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Abbreviations: BAT. brown adip.sc tissue; BMR, basal metabolic
rate (oxygen); 7. flux coniiol coefficient (as defincus und measuied
in Ref. 228), CCCP. carbonyl cyanide sn-chlorophenylhydrazene:
Cyn+. effective pro‘on conductance: 4 p. protonmotive force tin mV,
defined as in Refs. 396 and 438 as Ip= 35, 7F = Q¢ - S04nH),
where 34 and 3oH are (he transmembrane differences in electricai
potential and ptl; £FA, essential fatty acid(s): FCCP, carbonyl
cyanide p-trifluvromethozyphenylnydrazone: Py .. apparent proton
permeability: PGPy, 2.3-dipaytanyl-sn-glycerc-1-phospho-sn-
glycerol-V-phosphaie, T4, thvroxine: T3. tritodothvronine.
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“Almast al the cardiol:pin of the (cuharyote) ce't is
in the nner riitocaondrial membrane<. making up
about cne-fifth. of the wotal dipid. i+ s s intensely
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hydrophobic, lipid character that gives the membrane o
coherent structure, determines its permeability, and
accounts for the properties of its enzymes™ [614],

Cardiolipins arc uniquce to biomembranes which have
coupled phosphorylation and clectron-transport: bacte-
risl nlasma membranes, chromatophores, chloroplasts,
mitochondria [SO0]. Chemiosmatic mechanisms of ox-
idative phosphorylation [433-43K.462] most readily ex-
plain the roles of membrane phosphelipids and phos-
pholipid-cmbedded proteins that carry electrons, pro-
tons and metabolites. Correlations between lipid com-
position and oxidative phospnorylation have been de-
veloped in a series of reviews: on lipids of subceilular
particles {190}, reg.lation of membrane enzymes {369),
lipids of muachindriz [136] and chemistry  and
metabolism of cardiolipins [305,320].

Recent reviews on lipids and thyroid hormones
[284,285] summarize cvidence that thyroid hermones
control genetic expression of the enzymes that synthe-
size and desaturate fatty acyls-CoA. The products of
up- or down-regulation change mitochondrial phospho-
lipid compositions and alter oxidative phosphorylation,
with the result that thyroid levels relate directly with
respiration in State 4 and to a lesser degree State 3.
These changes teflect abnormal rate-temperature pro-
filcs typical of aitered membrance lipid compositions. A
special role was ascribed to the relative amounts of
cardivlipins and to their very high 18:2(x« ~ 6) fatty
acy! contents in thyroid-sensitive tissues. Such a cuusal
sequence is consistent with observations that dic: u,
EFA-deficiency, without involving genetic mechanisms,
specifically depletes (2 — 6)-unsaturated futty acyls in
mitochondrial phospholip.as, especially cardiolipins,
and according to many studies increases proton Je ik
age under State 4 conditions.

The prescnt review examines more w.driy the roles
of cardiolipins in membranes and reconsiders some
previously reviewed data in the light of mechanisms of
proton permcability in phospholipid membranes (sce
section 11-A), and cardiolipin-protein interactions {scc-
tion 1I-B). A number of conditions tha! aiici mem-
brane phospholipids, some selective for cardiolipins,
increas: or slow bacterial (section H1) and mitochon-
drial (section IV) sespiraiion. Because changes i phos-
pholipids affect temperature-dependence of respira-
tion and transfe: rates of many substrate carriers.
temperature and substrate are here specified together
with respisatory and membrane potential data; some-
times tempera‘ure and substrate are crucial for demon-
strating effects.

11. Phospholipids and membrane energy transductivn
In the riginal scheme of delocalized chemiosmosis.

the closed cyclic property of the proton dircuits re-
quires that thr efflux (X — H~)/a1. to t! e outcr phase

in mitochondria) through the respiratory chain (o/r)
cqual the total return flux ((« H7)/dr 1o the inner
phace) through the ATP-synthase (reversible ATPase)
(h/d), by diftusion (D) and by exchange ( X) ucross
the membrane [433,437); the balance, modified from
Ref. 437, Egn. 25. is:
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11-A. State 4 respiration: proton lcak

Under Statc 4 conditions the potentially great pro-
ton passage through the ATP-synihasc term (h/d) is
minimal, as shown by the failure of oligomycin to
inhibit (but scc 1V-C.2.d). Proton reflux then depends
on the lesser conductance bv diffusion anc exchange ~
the *proton leak’. The ‘diffusion’ term implied a mech-
anism of passive transport of protons ucross a relatively
ion-impzrmeable non-aqucous phase (the phospholipid
bilayer) in the coupling membrane {437] — a phospho-
lipid Icak. (The uncoupling protein of the inner mito-
chondrial membrar.e in brown adiposc tissuc {BAT) 1s
a special mechanism for an externaily regulated ex-
change leak under State 4 or State 3 conditions (sec-
tion 1V-C.2.c).) Proton reflux completely govern: State
4 respiration [53,228,433,434,438,744). For example,
when KCN 1s added to rat liver mitochondria to block
clectrrn Gausport 2z (liminate possible proton pump
slippage under State 4 conditions (succinate, P, and
oligomycin, 25°C), 4¢ dissipates with a ¢, , of 1-2 s;
-3¢ -+ is therefore atrributed to only passive leak
of ions (744]. Becausc --d¢ -t ' and Statc 4 respira-
ticn (—J30, -1 ') have identical relationships to abso-
lute values of A¢ down-titrated with malonate. these
workers conclude iliar State 4 respiration depends on
passive leak of protons.

We need to undersiand the roles of individual phos-
pholipids in proton leak mechanisms under State 4
conditions. First, how much of the proton leak is
mediated by membrane phospholipids and how much
by exchange-carrier-proteins? Min:mization of ex-
change-lezks by removing ions frcm the media [466] or
adding specific inhibitors of carricrs [62) does not con-
sistently slow State 4 proton leakage [228,673). Never-
theless, exchanger cycling by Ca?*/H* [462,464] or
Ca’*/Na*/H"* (68! 1s assigned = role in mitochondnal
State 4 proton circuits Hmwever, phospholipids appear
to dominate in proton conductance. This conclusion is
witported by similarities in permeabilily of intact mito-
chondria and protein-free membrancs. Proton perme-
ability is usually in the range 107*-10"* em s™ ! in



mitochondria, in membranes made of their extracted
phospholipids, and in some¢ membranes formed from
stable synthetic phosphatidylcholines or phosphatidyl-
cthanolamines that usually contain two saturated fiuy
acyls or one saturated and onc monounsaturated fatty
acyl [146,167,238,371.468). Nichols and Deamer [468]
ccaclude that the proton-leak via the inner mitochon-
drial membranc phospholipids carn account for the
passive ptoton flux in State 4 and that it is not neces-
sary to postulate an X-leak.

Three mechanisms for proton conductior in phos-
pholipid bilayers are, in icreasing applicability to a
leak und:r State 4 conditions: (i) along the surface of
anionic phospholipid headgroups, (ii) through
protonophoric non-bilaver phospholipid domains anc
(iii) across the bilayer.

(i) Haines [25!] nronoses that anionic headgroups of
lipids in hiomembrancs ~onduct protons 10*-fold faster
than water does, whereay protons pamped from the
other side of the membrane are confined to a -.urface
and conducted laterally. The wnionic polar headgroups
of PGP,;, the diphytanyl ether analoguces of phospha-
tidylglycerol phosphate (from archacbacterial mem-
brancs, scc section D). readily conduct protons later-
ally in highlv condensed monolayers [522,647). Cardi-
olipins are virtually the only anionic phospholipid in
the inner membranc of mitochondria [307]. Cardiolip-
ins are the most acidic of cubacterial and mitochon-
drial membrane phospholipids. Cardiolipin phospho-
ryl-groups are the most extended and rigidly fixed: the
free hydroxy! jroup of the charged -phosphoryl-CH ,-
CHOH-CH ,-phosphoryi- backbone, as well as the esier
carbonyi groups, contribute to the stability of an intra-
and intermolecular, bidimensional, hydrogen-bonded
network “hat includes water molccules of the hydration
layer (313,631). Cardiolipin fatty acyl saturation modu-
lates surface conduction of protons. Escherichia coli
cells that have saturated cardiolipins cject respiratory-
chain-generated protons from the cytosol across the
membrane to the exterior: cells with cardiolipins con-
taining mostly monounsaturated fatty acyls rctain some
of these pun ped protons by conducting them laterally
back to the cytosol [221] (see section 1ili Such a
network of ~ardiohigin polar grouss & thought to con-
duct protons laterally in membranes and vesicles of
extracted phospholipids of E. coli {516,517,648].
chloroplasts (2.} and mitochiondria [313].

Hydrogenated beef heart cardiolipins, which contain
86% saturated fatty acyls and 9.4% 18:1 acyls. form
bilayers in aqueous dispersions and thereby conduct
protons on their surfaces [313). In contrast, natural
highly unsaturated bee! heart cardinlipins form nonbi-
layer H,, phases (see beiow), obvivusiy because of
different acyl packing. To conduct surlace ,..iuns,
they have to be embedded in an ordered lipid bilayer.
provided in mitochondria by phosphatidylcholines and
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phosrhatidylethanolamines. This interplay may explain
2 special connection of cardiolipin unsaturation with
proton conduction, together with a dependence on the
other mitochondrial phospholipids.

However, a surface route does not readily c.piain
proton reflux in mitochondrial State 4, since net vecto-
rial proton flux requircs a route perpendicular to the
membrane, and most cvidence eliminates recentry
through an exchanger prowin. Surface routing might
be important under State 3 conditicns where active
exchangers cotransport protons (see next section).

(ii) A role as protonophores has been suggested for
nonbilayer structures inside the inner meinbrane of
mitochondria that arc identificd through combinations
of measurements by small-angle X-ray diffraction, elec-
tron microscopy, and *'P-NMR. Tliey are depicted as
an hexagoral H; lipid phase with interior polar groups
surrounding an aqueous channel, or as other non-
lamellar lipid structures {125,139,141,582]. These struc-
tures arc thought to disturb the lamellar bilayers that
preserve the membrane permeability barcier [514] and
therecby would promote transmembrane proton lzak-
age, or to conduct protons within the membrane, which
wouid shuit proivas away from the leak.

A bilayer — hexagonal H;, transition occurs rapidly
and readily (low £,) i aqueous suspensions of phos-
phatidylethanolantines with fatty acyls in liquid-crystal-
line phase. Thc H,, torm 1s favored by increascd fatty
acyl unsaturation and carbon chain lenoth [§70], proto-
nation of the phosphatiuylethanolamines and high ionic
strengths. The headgroup and acyl chain compositions
of cardiolipins modulate phase changes in model mem-
branc systems. Neutralization of cardiolipins with
cations (Ca** and Mig?™) [529] including protons, or
high [NaCl], induces the H,, chase, more readily as Gic
fattv acyls are changed from retra-14:0-cardiolipin to
tetre -18 : 1-cardiolipin to the natural becf heart mito-
chor.drial cardinlipins with high 18:2 contenns (ST
Thus, if an Hy, pitee does conduct protons intramem-
branally, shifts trom high polyunsaturated to high mo-
nounsatura.cd or saturated fatty acyl contents mignt
prumote transmembrar:al proton fluw. Membrane pro-
teins alen affect H, phase formation, b diffcrently in
model svstems and intact mitochondria. Cyiochrome ¢,
which is cationic but not naturally embedded in tac
mutochondrial inner membrane, specifically induces the
H,, phasc when liposomes contain cardiolipins pius =
nonspecific variey of other phespholipids [138]. A car-
diolipin-cytochrome ¢ complex nav facilitate dircct
transfer of elecirons 1o cywchrome ¢ oxidase [141). In
contrast, the presence of som¢ intrinsic proteins, «.g.,
cytochrome ¢ oxidase favors the lamellar bilayer phase.
Ca** 1543) or NaCl {514] override this p:eference and
induce the Hy, piase in an ondase-cardiolipin syscem.

On the contrary, little if any H,; phase exists in
intact mitcchondria, and the proteins apparcntly over-
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ride ion effects (140]. Almost all the endogenous phos-
pholipids in rat liver mitechondria in State 4 (> 9370}
and Siate 3§ - 9537%0), even mith La added. maintain
a bilayer structure over the range 0-37°C. It -emains
conceivable that undetected domains of Hy; phase
(< 2-57% of phospholipids) are a limited route for
proton flux. Seddon et al. [582] suggest that preton- or
cation-neutralized candiolipins together with assocated
proteins might conduct protons to couple clectron-
transpori to the ATP-synthase, i.c.. in State 3. Such
structures, and the su.face networks of H-bonded car-
diolipins (sce (ii) above), might be a physical basts for
postulated intramembrane coupling .nechanisms [ 755~
§57,704] (see section 11-B).

(i) Proton passage across phosphelipid portions of
pilayer membrancs vhus seems most likely under State
4 conditions. Protons do not move by classic ditfusion
across  bilaver membrines made from  pure  phos-
phatidylcholines  or  phosphatidyicthanolamines.  In-
creased [H') wouid accelerate flux by o ditfusion
mechanism but proton conductance  increases only
abeut 1-fold ever the pH orange 11 10 2 [238) and s
relatively constant in liposemes over 2-3 ~H units
around ncutrabity [69.145.2°9-241 452.506.5)7). Fur-
ther. simple diffusion does not account fur protons
being about 10°-fold more perracable than K and
Na ' [143). Therefore. proton-selective transport i gro-
posed to nroceed via trace amounts  of  natural
protonophores or transient chains of hydrogen-bonded
water molecules.

Suggested  protonophores include  (undetectable)
traces of G) free fatty acids, (1) ). superoxide anions
and (i) carbon dioxide and its hydrates,

() Cascal oxtdatic 2 of manufactured lipid bilayers
of dopig witls free Ly acids does inerease apparent
£y, 160) and serum atbumin (which strongly binds free
fatty acids) can lower conductance [239.240] However,
aibumn. does not diminish uncoupling 1in mitechondria
Diciogicany depleted of prosphaolisid aisaiutcicd tatly
acyls, indicating that the more saturated fatty acvl
chains. not free fatty acids. concuct the aceelerated
proton leakage [263] (see section 1V-C 4). Further. {ree
fatty acids wie suid to be ineffccine protonophores
[241.5577 becanse their spectfic activities are (oo low
lor trace amaunis to be eifective, their fhip-flop rates in
the membrane are too low, they uncouple maximally at
high pH where they are completely anioaic. and their
pK, values are much Jower than reguired for trans-
membrane H “-shuttling. Contrariwise. the pR |, of 1he
carboxylic group of 18: ' in the polar surfaces of egg
phosphatidy lcholine multilayers is 5.2, which is 1.3 units
highe: then in aqueous phase [371.

(i) Corbonera and Azzone [77) propose that one-
clectron reactions i the elec ron traaport chai.a re-
ducc O, = O, superoxide arien whicl attacks pro-
tems and unsatarated lipids 1o create vater-channoe

that increase P, Protective micchanisms include con-
version of superoside radical = H,O, through super-
uaide dismutase action in the matrix; H,0, and giu-
tathione oxidation through glutathione peroxidase ac-
tion completes the cycle. Formation of autoxidized
protonophoric side -products by mitochondrial oxida-
tions would depend in part on fitly acy! unsaturation.
Cardiolipins are the most highly unsatuiated of the
mitochondrial inner membrane phospholipids in liver
and heart, in the sense that they centain the least
nroportions of sawrated fatty acyls (other phorpho-
lipids often have greater unsaturation indices), and so
have becen thought to be the mose likely source of
prownophoric products of autoxid itions. Protective
mechanisms against free radical actions may have spe-
aial significance tor cardiolipins [173).

(i1i) Norris and Powcell [475] present evidence that,
in large unitamellar vesicles of di-18: 1-phosphatidyl-
choline, carbon dioxide, carbonic acid ard bicarbonate
could act as proton carrices in addition to passive
proton flux. 72, is acout 10 * em s ' at 25°C even
when these carbonates are removed to below the de-
wition limit of 20 wM. They note that oxidative decar-
boxyladions in the mitxchondrial matrix produce car-
bon dioxide in quantity, question why millimolar con-
centrations of carboprates at the inner surface of the
inncr membrane do ot dissipate A p, and propose that
ac mechanism might involve acidic phospholipids (in
mitochondria these world be cardiolipie<) (it limit
the concentrations of carbonates at th- ertace and
retard movements of HCO, .

Proton permeation and water permeatior are intes-
refaied in phospholipid membranes: evidence includes
the similarities in their permeability cocfficients {146).
high L values at temperatures above the phase transi-
tion tempuerature [167) and temperature-dependence
[31). Iee conducts protons faster, throwsh increased
order. [n phospholipid :aembrances, exiernal water is
thouzhi to cataind papendicutar!y int the nonpolar
phase as a single chain of water molecuies transicntly
stabilized beth by hydrogen bonding and the ordering
cifect of tiw surrounding parallel G.e.. saturated) hv-
Jrocarbon chains [146.464). Movemert of protons by
successive turning and hopping defects in the water
strand can oxplinn why H' conductance is constant
with ApH hut aoralinear with A [452) and is so
mwch Tater than that of Na ™ or K© (protons can move
alone hydrogen tonds). Against this model are: (he
implausibility ot “an ordering f water molecules into
extended hydrogen-bonded chains in a nonpolar envi-
ronment” [145]): the absence of defectable water: and
the failure of D,O to slow conductance across pure
phospholipid membranes although conductance of D,0
it 1GG-fold less than L0 in ice. The watcr-chain
mouci daplics that fatty acyl saturation and increased
ardy r promote praton oermcability. (n 1 raubie’s mech-



anism [52,660,661). water (and protons) pencates
phospholipid bilayers via  B-coupled configurations
(2,-kinks) ihat move along extended saturates acyl
chains. The presence of carbon-carbon double bonds
which do not allow free rotation about their axes . ould
block the progress of “kink wave . Thereby, bilayers of
di-18 : 1-phosphatidvicholine conduct protons more
slowly than bilaycrs of di-18: C-phosphatidylcholine
[146].

Cardiolipins play a special rolc among muivciion -
drial phosphclipids in conducting nrotons. M. schon-
drial inner membrane integriy depends specifically on
cardiolipins. Enzymatic digestion of cardiolipins but
not  phosphatidylcthanolamines  or  phosphatidyl-
cholines correlates with the disruption of structure [23],
and hypo-osmatic swelling that produces an uncoupling
proton-leak decreases cardiolipin/ protein aad cardi-
olipin/ phospholipid by 307, but phosphatidylethanol-
amince / phospholipid by only 877 [349]

Protois permeability in natural membranes is inverse
to phosphelipid fotty aevl nnsataration, somcetimes in
an individual phospiolipid. Some cardiolipins are not
only the "most unsaturated” of meiubrane phospho-
lipids heet zlso the most responsive to regulatory intlu-
ences that 2lter their amounts, decrease their unsatura-
tion, and change proton leak rates (sce sections 1.
V).

