and Characterization of Giant Mitochondria:

In order to obtain mitochondrial membranes large enough to be used

in FRAP studies, giant mitochondria were prepared from the livers of mice

that have been fed a diet containing the copper chelator, cuprizone (Bowman

and Tedeschi, 1983). Mitochondria isolated 6-12 days after the initiation

of the diet were routinely as large as 5-10 microns in diameter when observed

by phase contrast microscopy (Figure 13a). Although some smaller

mitochondria were also present, the relative amount of these mitochondria

appeared to be dependent on the extent and harshness of the tissue homogeniza-

tion, suggesting that they may represent fragmented giant mitochondria.

Upon swelling in 42 mM mannitol (or sucrose), 8 mM Hepes, the mitochondria

increased in size and became more transparent (Figure 13b). Electron micro-

graphs revealed that the unswollen giant mitochondria (Figure 14a), showed

characteristic cristae structures (also see Tandler and Hoppel, 1973) while

the osmotically swollen mitochondria were spherical with little outer membrane

and few cristae (Figure 14b). In the swollen mitochondria regions where the

outer and inner mitochondrial membranes are still associated are seen to

have cristae invaginations by electron microscopy and dark patched areas

in phase contrast. This is particularly evident in Figures 13b and 14b where

the mitochondria had not been depleted of outer membrane. For the most

part, mitochondria depleted of outer membrane did not exhibit these regions.

In cases where some outer membrane was still associated with the mitochondria

the areas where these associations occurred were avoided in the FRAP experi-

ments in order to eliminate the possibility that diffusion on the outer

membrane could contribute to the measurements.

To determine whether photobleaching results obtained with these unusually
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Figure 13. Phase contrast micrographs of unswollen (a) and swollen

(b) giant mitochondria. The bars correspond to 10 um.
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Electron micrographs of unswollen (a) and swollen (b)

giant mitochondria. Mitochondria were swollen in 42

mM sucrose, 8 mM Hepes, pH 7.2, repleted with 20

11M cytochrome g, and pelleted at 1200 x g for 30 sec.

The pellet was fixed for 10 hours in 0.4% glutaraldehyde,

10 mM Hepes pH 7.2, washed in 50 mM Hepes and post

fixed for three hours in 1% osmium tetroxide, 10 mM

Hepes. Unswollen mitochondria were fixed in an

analogous manner in the presence of 250 mM sucrose.

The fixed samples were dehydrated in graded ethanol

and embedded in Epon 812:Araldite 502:dodecylsuccinic

anhydride (25:20:60) and stained with saturated

uranylacetate and 4% lead citrate.



 
Figure 14
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large mitochondria could directly apply to normal sized mitochondria (0.5

- 1 microns in diameter) it was necessary to characterize the membranes

with respect to their composition and activity. The total phosphorus content

of broken giant mitoplasts was 11-13 11g phosphorus per mg of protein suggesting

that the membranes are composed of 21 - 25% phospholipid by weight. Thin

layer chromatography of lipid extracts from these membranes revealed that.

the lipid composition was analogous to rat liver mitochondria, consisting

primarily of phosphatidylcholine, phosphatidylethanolamine and cardiolipin.

These mitochondria also had normal levels of cytochromes as determined

from their visible spectra (Figure 15a) and their calculated content of heme

g, as well as normal cytochrome oxidase and succinate oxidase activities.

In agreement with the values obtained with rat liver mitochondria, intact

giant mitochondria had 0.24 11 moles of heme g per mg of mitochondrial protein.

In 42 mM mannitol (or sucrose) 8 mM Hepes, pH 7.2 (the conditions used for

the FRAP experiments) electron transfer through the respiratory chain from

succinate to oxygen (succinate oxidase activity) occured at a rate of 18 -

30 electrons per second per cytochrome oxidase for both the swollen undepleted

and giant mitochondria repleted with cytochrome _c_ (Figure 15b). When the

giant mitochondria were resuspended in 50 mM potassium phosphate, pH 6.5,

the turnover number of cytochrome oxidase (electrons per sec per cytochrome

333) in the presence of ascorbate and TMPD was 480 s’1 in the intact

membranes, and 1200 s‘1 in the membranes dissolved in laurylmaltoside.

These values are comparable to those obtained with normal rat liver

mitochondria (Thompson gt gt., 1982, Nicholls,1974). In agreement with the

results of Maloff (1978) these mitochondria also exhibited respiratory

control.

Based on the results presented above it is reasonable to conclude that
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Spectra and succinate oxidase activity of giant

mitochondria. a) Spectra of giant mitochondria prior

to (—-) and after (-) depletion of cytochrome g with

50 mM potassium phosphate, pH 6. 5. b) Succinate

oxidase activity of cytochrome g depleted (A and B)

and undepleted giant mitochondria(C) in the same state

and under the same conditions as those used for the

FRAP measurements. Oxygen consumption was monitored

in 8 mM Hepes (Tris), 42 mM sucrose, pH 7.2 with 6

mM succinate (succ). Succinate oxidase activity was

restored in the depleted mitochondria with addition

of 4 11M fluorescent cytochrome c (TMRg) or the same

amount of native cytochrome g (natg).
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with the exception of their unusually large size these mitochondria are struc-

turally and functionally normal. However, it should be noted that mitochondria

isolated from mice which had been on the cuprizone diet for 14 days or longer

had decreased levels of cytochrome oxidase and reduced electron transfer

activities. Consequently, only mice which had been on the cuprizone diet

for less than twelve days were used for the FRAP experiments.