Interplay between properties of the apolar hydro-
carbon bilayer micrion and the hydration and churge of
vhe phospholipid surfaces determines function of the
lipid portion of membrancs. Increased unsaturation of
the acyl chains augments surface binding of phospho-
lipids to cations {82) and binding of cardiolipin acy!
chains to proteins [576,577.620). Cardiolipins, among
the mitochondrial inner membrane phospholipids, are
not only the fcast saturated and most acidic, the mos?
rigidly fixed in a H-tonded network that oricats. sur-
face water molecules and cationic residues of proteins
[633]. and when neutralized arc the most favorable o
the formation of nonbilayer, proton-conducting struc
tuies {570,582), but they are abso the most localized to
o (the inner) face. s concentration counters in
part the dilution of these special propertics by e
paucity of cardoitpins. Cardiolipins thercpy ¢un con-
duct protons and chelate cations. They may also act as
cffectors 0. specific receptors, and orient proteins (sce
sccuon {1-B).

Bilayer membrane stability depends on the molecu-
lar geometry and “shapes’ of the prospholipids { /(007
Cardiolipin headgrouns ar¢c importaut in dctermining
the shape of the molecule, and their iateractions with
iors alter lipid phase behavior [519) The ‘monolaver
intrinsic radius of cu,veiune” distinguishe. bilayer {fjom
nonbilaycr phospholipids [233]. The presence of unsat-
urated fatty acy! groups in membrane phosphoiipids
striens auean end-te-end hydrocarbor chain lenpil wo
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a minimum, in order of coffectiveness 18: 3 - 3) »
I8:2(n = 6> 18: 1 n —9) acyls [60]. The cxtended
cardiolipin polar head group is associated with very
high propertions of 18:2(an — 6) acyls, less 18: 1n ~ 9)
acyls and few saturated fany acvls in cardiolipins from
liver, heart and kidney. Unsaturated fatty acyls i: these
cardiolipins would widen the hydrophobic ends to form
a truncated cone, and their monolayce pasitioning
should emphasize the effects of this structure. Zon-
versely, cardisliping thet contain {css polyunsaturated
fatty acyls and morc monounsaturated fatty acyls and
saturated fatty acyls would have closer packed hydro-
carbun chains and a cylindrical or inverted cone struc-
ture. The cxtended bvdrophilic group of highly uwsatu-
rated cardiolipins. with its four kinked long-chain hy
droptobic moictics, creates regions of smadl curvatare
in the membrane (427]; these cardioliping find their
way to the inner surface of liposomes formed trom
mixtures o1 phosphaolipids (447]. Cardiolipins contain-
ing four 16:0 fatty acvl erovne form hilayer fiposonics
1326). and the mostly soturated cardioliming of bacteria
are situated in beth taces of the plasma membrane (see
section 'it). Howcever, the natuially vnsaturated cardi-
olipins of beef heart arce also on both sides of the
lamellae §i sonicated vesicles [377), perhaps because
cardiolipins are more than S07% of the total phospho-
lipids.

Highly unsatmated cardiolipins from mitochondria
are not usable wonce in studies of proton flux in pro-
tein-free vesicles because they do not form bilavers;
they must be stedied in bilayvers tormed by other phes-
pholipids {313] (see above). Hydrogenated beef hears
cardiolipins (18: O-cardiolipin) [313] and svnthetic car-
awlipins with four simitar saturated fatty acy! groups
form bilayer membi aes that have wnermotiopic phase
transitions  charzcieristic of phospholipid bilayer  as-
semblies [526.570]. Bilayer membranes of cven the
relatively satwated bacterial cardiolipine (sve sec ira
[11-A) are also 1o unstable for mewsurements of pro-
ton conductance, in contrast to puosphatidylglycerols
and phospha:idylethanolumines £295].

Artificial membranes ihae contam relatively satu-
rated phosphaudyicholines + phosphatidyfethanola-
mines leak protons as fast as raturad mendranes that
contay unsaturated  phosphatidyicholines + phospha-
tigyletnanolamine . + cardiolipins 1468): if unsaturauon
doces not matter, the cardiolining are irert. Bul unsatn -
ration witects proton movement, Phospholipid fatty acyl
unsaturation, chain length and thermal disorder ull
inflience membrane proton permeabilitizs, but not
always the saie way in natural and artificiel mem-
brancs, Py,. increases iincarly when fatty acyl unsatu-
Tation increases from ! to 8 double band: v enilzmels
lar vesicles of phosphatidyle: olines |506]. Given a fixed
degree of unsaturation. incicasiag tierimal disorder of
fatty acyls raises - in dngle fanciivr vesicles of
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di-14: 0-phosphaudate |167] and in bilayer liposomes
madc from horse bean phospholipids [553]. In ceatrast,
decreased mitochonarie! unsaturation, almost com-
pletely confined to cardinfemns, accelerates proton
lcakage, e.g.. in EFA-delicicricy [263.284] (sec scction
1V).

Perkins and Cafiso [507] suggest that fundamentally
differcrt mechanisms might operate ia sonicated vesi-
cles and planar bilayers. From the disparate effects of
fatty acyl unsawration on proton permecability and
bilayer structurcs, mechanisms also differ between
model membrane systems and mitcchondrial inner
membranc bilayers.

11-B. State 3 respiration: cardiolipin--protein interactions:
orientation

In contrast to the regulation of State 4 respiration
by Ap and the very slow reflux proton leak, the more
rapid rate of State 3 respiration is governed by Ap and
the balance between proton cjection and retlux
[247.248,435]. The gencrators of Ap operate under
both State 3 and State 4 conditions. They are proteins;
substrate carriers (plus the P,/H ™ symporter with di-
carboxylates), dehydrogenases and electron-carrier
proton-cjectors. In State 3, the rapid rate of proton
ejection may elicit limitation by some electron-trans-
port step(s). in contrast to the lesser demands made by
the slower State 4 rate. In State 3, 1apid proton reflux
is initiated by proteins: the ADP,/ATP carricr ex-
changes external ADP for matrix ATP, the P,/H"
symporter acts, and increased matrix ADP/ATP ratio
and [P,] activate massive proton reflux through the
ATP-synthase. Augmented proton current accelerates
respiration 5- to 18-fold over the rate allowed by pro-
ton reflux across phospholipids under State 4 condi-
tions, and is regulated by the relative capacities of
proton ¢jectors and rcflux pathways. The contributions
of these processes have been formulated and measured
as flux control coefficients, C,, and XC, = 1.0 [228].

To discern rolcs of cardiolipins we must know to
what degree carrier-proteins or phospholipids mediate
State 3 proton flux, and then consider cardiolipin t:ter-
actions with those protcins for regulatory properties.
Proton flux under State 3 conditions stops the cytosol
— matrix proton leak across the membrane phospho-
lipids. That the leal. may stop because inner membrane
ultrastructure chan:es in the State 4 — State 3 transi-
tion does not seem to have been considered. Electron
micrographs of isolated and in situ rat liver mito-
chondria show that the discrete cristae of the inner
membrane condense into irregular folds {243], which
should alter packing of inner face cardiolipins that
normally seek concave surfaces. Two mechanisms for
cessation of the leak are put forward. One observes
that Ap is high in State 4 and becomes lower in State

3. and that proton conductance across phospholipids
drops exponcntially with dp in this range [459). This
mechanism lcaves the proteins to conduct protons. The
other proposes that protons evolved by the eclectron
transport chain circumvent the transmembranal proton
lcak by gaining dircct intramembranal access to the
F,-ATPase [555,556]. Little direct evidence exists that
thesc intramembranal protons are conducted lateraliy
by phospholipids, ¢.g., via surface headgroups of cardi-
olipins or their analogucs (sections 11-A and 111). Mini-
mal *"P-NMR signals exist in rat liver mitochondria in
States 3, 4 or 3u for nonbilayer H,,-phase protono-
phoric lipid stidctures ihai involve cardiolipins and
might also serve this function, and the phospholipids
arc more than 95% in bilayer structure [140]. Thus,
proton passag. through mitochondrial carrier proteins
appears to limit State 3 respiratios®.

Mitochondrial proteins, almost all lipophilic and /or
basic [320], bind most strongly to acidic phospholipids,
particularly to cardiolipins among the inner membrane
phospholipids. Many but not all are carricr proteins in
oxidative phosphorviation and their contribution to
State 2 regulation differs according to tissue and age of
the cukaryote fsec Table I and Refs. 284, 245).

At least sevzral of these mitochondrial proteins are
genctically related. One genc for the ADP/ATP car-
rier is cexpressed in heart, another in intestine, and
both of these together with a third in liver [119]; all are
homologous with the carriers of P;, of a-ketoglutarate
malate, and of dicarboxylates, as well as with the
protonophoric uncoupling protein in BAT mito-
chondria (sce 1V-C.2.c). This suggests a common evolu-
tionary origin [16,363,564]. The primary structures of
an ADP/ATP carrier, the P, transporter, and the
uncoupling protein reveal that each has three 100-re-
sidue positively charged homologous domains: each
domain comprises two homologous a-helical seciions
scparated by a more hydrophilic segment [363). Most of
the hydrophilic portion faces the matrix, where most of
the cardiolipins arc. All these carriers function through
common mechanisms that may involve H*-anion co-
transport, ¢xcept {or the uncoupiing protein {363].

The high affinity of cardioliging, usually from heart
mitochondria, for many basic or hydrophiiic membranc
proteins makes it difficult to characterize cardiclipin—
protein interactions that regulate State 3 respiration.
However, beet heart caraiolipins are the most effective
phospholipids that modulate the secondary structure of
inner membrane proteins and modify their kir-“ic pa-
rameters [418). We know that diet-induced alterations
of fatty acyl compositions of membrane phospholipids
change the cooperativity of several effector-enzyme
systems {182). In one case, State 3 respiration slows
when rats incorporate fed linelaidic acid (18:2(n —
6)tr,tr) into heart mitochondrial phospaatidylcholines
and phosphatid_iethanolamines but not cardiolipins;



Swate 4 proton leakage, like the cardiolipins, docs not
change [115] (sce scction 1V-C).

Reconstitution experiments on isolated inner mem-
brane protcins have been used to study the role of
cardiolipins. These pose several problems of interpre-
tation for Statc 3 regulation, as will be detailed. The
criteria for reconstitution are variously the strength of
cardiolipin-binding to protcins in sity or isolated and
perhaps delipidated. catalytic activity and proton-ejec-
tion activity. Cardiolipins arc difficult to remove com-
pletely from some inner membrane proteins. perhaps

TABLE |
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because some cardiolipins are buried in the proteins,
¢.g.. the cardiolipins in intact rat liver mitochondria are
less accessible than phosphatidylcholines and phos-
phatidylethanolantines to reduction by a Pd-complex
[577). Despite the known retention of phospholipids,
many purificd and ‘delipidated’ protein complexcs are
reconstituted without lipid analyses. To test for non-
specific effects of phospholipids, asolectin (soybean
ohospholipids) vesicles are used, but asolectins contain
cardiolipins as 10% [454] or 25% [447] of total
phospholipid P.

Carrier-protem flux control coefficients (C,) in state 3 respiration, their responsucity to altered thyrowd states, and interactions with cardiolipins

(summarized in part from Ref. 284)

Abbreviations: CL. cardiolipin; CP. carnitine palmitoyl

Carrier-protein: C, CL-interaction Ref.
mitochondria Binding Activity
Monocarboxylate ': heart * (03N specific + 494
Dicarboxylate ' tiver * (.33 specific 673
liver. fetal * mi2 25
Tricarboxylate ': liver * specific + 495
CPTransferase 1 *: liver * specific -t see 284
CPTranslocase *: liver * specific + Y see 284
Dehydrogenase f. NADH: hearnt * 037+ snecific + Y 15§
substrates ©: liver none §S
B-hydroxybutyrate: liver * specific - 36
Cytochrome ¢ *: liver * aon-spec ! 157
Cytochrome he, ' tiver * 0.03 specific + 073
Cytochrome aa,': lver 0.17 specific + 673
hean 0 specific? + 513678
yeast (1339 non-spec + 421, 690
ADP/ATP *" liver * 029 specific + 673
(P, 3mM) 0.15 374,375
(P, 10 mM) 019
liver. fetal * 0.1s 25
heant tidd specific 155, 355, 356
yeast (P, 1.5 mM) 02 421
(P, 7.7mM) 0
P, " tiver * ] specific + 497,673
liver. fetal * 0.13 specific + 25
veast (P, 0.5 mM) 0 an a2
(P, 7.7 mM) 0.8
Proton leak *: yeast (P, 0.5 mM) 0.4 421
ATP-synthase ': liver (P, 10 mM) 1] specific + 47,228
(P, 3mM) 0.41 specific + 314,375
(P, 10 mM) 017
liver, fetal * 0.6 specific + 25
hean 0.46 non-spec + 155
Ca®* *: heart * specific + 159
K* % liver * S99
Uncoupling protein ": BAT * 1.0 465
NAD(PXH): liver * non-spec - 566

common evolutionary ongin [16.564);

makes acifvity latent:

orients:

soluble isocitrate. glutamate, and malate dehydrog
promotes H,,-phase.

- a & " T E N

Responds to altered thyroid state: ' generates or ¥ consumes J3p {248.435);
rat cardiac pyruvate carricr limits State 3 {596] and is included in NADH dchydrogenase C, [155);

and membrane-bound succinate © and glycerol-3-phaspuiate dehydrogenases;
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The following mitochondrial proteins and com-
plexes, and their relevance to State 3 regulation, will
be discussed: (a) substrate carriers: (b)) NADH
dehydrogenase; (¢) cytochrome be; (d) cytochrome ¢
oxidasc: (¢) ATP-synthasc: (f) ADP/ATP carrier: ani
(g) P carricr. In addition, involvement of peripheral
cardiolipins in binding certain peptides and proteins
cspecially exemplifies orienting cffects.

(a) Substrate carriers. Cardiolipins arc the only
phosphotipid that keeps the following mitochondrial
substrate transporters active during purification and
reactivates them after delipidation: those for mono-,
di- and tri-carboxylates, a-ketoglutarate, aspartate/
glutamate, and the palmitoylcarnitine transferase plus
(acylcarnitine translocase system (for references., see
Ref. 284 and Table 1). The dicarboxylate carrier is a
major regulator of State 3 respiration (C,=0.33) in
mitochondria from livers of adult rats and lcss 50 in
fetal rats. The pyruvate carrier plus the NADH dchy-
drogenase contribute a €, = (.37 toward 1cgulation in
heart but not in liver mitochondria [596). Succinate
dehydrogerase apparcently contributes a ¢, <0.14 in
rat liver mitochondria [228].

(b) NADH dehydrogenase (and/or the pyruvate
carricr) is one of the two dominant regulators of State
3 (C,=0.37) in rat heart mitochondria [155] but rezu-
lates in no other mitochondria studied. Phospholipase
A hydrolysis of cardiolipin, but not phosphatidyl-
choline or phosphatidylethanolamine, solubilizes the
NADH dchydrogenase of intact mitochondria of beef
heart, which implicates cardiclipin in its binding on the
matrix side of the inncr membrane {23}, Reconstitution
of the lost activity of cxtensively delipidated (0.2%
phospbolipids) NADH dchydrogenase (NADH-
ubiquinone reductase from beet heart mitochondiia)
requires cardiolipin specifically, other phosphotipids
non-specifically as dispersants or orienters [199].

(¢) The cytochrome hc, segment in delipidated com-
plexcs is activated by several phospholipids but only in
the presence of cardiolipins: in mitochondria it is inhib-
ited by adrismycin (which rcacts with cardiolipins) (see
Ref. 284). Beef heart mitochondrial ubiguinol-cyto-
chrome ¢ reductase, purified and delipidated by am-
mnium sultate and cholate fractionations, retains 1097
of the original phospholipids, which in turn are 65%
cardiolipins; remova! « { residual phospholipids by more
drastic extractions denatures the complex [739]. A
auinone-like inhibitor of clectron transport in the un-
delipidated reductase binds to an acyl group of a
structurally essential cardiolipin molecule in the quinol
oxidizing site of the bc, complex [732). This cardiolipin
is retained even in ‘delipidated’ reductase. The bc,
segment regulates minimally in rat liver mitochondria
[228] but significantly when cardiolipins are altered
[673] (see section 1V-C.2.d); it does not regulate in
heart mitochondria {155]. The yecast mitochondrial

ubiguinol-cytochrome ¢ reductase, when delipidated
like the beef heart complex 0. by hexane extractions,
loses almost all clectron transport activity and its nor-
mal 1:1 antimycin binding [663]. Chloroform-methanol
extracts of native and hexane-delipidated complex con-
tain similar amounts of ¢ diolipin. phosphatidyl-
choline and phosphatidylethanolamine; further addi-
tion of these phospholipids in 1:1:2 ratios restores
0% of activity, asolectin or cardiolipin rcstores 60%,
and cardiolipin also brings back antimycin binding.

(d) Cytochrome ¢ oxidase in mitochondria catalyzes
reduction of molecular oxygen to water while it trans-
ports (pumps) on¢ proton from matrix — cytosol for
cach clectron transferred. Cytochrome oxidase is cata-
Iyticatly active when isolated from beef heart mito-
chondria by mcthods that may involve mild solvent
extractions, and rctains approx. 50 phospholipids in-
cluding cardiolipins, presumably as an exterior shell
(sce Ref. 413): however, some cardiolipins seem 10 be
buricd in the protein complex and resist such extrac-
tions (sce below). These phospholipids have been more
or less cleared by (i) further more vigorous extractions,
which pose risk of protein denaturation, or by (i)
exchange with di-14 : 0-phosphatidylcholine, which pre-
serves the proteins. Effects of added phospholipids on
catalytic activity have determined specificity, but re-
sults of these two procedures have evoked different
conclusions.

(i) Serial extractions ‘nwolving Triton X-100 and
glycerol delipidate isolated enzyme [24,198.218,549,
678]. Cytochrome oxidase so stripped of all but 2-3
nel of cardiolipin per mol enzyme, and dispersed with
lyso-pirosphatidylcholine, had the molecular activity of
unextracted enzyme at 25°C, about 160 s ' [549] or 400
s ' {678} the latter workers stressed the point that
assays that allow only half-maximal activity could mask
or change specific lipid requirements. Further extrac-
tions partly reduced activity and removed all but about
1 cardiolipin per mol: reconstitution required 2-3 beef
heart cardiolipins to restore full catalvtic activity [678);
phosphatidic acid reconstituted in onc study [218] but
not in another [198]; all other phospholipids were inef-
fective although they bound to the delipidated oxidase.
Thus, cardiolipins appear to be specific for full cat-
alytic activity ot this cytochrome oxidase when it al-
ready contains onc molecule of unextractable cardi-
olipin. Cardiolipins have been described as a prosthetic
group of such preparations. involved in cyclic transport
(pumping?) of monovalent cations (although H* is
omitted from the list) [197). Vik et al. [678] concluded
that the cardiolipins bind the substrate molecule cy-
tochrome ¢ at the low-affinity site on the oxidase
through clectrostatic interaction of their anionic groups
with several cationic groups around the heme edge,
which activates by orienting the two molecules for
clectron transfer. Beef heart cardiolipins with the natu-



ral 9207 18:2 + 8% 18:1 acyl content or with substi-
tuted 47% 18:2 + 527 18: 1 acyls activate cqually cf-
fectively, cardiolipin substituted with 13007 6:0 acyls i
half as effective, and removal of two of the four rnatural
acyls abolishes catalytic activation [131].

(i) Substitution with di-14:0-phosphatidylcholine
produces -2 beef hcart cytochrome oxidase that con-
tains 0.19-0.06 mo! cardiolipin per mol and has the
activity of the original cnzyme, approx. 160 s ' [2]:
cardiolipins arc not esscntial for catalysis. By EPR
measurements of competitive displacement of bound
fatty acyl spin-tabeled phosphatidylcholines and cardi-
olipin, cardiolipins arc the most highly specific for
about 50 cnzyme sites; presumably cardiolipin polar
sites interact with lysyl residues at the polar-apolar
interfaces on subunits N1, V. VI and VI [413.512,513],
and threc or four acyl chains arc necessary for optimal
binding [513]. Activation of lipid-substituted oxidase
was thought to facilitate intcrconversien between two
oxidase conformations [2].

Purified cytochrome oxidasc from becef heart, when
reconstituted into phospholipid vesicles, also pumps
protons while transferring electrons (H* /¢ ratios arc
0.5-1.0) and changing conformation (scc Refs. 84, 407,
617). Modifications of the enzyme. among them depie-
tion of subunit HI that is the ‘H*-channel’ and may
bind cardiolipins (see above), lower H* /¢~ stoichio-
metry without much change in catalytic rate (uncouple;
see Refs. 392, 617), which is ca. 200 s at 25°C [469].
The lipid contents of the enzyme preparations, some of
them detergent-treated, used in the cited studies have
not becn documented. (Symmetrically, the above cited
studies on the certifiedly lipid-depleted and lipid-re-
constituted oxidase present no data on proton-pump-
ing; some may be uncoupled and so incompletely “re-
constituted’.) precsumably, the purified enzyme retains
at lecast the most firmly bound cardiolipins. In addition,
the reconstituting vesicles are asolectins which natu-
rally contain cardiolipin (sec above). A possible role for
headgroups of a H-bunded network or H,-phase of
cardiolipins, starting in the ligand-binding Cu center of
the membranc-embedded oxidase, is suggested by u
diagram of P. Mitchell [436] that depicts a *proton
conductor’ to the outer agucous domain.

The apparent disagreements on the requircment for
cardiolipins for beef heart cytochrome oxidase activity
may be academic with regard to State 3 rcgulation, in
two senses. First, the finding that di-14:0-phospha-
tidylcholine provides a low level of activity indicates
that cardiolipins are not chemically specific for oxidase
catalysis, but since the oxidase in the inner membranc
sees no di-14 : 0-phosphatidylcholine, and phos-
phatidylcholines and phosphatidyiethanolamines do not
reconstitute partly delipidated enzyme, the cardiolipins
seem to be ‘biologically specific’. Secound, tke notion
that this oxidase may be ‘the major regulatory compo-
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nent of the clectron-transport system” [2] cites Owen
and Wilson [487]. who assumed that kinctic control
generally operates only at the reduced cytochrome a,
interaction with oxygen because ail proximal clectron
flow rate steps are very rapid in compaiison. In rat
heart mitochondria the cytochrome oxidase €, cannot
be > 0.17 since measured C, values (pyruvate 7/ malate,
25°C) of the ATP-synthase plus the NADH dchydro-
genase (and pyruvate carrier) amount to 0.83 [155). In
rat liver mitochondria C, is minimal [47 203) or cqual
to 0.17 {228,673] but aitered cardiolipin amounts and
fatty acyl composition do not affect C, (sce Ref. 284).

Ycast cytochrome oxidase basal catalytic activity de-
pends on the binding of 9 mol of cardiolipin per mol
cnzyme that resist exchange with Jdetergent, anag can h2
enhanced by cither phosphatidylcholine or phospha-
tidylethanolamine [679). Activity of purified ycast aa,
does not absolutely require cardiolipins and can use
substituted di-14: 0-phosphatidylcholine, but these re-
sults accomodated a <pecific role for membrane cardi-
olipins in orienting cytochrome aa, for clectron trans-
fer [690). In Saccharomyces cerevisiue mitochondria
respiring in State 3, cytochiome aa, C, = 0.5-0.6 (Ta-
ble 1). Ycast mutochondrial cardiolipins (unlike heart
cardiolipins} contain 967 monounsaturated fatty acyls
and no 18:2 acyls (scc section 1V-C.4), which may
impart to cytochrome oxidase a rate or an orientation
that limits O, reduction rate.

(¢) ATP-synthasc catalysis (ATPasc) is cardiolipin-
dependent. Peroxidation of rat liver mitochondrial
lipids removes unsaturated fatty acyls from all
phospholipids, but only the disappearance of cardi-
olipin 18:2 acyls corrclates with loss of ATPasc activity
[395.572]. Ernster ct al. [174) suggest that the embed-
ment of the protonophoric F-ATPasc in cardiolipins is
necessary for ATPase function. A highly purified, ac-
tive, oligomycin-scnsitive  ATPasc contains  two
molecules of cardiolipin and less phosphatidylcholine
and phosphatidylethanolamine [163]. A delipidated
preparation of beef heart mitochondrial ATPase is best
activated and made oligomycin-sensitive by cardiolipins
among the naturally available phospholipids, which was
attributed to effective orientation of F F, and the
oligomycin binding sitc [129]). From rcconstituuen ex-
periments with liposomes, phospholipids are not just a
residential matrix but also modify ATPase catalytic
properties [130). Oligomycin-sensitive ATPase V,,, in-
creases lincarly with the negative charge on individual
phospholipids, except for beef heart cardiolipins that
activate most cffectively and supralincarly pcerhaps be-
cause they are highly unsaturated and the other phos-
pholipids were not. Recorstitution of beef heart mito-
chondrial F,, in cardiolipin-containing asolectii vesicles
requircs a protein component, F,1, for proper align-
ment of F, for proton-translocation and binding to the
F, catalytic complex [237]; endogenous phospholipids
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do not appear to have been measured. ATP-synthas:s
arc the major regulators of State 3 in aduii sind fetal
rat heart mitochondria (Tablc 1).

(f) The ADP/ATP caniier of rat liver mitocheadria
loses activity but not capacity to bind adenine nu-
cleotides when cardiolipins or phosphatidylethanola-
mines are partly removed by scloctive phospholipases
A [625]. A complex of protein-cardiolipin-phosphati-
dylethanolaminc is proposed as the nucleotide translo-
cator. Thz carrier is a major rcgulator of State 3
respiration: in isolated rat-hepatocytes C; = 0.26 [161],
and in liver mitochondria C, =0.29 and changes con-
comitantly with cardiolipin amounts and fatty acyls (sec
Ref. 284). The beef hcart mitochondrial ADP/ATP
carrier is activated by cardiolipins, phosphatidylcholine
and phosphatidylethanolamine cquaily [370); it binds
all thesc phospholipids [158], cardiolipins the mosi
strongly. Dimeric carrier isolated from those mito-
chondria binds six molecules of cardiolipins (with fatty
acyl compositions similar to total mitochondrial cardi-
oliping) of which only two exchange with spiu-labeled
cardiolipins [37.303,575}. From studies wf binding, car-
diolipin fatty acyl groups need not be unsaturated to
interact strongly witl: this ADP/ATP carrier when it is
already bound to di-14:0- or di-16: 0-phosphatidylcho-
lines, but only the natural highly unsaturated beef
heart cardiolipins produce significant cardiolipin-car-
ricr aggregation. From these binding studies, the four
uncxchangeable cardiolipins were proposed to partici-
pate in nuclcotide transport function of the carrier
{303] but transport was not measured. Rat and rabbit
heart mitochondrial ADP/ATP curricrs contribute a
C, =0 for regulation of full State 3 respiration
{155,355,356] (Table 1) althougn C; for the rabbit car-
rier (succinate, 37°C) is about (.7 when respiration is
partly inhibited [355.356].

(g) P, transporter protein purified from heart mito-
chondria and reconstituted in asolectin vesicles is in-
hibitcd when adriamycin binds the cardiolipins [447)].
The transporter loses activity when cardiolipins are
removed, and phosphatidylcholine-vesicles do not re-
constitute unless some cardiolipins arc added (see Ref.
284). The P, carrier docs not regulate heart mitachon-
drial Statc 3 respiration, but ir veast miiochondria a
significant C, diminishes with ApH [30).

In summary, it appears by deductions from reconsti-
tution experiments on isolated proteins from the inner
membrane that cardiolipins play a constitutive role in
mitochondrial State 3 respiration. Cardiolipins bind
and activate just about all inner membrane regulatory
and nonregulatory (State 3) protein complexes. Fatty
acyl composition affects both binding and activation.
Cardiolipin reconstitution of one complex or protein
applies directly to State 3 rate only if that complex
regulates. But specific inhibitor titrations of these sin-
gle steps in intact mitochondria, interpreted through

the concepts of metabolic control analysis [228,673),
show that State 3 respiraiion is regulated at a higher
level of organization where two or more protein-medi-
ated processes contribute accurding to thei: rates rela-
tive to cach other, Cardiolipins may participate at this
more organized level. Several reconsatuiion and bind-
ing cxperiments suggest that cardiolipins orient pro-
teins for optimal transport of clectrons (ubiquinol =
cytochrome «, cvtochrome ¢ — aa,} or metabolites, and
align F,F, for proton passage.

From 10% 1w 25% of cardiolipins are in the outer
layer of mitochondiial inner membranes and face the
intermembranz| space and the outer membrane in rat
liver, bovine heart and pig heart [261] (see Ref. 136). In
apparent disagreement, 23% of total cardiolipins of rat
liver mitochondria are isolated as a ‘true component’
of the rat liver mitochoadrial outcr membrane {307].
However, the enzymes and especially the lipids of the
ouler membrane so resemble those of the endoplasmic
reticulum that the membranes have been thought to be
one [172). Reconciling these views are studics on the
contact sites between the inner membrane outer face
and tlic outer membranc scen in clectron micrographs
of State 3 mitochondria by Hackenbrock [243]. Contact
sites isolated from niouse liver mitochondria as mi-
crodomains are grcatly enriched in cardiolipins (27%
of phospholipids) [19] - it seems moot to assign these
shared ‘peripheral’ cardiolipins to one surface. These
cardiolipins clearly orient some proteins secondarily
involved in oxidative phosphorylation. Several proper-
tics of contact sites pertain to State 3 conditions and
protein orientation. (i) Contact sites exist mostly under
State 3 conditions; peripheral cardiolipins act as spe-
cific receptors for (ii) selected phosphotransterases and
(iii) leader peptides of import proteins, and (iv) bind
liver mitochondrial carnitine palmitoyltransferase.

(i) Contact sites, as estimated from electron micro-
graphs of freeze-fractured mitochondria of rat livers,
exist transiently and depend on energy state {57,243,
365]. Their number is minima! when mitochondria are
fixed in State 3u (uncoupled); the ratios in mito-
chondria in State 3u:State 4:State 3 are, respectively,
1:6:23 or 1:3.3:8 [3]. If the cardiolipins aggregated
in the sites are recruited transmembran.lly from the
inner face, the shift in sidedness might be involved in
the loss of the proton lcak under State 3 conditions,
given a role of cardiolipins in State 4 proton leakage
(section I1-A).

(ii) Contact sites under State 3 conditions specifi-
cally bind and orient hexokinase, nucleotide diphos-
phate kinase and creatine kinase, but not adenylate
kinase [57,365). Thereby, hexokinase reacts more read-
ily with ATP evolved from the ADP/ATP carrier on
the inner membrane periphery than with added ATP.
Outer cardiolipins are cited as a specific receptor in rat
heart for the mitochondrial isoenzyme of creatine



phosphokinase, similarly aligning access 1o this cariier
[448]. Mitochondrial creatine kinasc concentrates at
contact sites [3). The blocking effccts of adriamycin,
specific for cardiolipins, show that this kinas¢ binds to
cardioiipins ot intact mitochondria of rat hcart or liver,
and to (beef heart) cardiolipin in liposomes containing
other phospholipids [448]. The kinase from rat heart
binds to beef heart liposome suttaces [100). Mitochon-
drial creatine kinase isoenzymes bind preferentially to
monolayers of cardiolipin but also to other anionic
phospholipids as well as to phospholipid extracts from
either inner or outer membranes of mitochondria [552].

(iii) Peripheral cardiolipins interact with signal pep-
tides of precursors of proteins synthesized in the endo-
plasmic reticulum and destined for mitochondria. These
cardiolipins seem strategically concentrated for import
through the contact sites. In vesicles prepared from
phosphatidylcholines or phosphatidylethanolamines
plus a cardiolipin, the two or three positively charged
amino acid residues in the N-terminal portion of the
peptide bind specifically at the ouiei surface cardi-
olipin -phosnlioryl-glycerol-phosphoryl- headgroup
[486)]. The degree of saturation of the fatty acyl of the
cardiolipin does not affect binding. Binding to cardi-
olipins as well as to surface protein groups is thought
to mediate the targeting of the precursor protein com-
plex to mitochondria; the translocation of the precur-
sor across the inner membrane requires unfolding of
the precursor protein [674] which also seems to involve
binding to the cardiolipin [171]. Introduction of newly
synthesized mitochondrial proteins that are active in
oxidative phosphorylation should increase only State 3
respiration, which depends on electron-chain proton-
pumping, rather than State 4 respiration which de-
pends only on the proton-leak.

(iv) The balance between the active-form outer-
surface carnitine palmitovitransierase and the latent-
form inner-surface carnitine paimitoyltransferase regu-
lates B-oxidation in mammalian mitochondria; outer-
face cardiolipins may orient and activate carnitine
palmitoyltransferase as well as the translocasc in rat
liver mitochondria, to a degree regulated by thyroid
hormone levels (see Ref. 284). Recent reconstitution
experiments on the transferase reveal a detergent-solu-
ble ‘inner membrane material’. most active in fasted
animals, that is involved in binding and sensitivity to
inhibition by malonyl-CoA, perhaps through oricnta-
tion of catalytic and malonyl-CoA-binding subunits
(208].

Evidence for the existence of an H-bonded network
of cardiolipins in the inner face of the inner membrane
[261]} (see Ref. 136) is presented elsewhere in this
review (e.g., sections I1I-A, IV). Since the anionic head-
groups are all alike, these cardiolipin fatty acyl groups
must be presumed to interact more specifically with
lipophilic portions of cationic proteins in the mem-
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brane. Cardiolipin fatty acyls contain considerable in-
formation. The three significant diacylglycerol molecu-
lar species in beef heart cardiolipins are 79%. 18:2-
18:2. 11% 18:2-18:1 and 6% 18:2-18:3; ycast cardi-
olipins have a morc even distribution of cight 16-C and
18-C saturated and moenounsaturated acyls [575). Rat
liver. heart z:5d kidnev cardiolipins include at lcast
cight molecufar specics that alter proportions in re-
sponse to a fat-free dict [718,719.721). Cardiviipirs
were first characterized through their antigenic proper-
tics, implying their specific binding to protcin. But the
cardiolipin network is not fixed by covalent bonds, and
no known mechanism can be evoked that would form a
coded cardiolipin sequence as an orienting template
for oxicative prospharylation protein<. Thus, the infor-
mation for sequential reactions must lic in the protein
structures, and intervening cardiolipins appear to ori-
ent at lecast some protein—protein interactions.

Reconstitution cxperiments on model systems re-
qaire complenicntary approaches to evaluate structural
roles of riembrane lipids (535). Reconstitutions of ox-
idative phosphorylation, using criteria of both catalysis
and vectorial proton passage, and severai protein com-
plexes integrated with various cardiolipins (inc'uding
cardiolipins with fatty acyl profiles altered in vivo),
complemenied with measurements of C, values, would
be a (challenging) start in deducing possible regulatory
roles of cardiclipins in State 3 respiration from syn-
thetic experiments. Until such systemziic experiments
test possible regulatory effects of altered cardiolipin
amounts and fatty acyl compositions, the rest of 'his
review attempts to recognize, by induction from corre-
lated changes in biomembrane function, regulatory
roles of cardiolipins altered in situ under biological
influences.

115, Cardiolipins in prokaryotes

Two prokaryote kingdoms, archaebacteria and cu-
bacteria, are distinguished by different rRNA and pro-
tcin sequences [715). Although the archaebacteria live
under apparently primitive biotic cnvironments at very
low [oxygen], high [H*] or [salt] or [methanc), and high
temperature, they are more closely related to the cu-
karyotcs (the third kingdom) than to the cubacteria,
which appear to be the most primitive (sec Ref. 511).

Membrane ether-lipids are chcmical markers for
archaebactcria. All contain branched-chain isoprenoid
alcohols (e.g., C,, phytanyls) as diethers of 2,3-di-O-
sn-glycerol or a more complex branched nonitol
[143,144,379). Biphtaryl-glycerol is tie cell membrane
lipid of Methanopyrus, which grows optimally at 110°C
[312). Some of the diethers in methanogens and ther-
mophiles are joined covalently at the hydrocarbon ends
to form glycerol tetraethers. The glycerol-OH on one
end is substituted with carbohydrate, on the opposite
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end with phosphate. in some thermophilic archacbhacte-
ria. This molecule. with carbohydrates facing outward.
is thought to form the dipid phase of a unilamellar
membrane. rather Like bilayer membrances but with the
median hydrophobic space fused. These membranes
are rigid (archacbacteria have vo peptidoglycan ccll
wall) and provide a temperatire-stable barrier against
a gradient of 4 to S pH units that drives the ditfusion of
protons into the cell. The archacbacterium Thermo-
plasma acidophila, which grows optimally at 59°C and
pH 2 but not at all above pH 4. maintains an internal
pH between 6.4 and 6.9; d¢ is about 120 mV (positive
inside) and ApH is 290 mV, so that dp is approx. 170
mV [309]. Ncither protonophores nor inhibitors of
clectron transport change d¢ or internal pH: increase
of external pii correiates iineariy with decrease in dgs:
acidophiles need no proton pump to disequilibrate
protons across their membranes [489]. Hsung and Haug
[309] conclude that both ¢ and 4pli are mantained
passively. The proton influx that drives ATP synthesis
appears to come from the low cxternal pH and its
partial negation by Ad. which s thought to be a
Donnan potential generated by  charged  macro-
molecules that do not permeate the cell membrane.
Both cnergy-transducing membranes in extremely
halophitic archacbacteria contain diphytanyl cther-lin-
ked phospholigids and glycohipids. PGP, (2.3-di-
phytanvl-sn-glyccro-1-phospho-su-glycerol-1'-phosphate:
R, = phytanyl chain) is 65% of the total polar lipid of
Halobacteritne cutirubrum: it is the diphytanyl cther
analogue of phosphatidylglycerol phesphate [522.647].