NBD-Phosphatidylethanolamine Diffusion:

To obtain information about the behavior of lipids in the inner

mitochondrial membrane, the fluorescent probe NBD—phosphatidylethanol-

amine was incorporated into the membranes of giant mitoplasts. Under

conditions where the fluorescent probe represented less than 5% of the total

membrane lipid the diffusion properties of the lipid were found to be dependent

on the procedures used to remove the outer mitochondrial membrane. When

mitochondria are depleted of outer membrane by a sonication technique

(Sottocasa gt gl_., 1967) the lipid exhibits complete (> 90%) monophasic recovery

with a diffusion coefficient of 6 (:l: 2.1) x 10"9 cmZ/sec (Figure 16). In contrast

to these results, mitoplasts prepared by treatment of whole mitochondria

with digitonin (Schnaitman and Greenawalt, 1968) are found to have biphasic

lipid recoveries (Figure 16) in which the diffusion coefficient of the first

phase (D1 = 5 (:t 1.5) x 10'9 cm2/sec) is approximately the same as that for

untreated mitochondria, and that for the second phase (D2 = 1 (3: 0.6) x 10’9)

is significantly slower. Although the proportion of lipid probe in the two

phases varies from one mitochondrion to another, FRAP measurements on

mitochondria treated with 0.7, 1.2 and 1.5 mg of digitonin per 10 mg of mito-

chondrial protein revealed that there is a quantitative correlation between

the amount of digitonin used and the amount of second phase observed.
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Comparsion of the fluorescence recovery of

NBD-phosphatidylethanolamine in mitoplasts prepared by digitonin

treatment (O) and by mild sonication ( A). Digitonin treated

mitoplasts were prepared by incubation of whole giant

mitochondria at 50 mg protein/ml with 0.12 mg of digitonin per

mg of mitochondrial protein for 15 minutes. Scans were taken

at 1 sec intervals. 111(t) is the normalized first moment of the

unbleached fluorophore concentration distribution.
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While digitonin appears to inhibit lipid mobility, at the same time

accelerated rates of electron transfer are observed in the succinate oxidase

sequence of reactions (Figure 17). The activity of cytochrome oxidase itself,

as measured with the artificial electron donors ascorbate and TMPD, is

essentially unaffected by the digitonin treatment indicating that accelerated

electron transfer through the succinate oxidase chain was not due to a direct

effect of digitonin on cytochrome oxidase.

Schneider gt gt., (1980, 1982a) previously reported a similar increase

in mitochondrial electron transfer activity when cholesterol was incorporated

into inner membranes of rat liver mitochondria. Since digitionin is a steroid

molecule solubilized by a hydrophilic polysaccharide chain, it is possible that

it incorporates into the inner membranes of mitochondria and acts in a manner

analogous to cholesterol, producing patching of the lipids and resultant aggrega-

tion of the proteins. Indeed, lipid extracts from digitonin-prepared mitoplasts

reveal a spot corresponding to digitonin on TLC plates even after repeated

washing of the membrane (Figure 18).

Ubiquinone Diffusion

Procedures for preparing fluorescently labeled ubiquinone analogues

have been reported in which fluorescent probes are attatched to a ten carbon

alkyl tail bound to a substituted benzoquinone head group (Gu gt gt., 1983).

While these analogues may prove useful for studying the interactions of ubiqui-

none with its redox partners, their behavior in FRAP studies may not be repre-

sentative of the native molecule, since they do not have the long rigid isoprene

tail of the native molecule, which could be important in determining their

diffusion characteristics. Consequently it was of interest to prepare a

fluorescent derivative of ubiquinone that more closely resembles the native

molecule.
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Effects of digitonin on succinate oxidase (O) and

cytochrome oxidase ( A ) activity. Whole giant

mitochondria (50 mg/ml) were incubated with 0.03,

0.07, 0.12 or 0.15 mg of digitonin per mg of mitochondrial

protein as detailed previously. In the case of zero

digitonin, the outer membrane was removed by the

sonication procedure described in Experimental. Turnover

numbers are expressed as electron/sec cytochrome

oxidase and were obtained with mitoplasts at

concentrations of 0.019 and 0.098, 0.099, 0.043, 0.085,

0.033 nmoles cyt gg3/ml for mitochondria treated with

0, 0.3, 0.7, 1.2 and 1.5 mg of digitonin/mg of protein.

Succinate oxidase activity was measured in 42 mM

mannitol-8 mM Hepes pH 7.2 with 5.7 mM succinate,

2.3 uM cytochrome g, 10 11M CCCP. Cytochrome oxidase

activity was monitored by the subsequent addition of

ascorbate and TMPD to final concentrations of 2.8

mM and 0.56 mM respectively.
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Figure 18.
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Two dimensional thin layer chromatography of lipids extracted

from mitoplasts treated with 1.2 mg of digitonin/10 mg of

protein. Lipid extracts were applied to the activated silica

gel plates and chromatographed in the vertical direction

in chloroform : methanol : water : aqueous ammonia,

130:70:8:0.5, air dried, then developed in the horizontal

direction with chloroform : acetone : methanol : acetic acid

water, 100:40:20:20:10. The components were visualized

as in Experimental. 0, origin; DPG, diphosphatidylglycerol

(cardiolipin); PI, phosphatidylinositol; PE,

phosphatidylethanolamine; PC, phosphatidylcholine; DIG,

digitonin.
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The reaction scheme used for preparing fluorescent ubiquinone is

illustrated in Figure 19. The reactions were run under a nitrogen atmosphere

to prevent auto-oxidation of the quinol. Attempts to reduce the ubiquinone

directly in the pyridine resulted in the production of a blue breakdown product.

Therefore, the reduction step was performed in chloroform/methanol 2:1

and dried down with nitrogen gas.

Lissamine rhodamine B sulfonyl chloride was added to the reduced ubiquinol

in pyridine and the dye was allowed to react with the free hydroxyl groups.

Although the dye can potentially react with both hydroxyls on the quinol

head group, the accessibility of the hydroxyl group on carbon-2 should be

limited due to steric hinderance from the neighboring isoprene chain and

the hydroxymethyl group.

The conditions used for purifying the fluorescent ubiquinone were initially

determined by thin layer chromatography on silicic acid plates.

Chromatography of the crude reaction mixture in chloroform/methanol/water

65:24:4 revealed the yellow unreacted ubiquinone migrating at the solvent

front immediately followed by a pink spot (LRQ10) that was absent in dye

mixture, unreacted lissamine rhodamine, and a number of dye contaminants.

After repeated precipitations out of 50% ethanol only three components

remained: the unreacted ubiquinone, I‘f = 0.95, LRQ10, l‘f = 0.92 and unreacted

dye Pf = 0.19. The native ubiquinone and the LRQ10 were extracted from

the plate and chromatographed with 5% ethanol in n-heptane. In this solvent

system the LRQ10 did not move while the underivatized ubiquinone migrated

at the solvent front.