Ry-0-CH,
R,-0-CH
H,C-0-P-0-CH,~CH-CH,-0-P-(0H),
oH

PGPy,. its dephosphorylated products and the halophile
glycolipids form bilayers in aqueous dispersions that
are in hquid crystalline state from —-30°C o 80°C.
Their possible roic in a membranc-surface hydrogen-
bonded network that conducts protons laterally is dis-
cussed in scection 11-A.

The archacbacterium  Thermoplasma  acidophilum
grows optimally at 56°C, pH 2, and adapts its mem-
brane lipids for growth at 37°C by increasing their
fluidity {723]. The main lipids are two repetitively
methyl-branched, saturated C,, side-chains. cther-lin-
ked to two glycerol molecules; serine and phosphate
groups on some of the glyccrol-OH sites provide acid
polar groups. The shift from growtn at $6°C - 37°C
diminishes lipid phosphorus by 10%, halves serire moi-
cties and doubles acyl cyclization. The resultant in-
creased membrane fluidity alters membrane-depend-
ency (Arrhenius profile) of ATPase activity: activitics
are lower over the temperature range of measurements
and transition temperatures decrease by 7.5°C.

Hi-A. Cardiolipim / phospholipid  ratios and - fatty acyl
composition

The cubacteria and the cukaryotes branch fairly
carly from the archacbactenie i a universal phyloge-
netic tree determined from comparisons of 10S-rRNA
sequences {715]. The  phospholipids  of  cubacteria
prokaryotes are fatty acyl esters of 1.2-sn-ghcerol-3-
phosphate. like those in cukaryotes [217) Cardioiipins
(diphosphatidylglycerol: R .COQO- = fatty acyl ester) re-
semble a portion of PGP,:

R,C00-CH, H,C-0OCR,
R,CCO-CH HC-UOCR,
H,C-0-P-0-CH,~LH-CH,~0-P-0-CH,

OH

Cardiolipins in cubacteria are synthesized Do two
molecule:. of phosphatidylglycerol  [188.305).  Phos-
phatidylglycerols compiise 10-35% of the total phos-
pholipid phosphorus and are the major phospholipid
(50-80% of P)in some cubacteria [305].

As shown in Table 1. cardiolipin per total phospho-
lipid contents are up to 15% in M. Ivsodeikticus, S.
aurens, Salmonella typhimurium, B. cereus, up to 40%¢
in the Actinomycetes [346). and 80% in a form of §.
aurcus [305). Fatty acyl compositions of cubacteria vary
widely (Table I1). Some cubacteria thereby maintain
plasma membranes in environments as extreme as those
resisted by the lipids of archacbacteria. The ratty acyl
composition of cardiolipins and phosphatidylglycerols
is usally similar, and in prokaryotes sometimes differs
from that of other phospholipids [217].

Cardiolipins and phosphatidylglycerols, as well as
other phospholipids and phosphoglycolipids, are al-
most cqually distributed in the inner and outer faces
(2: 3. respectively) while the gucosylglycerides are com-
pletely outside in A. laidlawii membrances [554). Cardi-
olipins are cqu aily in and out, phosphatidylglycerols all
outside, phosphaiidylinositols all inside in M. leisodeik -
ticus. From the similar polar backbone giycers! groups
of cardiolipins and PGP,,, it scems that cither could
participatc in lateral conduction of protons via H-
bonded nctworks. The backbone glycerol in bilayer
membranes made from cardiolipins purificd from E.
coli in stationary-phase. 37°C. is more rigid than other
phospholipid headgroups and remains so in mem-
brancs that contain 20% cardiolipins and 80% phos-
phatidylcholines [8]. The corresponding glycerol in
phosphatidylglycerols has free motion: the conversion
of phosphatidylglycerols — cardiolipins would increase
order in membrane surface, and even minor amounts
of cardiolipins could contribute to proton niovements.

Both fatty acyl composition and relative proportions
of bacterial cardiolipins (usually uniquely or more
markedly among the phospholipids present) vary with,
and respond to, growth stage, presence of oxygen,



temperature, illumination. nroton reflux. The changes
induced suggest that cardiolipins participate in cneray

transduztion.

Growth phase: the growth phase of bacteriad cells
affects cardiolipin /phospholipid ratios, cardiolipin and
phospholipid fatty acyl comgpasition and wembrane

TABLE 11

N3
function. In ¢xponential growth phase at @ given tem-
perature, cardiolipins of . coli contain 7077 18: Hn -
7 (cis-vuceenioyl) acyl aroups (Table 11); unsatursted
fatty acyl contents of cardiolipins > phasphatidyiglycer-
ols -~ phosphatidylethanotamines [360]. When exponen-
tial shifts to stationary phase, 18:1 acvl content in

Fatry acvl composition of cardiolipiny and cardiolipin / woral phospholynd ratie, prokarvores

Abbreviations: UL unasaturation index: CL P. cardiolipin P: X PL P, 10tal phospholipid P: A branched: 1. 150-: a. anieto-; ¢, w-cyclohexyl fatty
acyl, cv. eyclopropane methylene component: ¢, tuberculostearic acyl (10-methyl-19:0). Various unspecified unsaturated fatty acyl groups were
omitted in these studies because they were minor components.,

Cell/Rx Fatty acyl (% of total futty acyls in cardiolipins) Ul Refs.
14:0 14:1 15:0 16:0 I6:¢ 17:0 18:0 18:1 18:2 19:0 '_(LE
XPLP
Acholeplasma
lardiawu 515 0.2 812 20 02 fne 1 4 S00 6l6
Bacillus
acrdocaldarius 60°C pHY 0 Y 1o.8h 23 IX.1h 5.2 0 661 380
1.8h 54.4¢
Bucillus
subundis exponential 37°C 1.6 499 65 16.0 24 .2 1.0 2 671
R Y 15.7a
Caulobacter
crescentus M°C 7.6 1l 6 126 4 327 S5 oY 39
+1K8:2 140.0 X.1 20.4 13.7 68 274 "y IR
Escherichia
coli exponential 40°C 4 i7 7 204 2 66.n-7) LOcy 73152 8, 121, 346,
360
3O 3 13 S 2.0a | TV -T7) 20cv 76
20C R) 9 5 200 2 774Kn-7) 1Oy 82 9.1
stationary  30°C 4 S0 { 13.04 6Un-7) 12.0¢y 19.6
30°C 4 3! 2 11.0a 4 2Xn -7 Yy 24
Hemophilus
parainfluenzae 37 C R0 229 4.7 32 26 30 698
Methyiosinus
trichosporium 21°C. CH 13 &7 w07 691
Micrococcus
lensadeikticus 27°C 2.0 240 8.1 29 SYa REN ) 333
1.0a 65 8a  12.1:
+ pantoyl lactone 3.0 2.0 16.1 18 2a S 523°¢
2 4634 211t
Mycobacterium
butvricum 30°C 13 Bt} 22 19.0¢ 46 478
200 2 x LR 1 R2
Necardi
covlica 377°C K9, 301 KX} 36 4.4 0 150 734
3 6.3a 161
Paracoccidindes
brasiliensis 37°C 6 2 ] 41 50 143 107 411
Rhodospirdlim
rubrum 30°C dark 24 18 27.2 28 WYn--T) 122 565
light 1.0 17.6 268 9. R23n-7) 63 113
Staphylococcus
aureus +Q, 4094 18 0.1 97b 100 9.9h 0 21y 195, 603, 690
-0, 26a 5S4 2.0 206 134 3.4b 2 238
Streptococcus 37°C 5.6 0.6 327 14.0 174 263 32evy S0 S8.7 189
Thermophilic
bacterium PS3 70°C b S4.3i 2.1 27N S8 0192 342,343
9.3/

9 diphosphatidylglycerol / SPL = 7807
€ lyso-CL = 20.4% in addition.
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cardiolipins decreases strikingly to as low as 697, while
saturated fatty acyls content (espeaiatly 16:0 but also
nonlirzar 17:0 and 19:0 acyls) rise o 8677, cardi-
clivin/ phospholipid incrcases and relative amounts of
phosphatidylglyccrol, the cardiolipin parent compound.
decrcase stoichiometrically. Anatogously, Thiobacillus
thiooxicans growing at 30°C increases cardiolipin/
puospholipid proportions Lincarly from 7 (day 1) to
214 (day 8) whilst phosphatidylglycerol / phospholipid
decreases [601]). In E. coli, at the same time cardiclip-
ins increase, «n enzyme methylates 18:1 acyls across
the uasaturated bond to form cyclopropanc-19:0, a
saturated fatty acyl [123). In the exponcntial —»
staticnary phase transition, the fatty acyl compositions
of phosphatidylglycerols and phosphatidylethanoi-
aminzs change but littie: the fatty acyl contents of
cardiolipins ar¢ the most sensitive to growth phasc.

Growth phase may affect analytical recovery ot car-
diolipins. In stationary growth phase, routine chloro-
form-methenol extractions recover as little as 57 of
the cardiolipins and all the phosphatidylglycerols and
phosphatidylethanolamines from whole cells of several
Giram-positive bacteria, but in carly exponential phase
all cardichpins  are  extracted [187]. Cardiolipin/
phospholipid ratios are up to 57% when the inucopep-
tide-teichoic acid components of the thick ccll walls of
stationary phase cells are removed, c.g., by lysozyme:
exponcntial phase cells have thinner walls that lcave
cardiolipins accessible. It is not clear if the alterced fatty
acyl compositions of the cardiolipins in the different
growth phases contribute to cardiolipin-cell wajl associ-
ation.

Electron-transport rate increases with growth rate,
as exemplified by Klebsiella aerogenes [456). In carly,
exponential stages of growth, microbial cells oxidize
carbon substrates efficiently, to transport solutes and
synthesize biomass. When growth stops, cells are
thoughi to oxidize less efficiently by uncoupling oxidi-
tive phosphorylation or turning ATP over rapidly in a
futile metabolic cycle [271.649]). Uncoupling mecha-
nisms in the membrane (see Eqn. 1) include decreases
in overall H* /e~ ratios (c.g., through climination ot
proton-translocating loops in electron-transport chains
(338]), and dissipation of Ap by reflux of extruded
protons through a phospholipid-leak or an Fleak.
Onc might add that conversion of State 3 - Statc 4
respiration, when diminished ATP-utilization de-
presses [ADP] and stops phosphorylation, increases dp
and does not decrease cfficiency of proton cotransport
through exchangers. Intact bacterial cetls show no res-
piratory control when ADP + P, are added (see Ref.
200), nor should they since bacterial plasma mem-
branes have no (and nced no) ADP/ATP carrier [331).
State 3 and State 4 arc distinct in everted particles
from bacterial membranes (see below).

An O,-pulse given to anaerobic E. coli cells grown

at 37°C produces a 2- to 2-fold greater proton cfflux in
stationan -phase cells than in exponential-phase cells
{221]: exponential-phase celis with cardiolipins contzin-
ing high monounsaturated fatty acyls seem to retain
protons; stationary cclls with cardiolipins repleted in
seturated fatty acyls lose protons (see section 1-A). In
st jonary cells the O --pulse is followed by lusty respi-
ration but proton efiluy & much dower [221], appar-
ently retlccung a secondary slow “leak” of protons that
cquilibrates external [H*] with protons in or on the
outer aspect of the membrane. The rest of the protons
extruded by electron-transport do not appear to leave
the cell membrane but to be laterally conducted. to
return to the cytosol via proton-driven exchange trans-
port or ATP-synthase.

Apparent proton conductance across bacterial mem-
brancs has heep measured by 3pH/time after an H'-
pulse under anacrobic conditions [408.409]. With Ap
assumed to be 200 mV oand protein contents  dis-
tributed as per Neidhait [455), Cyyne in E. coli cells
can be calculated to be 0.08 ng ion H™ min ' (mg total
protein) ' mV ' if membrane protein is 15% of total
protein, Cyne is 0S5 ngion H” min "'mg 'mV ', a
value in the range of mitochondrial conductances
[462.464]. Cype- is 0.7 ngion H* min ' (mg membrane
protein) ' mV ' under similar assumptions in Strep-
tococcus lacus in carly stationary phase.

Real proton conductinces must be compared at the
same 3 p because proton current has a supralinear and
shifting rclationship with high values of dp, as pointed
out by Brand and coworkers (section 1V-C.2.d). Mem-
branc ion conductance adapts to growth rate in phote-
heterotrophic cultures of Rhodobacter capsulatus, an
a-purple cubacterium, grown at 30°C, pH 7 [645,646].
Diss.pative ion current (clearly protons) increas.s dis-
proportionally and non-lincarly with 3. As growth is
limited by [carbon source] or by decreased illumina-
tiosi, conductance increases: current /3¢ is greater
vhen substrate limitation is more scvere. Current is
greater in stationary than exponential cells for similar
values of Ay above threshold. Most of the current at
maximal 3¢ is via the ATP-synthese. i.c.. State 3
respiration. When the F-channel in intact cells is
blocked by venturicidin, rapid proton flux persists: the
high 3¢ augments another conducting pathway(s). A
proton-leak (perhaps similar to that in State 4) ap-
pears, as it does in mitochondrial vesicles stripped of
F, when F,, is blocked by oligomycin. Taylor and Jack-
son [645,646] dismiss dielectric breakdown as an expla-
nation for a new proton leak because Ay is still at
physiological levels, and the phenomenon is reversible,
like the cycle State 4 — 3 — 4. These workers propose
that a membrane gated-protonophore has a threshold
at slightly greater values of A¢ than does the F,, and
that decrcased growth rate (somehow) depresses this
threshold. Stationary-phase cell membranes, compared



with log-phasc, leak more protons: their membrances
have a greater preportion of cardiolipins and those
cardiolipins are the most markedly depleted in unsatu-
rated fatty acyls. As will be seen. fatty acyl composition
of cardiolipins is analogously connected with proton
leakage in many encrgy transducing membrancs.
Temperature: membrane fatty acyi unsaturations
vary inversely with environmental temperatures in
prokaryotes and the simpier eukaryotes, which main-
tains membrane lipids above their melting points and
retains appropriatc mcmbrane barrier and matrix
properties [267,268,399,527). Eubacteria in exponen-
tial-phase adant to decreased temperatures by increas-
ing unsaturated fatly acyls contents in membrane phos-
pholipids [122.123,142,201,480}, either without ciang-
ing the proportions of phospholipid-subclasses or
changing them slightly in E. coli so that cardiolipin/
phospholipid ratio halves, phosphatidylglycerol /
phospholipid doubles and phosphatidylcthanolamine /
phospholipid shifts from 84¢ 1o 74¢% [480). Specific
enzymatic desaturations, clongations and transacyla-
tions mediate phospholipid adaptations to low temper-
atures. Cardiolipins contain 66% cis-18:1(n — 7). 17%
16:0 acyls in E. coli growing at 40°C (Table 11). The
cis-3-unsaturaicd bond derives from the anaerobic de-
hydration of p-B-hydroxy-10:0-acyl-carrier-protein, an
intermediate in the fatty acid synthesis pathway, to
form either cis-10: I(n — 7)-acyl-carrier-protein  or
trans-10 ; 1(n — 8)-acyl-carrier-protein (the conven-
tional step in further clongation by malonyl-acyl-car-
rier-protein to form 16 : G-acyl-carrier-protein). Elonga-
tions convert cis-10: 1{n = 7) — cis-16: 1(n — 7). ta cclls
growing at 40°C, cardiolipins incorporate (transw.cylate)
this 16:1 acyl minimally (7%; Table II), phosphatidyl-
glycerols 18%, and phosphatidylethanolamines 24%
[360); decrcases in temperature do not affect these
16:1 acyl contents. Elongation of 16:1(n—-7)—
18: 1(n — 7) chains increascs 15 s after temperature is
decreased from 42°C — ?4°C, through the activation of
existing B-ketoacyl-acyl carrier protein synthase 11, that
catalyzes condensation of malonyl-acyl-carricr-protein
with the growing fatty acyl chain [142]. This cold-
activated enzyme is a translation product different
from the less active, thermally insensitive synthase 1.
Transacylation of 18:1 acyls increases: in cardiolipins
191 acyl content rises to 77% at 20°C, displacing 16:0
acyls to 9% (Table 11); 18:1 acyls also accrue in phos-
phatidylglycerols (41% — 549%) and phos-
phatidylethanolamines (24% — 33%). Thus, cardiolip-
ins play the most prominent but not the exclusive role
in E. coli exponential-phase adaptation to low temper-
atures, by increasing their alrcady high contents of
18:1 acyls. Cardiolipins in stationary-phase E. coli,
although much less unsatvrated (7%) than in exponen-
tial-phase when growth is at 40°C, triple their 18:1 acyi
content at 30°C [360] (Table 11). The low 18:1 acyl
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contents  of phosphatidylethanolamines  and  phos-
phatidylglycerols in stationary-phasc cells grown at 40°C
(577 increase even more strikingly in cells grown at
20°0C (o 30-60°¢ ).

Changes in membrane physical and barricr proper-
ties accompany growth-temperature-induced adapta-
tions in phospholipid fatty acyl compositions. Perme-
ability (estimated from osmotic swelling) of liposomes
prepared from extracted phospholipids is inverse to
growth temperatures between 40°C and 20°C when E.
coli is grown to the cnd of exponential-phase [244).
Mean surface area of films made from total phospho-
lipids of E. coli [244) or from phosphatidylethanola-
mines extracted frem Pseudomcenas fluorescens cells
grown at 22°C is greater than in films from cells grown
at 5°C [124]. Trermal acclimation counteracts the en-
hanced molecular cohesion in monolayers at the lower
temperatures [266].

When grown to stationary-phase at 40°C or at 20°C,
Mycobacterium butyricum changes mainly the fatty acyl
contents of cardiolipins [478] (Table I1) but with less
emphasis on clongations and desaturations ther in E.
coli. At either temperature, cardiolipin percentage of
[o:1=18:1;at 40°C 16:1 + 18:1 = 46% of fatty acyls,
at 20°C. 827 of fatty acy! at the expense of 16:0 and
19 : O-branched fattv acyls. At 40°C, the phos-
phatidylethanolamines contain half as much monoun-
saturated fatty acyls (2392) as cardiolipins; at 20°C,
phosphatidylcthanolamine monounsaturated fatty acyls
rise to only 329.