Subsequent preparations were purified on silicic acid columns. The elution

profile of the ethanol-precipitated mixture chromatographed in

chloroform/methanol/water 65:24:4 is shown in Figure 20. The initial peak
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Figure 19. Reaction scheme for preparation of lissamine rhodamine

labeled ubiquinone.
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Figure 20.
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Purification of LRQ10 on a silicic acid column in

chloroform/methanol/water, 65:25:4. The reaction mixture

was precipitated with 50% ethanol, dried and applied

to a 1 ml silicic acid column in

chloroform/methanol/water. 0.2 ml fractions were

collected and the initial peak containing ubiquinone and

LRQ10 was saved. Fractions were monitored for

absorbance at 270 nm (O) and 560 nm (A).
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contained LRQ10 and native ubiquinone while the unreacted dye eluted much

later. The initial peak was rechromatographed on silicic acid with 5% ethanol

in n—heptane (Figure 21). The unreacted ubiquinone did not stick to the column

while LRQ10 was bound tightly at the top of the resin. The column was washed

with 5% ethanol in n-heptane until all the unreacted ubiquinone had eluted

as determined by its intense yellow color and absorbance at 270 nm. The

LRQ10 was then eluted with chloroform/methanol 2:1.

The absorption spectra of the purified LRQ10 (solid line) and the crude

dye (dashed line) is shown in Figure 2 2. If we assume that LRQ10 is the product

predicted in Figure 19, then based on the absorbance at 560 nm the yield

from the reaction is approximately 1%. Although this yield is low the quantity

of product obtained was sufficient for the photobleaching measurements.

Moreover, chormatography of the 50% ethanol extracts revealed that the

majority of native ubiquinone was not precipitated suggesting that a

considerable amount of LRQ10 may have been lost during this step. However,

since the purified LRQ10 has an absorption spectra in the U.V. region that

is very distinct from that of the free dye it may be possible to eliminate

the ethanol precipitation step and use the relative absorbances at 270 and

560 nm to follow LRQ10 in the chromatographic steps.

Infrared, protOn NMR and mass spectra of the LRQ10 showed analogies

with those of unreacted ubiquinone and lissamine rhodamine. During the

analysis of LRQ10 by mass spectrometry, the compound thermally degraded

to two components which vaporized at different temperatures. The fragmenta-

tion pattern obtained for the first component (Figure 23a) was similar to

that for lissamine rhodamine with ions at m/z 249, 173, 149, and 100. The

fragmentation pattern obtained for the second component (Figure 23b) showed

characteristics of the pattern observed for ubiquinone, with a cluster of ions
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Figure 21. Separation of LRQ10 from unreacted ubiquinone on

a silicic acid column. Unreacted ubiquinone was eluted

from the column with 5% ethanol in n-heptane followed

by elution of the LRQ10 with chloroform/methanol,

2:1 (indicated by arrow). 0.2 ml fractions were collected

and absorbance was monitored at 270 nm (O) and 560

nm (A).

 



Absorbance (270nm)

A a: 5

o o o 8 .

l V I T—F—f—

 

 

 

N
-i

,

A)?
—

s

a)", <— -

i:

m
r _.

b

5 I -‘

L l l

‘ N 04

Absorbance (560 nm)

Figure 21

 



Figure 22.
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Comparison of the absorption spectra in the ultraviolet

and visible regions for LRQ10 (solid line) and lissamine

rhodamine B sulfonylchloride (dashed line). The full

scale absorbance is 0.1 units for the LRQ10 and 1.0

units for the lissamine rhodamine spectra.
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Figure 23.
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Mass spectra of the thermal degradation products from

LRQ10. Mass spectra were performed using electron

impact ionization. The sample was vaporized using

direct insertion probe which was heated from 40°C

to 200°C. Fragmentation patterns for the first (A)

and the second (B) component to vaporize were obtained

with a Hewlett Packard 5985 A mass spectrometer.
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at m/z = 861-867 and an ion at m/z = 235. No mass forms higher than the

ubiquinone parent ion could be detected due to the labile linkage between

the dye and the ubiquinone. The infrared spectra of lissamine rhodamine

sulfonyl chloride, ubiquinone and LRQ10 are shown in Figures 24a,b, and c,

respectively. The LRQ10 had absorbances centered at 1420 cm‘1 and 620

cm"1 from ubiquinone, 1340 cm“1 from lissamine rhodamine, and bands at

1580 cm‘1 and 660 cm‘1 which had contributions from both compounds. In

this spectrum the resolution of a shoulder at 1670 cm"1 which is attributable

to the carbon-carbon double bonds in the isoprene chain is particularly interest-

ing since this shoulder is not discernable with native ubiquinone due to the

absorbance of the carbonyls of the oxidized molecule at 1650 cm'1 (Pennock,

1965), suggesting that these groups are diminished in LRQ10. The infrared

spectrum of the unreacted dye had a sharp peak at 1180 cm"1 corresponding

to sulfonyl chloride which was absent in the LRQ10 spectra, indicating that

the majority of dye present in the derivative had reacted.

The 1H-NMR spectra of oxidized ubiquinone is shown in Figure 25b. The

peaks have been assigned previously (Tsukida, 1972; Kingsley and Feigenson,

1981) as follows: -1.598 ppm, isoprenoid CH3; -1.682 ppm, terminal trans

CH3; -1.741 ppm, CH3 on first isoprene unit; -l.974 ppm C_It2-C(CH3) = CH;

-2.014 ppm, -CH3 on quinol ring; -2.059 ppm, C_I_I_2-CH=C; -3.186 ppm quinol

-CH2-C=C(CH3); -3.981 ppm and -3995 ppm, OCH3; -5.119 ppm, vinyl CH.

The 1H NMR spectrum for LRQ10 (Figure 24c) appears to have little

contribution from the dye itself (Figure 24a). A comparison of the LRQ10

spectrum with that of the native ubiquinone (Figure 25b) indicate that the

only pronounced changes occur at the -3.186; -3.981 and -3.995 ppm signals.