Ester-linked fatty acyl phospholipids are in plasma
membranes of cubacterial thermophiles that remain
stable at high tempcratures, as do membranes with
cther-linked phytanyl glycerols in archaebacterial ther-
mophiles. The cubacterial moderate thermophile
Bacillus stearothermophilus grows optimally at 65°C, the
extreme thermophile Thermophilus aquaticus, at 90°C.
Cardiolipins in B. stearothermophilus cells in late expo-
nential-phase are 30-40% of total phospholipids and
509% of membrane phospholinids; phosphatidyl-
glycerol/ phospholipid and phosphatidvlethanol-
amine/ phospholipid ratios are each about 25% [78].
Thermophile total phospholipids contain all or almost
all saturated, branched-chuin, iso- or anteiso-15-carbon
and 17 carbon fatty acvls. They contain no unsatu-
rated fatty acyls [484] or 11.5% iso-17:1 [600). The
fatty acyls of the cardiolipins of B. stearothermophilus
(78] and the extreme thermophilic bacterium PS3 [343)
are all saturated (Table 11); PS3 cardiolipin/ phospho-
lipid ratio is 19%, phosphatidylglycerol / phospholipid,
13%. The resistance of the saturated phospholipids of
PS3 to heat and oxidation makes them usefu! in recon-
stituting the stable PS3 F,F,-ATPase complex
1343,618,619). Saturated cardiolipins are only 3% of
total phospholipids of T. aquaticus in late exponen-
tial-phasc or stationary-phase; 75% of total phospho-
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lipids is an unidentificd phospholipid that contains
three saturated fotty acvls, one glycerol and an unsatu-
rated long-chain amine [532].

Cardiolipins are 6% of the complcicly satuiaicd
membrane phospholipids of Bacillus acidocaldarius, an
extreme thermo-acidophile cubacterium [380] (Table
11); proton conductance is in the range seen «n other
bacteria [372]. Right-side-out membrane vesicics pump
respiratory-chain protons outward and maintain an in-
ternal pH of 5.8-7.1 (exterual pH being 2-3) as well as
a reversed 4y, positive inside. Protonophores abolish
niost of the 4pH.

Cell membrancs of T. aquaticus and T. thermophilus
leak protons, more rapidly as in vivo and in vitro
temperatures are increased. A pH gradient generated
in anacrobic T. thermophilus cells by an oxygen-pulse
decays by proton leakage: when measured at (50°C) the
1,2 is 45 s in cells adapted by growth at 60°C, 19 s in
cells adapted at 79°C; when measured at 79°C, ¢, is
< 8 s [425]. (Rat liver mitochondrial t,,, measurcd at
25°C is 86-140 s, and S 5 in the presence of FCCP
[437,438,459].) Dcspite the great proton leakage, rapid
cell respiration maintains Ap at 197 mV (assayed at
70°C, pH 7.5), but growth efficiency is one third that of
mesophilic bacteria that have an cquivalent respiratory
system (sec Ref. 184). 1. thermophilus cells at 70°C
maintain an adenine nuclcotide phosphorylation po-
tential of 43.5 kJ/mol, and added FCCP depresses it
to only 38.0 ki/mol: a high H*/O quoticnt must
accompany the rapid oxidative generation of Ap.

ATPase-containing vesicles made from extracted
saturated phospholipids of PS3 can attain a 4p of 310
mv at 45°C; the Ay component decays with a half-life
of 55 s. Half-life is 17 s (54°C) in less stable vesicles
made from the naturally unsaturated soybean phospho-
lipids.

Thermophilic bacteria grown to late cxponential-
phase at increased temperatures adapt ! - iengthening
their phospholipid carbon-chains and synthesizing an-
teiso- or iso-fatty acids that have higher melting points
[78]; the fatty acyl composition of phospholipid sub-
classes are not reported. With cardiolipins containing
saturated fatty acyls the membranes of thermophilic
bacteria seem to support energy metabolism at high
temperatures through a compromise between high sta-
bility and inefficient proton retention.

Effects of [O,]: transition from anaerobiosis to aero-
biosis leads to formation of the electron-transport chain
while it increases cardiolipins and other phospholipids
by 60% in Staphylococcus aureus [699] (Table 11). How-
ever, only the cardiolipins reconstitute activity in the
d-lipidated bacterial p-lactate oxidase, and (when they
are not supplemented with Q,;) in NADH oxidase and
succinate oxidase [177,424]. Limiting [O,) during E.
coli growth at 30°C markedly decreases efficiency of
energy conversion, as the cells synthesize a,a, cy-

tochrome oxidascs which may be associated with non-
phosphorylating respiratory chains [338,429].

ADP phosphorylation: colicin K, 2.4-dinitrophenol,
cyanide, penicillin or ultraviolet radiation [572] dimin-
ish cell phosphorylating ability while they increase the
cardiolipin / phosphatidylglycerol ratio [629].

Protonophores: cardiolipins accumulate in bactcria
grown in the presence of a protonophore. Cardiolipins
in B. subtilis so grown comprise up to 70% of total
phospholipids when extracted with adequately acidic
solvents, but otherwise large amounts of phosphatidyl-
glycerol are present as a cardiolipin breakdown prod-
uct [376). Phosphatidylglycerols are also a product of
incomplete extraction in Streptococcus [189). Cardiolip-
ins accumulate in plasma membranes of Hemophilus
parainfluenzae grown with CCCP while the highly ac-
tive cardiolipin-spccific phospholipase D is blocked
{481]. Since CCCP does not inhibit the isolated en-
zyme, the proton leak appears to depress cardiolipin
catabolism. Converscly, blockage of any F-leak with
oligomycin enhances cardiolipin hydrolysis.

Growth of the E. coli UV6 strain in the presence of
0.25 mM CCCP, as comparcd witli its parent strain
-CCC?, halves the phospholipid cunent pei mg pro-
tein of the inner cell membrane; leaves proportions of
cardiolipins, phosphatidylethanolamines and phos-
phatidylglycerols unchanged; and increases unsatu-
rated fatty acyls (16: 1(n — 7) + 18: 1(n — 7)) from 25%
(-CCCP) to 45% with reciproca! decrease in saturated
fatty acyls (plus cis-9,10-methylene-17:0) [272,583).
ATP/ADP ratios are maintained while content of
ATP + ADP rises 50% and P, rises 13-fold. Increase in
unsaturation of the membrane (we do not know fatty
acyl compuosition of cardiolipins) might be viewed as an
adaptative attempt to retain an cffective Ap.

Mitochondrial origins: the present mitochondrion is
thought to be derived from a successful symbiosis of an
cukaryotic cell that performed anaerobic glycolysis,
and a prokaryotic cell that had developed oxidative
phosphorylation in a membrane, bascd on homologies
between mitochondrial and prokaryotic DNAs, ribo-
somes and proteins [614). From rRNA and cytochrome
scquences, the most likely prokaryote endosymbiont is
among the a-subdivision of the photosynthesizing, pur-
ple, nonsulfur, Gram-negative bacteria [715,731]. Some
a-purple bacteria stil! associate intracellularly with var-
ious eukaryotes either as pathogens (e.g., agrobacteria
for plants, Rickettsiae for animals) or as essential
intracellular components, e.g., Rhizobacteriae for ni-
trogen-fixation in Jegumes [715]). Aerobic metabolism
arose a number of times in a-purple bacteria and early
mitochendria may have metabolized Jissuived O, even
before photosynthesis produced high atmospheric {O,]
[581].

Micrococcus denitrificans, in the a3-subgroup oi
purple bacteria [715], has more mitochondrial features



than other acrobic bacteria {331): membrane phospho-
lipids include an unusally high 319 of phosphatidyl-
cholines, 52% are phosphatidyiglycerols «nu 3.2% car-
diolipins [701]; phospholipid fatty acyls are all straight-
chain; its cytochrome ¢ reacts with mitochondrial «a,;
its P--carrier is sensitive to sulfhydryl reactants. Everted
particles from M. denitrificans plasma membrane be-
have like mitochondria: respiration (NADH, 30°C) is
stimulated by addition of ADP + P, or FCCP, and
depressed by the ATPase inhibitor venturicidin; H* /O
ratios are comparable [329,330). Rhodospirillum
rubrum, in the al-subgroup of purple bacteria, has
cardiolipins with relatively unsaturated fatty acyl groups
that become slightly less unsaturated when photo-
synthesis is established (Table 11).

Fatty acyl composition of cardiolipins is distinct
from other phospholipids in several phyla: the satu-
rated cardiolipins of N. coeliaca are characterized by
very high contents of 16:0 acyls [734]; cardiolipins of
E. coli and M. butyricum arc morc unsaturated than
phosphatidylethanolamines and phosphatidylglycerols
under similar growth and temperature conditions (see
above); cardiolipins of S. cererisiae mitochondria are
distinctively repleted in 16:1 and 18: 1 fatty acyls (sec-
tion 1V-C.4); and cardiolipins from heart, liver v kid-
ney mitochondria are enriched in 18:2 acyls (section
1V-A). Thus, phospholipid fatty acyl compositions have
undergone an evolutionary shift from completely en-
dogenous saturated and monounsaturated fatty acyls in
prokaryotes, to significant amnounts of exogenous EFA
(especially 18:2(n — 6) in caidiolipins) and their (n —
6)- and (n — 3)-polyunsaturated fatty acyls derivatives
in animal mitochondria. C. crescentus can even incor-
porate into its cardiolipins 18:2(n — 6) fatty acyls added
to the growth medium (Table 11).

IV. Cardiolipins in eukaryotes

Cardiolipins are synthesized in the mitochondrial
inner membrane from one molecule of a phosphatidyl-
glycerol and one molecule of a CDP-diacylglycerol.
The liponucleoiides are produced from phosphatidate
by either mitochondrial or microsomal CTP-specific
transferases [305.320). Cardiolipin linoleoyl acyls turn
over faster than in other phosphclipids in liver mito-
chondria {378], probably as part cf a remodeling that
keeps the 18:2 content higher in cardiolipin than in its
precursors. This remodeling appe=rs to be a mitochon-
drial cycle not found in microsomes, that comprises
phospholipase-A-catalyzed monodeacylation of newly
synthesized cardiolipin, and a specific 18:2-CoA:
monolysocardiolipin transfer(ase?) [578). In contrast to
the 18:2 acyls, the -P-glycerol-P- grouping turns over
much more slowly in rat liver cardiolipins than the
glycerol backbone of other phospholipids [378] and
probably persists as long as the mitochondrial mem-
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brane itself, since cardiolipin and mitochondrial half-
lives arc comparable [191.232).

A corollary of the concept that ca. ficiipins exist in
membranes that perform oxidative nhosphorylation
would be that cardiolipins do not evist in obligatively
anaerobic eukaryotes that have no mitochondria. Some
protozoa have evolved without mitochondria [80): Ar-
chamoebae, Mectamonada, Microsporidia and
Parabasalia. Giardia lamblia. an archczoan metamonad
with no mitochondria, two nuclei and DNA of early
evolutionary origin, is a recently proposed candidate
for the anaerobic eukaryote that was the first host for
an acrobic prokaryote among the a-purple eubacteria
[340). 1t now lives parasitically in animal and human
intestinal tracts and depends on preformed biliary
phospholipids and cholesterol for phospholipids and
fatty acids, which it does not readily synthesize. Bile
phospholipids do not include cardiolipins [183). Giar-
dia phospholipids incorporate saturated fatty acids and
18: 1 acid from the growth medium [327,344], but when
external 18:2 acid is 56% of fatty acids the phospho-
lipids contain only 4.5% 18:2 acyls [344]; this would be
consistent with the absence of cell cardiolipins. No
cardiolipins are reported in G. lamblia membranes
[42,327,344) or in another amitochondrial anaerobe,
Entamoeba invadens [426,667), in phospholipid analyses
that usually detect small quantities of cardiolipins, al-
though some unidentified phospholipids were seen.
Presumably mtDNA codes for the enzymes that syn-
thesize cardiolipins. Descendent eukaryotes of such
amitochondrial anaerobes would thereby have no car-
diolipins in their plasma membrane phospholipids.

IV-A. Cardiolipin / phospholipid ratios and fatty acyl
composition

Analyses for tissue cardiolipins and phospholipids
should separate phospholipid subclasses completely and
non-destructively. However, the usual extraction meth-
ods may not recover all the cardiolipins of beef heart
[612,716) or the cardivlipins of some stationary-phase
bacterial celis (section 1Ii-A). Some mitochondrial car-
diolipins can readily be peroxidized, polymerized or
deacylated. Cardiolipins in various vertebrate tissues,
especiilly heart, are preferentially deacylated by an
endogznous phospholipase A [242]. On the other hand,
liver cardiolipins ar: not especially sensitive to oxida-
tion with ascorbate, which decrcases unsaturated fatty
acyls in all phospholipids [395,572].

Tissue concentration of cardiolipins (per amount of
tissue, DNA, total phospholipids or protein) measures
the cell content of mitochondrial inner membranes
[326] and therefore correlates with tissue total oxida-
tive capacity. The ratio cardiolipin per mitochondrial
total phospholipids, and the percentage distribution of
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fatty acyi groups in cardiolipins. measure inner mem-
brane composition, and appcar to correlate with spe-
cific oxidative activity. bascd on evidence discussed
here and clsewhere. Cardiolipin P per total phospho-
lipids P shows the cardiolipin contribution to the total
fatty acyl groups of the membrane, since there are two
acyls for cach P atom of either curdiolipins or other
phospholipids. Mol-fraction of cardiolipin /total phos-
pholipids denotes the contribution of the -P-glycerol-P-
grouping of cardiolipins to the polar groups of the
membranc.

By the usual chloroform/ methanol extract ions, rat
liver mitochondria contain some 300-500 nmol of
phospholipids per mg protein [386]. We found 190
nmol of total phospholipids per mg protein, including
11 nmol of cardiolipin P per mg [291]. Cardiolipin P
per phospholipid P ratios arc 10-25% in most tissues
[136,190,305,697] (Table 111).

As much as 35% cardiolipin P per phospholipid P
can be recovered from beef hemt [612] Contenin of
cardiolipins arc of the same order as matrix adenine
nucleotides, pyridine nucleotides and perhaps divalent
cations, and several orders greater than the amounts of
matrix proteins. Little attention has been given to
variations in the small amounts of cardiolipin on the
outside layer of the inner membranes, which determine
specific binding to certain proteins.

1V-B. Natural variation

Animal cardiolipins vary widcly in fatty acyl distribu-
tion, contrary to statements that cardiolipin normally is
very homogencous, with 60-80% linolcoy! chains
{89,582). Some physiological variations in amounts of
cardiolipins per amount of tissuc [136] and in percent-
age fatty acyl distributions [320] have been reviewed.
Several in vivo factors are associeted with distinctive
natterns of cardiolipin fatty acyl compositions and car-
diolipin/ pliospholipid ratios (Table 11}) development
and aging, tissucs and species, dict fatty acids. ethanol
feeding, Mg-deficiency, environmental temperature, ai-
tered hormonal states and pathological conditions. In
some cases, mitochondrial respiration varies with cardi-
olipin compositions.

IV-B.1. Development and aging

The life-cycles of various prokaryotes involve lipid
changes. During embryogenesis in Amphibia, from
oocyte — gastrula. mitochondrial cardiolipin / phospho-
lipid ratios increase minimally while cardiolipin fatty
acyl composition and mitochondrial function do not
change. After gastrulation, State 4 respiration and
mitochondrial replication accelerate. In fetal — post-
natal development of rats, and perhaps during matura-
tion to aduits (4 months), cardiolipins and mitochon-

drial oxidaiive phosphorylation change greatly. Changes
in senescence (> 30 months in rats) have elicited much
less agreement among observers.,

Unfertilized cggs of Xenopus lacets accumulate fuel
and mctabolite precursors and store 107 mitochondria
per cell to be used during embryogenesis - the oocytes
contain 10° more mitochondria than somatic cells [91).
The cgg cell contributes all the mtDNA to the fertil-
ized zygote: mitochondrial inheritance is maternal in
Xenopus [137) and in the higher animals including
humans [212,602]. Most of the human mtDNA codes
for polypeptides in complex 1 and cytochromes b and
aa, (sce Ref. 75). Embryogenesis in nonmammalian
species involves rapid cell division of the large fertil-
ized oocyte, without increase in total mass. The fertil-
ized cgg divides 1o 64 cells in 4 h, 10° cells at 6 h
(blastula) and 3- 107 cells at 10 h (gastrula) [6). Oocyte
mitochondria arc diluted among daughter cells until
gastrulation. when new mitocaondnial rRNA synthesis
starts {91,692} oocyte cardiolipine are conserved in
cmbryogenesis,

Cardiolipins in mizochondria of unfertilized cggs of
the toad Bufo arenarum are about 7% of total
phosphalipids and have characteristically high contents
of 18:2(55% ) and 18: 1 (2877 ) acyls [11,48]) (Table Li1).
Cardiolipin / phospholipid proportions increase slightly
while cardiolipin fatty acy! composition remains con-
stant during development from fertilized cgg to gas-
trula stage. Mitochondrial cardiolipins incrcase P,
uptake minimally up to gastrulation, whercas phos-
phatidylcholines, phosphatidylethanolamines and phos-
phatidylinositols turn over progressively faster [11).
Mitochondrial function up to gastrulation has adult
characteristics in terms of relative rates of substrate
oxidation, and inhibitor patterns [385,568), but calcu-
lated State 4 respiration (25°C) is only about 2 ng atom
O min ' (mg mitochondrial protein) ', State 4 accel-
crates 4-fold after gastrula stage: the new mitochondria
lcak protons faster than their maternal precursors.

Ryuzaki [S€.7) repo.ts that relative amounts of phos-
phatidylcholines  (50%). phosphatidylethanolamines
(2097) and phosphatidylinositols (1-2%) remain con-
stant in the post-gastrula embryonal development of
Rana nigromaculata to the tadpole stage. Chromato-
grams of cgg and cmbryo lipids show progressively
greater amounts of unidentified frontal phospholipids
(usually cardiolipins and phosphatidate) which seem to
be some 25% of total phospholipids in early tadpole
stages.

Development: the liver, its membranes and its lipids
restructure remarkably during natural or thyroid-in-
duced Anuran metamorphosis. Hepatic synthesis of
phospholipids in cndoplasmic reticulum and mito-
chondria becomes rapid in > 4-day-old Xenopus lar-
vae, when T3-binding appears [641-643). In endoplas-
mic reticulum, the phospholipid-subclass ratios persisi.



The phospholipid / neutral lipid ratio 1» 0.5 in livers of
K. cateshiara tadpoles, 3 in frogs [282.287) and 1.5 in
R esculenta frogs [79). Organcllc membranes are
vesicular in tadpoles, bilamcllar in frogs [641). Tadpole
liver totai lipids contain 30% polyunsaturated fatiy
acyls, 45% monounsaturated fatty acyls: heart lipids
have 30% polyunsaturated fatty acyls, 259 monounsat-
urated fatty acyls. Frog livers have high polvunsatu-
rated fatty acyl contents [29.282,287]. The linoleoyl
acyls in Rana esculenta livers are cxogenous, since
18:2 is essential [29]. Both tadpolc and frog livers
convert 18:2 to (n — 6)-polyunsaturatcd fatty acyl
derivatives very actively. but during metamorphosis
phospholipids arc synthesized that rctain the poly-
unsaturated fatty acyls produced - perhaps cardiolip-
ins: we have no measurements. Cardiolipin/ phospho-
lipid ratios arc 27 in frog liver and skcletal muscles,
5% in kidney and 9.3%¢ in heart [561,606,7]. To the
extent that the cardiolipin fatty acyl compuosition of
oocyles represcnts that of somatic cells, adult Bufo
cardiolipins have high 18:2 acyl contents like rat liver
mitochondrial cardioiipins, but higher contens of 18§
and significart amounts of an 18:3 acyl.