Since the groups assigned to these signals are directly associated with the

quinol ring it is reasonable that the signal perturbations are due to the
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Infrared spectra of lissamine rhodamine B sulfonyl

chloride (8), ubiquinone-10 (b) and LRQ10 (c). The spectra

were performed on the samples as potassium bromide

pellets.
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Figure 25. 1H-—NMR spectrum of lissamine rhodamine B sulfonyl

chloride (top), ubiquinone-10 (center), and LRQ10 (bottom)

in CDC13 Spectra were obtained with a 250 MHz NMR

at 27°C.
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attachment of the fluorescent probe. It should be emphasized that the peaks

attributed to groups on the isoprenoid tail are essentially the same, indicating

that the isoprene chain was not altered during the reaction.

Based on the results presented above we conclude that the compound

isolated is a fluorescently labeled ubiquinone derivative with an unaltered

isoprenoid tail. FRAP measurements with this derivative should be

representative of the diffusional properties of native ubiquinone.

Swollen mitoplasts prepared by the sonication technique (Sottocasa,

1967) were labeled with the fluorescent ubiquinone such that the probe

constituted less than 2% of the total lipid and was present in a large excess

(approximately 20-40 fold) over its redox partners. The diffusion coefficients

obtained should therefore represent the free diffusion of ubiquinone in the

membrane and should not be influenced by binding to specific proteins. FRAP

experiments on these mitochondria showed monophasic recovery for the

ubiquinone probe with a diffusion coefficent of 8.5 (:I: 0.6) x 10‘9 cmzlsec

(84% recovery). In membranes labeled with both LRQ10 and fluorescent

phospholipid and in those where the ubiquinone probe was absent, the diffusion

of NBD-phosphatidylethanolamine was monophasic with diffusion coefficients

of 5.5 (1: 2.7) x 10'9 and 5.6 (:1: 2.4) x 10'9 respectively. Thus under the

conditions used in these experiments the LRQ10 labeling did not appear to

significantly alter the membrane. Moreover, despite the unique structural

features of ubiquinone, its diffusion under these conditions is analogous to

lipid.

Since digitonin treatment of mitochondria results in slower biphasic

diffusion of lipids coincident with enhanced rates of electron transfer, it

was of interest to determine if ubiquinone diffusion is also inhibited. When

mitoplasts were prepared by treatment of whole mitochondria with digitonin
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(1.2 mg/10 mg of mitochondrial protein) the diffusion of ubiquinone was signifi-

cantly slower than in the untreated membranes, exhibiting monophasic diffusion

with 88% recovery and a diffusion coefficient of 1.7 (:1: 0.7) x 10‘9 cm2/sec.

Cytochrome g Diffusion

It is well established that a number of lysine residues surrounding the

heme crevice are important in the binding of cytochrome g to cytochrome

oxidase and cytochrome t>_c_1. Since the isothiocyanate-conjugated dyes that

were used to prepare the fluorescent cytochrome _c_ modify amino groups,

careful purification and characterization of the cytochrome g derivatives

was essential in order to insure that the mobilities obtained are representative

of the native protein. Singly-modified derivatives of cytochrome _c_ with native

activity were prepared as described in Experimental. The reaction of

cytochrome g with tetramethylrhodamine isothiocyanate yielded a mixture

of derivatives that were separated from each other and from unreacted dye

by a series of gel filtration and ion-exchange chromatography steps. The

elution profile from CM-cellulose for derivatized species whose

chromatographic properties were similar to unmodified cytochrome g is shown

in Figure 26a. More highly modified cytochrome g derivatives were not

retained on the CM-cellulose column. Cytochrome g from peak B was found

to be fluorescent and to have kinetic parameters similar to native cytochrome

_c_ (Kml = 3.5 x 10"8 M; sz = 0.7 x 10‘6 M) when assayed with rat liver

mitochondrial inner membranes (Figure 26c). This derivative was also active

in communicating electrons between cytochromes 291 and _ag3 as indicated

by its ability to completely restore (94%) succinate oxidase activity to

cytochrome g depleted mitochondria (see Figure 15).

Since the tetramethylrhodamine-labeled cytochrome _c_ in peak B had

native-like activity, it's diffusion should be representative of that for the



Figure 26.
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Purification and kinetic characterization of TMR labeled

cytochrome g. a) Elution profile of TMR cytochrome

g mixture chromatographed on a CM cellulose column

as described in Methods. Absorbance was monitored

at 410 nm. Peak B, indicated by the bar, was used for

FRAP analysis b) Elution profile of peak B re-chromato-

graphed on a column of CM cellulose (17 x 0.5 cm) as

described in a) except the buffer concentration was

raised to 100 mM, as indicated by the arrow. Absorbance

was monitored at 410 nm (O) and 280 nm (A). c) Kinetics

of reaction of peak B with rat liver mitoplasts (0.025

nmole heme g) in 25 mM (Tris) cacodylate pH 7.9.

Cytochrome g concentrations were: Peak B(A), 0.019

- 4.1 11M; native (O), 0.089 - 4.4 uM. (1) Kinetics of

reaction of the purified components of peak B with

rat liver mitoplasts (0.1 nmol heme aa3). Cytochrome

_c_ concentrations were: component In), 0.019 - 0.46

11M; component 11 (A), 0.009-0.093 11M; native (O), 0.009

- 0.093 11M.

 



0
9

 

 

 

(
I
w
)
W

“
O
W
E

O
O
I

 

 

 

 

0
1
7

 

(
v
i
m
/
3
0
m
M
)
/
x

0
8

0
3

0
1
7

 
 

 

   
Figure 26

 

 
   

 

 

 

 

 



84

native protein. This derivative was used for the initial FRAP measurements.

Swollen, cytochrome g-depleted giant mitochondria (with some outer

membrane associated) were repleted with the cytochrome _c_ from peak B

in the sucrose-Hepes buffer as described in Experimental. Under these

conditions the derivatized cytochrome _c_ was associated with the membrane

in a 10-20 fold excess to cytochrome oxidase, indicating that the majority

of the diffusing species should be bound to the membrane rather than to specific

protein complexes. Thus the diffusion measurements obtained are for

cytochrome g diffusing between redox partners as would be required for a

random diffusion mechanism. Under these conditions a diffusion constant

for cytochrome g of 1.6 (t 1.0) x 10"10 cmzs"l was obtained. The recovery

was monophasic, greater than 90% complete, with correlation coefficients

as high as 0.95.

Further characterization of the cytochrome g used for the FRAP

experiments revealed that peak B consisted of two fluorescent) cytochrome

g derivatives which could be separated by chromatography on CM-cellulose

(Figure 26b). The first cytochrome g derivative to elute from the column

(Peak I) exhibited only low affinity activity (Kml = 2 x 10"7 At) while that

from the second peak (II) demonstrated native behavior (Kml = 3 x 10‘8 _Nt)

(Figure 26d). It is apparent from a comparison of Figures 26c and d, and

from the succinate oxidase activity of the mixture, that the lower binding

form, peak I, does not inhibit the binding or activity of peak I] when the two

are combined in fraction B. Therefore, it is concluded that the majority

of the fluorescent cytochrome _c_ bound to the repleted mitochondrial

membranes was the more native, tight-binding fraction, peak 11. Furthermore,

the relative fluorescence intensity of peak I] was 4x that of peak 1, indicating

that even if the two components bound to the mitochondria in the ratios that
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they were present in the mixture, at least 80% of the observed fluorescence

was due to the more native like component (peak 11).

Although it is reasonable that the diffusion coefficient obtained for cyto-

chrome _c_ using the derivative in peak B is accurate, the amount of cytochrome

_c_ in peaks I and II were too small to sufficiently characterize the derivatives.

To verify these results, additional cytochrome _c_ derivatives were prepared,

modified with tetramethylrhodamine isothiocyante or with the more hydrophilic

dye morpholinorhodamine isothiocyanate. Following the removal of free

dye from cytochrome _c_ by gel filtration, singly-modified derivatives were

separated from native and multilabeled cytochromes g by chromatography

on CM-cellulose. Rechromatography of the singly modified derivatives obtained

from reaction with either dye gave similar elution profiles, as shown for the

morpholinorhodamine derivatives in Figure 27. Cytochrome _c_ from peak

D was found to be highly fluorescent (excitation maximum = 510 nm; emission

maximum = 550 nm) and exhibited native-like activity with cytochrome oxidase

in rat liver mitochondria (Kml = 4.3 x 10‘9 tit, sz = 2 x 10’7 _M) (Figure

27, inset). Two dimensional Chymotryptic peptide maps revealed that peak

D contained a mixture of three derivatives modified at lysine 22, 39 and 99.

Since these modifications are located toward the back of the cytochrome

g molecule, and do not significantly alter its activity with cytochrome oxidase

(Brautigan gt gt., 1978a,b; Ferguson-Miller gt gl_., 197s; Osheroff gt gt., 1980)

or with cytochrome b_c1 (Speck gt gt., 1981; Konig gt gt., 1980), the diffusion

coefficient of the derivative should represent that of the native protein.

A peak containing a similar mixture of derivatives was obtained by reaction

of cytochrome _c_ with tetramethylrhodamine isothiocyanate. When either

of these derivative mixtures were stored for long periods of time (9 months)

at -20°C some loss of activity and fluorescence was observed. The elution
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Purification and kinetic characterization of MR

cytochrome g. Elution profile of MR cytochrome _c_

mixture chromatographed on CM-cellulose as described

in Experimental. Absorbance was monitored at 410

nm (O) and 280 nm (A) (inset) Kinetics of native

cytochrome g (0.0127 to 6.45 11M) and derivative in

peak D (0.0055 to 5.03 11M) with rat liver mitoplasts

(3.13 x 10"2 nmoles g_a3) in 250 mM sucrose, 25 mM

(Tris) cacodylate pH 7. 9.
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profile from rechromatography of tetramethylrhodamine cytochrome g peak

D (after storage) is shown in Figure 28. Peaks A and B showed diminished

electron transfer activity, but peak C had good fluorescence and native activity

with cytochrome oxidase in cytochrome g—depleted mitochondria (Kml =

1 x 10'8 tit, sz = 2 x 10"7 M) (Figure 28 inset). The repurified derivative

was also effective in restoring succinate oxidase activity to cytochrome g

depleted mitochondria. Chymotryptic peptide maps of peak C (Figure 29)

revealed that the primary site of modification is at lysine 39, as indicated

by the absence of peptide 5, and the appearance of a modified peptide in

a position consistent with loss of a positive charge. The inability to detect

peptide 5 by ninhydrin staining of the thin—layer plate is indicative of greater

than 95% purity (Brautigan gt gt., 1978b).

Giant mitoplasts depleted of outer membrane by the sonication technique

were labeled with fluorescent cytochrome g (either the 22-99-39 mixture

of morpholinorhodamine derivatives, or the lysine-39 tetramethylrhodamine

derivative) under low ionic strength where cytochrome _c_ was bound to the

membranes in about a 10 fold excess. FRAP measurements on these mitochon-

dria showed complete monophasic recovery (90%) for both the cytochrome

g derivatives with a diffusion coefficient of 3.5 (i 1.5) x 10‘10 cmZ/sec for

the mixture, and 3.7 (i 1.6) x 10‘10 cm2/sec for the derivative of cytochrome

g at position 39 (Figure 30). These values confirm the previous results with

the less highly purified derivative, and are consistent with values predicted

for cytochrome g diffusing on phospholipid vesicles, from kinetic measurements

under similar conditions (Overfield and Wraight, 1980). At higher ionic strength

(25 mM Tris cacodylate pH 7.9) the mitochondria were not labeled as intensely

and more scatter was observed in the data. The diffusion was observed to

be monophasic with 84% recovery and a diffusion coefficient of 7.4 (:1: 4.1)
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Purification and kinetic characterization of Lysine

39-TMR cytochrome g. Rechromatography of peak

D from a TMR cytochrome g preparation on CM-cellulose

after prolonged storage. (inset) Kinetics of native

cytochrome _c_ (0.008 - 2.63 11M) (A) and derivative in

peak C (0.0044 - 0.482 11M) (O) with rat liver mitoplasts

(2.5 x 10'2 nmoles ggg).
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Figure 29. Chymotryptic peptide map of native (A) and lysine-39-TMR

cytochrome g (B) The peptide maps were performed and the

peptides were visualized as in Experimental. The peptides

are assigned as follows:

I
Acetyl-Gly-Asp—Val—Glu-Lys-Gly-Lys-Lys-Ile-PheiVal-Gln—Lys—

Czs-Ala-Gln-Cys-His-Thr-Val-Glu-Lys-Gly-Gly-Lys-I-IisILys-Thg-

HEME—J 4

Gly-Pro-Asn-Leu-His I Gly-Leu-Phei Gly-Arg-Lys-Thr-Gly-Gln-Ala-

6 .