Cardiolipins in insect flight musclces increase lincirly
and strikingly over the S-9 days when pupae deveiop
into adults: from 7% to 20% of mitochondrial
phospholipids in tobacco horn worms [85] and from
1.3% to 12% in H. cecropia [653). The highly unsatu-
rated card.olipins of Cecropia adults contain 71%
18: 3 — 3) acyls derived from the phytophagous habits
of these ‘nsects, plus 9% 18: 2 acyls and 6% monoun-
saturateco fatty acyls (Table 111).

Cardiolipin contents of livers [325) and kidneys [394]
of fetal rats arc half of adult levels, and in fetal human
skeletal iauscles, one guarter [63-65]: fetal cells con-
tain fcw mitochondria. In addition, the cardiolipin/
phosphol‘pid ratio in liver mitochondria of fetuses is
less than half that at 3 weeks after birth [390,441]: fetal
mitochondria have low cardiolipin contents. The rela-
tive rates of cardiolipin synthesis are, respectively, 1:4
in heart mitochondria from adult and nconatal rats,
I1:22 in liver mitochondria of nconatals and adults
[635]).

Fetal tissucs also have few 18:2 acyl groups. The
6% of 18:2 acyls in liver phospholipids of 1- and
5-day-old rats doubles by day 15 and triples by day 25
and in adults {589]). Fetal rat liver cardiolipins contain
40-60% 18:2 acyls and 30- 50% monounsaturated fatty
acyls, adult liver cardiolipins have 60-80% 18:2 and
20% monounsaturated fatty acyls [354,441,707). Even
more strikingly, skeletal muscle cardiolipins of human
fetuses arc 40% in 18:2 and 459% in monounsaturated
fatty acyls, which shifts to 90% 18: 2 and less than 107
monounsaturated fatty acyls by 2 months after birth
[63-65). Low fetal 18:2 contents reflect a cardiolipin-
deficit or an inability to enrich cardiolipins with 18:2
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acyls. Although the pattern resembles that in EFA-de-
ficicncy, phosphatidylcholines and phosphatidylcetha-
nolamines contain as much 18:2 in fetal as in adult
livers [431); adult EFA-deficiency depletes 18:2 acyls
in these fracions (see section 1IV-C.La) In liver mito-
chondrial cardiolipins of 1-day-old rats, 18:2 acyls are
48% of total fatty acyls, S8% on day 3, 6377 on day 15
and 79% (adult level) on day 25; 18:1 acyl contents
decline reciprocally {441]. Thus, linolcoyl acyls replace
monounsaturated fatty acyls during suckling more
slowly than fed 18:2 acid reverses EFA-deficiency in
adult rats (Table 1D, perhaps because the necessary
cnzymes must develop.

Mitochondria from livers of fetal (term) or 1-day-old
rats leak protons under State 4 conditions up to twice
faster than do those from adult rats, and still phospho-
nylatc ADP efficiently [25.510]. State 4 respiration
halves between day 2 and 9; slow proton-leakage and
the adult cardiolipin high-18:2, low-monounsaturated
fatty acyls profile develop in paralicl. In contrast to
adults, the major regulators of State 3 respiration in
bver nntochondria of term fetuses are ATP-synthase
and P-carrier, and the dicarboxylatc carrier and
ADP/ATP carricr are less important [25] (sec section
*1-B). Mitochondria trom maturing rat brains also leak
protons, but transiently. State 4 respiration is very slow
in the first week postpartum, 6-9-fold faster in weeks 2
and 3, and less rapid thereafter [296). Maturation of rat
brain depends on adcquate thyroid hormonc levels,
and fetal hypothyroidism produccs damage that is not
reversed by thyroid administration afir week 2 post-
partum 225].

Chonidrocytes develop in epiphyseal growth plates
bo:h pre- and postnatally. The fatty acyl patterns of
membrane pnusgholipids of growth plate cartilage cells
from young chicks, f.tal calves or newborn pigs resem-
ble those of livers trom CFA-dcficient animals, al-
though the phospholipids of their muscles, liver, bones
and sera show normal fatty acyl patterns [4,5). Chon-
drocyte membrane levels of 18:2(n —~ 6) and 20:4(n -
6) acyls arc very low, amounts of monounsaturated
fatty acyls are high, and Mecad acid 20:3(n - 9) ap-
pecars in quantity in phosphatidylethanolamines and
phosphatidylinositols. With aging, the cartilage of
wcight-hearing joints linearly accrues (n - 6)-un-
saturatcd fatty acyls that displace the 20: 3(n — 9) acyls.
An apparent localized EFA-deficiency in developing
cartilage has becn attributed to (i) a limited access of
plasma EFA-albumin complexes to cartilage cells
caused by the dense impermeable matrix of proteogly-
cans and collagen that also seems to slow amino acid
exchanges; (ii) the observed rapid metabolism of i8:2
and 20:4 acyls in growth plate cells; and (iii} the high
activity of chondrucvte A9-desaturase. Cardiolipins of
isolated epiphyseal chondrocyte membranes prepared
with coilagenase digestion comprisc only 1.9% of phos-
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pholipid P [725.726}: chondrocytes contain few mito-
chondria. Cardiolipin fatty acyls in chick chondrocyte
membranes are mostly monounsaturated fatty acyls
(36%) and saturated fatty acyls (48¢¢), whilst 18:2
acyls arc only 5.9% . unsaturation index is 71 and no
A:XHn M fatty acyls arc present [725] (Table 1)).
This pattern is seen in cardiolipins of other developing
cells in fetal liver and in acpatomas (Table II1); in
contrast, in EFA-deficiency 18:2 acyls are depleted,
only menounsaturaied fatty acyls arc high, and liver
cardiolipin / phospholipid ratios arc normai.

Oxidative phosphorylation in chondrocyte mito-
chondria apparcntly depends on the preparative meth-
ods, which are difficult because cartilage is dense and
has few mitochondria. Thick chondrocyte mitachnndria
prepared by high-speed homogenizations and differen-
tial sedimentat-ons do not leak protons excessively:
State 4 respiration (succinate, 26°C) is 40-53 ng atoms
O min ' mg ' [383.384). as in normal liver mito-
chondria (Tablc VIH). Thus, these low-linolcate-con-
tent cardiolipins do not accelerate proton leakage.
perhaps because they are so sparse — which implices
that normal proton leakage can depend on phos-
phatidylcholines and phosphatidylethanolamines. Mito-
chondrial Ca®* in cartilage is 10-30-fold that in soft
tissucs like liver; mitochondria from the hypertrophic
zne of the growth plate have about 80 nmol/mg
protein and those from the calcifying zone about 300
nmol/mg [594]. In the naturatly Ca**-loadced cartilage
mitochondria, ADP + P, produce State 4 — 3 — 4 tran-
sitions. In liver mitochondria loaded with this much
Ca®*, and in mitochondria from Ehrlich ascites tumor
cells, ADP + P, stimulate a continued rapid respiration
(proton cycling); hepatoma cardiolipins also have low
i18:2 and high monounsaturated + polyunsaturated
fatty acyl contents (see Table D).

Mitochondria have also beer prepared from calf
growth plate chondracytes by pressurc-disruption, sc-
quential digestions with EGTA, trypsin, hyaluronidase
and collagenase, and centrifugations {627]. Mito-
chondria in these cells are 44 as many, and have about
the same Ca®* content. as in guinca pig hepatocytes.
Rates of respiration (ng atoms 0 min ' mg ") plus
succinate (rotenone, P?, 37°C) ar¢ 38. + ADP (State
3), 70; +oligomycin (i.c., State 4), 34; +Ca’* or un-
coupler, about 125. Thus, blockage of the H'-ATPase
inhibits the apparent State 4 proton-lcak by 40% - as
it did in the guinea pig liver mitochondria these work-
ers used for comparisons. However, the State 3 rate in
the liver mitochondria was 226 and the uncoupled rate
was 290. Thesc chondrocyte mitochondrial phospho-
lipids do not appcar to leak protons excessively but the
H*-ATPase does; the mitochondria were thought to be
specialized for Ca**-transport rather than ADP phos-
phorylation.

Maturation in rats fed a high-fat diet (20-40% of

calories as soy bean oil) from age 21 days to 4 months
is accompanicé by increased heart mitochondrial cardi-
olipin P per total phospholipids P (18% before, 22%
after) and diminished ca.diolipin 18:2 content [319]
(Table 1. These changes in inner membrane lipids
are attributed to aging rather than dict and are thought
to account for obscrved alterations in thermoiropic
propertics and decreases in State 3 respiration and
ATP-P, exchange [106).

Senescence in laboratory rats is accompanied by
depletions: in membrane phospholipids, in unsatura-
tion of fatty acyls, and in cardiolipins and phos-
phatidylcthanolamines among the mitochondrial phos-
pholipids. Such changes havc been measured in liver,
kidney and heart phospholipids. plasma membrancs,
riitochondria  and miciosomes  {227.270,.471.473,545,
592.640,682.683). Usually saturated fatty acyl contents
increase  reciprocally.  monocene  acyls remain  un-
changed. and 20:4 acyls decrease: 18:2 and 22:6 acyl
contents are repleted or depleted in different reports.
Because 20:4 acyls are a desaturation product of
I8: 20 - 6), and 22:06 acyls derive from fed 18:3(n —
3). the observed decrease in fatty acyl-CoA  36-de-
saturasc activity with aging [59] has been proposed as
an important aging target [297]. A defect in 39-de-
saturations [196,204,205] is not accompanicd by dimin-
ished membrane contents of 18: 1 acyls.

Liver, heart and kidney mitochondria of senescent
rats contain 25% less cardiolipin per total phospho-
lipids than those from young rats. In liver, less cardi-
olipin may be synthesized because activity of the mito-
chondrial CTP:phosphatidate cytidyltransferase de-
creases [682]. According to Jakoveic ct al. [326], de-
creased cardiolipins are associated with lessened inner
membrane arca. Liver mitochondria from old rats have
smaller, sparser cristae in situ [644), and increased lipid
structural order [682.683] and fragility [694).

Cardiolipin fatty acyl compositions in scnescence
have been described in two studies on rat hecart mito-
chondria [359.391] (sce Table IHI). In onc report.
young-rat cardiolipins contain 1.3% 18:2 acyls (sic)
and S0% saturated fatty acyls while old-rat cardiolipins
have 19.6% 18:2, 40% saturated fatty acyls; the other
phosnholipids arc similarly very low in polyunsaturated
fatty acyls and high in saturated fatty acyls [391]. In the
other study, mitochondrial cardiolipins from either
young or old rats contain 329 18:2 acyls and zbout
50% 18:1 acyls [359]). The 23% diminution in 18:2
acyls of total mitochondrial phospholipids with aging is
not reflected in the resolved cardiolipins, phosphatidyl-
cholines, or phosphatidylethanolamines: some 18:2
acyls have been lost. Comparisons with heart cardiolip-
ins of adult rats in Table HI, which contain more than
80% 18:2 fatty acyl groups and more than 50% of the
total mitochondrial 18:2 acyls, indicate that cardiolip-
ins in both these studics have been extensively oxidized



during extraction and analysis. It seems likely that
senescence does depleic 'R:2 acyls in heart cardiolip-
ins, from the 15-377 iust of 18:2 acyls in mitochon-
drial pkaspholipids [359.474.4¢4] - bt we do not know
what acyls replace them. Loss of cardiolipin 18:2 acyls
has been attribuiced to increased peroxidative reactions
with senescence [270.473). which should selectively de-
stroy membranc polyunsaturatcd fatty acyls through
mitochondrial and microsomal byproducts of O,
metabolism. However, although inner mitochondrial
membranes from 14-month-old rat hcarts generate
more superoxide radicals than those from 3-month-old
rats, no further increase occurs at 24 months [451].
Another mechanism might be a progressive loss of
preventive reactions that scavenge free radicals [256].
Senescence generally slows both State 4 and State 3
respiration in various mitochondria (Table 1V). State 4
and State 3 do not decrease equally in different stud-
ies. Hansford [258] finds no change in State 4 respira-
tion. Even though these disparitics make resu. nt res-
piratory control ratios irrclevant 10 senescence mecha-
nisms, some workers conclude that oxidative phospho-
rylation is not grossly impaired in mitochondria from
senescent animals because respiratory control ratios do
not decrcase [216,257,412]. The constancy or decreasc
of State 4 respiration with advanced age indicates that
proton leakage docs not increase. or even decreases.
The variability in findings on Statc 3 respiration in
senescent animals may wcll reflect the sensitivity of
control coefficient values to experimental conditions
[228]), and the fact that different carriers regulate in

TABLE IV
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liver and heart (and prohably other) mitochondiia.,
which may bc why senescence has tissue- and sub-
strate-specific offecis on State 3 respiration (Table 1V).
A decrease in activitios of carriers depresses respira-
tion, not through changes in carrier molccules or
amounts but by decreascd matrix pools of exchange-
able metabolites and by (perhaps related) altered inner
membrane phospholipids [256,257).

In liver mitochondria, sencscence decreases the
ADP/ATP carrier V_,, (ADP. 4°C) by 32%, which
seems attributable to the 28% diminution in matrix
content of ATP + ADP (the exchangeable nucleotides)
and the 20% dccrease in the rate of actual ATP
exchange: concomitantly, the carrier C; gains a value
of 0.5, compared with 0.28 in mitochondria from young
rats [135,228,358]. State 3 respiration (succinate, 30°C)
slows by 20%. Cytochrome aa, is a minor regulator of
State 3 oxidation, with C, = (.11, in liver mitochondria
from cither old or young rats [135]); C, = 0.17 in young
rats [228]. This is consistent with the constancy of
[(heme aa,] in liver mitochondria from old and young
rats. Liv2rs from old rats contain about 309 less aa,
than those from young rats [683), which indicates fewer
mitochondria. Although the dicarboxylate carricr is the
other major regulator of Statc 3 respiration in young
rat liver mitochondria, with C, =0.33 (228], no mea-
surements are available of its contribution to slowed
succinate oxidation in senescence.

In heart mitochondria, senescence alters sedimenta-
tion behavior {449] and Arrhenius profiles of the F -
ATPasc, the dehydrogenases specitic for succinate, glu-

Effects of senescence on mitochondnal cardolipin 7 phospholipid rasios and respiration i state 4 and state 3 (25 - 35°C)

Abbreviations as in Tables 1 and 11 Daia are shown s means of percentage values veisis young centrols (3770

Mito- CL/YPL Respiration
chond-ia 3% Rets. substrate A7 Stawe Rufs.
3 3
iver -3 35K, 682 succinate 3 - 16 135, 301, 302,
35K, 682
glutamate /malate -9 -3 12, 362
B-hydroxybutyrate ~ 25 - 12 216
Heart - 20 227,359, ), succinate -2 [ 138
474, 496
glutamate /malate -13 - 10 12, 96, 102, 451
py-uvate -0 -2 359, 496
B-hydroxybutyrate - -8 216
palmitoylcarnitine 0 -2 9%
Kidncy -2 7 B-hydroxybutyrate -4 =21 216
Muscle glutamate /malate -8 -19 9%
Brain succinate -9 -4 96, 148, 149,
256, 681
glutamate /malate —41 -30
pyruvate /malate -3 -27
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tamate. and B-hydroxybuiyrate, and the succinate oxi-
dase [471.472]. In vitro application of detergent re-
stores normal activity-teiperature relationships and
(thereby) restores depressed rates, which further indi-
cates that altered membrance lipids, rather than pro-
teins, are responsible {[471). Senescence depresses State
4 respiration when glutamate / malate, pyruvate or f3-
hydroxybutyrate (but nct palmitoylcarnitine) is oxidized
(Table 1V). With succinate, OQ,-pulsing under State 4
conditions produces similar H* /O ratios (proton-slip)
in young and old [412), indicating that proton perme-
ability diminishes with age.

In heart mitochondria from old rats, as comparcd
with young rats, respiration under Statc 3 conditions
slows when glutamate / malate, pyruvate. B-hydroxy-
butvrate or palmitoylcarnitine (but not succinate) are
substrates (Table 1V). Depressed activities of several
carriers in the inner membrane are involved in this
down-regulation. (i) ADP/ATP carrier rate depression
should affect all substrate oxidations. Without mea-
surements of C; it is difficult to assess how important
obscived 409 decreases in sencscent rat heart mito-
chondrial ADP/ATP carrier activity at 6°C [474] are in
the slowing of State 3 respiration at 2> 25°C. This
carricr does not regulate in hearts of adult rabbits
[355.356] (sce Table 1). although it doces in liver mito-
chondria. Old-hcart mitochondria have as many avail-
able ADP/ATP carricr sites as young mitochondria,
but matrix ATP + ADP is 20% less [359.474]. Nohl and
Krimer [474] attribute decrcased activity to decrcased
cardiolipin/ phospholipid and phosphatidylethanol-
amine / phosphdlipid ratios that depress membrane flu-
idity. Kim ct al. [359] downplay any role of matrix
ATP + ADP concentrations because  adenine  nu-
cleotide depletion is less severe than in liver mito-
chondria, and the progress of the depletion does not
corrclate with the depression of myocardial respiration.,

() Monocarboxylate carner. Senescence slows pyru-
vate oxidation under State 3 conditions (25°C) in heart
mitochondria (Table 1V). The pvruvate transporter in
heart mitochondria from young rats contributes to the
Statc 3-rcgulating C, valuc of .37 mcasured from
rotenone titrations of the NADH dehydrogenase [155),
and pyruvate transport limits pyruvate oxidation in rat
heart (but not liver) mitochondria [396). Scnescence
slows pyruvate uptake at all temperatures between 4°C
and 28°C., and shifts the transition temperature in
Arrhenius profiles from 16°C — 21°C, without changing
the number of available carrier sites or JpH (this
transporter responds sensitively to ApH across inncr
membranc). These findings suggest that the observed
changes in fatty acyl composition of phospholipids and
decrease in cardiolipin / phospholipid affect the carrier
activity 1irough specific binding to cardiolipins. (iii)
The palmitoylcarnitine-carnitine translocase V. . (5°C)

max

decreases by 359, and State 3 oxidation diminishes by

27%¢ (Table 1V) in heart mitochondria of scnescent rats
[357). Translocase first-order rate constant for ex-
change remains constant. but matrix contents of carni-
tine aind eachanged-carnitine are 357 and 22%. re-
spectively, of the youthful values: the carrier molecules
do not change. the concentration gradient for cx-
changes falls. This translocase is quite specific for
cardiolipins (sce Table 1; Ref. 284).