-Pro-Gly-PhelThr-TyrlThr-Asp—Ala—7Asn-Lys-AsniLys-GlyB-Ile-

IO
Thr-TrpiLys-Glu-Glu-g'l‘hr-Leu-MetiGlu-TyrILeu-Glu-As'ni-Pro-Lys-

I I2 ' I3 I I4
-Lys-Tyr Ile-Pro-Gly-Thr-Lys-Met Ile-Phe Ala-Gly-Ile-Lys-Lys-

I I5 | 16 I I7
-Lys Thr-Glu-Arg-Glu-Asp-Leu Ile-Ala—Tyr Leu-Lys-Lys-Ala—Thr-

-Asn—GluCOOH

Peptide 7a is the deamidated form of peptide 7. Peptides 14,

14a and 14b are terminated at lysine 88, 87 and 86 respectively.
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Figure 30.
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Recovery curve for lysine-39-TMR cytochrome _c_ on

a swollen giant mitoplast in 42 mM mannitol, 8 mM

Hepes (Tris) pH 7.2. Scans were taken every 5 seconds.

D = 3.8 x 10" 0 cmZ/sec.
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x 10‘10 cmz/sec. was obtained.

Cytochrome Oxidase Diffusion

The mobility of cytochrome oxidase was investigated using morpholinorhod-

amine—labeled antibodies which had been purified by gel filtration followed

by chromatography on a cytochrome oxidase affinity column. The antibodies

eluted as a single peak with 6 M guanidine HCl. The labeled antibodies eluting

toward the back of the peak were more effective in binding to the mitochondria

and were used for the FRAP measurements. Antibodies prepared in this manner

did not label red blood cells, nor bind to mitochondria that had been

pre-incubated with non-fluorescent antibodies. These results indicate that

the antibodies are specific for cytochrome oxidase and are not associating

with membranes or unrelated (red blood cell) proteins.

To avoid crosslinking of the oxidase by means of the bivalent antibodies,

mitoplasts were incubated with a large excess of antibodies and washed to

remove any non-specifically bound forms. Diffusion measurements on these

mitochondria showed complete monophasic recovery (87%) indicating that

there was no significant crosslinking induced by the antibodies. From these

data a diffusion coefficient of 1.5 (1: 1.0) x 10‘10 cmZ/sec was obtained. Similar

results were obtained with digitonin-treated mitoplasts (D = 1.7 (:t 0.8) x

10‘10 cmZ/sec with 85% recovery).

By following the redistribution of proteins in rat liver mitochondrial

membranes after electrophoretic displacement, Sowers and Hackenbrock

(1981) calculated a diffusion coefficient of 8 x 10‘10 cm2/sec for the large

integral membrane complexes visualized by freeze-fracture electron

microscopy. This value is significantly higher than the value obtained from

the FRAP measurements. Considering the possible artifacts induced by

preparation for electron microscopy, and by electrophoretic displacement
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of the proteins the value obtained from the photobleaching measurements

seem more tenable.

Determination of the Concentration of Cytochrome Oxidase in the Inner

Mitochondrial Membrane:

To assess whether the diffusion coefficients for the redox components

are compatible with a random diffusion mechanism for electron transfer,

it is necessary to determine the concentrations of the redox components

in the membrane. To determine the concentration of cytochrome oxidase

in the inner membranes of rat liver mitochondria, mitoplasts were osmotically

shocked in 10 mM Tris phosphate at protein concentrations less than 5 mg/ml,

sonicated extensively, and the broken membranes were pelleted at 40,000

x g for 1 hour. This procedure depletes the mitochondria of matrix proteins

and yields membranes which have 0.4 to 0.45 nmoles heme g per mg of protein.

A similar value is obtained by freeze-thawing mitoplasts, washing, and pelleting

the membranes (Thompson, 1984). Comparing this value with the heme g

to protein ratio for the purified enzyme (10 nmoles heme a/mg protein) we

calculate that cytochrome oxidase comprises 4.5% of the protein in rat liver

inner membranes. Since the total protein content of the inner mitochondrial

membrane can be packed into half of the total area (Sowers and Hackenbrock,

1981) then as 4.5% of the protein, oxidase will occupy 2.25% of the membrane

area. Thus given that the area of a cytochrome oxidase monomer is 5,900

A2 (Deathridge gt gt., 1982), there are 3.8 x 1010 monomers per 1 cm2. The

concentrations of the other electron transfer components can be extrapolated

from their stoichiometries relative to cytochrome oxidase (2 cytochrome

oxidase : 2cytochrome _c_ : 1 cytochrome _b_c_1 : 10 ubiquinone : 1.5 dehydrogenase

complex) (Vinogradov and King, 1979). These values are crucial to determining

the validity of a random diffusion model of electron transfer (see Discussion).
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Discussion

A number of models have been suggested to explain the way in which

components of the electron transfer chain interact to accomplish efficient,

energy-conserving electron transfer. Considering only the structural aspects

of the membrane, two limiting cases can be proposed: a "solid state" model

in which stable associations occur between the components in the chain forming

electron transfer "units" (Lehninger, 1959; Blair e_t gt., 1963; Klingenberg,

1968), or a random diffusion model in which electron transfer occurs by random

encounters between freely diffusing components involving only transitory

associations. Although several studies have addressed this problem, the precise

role of diffusion in the respiratory chain has not been determined. To further

elucidate the degree that structural associations may be involved in electron

transfer the mobilities of phospholipids, ubiquinone, cytochrome g, and

cytochrome oxidase have been measured in inner mitochondrial membranes

using the technique of fluorescence redistribution after photobleaching.

Giant mitochondria from cuprizone-fed mice offer membranes of sufficient

size to permit application of fluorescence photobleaching technology. These

mitochondria have been observed to be coupled and are normal with respect

to their electron transfer properties, levels of cytochromes, lipid composition,

and protein to lipid ratios. Thus, giant mitochondria appear to be structurally

and functionally analogous to the smaller mitochondria more commonly observed

and the mobilities measured can be directly related to those in normal

mitochondria.

The diffusion properties of lipid and ubiquinone were found to be dependent

on the technique used to remove the outer mitochondrial membrane. In

mitochondria depleted of outer membrane by sonication, rapid monophasic

recoveries were observed for the two components. In contrast, removal of
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the outer membrane by treatment of whole mitochondria with digitonin resulted

in the appearance of a second, slower-diffusing lipid component, and an inhibited

rate of diffusion of ubiquinone. Coincident with the decreased mobilities,

digitonin was found to incorporate into the inner membranes and enhanced

the rates of electron transfer in a manner reminiscent of the effects of

cholesterol in the experiments of Schneider gt gt. (1980, 1982a). It

seems likely that digitonin is acting in a manner analogous to cholesterol,

producing patching of lipids with resultant aggregation of the proteins. In’

the cholesterol incorporation experiments, Schneider gt gt. (1980, 1982a)

accounted for the increased electron transfer activities on the basis of decreased

distances between the redox centers, shortening the path that cytochrome

g and ubiquinone would have to travel to accomplish diffusion mediated electron

transfer. However, the findings with digitonin suggest that a dual effect of

cholesterol may also occur, such that the decreased distances between the

complexes may be counterbalanced by reduced ubiquinone mobility, raising

some question as to the validity of this argument.

The diffusion constants for the mitochondrial membrane components

measured in mitoplasts prepared in the absence of digitonin are shown in Table

1.

Using these values and the calculated concentration of cytochrome oxidase

in the membrane (C323 = 3.8 x 1010 monomers/cmz), it is possible to calculate

the minimal diffusion coefficient for cytochrome g that would be required

to account for the observed electron. transfer activity by a random diffusion

mechanism. Since only 10-15% of the cytochrome _c_ is reduced under normal

steady state conditions in mitochondria (Nicholls, 1974; 1976), the concentration

of cytochrome _c_ involved in transferring electrons to oxidase (Cc2+) is 3.8

- 5.8 x 109 molecules/cmz. If we assume that the target area for cytochrome
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g reacting with cytochrome oxidase has a radius of 40 A (a = 4 x 10‘7 cm),

then using the equation of Hardt (1 97 9):

D§_a_3 DC

In W cs.)'1’Z/a3+1n [( "Ca_a.3)'“2/a]
 §=2nc_a_a_3c_c_

where is the frequency of collisions between cytochrome _c_ and cytochrome

oxidase, we calculate that for the steady-state electron transfer rate observed

under the conditions of the diffusion measurements (TN = 20 e“/cytochrome

Egg/sec, 0 = 7.6 x 1011 e‘/cm2 sec), the minimal diffusion coefficient that

would be compatible with random diffusion mechanism is:

Dc(minimum) = 1.0 - 1.6 x 10'9 cmz/sec.

To make this calculationwe assume that the electron transfer reactions occur

by random collisions and do not involve the formation of any long-lived

complexes (i.e. dissociation rates of cytochrome _c_ from the complexes are

very fast) and that every collision between a reduced cytochrome _c_ and

cytochrome oxidase will result in an electron transfer event (10096 efficiency).

These assumptions bias the calculation in the direction of a considerable

underestimate of the required diffusion coefficient, giving the slowest possible

mobility for cytochrome _c_ that would be compatible with observed rates of

electron transfer.

While the calculated diffusion coefficient is a minimal estimate, the

experimentally determined coefficient is biased in the direction of a maximal
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value, since potential steric hindrances are removed by swelling the

mitochondria, and excess cytochrome g was used for the measurements. Native

mitochondria have cristae invaginations in which the inner membranes are

in close apposition, separated by approximately 150-200 A (Srere, 1982).

Intrinsic proteins extend into this space as much as 70 A and other proteins

appear to be densely packed on the outer and matrix sides of the membrane

(Sjorstrand, 1979; Williams, 1983). Removal of these impediments to short

and long range movements should give rise to upper limit estimates of mobilities.

The use of excess cytochrome _c_ to obtain accurate fluorescent measurements

makes it impossible to distinguish the diffusional characteristics of the small

amount of specifically bound cytochrome _c_. Thus, the measured diffusion

coefficients do not take into account the potentially limiting rates of

dissociation of cytochrome _c from its redox partners. This is particularly

important when considering the influence of ionic strength on diffusion rates,

since binding to the lower affinity, non-specific sites on the membrane is likely

to be more strongly affected by ionic strength than binding to the high affinity

sites on the redox partners (Ferguson-Miller gt gl_., 1979). Indeed, a preliminary

report indicates that when cytochrome c is used in amounts stoichiometric

with cytochrome oxidase and the mitochondria are intact and unswollen,

cytochrome _c_ diffusion is greatly diminished and is insensitive to ionic strength

(Maniara _e_t_ gl_., 1984). Thus, even though our calculation is weighted toward

a lower limit estimate and our measurements are made under conditions favoring

an upper limit value, a comparison of these diffusion coefficients indicates

that the mobility of cytochrome _c is not sufficient to explain electron transfer

by a completely random diffusion mechanism.

While the measured diffusion for cytochrome _c_ appears too low to account

for the observed electron transfer, observations indicating independent diffusion
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of cytochrome oxidase and cytochrome 931 (Hochli e_t gl_., 1981; Kawato gt

_a_l., 1981) as well as the lack of one to one stoichiometry of the electron transfer

components (Hatefi and Galante, 1978) indicate that a stable unit electron

transfer chain is also not a tenable hypothesis. A model that would reconcile

these apparently inconsistent results is shown in Figure 31. According to this

dynamic aggregate model an equilibrium exists between freely diffusing,

partially aggregated and completely aggregated electron transfer components.

Electron transfer can occur by collisions between freely diffusing redox partners,

but higher rates are achieved by formation of transitory complexes between

redox partners, with lifetimes significantly longer than an electron transfer

event.