{iv) Two mitochondrial carricrs of Ca”’. the uni-
porter for uptake and the Ca®'/2Na* antiporter for
egress, operate in senescent-heart mitochondria at rates
30% below those in mitochondria from hearts of young
rats [258]. Some workers think that State 4 respiration
involves Ca®*/Na*/H"* cycling. which might account
for slowed State 4 rat:s, but should extend to all
substrates; no one has shown that Ca®* normally regu-
late State 3 rates significantly,

In brain mitochondria oxidizing glutamatc/malate
(25°C). decreases in respiration (Table 1V) are accom-
panicd by sharply diminished (by 6877) glutamate up-
tahe. probably involving the clectroneutral glutamate /
OH " antiporter [681]. The authors believe that this
may be a specific cffect of senescence-induced mem-
branc lipid changes which do not alter succinate and
pyruvate oxidation ratcs - but they did not measure
succinate or pyruvate transport. With succinate as sub-
strate, plots of 3¢ vs. proton leakage rates calculated
from State 4 respiration are similar in young and old;
caleulated Cyne are 1.37 and 1.22 ng ion H* min "
mg ' mV ', respectively. For glutamate / malate oxi-
dauon, Cye corresponding values are (.70 and 0.42.

Attempts to delay senescence are interestingly re-
lated to phosphalipid and EFA metabolism. Repeated
cold-induced hibernation, which starves the animal
while decreasing caloric owmpul, prolongs the life of
Tutkish hamsters by 506 [398]. Hibernation in ground
squirrels increases heart membrane 18:2 content of
total lipids 3.4-fold (8.5 — 2R.6°7) at the expense of
halved 16:0 and polyunsaturated fatty acyls contents
[528]): no cardiolipin fatty acyl composition was pre-
sented but because most heart 18: 2 acyls are in cardi-
alipins, involvement of cardiolipins scems likely. Caloric
restriction (by —40%) extends life spaie . 0% in
laboratory rats [186,416.423.737,738], 21 days of food
restriction stimulates the d6-desaturase 3-fold and the
39 enzyme by 36% [180]. Recent publicity on anti-
senescence cffects of growth hormone might be consid-
ered here in the light of studics showing that rat liver
mitochondrial cardiolipin/ phospholipid ratios vary di-
rectly with growth hormone icvels (Table 111 see sec-
tion 1V-C.2.4).

IV-B.2. Tissues, species

An carly study of rat tissues [118] showed that
cardiolipin/ phospholipid ratios were 15-209% and car-
diolipin 18:2 acyl contents are more than 75% of fatty



acyl groups in hcart and liver, less in skeletal muscle
and splcen. and lowest in testis and brain (about 1-27¢),
cven though rat brain contains 0.6 gmol of cardiolipins
per g wet weight {104). In all these cardiolipins, satu-
rated fatty acyls contents were inverse to 18:2 acyl
contents. Improved methods [612,720,729) confirm the
differcnces in cardiolipin contents, but reveal poly-
uasaturated fatty acyls instead of saturated fatty acyls
in several tissucs. Beef heart cardiolipins contain hardly
any saturated fatty acyls [720). Rat brain cardiolipins
have saturated fatty acyl contents as iow as iiver cardi-
olipins, little 18:2, and high contents of 20:4(n — 6)
and 22:6(n — 3) polyunsaturated fatty acyls [729).

Intratissue heterogencity has recently been de-
scribed. Cardiolipins differ in mitochonria of hepato-
cytes of the periportal and perivenous zones of rat liver
lobules [79]. Percentages of 18:2 acyls, monounsatu-
rated and saturatcd acyls are, respectively, 75:15:5.4
in periportal cardiolipins and 63:20: 11 in perivenous
cardiolipins. Cardiolipin P contents per mitochondrial
phospholipid P are 16.1% and 15.4%.

Species: purified cardiolipins from beef hearts con-
tain morc than W% 1&:2 fatty scyl groups and about
7% other unsaturated acyls {612,720]. Beef heart mito-
chondria respire slowly in State 4: 6.7 and 26.6 ng atom
0 min ' mg ' (succinate and pyruvate, malate, rc-
spectively; 30°C) [613]. Mitochondria from the hearts of
chicks contain cardiolipins with 91% polyunsaturated
fatty acyls and 9% saturated fatty acyls [537). they
respire in Statc 4 (pyruvate/ malate, 30.5°C) not at all
in many cases, or at a rate of 3 ng atom ) min~' mg™'
while State 3 is 115-fold faster [659]. Thus, these highly
unsaturated cardiolipins are associated with slow pro-
ton leaks (low P);.), but without corresponding meca-
surements of Ap we can not be certain that this is due
to low Cpyu-.

Rat skeletal muscle cardiolipins are heterogencous.
The amounts of cardiolipins (a measure of mitochon-
drial content) in white muscle, intermediate muscle.
red muscle and hcart muscle, are 1:2.5:5:10; mito-
chondrial cardiolipin / phospholipid ratios (which rcgis-
ter membrane composition) are 1:2.5:2.5:3.5, respec-
tively [476). This accounts for the great range of cardi-
olipin / phospholipid ratios in various studies, but 18:2
acyl contents are almost 80% (Table 111). (The mito-
chondrial electron transport and a-glycerophosphate
dehydrogenase components of rat skeletal muscle fast-
twitch and slow-twitch fibers are also heterogencous in
their response to exercise [523] and thyroid state
[704.706}.) Cardiolipins of human muscle and pigeon
breast muscle also have very high 18:2 acy! contents.
Skeletal muscle cardiolipins of mice (the Arctic mousc
Microius pennsylranicus and Bar Harbor strain
CS7BL/6J) have 20-50% 18:2 acyls (Table 1II). The
Bar Harbor mouse cardiolipins are repleted in 22:6(n
—3) acyls (their muscle phosphatidylcholines and
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phosphatidylethanolamines cven contain 2 to 3-fold
more 22:6) {503), like hcart muscle cardiolipins from
rats fed diets containing fish oils. The fatty acids of a
mouse  laboratory chow include 4.3%(n — 3)-un-
saturated fatty acids [431] which are absent from rat
chows; 3 months on this dict doubles 22:6 acyl con-
tents in liver and kidncy total phosphotipids. Pig mus-
cle cardiolipins have relatively low 18:2 acyl contents,
slightly higher monounsaturated fatty acyls, and defi-
nitely highcr saturated fatty acyls that include, uniquely,
significant amounts of 14:0, 12:0 and 10:0 acyls (Ta-
ble HI). (Pig muscle phospholipids are all unusually
saturated and lack (n — 3)-polyunsaturated acyls
[116,127.369,485,585), probably because fed 18:3(n — 3)
fatty acid competes poorly with fed 18:2(n — 6); these
pigs arc sensitive to the malignant hyperthermia syn-
drome, sce section 1V-C.2.c.) Fish (trout) skeletal mus-
cle cardiolipins apparently lack 18:2(n — 6) and have
fcw 18:3(n — 3) acyls but have high contents of satu-
rated and 18:1 fatty acyls (80%) [224].

Hamster BAT mitochondrial cardiolipins arc less
unsaturated than rat BAT cardiolipins, and hamster
BAT mitochondria have half the cardiolipin/ phospho-
lipid ratio (see section 1V-C.2.¢).

Plant cardiolipins are all in the inner membrane of
mitochondria, where they comprise 15-25% of mito-
chondrial phospholipids [43,44). Plant cardiofipins in-
clude 65-94% 18:2(n —6) + 18:3(n — 3) fatty acyls,
but no longer or more unsaturated fatty acyls (Table
I11). The unsaturation index under some conditions is
more than 23S, which is greater than in mitochondrial
phosphatidylcholines and phosphatidvicthanolamines,
and exceeds the unsaturation index of cardiolipins in
animal mitochondria, except for those from heart and
brain of rats fed fish oils. These high unsaturations
may all denote phospholipid adaptations to low envi-
ronmental temperatures. Plant lipid fatty acyl composi-
tions are rcgulated by temperature and illumination
[202]), and the mitochondrial phospholipids adjust to
the appropriate metabolic role. The unsaturatiop index
in cardiolipins results mostly from the ratio of
18:2/18:3 acyls. Spinach petioles (Icaf stalks) do not
perform photosynthesis; their mitochondria have high
contents of respiratory chain components; the cardi-
olipins (together with phosphatidylcholines and phos-
phatidylcthanolamines) contain more 18:2 than 18:3
acyls [166] (Table I11). In spinach leaves, that perform
photosynthesis, cardiolipin 18:3> 18:2, and mito-
chondrial rcspiratory compenents are fewer. Cardiolip-
ins from mung beans and their mitochondria also have
more 18:3 than 18:2 acyls.

Cardiolipins from mitochondria of sycamore cells
cultured at very low (10 M) [O,] contain 25% 18:1,
449 18:2 and 24% 18:3 acyls [43,44) (Table I1l),
phosphatidyl-cholines, -ethanolamines, -inositols and
-glycerols contain 55-80% unsaturated iatty acyls: the
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necessary 4Y-. A12- and Jl5-desaturations must re-
quire little O.. When these cells grow in the presence
of 250 uM C,, card.olipin/ phospholipid ratios do not
change, but in curdiolipins 18:2(n — 6) progressively
replaces most of ihe 18:1 acyls, while 18:3(n — 3)
remains constart; in  mitochondrial phosphatidyl-
cholines and phosphatidy!cthanolamines, both 18:2
and 18:3 incrcasc. The stoichiometric shite from 18:1
acyls to 18:2(n — 6) and 18:3(n — 3) acyls probably
results from increased oxygen-dependent 412- and
Al15-desatvrations. However, saturated fatty acyl con-
tent of each phospholipid changes minimally. Growth
in oxygen also fails to alter mitochondrial respiratory
rates in Statc 4, State 3 aad :tate 34, or the ther-
motropic properties of States 3 and 3u. Taerefore,
State 4 proton leakage scems to correlate with the
constant saturz:>d fatty acyl contents of cardiolipins
(and other rhuspholipids) rather than the altered dis-
tributions of unsaturated fatty acyls — which is consis-
tent with th~ direct relationship between saturated
fatty acyl contents in cardiolipins and State 4 proton
lcakage obsc.ved in other mitochondria. These plant
mitochondria oxidize very rapidly: Statc 4 respiration
(succinate, 25°C) is 130 ng atom 0 wmin~' mg ' (cf
about 40 in rat liver mitochondria, see section IV-
C.2.d), and State 3 four times faster; and the Arrhenius
profile of uncoupled respiration remains inflected like
that of State 3.

However, comparisons with animal mitochondria
may not be valid. Plant (turnip and pea leaf) mito-
chondria transport additional electrons through by-
passes that do not pump protons, around complex 1
and the oxidase (sce Ref. 442), which can contribute
considerably to State 4 respiration. In State 4 (malate,
25°C), pea mitochondria can be calculated to conduct
ata Cyn+ of about 18 ngion H' min"! mg "' mvV" '
State 4 in turnip mitochondria is not regulated by
carricr proteins; State 3 is rcgulated mostly by cy-
tochromes bc, and aa,, and less by the ATP-synthase
[490].

Chlorella 1ulgaris cardiolipin unsaturation is rela-
tively low, and increases slightly after illumination,
through accumulation of monounsaturated fatty acyls
(Tuble 111). Tetrahymena pyriformis mitochondrial car-
diolipins contain few ..turated fatty acyls (79%) and
mostly unsaturated fatty acyls (83%), like heart cardi-
olipins; these cells must biosynthesize 18:2(n — 6) and
18:3(n - 6) from 18:1 fatty acyls by A12- and A6-de-
saturations, as plants do. However, T. pyriformnis seems
to have no 415-desaturase, as judged from the ubsence
of (n - 3)-polyunsaturated fatty acyls in any of its
phospholipids [337]; the fatty acyl profiles of the phos-
phatidylcholines + phosphatidylethanolamines (50% of
phospholipids) are similar to those of the cardiolipins.
Acanthamoeba casteliani cardiolipins contain few 18:2
or 18:3 fatty acyls, 50% 18:1. and, uniquely, about

30% of 20:3(n — 6+ 20:4(n - 6) acyls [664] (Table
1.

IV-C. Experimental and pathological variation

The fatty acyl composition of cardiolipins varies with
(i) input of 18:2(n - 6), an essential fatty acid not
synthesized by animal cells, in the dict or culture
medium; (i) input of fatty acids that affect ti::
metabolism of 18:2; and (iii) physiological or patholog-
ical eiterations in the metabolism of fatty acyls and
phospholipids. Dicts do not generally change cardi-
olipin,’phospholipid ratios, altered metabolism does,
both a'ter cardiolipin fatty acyl compaositions. Metabolic
changes have been observed during cthanol-feeding,
cofactor (Mg?*) deficicncy. environmental tempera-
turc variations, altered hormonal states, aging and de-
velopment, tissuc ischemia, cell transformation and in
some specific discase states, as is discussed below.
Obviously. mitochondrial fatty acyl composition can be
more preciscly and extensively manipulated, either
through fztty acyl supply or induced metabolic changes,
in cultured acrobic cells than in living animals. This
advantage must be weighed against the uncertainty of
cquating viability of cell cultures with normal cell func-
tion and compatibility in whole organisms. For this
reason, insights from whole animal experiments seem
valuable in interpreting events in ccll suspensions. Some
changes in cardiclipin fatty acyl unsaturation and in
cardiolipin/ phospholipid ratios are associated with al-
tercd mitochondrial inner membrane proton perme-
ability (State 4 respiration) and ADP phosphorylation
(State 3).

IV-C.1. Dietary manipulation, whole animal

1V-C.l.a. Essential fatty acid (18 :2(n — 6))-
deficiency. Dietary requirements of 18:2 or other (n —
6)-polyunsaturated fatty acyls are probably in the range
of 1% of total calories {7] but vary with the clinical or
metabolic criterion usec for physiological normality
[546,547). Varied dietary input of hydrogenated or 18:2
fatty acids does not change cardiolipin/ phospholipid
ratios in liver [41,658), hecart [41,45.90,368 548,729),
skeletal muscle [41) and intestinal mucosa {740).

Several workers have noted that ‘homeostatic’
mechanisms keep mitochondrial total lipid and pnos-
pholipid unsaturation / saturation ratios constant when
diets contain as few 18:2 acyls as 9% of total fatty
acyls, and fat contents are 4-16% [10S5,211). It should
be noted that rat liver mitochondria normally contain
about 20% of cardiolipin/ phospholipid and the cardi-
olipins contain some 60% 18:2 per total fatty acyls
(Table II1) or up to 80% [716]; the other phospholipids
contain only 9% 18:2 but are 80% of total phospho-
lipids. Ergo, two thirds of the 18:2 acyls in total
phospholipids of liver mitochondria are in cardiolipins.



Depletion of total phospholipids 18:2 acyls by EFA.
deficicncies thus reflecis mostly the cardiolipin com-
partment. However, examination of individual phos-
pholipids is still necessary to determine the extent of
dictary or metabolic cffects, and opposing changes in
18:2 acyl contents of cardiolipins and the other phos-
pholipids can makec measurements of 18:2 cantents of
total phospholipids misleading (sce scctions 1V-C.2.a
and c).

Dicts low enough in (# — 6)-unsaturated fatty acyls
evoke compensatory metabolic mechanisms. First,
rapidly activated and induced hepatic enzymes of de
novo biosynthesis and A9-desaturation produce satu-
rated fatty acyls-CoA and monounsaturated fatiy acyls;
the moncunsaturated fatty acyls replace 18:2 acyls in
cardiolipins but not in other phospholipids {716). Diets
that contain lipids with only hydrogenated fatty acids
also displace some 18:2 acyls wi't endogenous or
exogenous monounsaturated fatty acyls, in the pattern
seen with fat-frce feeding. After a few wecks, in-
creased hepatic elongations and J46- and AS-de-
saturases [58) convert endogenous and exogenous mo-
nounsaturated fatty acyls-CoA — 20 3(n — 9)-CoA,
and some 20:3(n —9) acyls are . wrerified into
phosphatidylcholines and phosphatic, « thanolamines
but not cardiolipins.

Diets that are fat-free, or that contain hydrogenated
fats, replace most of the 18:2 acyls in rat liver, heart,
kidney and intestinal mucosa cardiolipins with mo-
nounsaturated fatty acyls (Table HI). They raise mo-
nounsaturated fatty acyl (including trans-monoun-
saturated fatty acyls found in hydrogenated fats) pro-
portions in rat liver cardiolipins from 10-20% of total
fatty acyis in controls to as much as 70%. A fat-frec
diet removes all 18:2 and most 20:4 acyls from rat
brain cardiolipins, which normally contain only 13%
18:2, and slightly raises contents of saturated fatty
acyls, monounsaturated fatty acyls, and a 20:3 acyl {41]
(Table 111).

Fatty acyl composition of phospholipids has becn
measured as early «s 1 day after the start of an EFA-
deficient diet. but for some reason oxidative phospho-
rylation has been examined after at least 4 weeks and
mostly after 8 weeks. Change:; in mitochondrial mor-
phology and enzyme activities appear as early as 1-2
weeks and make mitochondria the most sensitive indi-
cator of EFA-depletion [7,265). Hayashida and Port-
man [265] found that 1 week of a fat-free- or saturated
fatty acyls-diet depresses liver mitochondrial total lipid
18:2 content from 23% (control) to 7%, and begins to
release succinate dehydrogenase activity from its partly
crypticized, membrane-bound state.

EFA-deficiency linearly depletes 18:2(n — 6) acyl
groups in cardiolipins of rat liver mitochondria, from
79% of total fatty acyls to less than half in 7 days and
to a quarter in 66 days [716), see Table V.
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TABIF V
Tunc-course of changes i fatiy acvl compositom of cardiolipms and
other phospholipds i rat Li er mitochondria during dictary esential
fary acid-defeciency and -repleton (from Woutt [716])
Fatty ‘¢ of total fatty acyls in cardiolipins
acyl fat-fce dict CLFA diet "

day 0 day 2 day 7 day 8 day 12
To:0 304 1 3 i
16:16. - 7 1 8 I8 13 7
18:0 1 1 1 1 1
I8: 100 -9) 4 12 1% 4 3
18:1(n = Tis 8 13 I8 15 4
18:2n ~6) 79 57 KR 47 62
Other (n - 6) 4 N S N 4
20:4n-6)" 0 1 ¢ 1 n
22:60n ~3) ] 1 ! | 1

¢ of total fatty acyls in other phospholipids

160 2 2%

25 22 23
16:i(n ~7) | 3 3 I |
IR0 22 16 16 2 20
I8 1(n~9) 4 8 17 14 7
18:1(n - Neis 2 A K 2 2
18:2n - 6) 9 3 2 8 {t]
Other (n - 6) 21 16 17 23 25
Q. ¥Un-9) 0] 3 4 1 1]
22:6(n -3) 16 8 7 10 10

“ +EFA =42 fat an diet, containing 0% 18:2(n - 6) and 3.7%
18:3Mn - 3) fatty acids:

P s approx. 47 1%:2n - Y [721)

*identified by R 1. Wolff [716]: in 66 days on the fat-isee dicl.