In the case of cytochrome 3, physical association between cytochromes

231 and (£133 could create a limited domain in which cytochrome g movement

is restricted, thereby increasing the efficiency of electron conductance. In

Paracoccus denitrificans the components of the respiratory chain including

cytochrome 3 appear to be tightly associated, suggesting that even though

high rates of electron transfer occur in the system, (Erecinska gt gl_., 1979)

the diffusion of cytochrome _c_ may be severely restricted. The observations

of Cherry and co-workers (Kawato _e_t_ a_l., 1980, 1982) indicate that the

respiratory complexes of mammalian mitochondria are to a large extent

immobilized on a short time scale suggesting a high degree of aggregation

in the native membrane. The authors ascribe this phenomenon to non—specific

aggregation, but it seems more reasonable from a physiological standpoint

that functional aggregates would predominate.

No evidence of physical associations between cytochrome oxidase and

cytochrome ml was obtained in the experiments of Kawato _e_t_ _a_l. (1981) in

which co-reconstitution of the two components into liposomes did not affect
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The "dynamic aggregate" model of the mitochondrial

respiratory chain. The major electron transfer

components are represented diagrammatically in various

reversible states of aggregation (aa3 = cytochrome

oxidase; bcl = complex III, or cytochrome bc ; c =

cytochrome g; Q = coenzyme Q; fl = complex I or NADH

dehydrogenase.) The model assumes that all components

are diffusing in or on the membrane, and that aggregates

with significant lifetimes are formed by random

interaction between correct redox partners.
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the rotational diffusion of cytochrome oxidase. However, the lipid environment

(Kaprelyants _e_t_ _al_., 1984) and the integrity of the purified components may

be crucial for complex formation to occur. Furthermore, association of

NADPH-cytochrome P-450 reductase with cytochrome P-450 was found not

to affect the rotational diffusion of cytochrome P-450 (Gut 33 _al_., 1983)

indicating that the use of rotational diffusion as a criterion for assessing whether

complexes are formed between cytochromes 231 and _aa3 may not be valid.

While the efficiency of electron transfer may be increased by formation

of specific associations among the complexes, it is clear that the structural

features of cytochrome g are also compatible with two dimensional or three

dimensional diffusion, and these modes of activity may be physiologically

important as well. Indeed, Froud gt gl_., (1984) recently reported that

cytochrome c restores ubiquinol oxidase activity in a manner consistent with

a mobile pool mechanism in a reconstituted system containing complexes III

and IV and excess cytochrome _g. While this study demonstrates the feasibility

of such a mechanism it does not show that this is the exclusive or even

predominant mode of electron transfer by cytochrome g in native mitochondria,

where stoichiometric amounts of cytochrome g are sufficient to restore the

full activity of the respiratory chain (Nicholls 1974, 1976).

In contrast to cytochrome _c_, a ten fold excess of ubiquinone over its redox

partners is found in the mitochondrial membrane making a pool function for

this mediator more likely. Applying the analysis used to determine the minimal

diffusion coefficient for cytochrome _c_, we find that for 1.9 x 1010 monomers

of cytochrome 931 per cm2 and 1096 of the ubiquinone reduced during steady

state electron transfer, (Kroger and Klingenberg 1975), the minimum diffusion

coefficient for ubiquinone is 6.4 x 10"10 cmZ/sec. The diffusion coefficient

obtained for ubiquinone (8.5 x 10‘9 cmZ/sec.) is considerably higher than the
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minimal value calculated, indicating that ubiquinone can potentially function

as a mobile electron carrier. However, some observations indicate that direct

interactions between cytochrome 291 and complexes 1 (Ragan and Heron, 1978)

and II (Yu e_t al., 1974) can occur. Therefore consideration of the dynamic

aggregate model for this part of the respiratory chain is also warranted.

The dynamic aggregate model not only reconciles the apparently conflicting

data concerning the requirements for associations in the electron transfer

chain, but can also explain the digitonin-induced artifacts, as well as the

cholesterol and lipid incorporation results of Schneider _e_t _aI_. (1980, 1982a,b).

In the case of cholesterol or digitonin incorporation, the exclusion of protein

from some regions of the membrane results in higher protein concentration

in others, thus favoring the formation of the more efficient electron transfer

chain aggregates. Similarly, dilution of the membrane components with added

lipid shifts the equilibrium to favor dissociation of the aggregates resulting

in a decreased electron transfer rate.

A corollary to the proposed model is that factors that affect the lifetime

or stability of the aggregated forms may regulate electron transfer activity.

To evaluate how this applies to the physiological functioning of mitochondria,

it is important to consider the effects of high protein concentrations in the

matrix and intermembrane space on the mobilities of membrane bound

components (Srere, 1982). It has been proposed that the matrix of mitochondria

have very high protein concentration when in the condensed configuration.

This dense packing of protein could hinder lateral and rotational mobility of

the integral complexes, resulting in reorganization on a time scale much larger

than that of an electron transfer event. Association and dissociation of the

complexes in this time frame would be compatible with a regulatory function.

The studies of Kaback and co-workers (1984) indicate that the state of
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aggregation of a bacterial membrane protein is modulated by the membrane

potential. In mitochondria it is found that the membrane exhibits a non-ohmnic

response to the electrochemical gradient (Nicholls, 1974), suggesting that

a change in the membrane structure may occur. In light of the dynamic

aggregate model it can be postulated that a high membrane potential will

favor a disaggregated state of the components, while at a low potential

aggregated complexes would predominate. Thus under a high membrane

potential electron transfer would proceed at reduced rates and cytochrome

_g would be accessible to secondary electron donors (i.e. NADH-cytochrome

_b_5 reductase) which bypass the major energy conserving steps in the electron

transfer chain. In the aggregated states, not only could higher rates of electron

transfer be realized, but comformational interactions between the complexes

could also yield more efficient energy coupling with higher H+/e‘ ratios.

In summary, the results presented indicate that the rate of diffusion of

cytochrome _c_ is not sufficient to account for electron transfer solely by a

random diffusion mechanism, suggesting that some degree of association between

cytochrome oxidase and cytochrome $1 is necessary. In contrast, the diffusion

coefficient for ubiquinone is compatible with a diffusion-mediated role for

this electron carrier; however the results obtained with digitonin—treated

membranes, as well as other lines of evidence suggest that associations between

the dehydrogenase complexes and cytochrome 931 may also be important.

These findings can easily be explained by a model employing an equilibrium

between associated and dispersed states of the electron transfer complexes.

Considering the potential implications of this model with regard to regulation

of energy production in the cell, further research directed toward isolating

and characterizing associated complexes is warranted.
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