RS 20:Mn —~9) acyls appear in “'Ls, and

¢ 139 20:3n - 9). in other PLs.

The 18:2 content in cardiolipins and in other mito-
chondrial phospholipids (where 18:2 acyls are only 9%
of total fatty acyls) starts to fall in 2 days. when 18:2
acyls in cardiolipins become 73% of the 18:2/total
phospholipids. Given a cardiolipin/ phospholipid ratio
of 12.7% (Tablc 1), calculated 18:2 content of total
phospholipids of liver mitochondria is 18%¢, and EFA-
deficiency depresses it (10 10% on day Z, 6% on day 7,
and 4% on day 66 (Table V), a fat-free dict replaces
18:2 acyls in total phospholipids with monounsatu-
rated fatty acyls even fastes in rats prepared metaboli-
cally by fasting (scc helow). Resupply of EFA raiscs
18:2 acyl contents in cardiolipins by 50% in 1 day.
EFA-deficiency-induced monounsaturated fatty acyls
(16:1(n—7), 18: n - 9), and cis-18: 1(n — 7)) rapialy
and linearly replace 18:2 acyls, but oaly in cardiolip-
ins, to reach 54% of otal fatty acyls. Repletion with
EFA replaces some cardiolipin monounsaturated fatty
acyls rather slowly. and cis-18: 1(n ~ 7) acyls persist
tenaciously. Saturated fatty acyls, other (n — 6)-poly-
unsaturated fatty acyls, and 22:6(n — 3) acyls are nor-
mally minimal in cardiolipins and major components in
other phospholipids; EFA-deficiency or -feeding docs
not affect these acyls in cither locus. Unexpec edly, the
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20:3(n — 6) fatty acyl group appcears in liver (and kid-
ncy) cardiolipins within 2 days of EFA-deficiency. This
desaturation derivative of the deficient dictary 18:2
fatty acid strongly binds cardiolipins [716] and may
accumulate progressively through A Geficieney-in-
duced Ab-desaturations [58]; 20:3(n — 6) biosynthesis
should further deplete hepatic 18:2 acyls. The diag-
nostic fatty acid of prolonged EFA-ccficier-y, 20:3(n
—9), appears in cardiolipins onlv at 9 weeks, but
accumulates much carlier in other phosphotipids (4%
in 7 days, 13-21% in 9 weeks [265,.716), where it is also
quickly replaced when EFA arc i¢d. These findings
confirm a central role of rat liver mitochondria! cardi-
olipins in EFA mectabolism, and leav . the altered fatty
acyl composition of cardiolipins to acccunt for obscrva-
tions that EFA-deficiency increases proton leakage.

EFA-dcficient diets increase State 4 respiration and
proton lcakage; sce Ref. 284 for a criticue of appar-
cntly contrary findings. In recent studics, saturated
fatty acyl-dicts accelerate rat liver mitochondrial State
4 respiration (25°C) by 25-50% in 614 weeks [147,525).
By the criteria of the State 3:State 4 ratio 1ather thin
the absolute rates, together with the ADP/O ratio,
Rafael et zl. [525] and some other workers (sce Ref.
284) conclude that EFA-deficiency has no cffect on
oxidative phosphorvlation. State 3 respiration at 25°C
increases 27% [525] or not at all [147], or 37% at 37°C
(glutamate) where the P/O ratio decrcases signifi-
cantly at 9 weeks [153,154). The BMR rises 25% [525)
or 16% {736), in units of rate of O, consumption per
(kg body weight)"™, the appropriate power term {361).
The accelerated mitochondrial respiration accounts for
the thermogenesis (see section 1V-C.2.c); others dis-
agree [525'.

The me nbranc potential under State 4 conditions
(succinate) "1 mitochondria from control rats is 186
mV, from E%A-deficient rats, 187 mV [525], and the
effective proton coucGuctance can be calculated to be
0.66 and 0.90 ng ion H* min™' mg™' mV ™', respec-
tively. An increased State 4 proton leak rate with
unchanged 4p mecans that EFA-deficiency increascs
Cpne, the effective proton conductance of the nner
membrane, in rat liver mitochonuria. Presumably,
EFA-deficiency exeits its effects via the altered fatty
acyl compcsitions, which are most extreme in the cardi-
olipins, and most compensated in the phosphatidyl-
cholines and phosphatidylethanolamines, of mitochon-
drial inner membranes. The simplest mechanism is an
increase in the normal proton phospholipid-leak, but
abnormal mechanisms might involve altered phospho-
lipid—protein interactions that introduce an F-leak or
X-leaks, or increased H* /O-slip (see section 1I-A).

Hamster liver mitochondrial cardiolipins are even
more highly unsaturated than rat cardiolipins (85%
18:2 4+ 11% 18:1 acyls) and have almost no saturated
fatty acyls, like beef heart cardiolipins (Table I1II).

EFA-deficiency brings 18:2 content down to 30%. and
substitutes 60% monounsaturated fatty acyls plus 1.4%
20:3 acyls: 1 find no studies on liver mitochondrial
respiration in EFA-deficient hamsters.

Bascd on studies of EFA-deficient rats, Divakaran
and Venkataraman [154] originally proposed that the
function of cardiolipins in the liver mitochondrial
membrane differs from that of the other phospholipids.
From this review of later findings. the great changes in
cardiolipins might be responsible for increased proton
lcakage and State 3 respiration. The bulk phosphatidyl-
cholines and phosphatidylethanolamines would affect
bulk physical propertics like the cffects of tcmperature
on rate processes and membranc fluidity, although
phosphatidylcholine and phosphatidylethanolamine
vesicles lcak protons (sce section 11-A); their repletion
with 20:3(n — 9) fatty acyl might account for normal
propertics measured in EFA-dcficiency.

Either a hydrogenated-fat-dict, or T4-treatment (0.1
uge td ! for 7 days) of EFA-sufficicnt rats, acceler-
ates liver mitochondrial State 4 respiration at 25°C. T4
given to EFA-deficient rats accelerates State 4 rates (to
State 3u levels) and lincarizes Arrhenius profiles [147].
Hyperthyroidism depletes 18:2 acyls severely in cardi-
olipins and less in other phospholipids, but raiscs car-
diolipin saturated fatty acyls and (n - 6)-polyunsatu-
rated fatty acyls contents rather thait monounsaturated
fatty acyls (sec section 1V-C.2.d), it would be interesi-
ing to sec the fatty acyl composition of liver cardiolip-
ins from EFA-dcficient hyperthyroid rats.

Feeding rats starved 1-2 days a fat-free diet (i.e.,
carbohydrates and proteins) produces the acutest
EFA-deficiency, probably by first introducii.g metabolic
changes that accentuate and hasten changes due to
absence of 18:2 fatty acid input. Starvation signals
glucagon and catecholamines, and protein phospho-
rylation. Subscquent fat-free feeding signals insulin
release and dephosphorylation of the extensively phos-
phorylated proteins, which stimulates hepatic fatty acyl
synthesis [311,650] and A9-desaturations [317] within
minutes or hours. Fatty acid synthetase activity riscs
10-fold in 12 h, S0-fold in 48 h. newly synthesized
enzyme appears in 12 h and increases less markedly
[192]. Within a few hours the monounsaturated fatty
acyls begin to replace 18:2 acyls in total phospholipids
of rat liver mitochondria and 18:2 content falls from
23% to reach 5.3% in 48 h [Y]; a simple fat-free diet
acts more slowly. Neither fatty acyl contents of cardi-
olipins nor oxidative phosphorylation have been re-
ported under these conditions. to my knowledge. How-
ever, from Wolff's study [716] it seems likely that
changes in fatty acyl /cardiolipins predominate, except
for the (late) appearance of 20:3(n — 9) acyls in the
uther phosphoiipids.

In humans, total parenteral feeding with fat-free
fluids that contain glucose suppresses adipose tissue



lipolysis and makcs 18:2(n — 6) acyls stored in triacyl-
glyccrols unavailable: biochemical signs of EFA-de-
ficiency appear within | week in infants. with their
extra demands for growth (sce Ref. 546).

A far-free dict given for 14 weeks depletes rat heart
cardiolipins of 18:2 acyls. substitutes monounsaturated
fatty acyls (639 ) and (n — 6)-polyunsaturated fatty acyls
(139) synthesized in the liver. and maintains a cardi-
olipin free of saturated fatty acyls [41]. Cardiolipins arc
the most resistant among cardiac phospholipids against
changing fatty acyl contents when rats are fed diets
high in saturated fatty acyls [368]. Feeding hydro-
genated oils introduccs 6-39% trans-18:1(n — 9) into
heart mitochondrial phosphulipids [308]; trans-mono-
unsaturated fatty acyls are structurally like saturated
fatty acyls [716}.

Cardiolipins in heart mitochondria from rats so fed
for 6 weeks contain somewhat less 18:2 than corn oil
controls (40% vs. 729 ). their saturated fatty acyls are
only slightly elevated (11% vs. 6%), their monounsatu-
rated fatty acyls are morc markedly higher (16:1 +
18: 1 are 27% vs. 13%) and trans-18: 1(n — Y) appears
(17%) {308]. These cardiolipin changes are less than in
liver mitochondria but are still accompanied by 15-30%
rises in State 4 respiration (37°C, pyruvate or 18: .-
carnitine, but not glutamate) and no decrease in phos-
phorylation efficiency.

Fed linelaidic acid (trans,trans-18: 2(n — 6)) appears
in rat hcart mitochondrial phosphatidylethanolamines
(5.5%) and phosphatidylcholines (4.5%), but not in
cardiolipins [115] (Table 111). State 4 respiration (suc-
cinate or glutamate / malate, 25°C) remains unchanged
while State 3 (and thereby the respiratory control ratio)
decreases (sce section 11-B). These findings are consis-
tent with the fatty acyls of cardiolipins regulating the
proton leak; the altered mitochondrial phosphatidyl-
cholines and phosphatidyicthanolamines leave the leak
unchanged, but may be involved in down-regulating
State 3 respiration by changing C; values of the ratc-
limiting transporter proteins.

It is striking that these dietarily-induced EFA-de-
ficiencies do not compensatorily increase the trace
percentage contcnts of 20.3(n — 9) fatty acyls in liver,
heart and kidney cardiolipins. The 20:3 acyls partly
displace 20:4 acyls in all the other phospholipid frac-
tions (phosphatidyl-choline, -ethanolamine, -inositol
and -serine), more in liver phospholipids than in renal
phospholipids [580). EFA-deficiency produces loose-
coupling of liver mitochondrial oxidative phosphoryla-
tion despite the maintenance of relatively high total
phospholipid unsaturation, perhaps because the low
18:2 and high 16:1 + 18:1 contents in the cardiolipins
persist — given the special relationship between cardi-
olipins and proton conductance adduced here.

IV-C.1.b. Feeding (n— 3)-unsaturated fatty acids.
Linolenic acid, 18:3(n — 3), is biosynthetically essential
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because vertebrates fack a J1S-desaturase [S8-60). At
adequate levels of (n — 6)-polyunsaturated fatty acyls.
(n — 3-polyunsaturated fatty acyls are satisfactory sub-
stitutes in vertebrat:s: arctic marine aniraals, and hu-
mans that subsist o0 them, as well as dogs fed fish oils
[126]), have high (i - i-nolyunsaturated fatty acyls lev-
cls and relatively low (n - 6> Levels in membrane phos-
pholipids [547.608] but exhibit no classical signs of
(n — 6)-EFA-deficiency. Fed (n ~ 3)-unsaturated acids
readily replace a part of the (n - 6)-unsaturated acyls
in heart phospholipids and ncutral lipids {236}, and
wn — 3)-acylCoA molecules are preferred substrates for
desaturases [117). Tissue (n — 3)-polyunsaturated fatty
acyls content is biologically conserved to such an ex-
traordinary degree that two generations of rats must be
fed a purified 18:3(n — 3)-deficient diet to deplcie the
(n - 3) polyunsaturated fatty acyls, especially 22:6
acyls, in brain, heart. muscle, retina and liver [657):
22:6(n — 3) acyls are replaced mainly by 22:5(n — 6)
acyls ~ successfully, since the animals survived. The
only signs of verified 18:3(n — 3) deficiency in humans
are neurological abnormalities [294] which may be con-
nected with the high percentage of 22:6(n — 3) acyls in
brain cardiolipins (Table 11I).

Fecding diets supplemented with fish oils partly
replaces cardiac 18:2 acyls with the fed (n — 3)-poly-
unsaturated fatty acyls and derivatives. In rats fed a
diet containing 10% cod liver oil for more than 3
months, heart cardiolipin / phospholipid ratio rises from
7.8% (control) w0 12.4%, and the cardiolipins are not
depleted of 18:2 acyls but the rhosphatidylcholines
and phosphatidylethanolamines are [234). On the other
hand, sardine or tuna [90] oil in diets does not change
cardiolipin/ phospholipid proportions. Heart mito-
chondria of ra‘s fed sardine oil for 10 days contain
cardiolipins ve.y low in 18:2(n — 6) acyls, as in EFA-
deficient rats; fed or derived (n - 3)-polyunsaturated
fatty acyls, especially 22:6(n ~ 3), rather than satu-
rated fatty acyls (which appear in amounts of 9% of
total fatty acyls) or monounsaturated fatty acyls, re-
place cardiolipin 18:2 acyls, raising the unsaturation
index to 316 {729]. No Mead acid, 20:3(n — 9), appcars
in the cardiolipins, or (not shown) in the phosphatidyl-
cholines and phosphatidylethanolamines, although they
too are depleted in 18:2(n — 6) and 20:4(n — 6) fatty
acyls. It is striking that, in the face of the (n — 6)-poly-
unsaturated fatty acyl depletions, the proton leakage
rate in the heart mitochondria from sardine oil-fed
rats, as expressed by State 4 respiration (succinate or
glutamate / malaie, 25°C), is unchanged or decicases.

It should be noted that the total fatty acyls in ‘fish
oil-diets’ contain up to 13% 18:2(n — 6) fatty acid
[90,126,729), either because they supplement an ordi-
nary chow or because the total fatty acyls of sardine oil,
for example, include 6% 18:2 acid, enough to avoid
absolute deficiency. Actual substitution of 18:3(n — 3)
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fatty acid for 18:2 in an otherwise fat-free diet {fed for
12 weeks) strips ra! liver cardiolipins of just about all
18:2 acyls, elevates monounsaturated fatty acyls.
18:3(n — 3) and 22:6(n — 3) contents in cardiolipins
(Table 1), and cvokes the appearance of the 20:3(n
- 9) acyls typical of EFA-deficiency in all the phospha-
tides except cardiolipins, but does not change cardi-
olipin / phospholipid ratios {658). Such rats rapidly de-
velop clinical signs of EFA-deficiency, but oxidativc
phosphorylation does not scem to have been measured
in their liver mitochondria.

Pigs have been fed diets containing 8% fat, which in
controls contained 14% of 18:1(n - 9), 55% of 18:2(n
—6) and 6% of 18:3(n — 3) per total fatty acids [485).
Diets enriched in 18:3(n — 3) (progressively up to
31%), high in 18:1 (31%) and low in 18:2(n - 6)
(19%) introduce 18:3(n — 3), 20:3(n — 3), and 20:5(n
—3) acyls that are not found in renal cardiolipins of
pigs on the control diet. These (n — 3)-unsaturated
acyls displace some 18:2 and 18:1 acyls [585] (Table
111). The high-18:3 diets lead to impaircd feed utiliza-
tion for weight gain (mitochondrial dysfunction was
mentioned), enlarged heart, liver an< kidneys, ancmia,
and ‘yellow fat disease that may arise from deposits
containing polyunsaturated fatty acyl percxidation
products. These toxic effects were attributed in part to
the known competitiveness of 18:3(n — 3)-CoA for
A6-desaturase. Diets enriched in 18: 1{n — 9) fatty acid
(to 43%) and constant in 18:2(n - 6) (19%, a low
value) and 18:3(n - 3) (20%, high) raise pig kidney
cardiolipin 18: 1 acyl content only slightly, deplete 18:2
acyls somewhat, and substitute about 20% of 18:3(n —
3)+ 20:3(n — 3) acyls.

IV-C.1.c. Feeding erucate. Erucate-feeding tests how
fatty acyl composition of cardiolipins affects cardiac
oxidative phosphorylation, because rats incorporate fed
22:1(n - 9) fatty acid into heart [45,308,537,735] and
liver [735) mitochondrial cardiolipins but not into phos-
phatidylcholines or phosphatidylethanolamines, with-
out altering cardiolipin/ phospholipid ratios, and ex-
hibit in vivo and morphologicai signs of myocardial
damage. In contrast, feeding hydrogenated fats changes
fatty acyl in heart cardiolipins least, see (a) above. In
heart mitochondrial cardiolipins from rats fed erucate
diets for > 28 days (but not less), 18:2 drops to
40-55% (cf. 68% in rats fed corn oil diets), 4%-8.5%
22:14+20:1 acyls appear, saturated fatty acyls in-
crease to 10-25% (6% in controls) and monounsatu-
rated fatty acyls to 27% (13% in controls) tc icplace
the 18:2 acyls (Table III). These heart mitochondria
respire faster in State 4 (37°C, with glutamate or 18:1-
carnitine) and slower in State 3 [308]). Compared with
soybean-oil-fed control rats, 22: 1-feeding for a: least
28 days accelerates State 4 respiration 60%-100% with
several substrates [105]. In contrast, in heart mitochon-
drial cardiolipins from chicks fed 22: 1 fatty acid for 24

days. the decreased 18:2 acyls (77% — 47%) are re-
placed by 22:1 (11%) and 20:1(n - 11) acyls (17%),
with no change in 16:0 and no appearancc of 18:0,
16:1 or i8:1 acyis {(that are absent from satflower-oil-
fed controls) {537]. Here State 4 respiration remains
vnchanged (pyruvate / malate, 37°C) while State 3 and
the ADP /O ratios decline slightly. These findings sug-
gest again that thie substituting saturated fatty acyls
and/or monounsaturated fattv acyls, rather than the
decrease in cardiolipin 18:2 acyls, correlate with pro-
ton lcakage. Findings that dietary 22:1 fatty acid fails
to alter respiratory rates or phosphorylation in heart
mitochondria [156] were obtained in rats fed 3 days
(sic), were not accompanied by fatty acyl analyses of
the phospholipids. and are to be expected from the
studies cited above.

Observations that accumulated saturated fatty acyls
and monounsaturated fatty acyls in cardiolipins ob-
tained from EFA-deficient correlate with increased
proton leakage seem to be contradicted by the effccts
of unsaturated faily acyis-deficiency in yeasts (see sec-
tiun 1V-C.4), where monounsaturated fatty acyls de-
crcasc proton leakage, and substituted saturated fatty
acyls increase it. But the cardiolipins of the yeasts
studied contain 96% monounsaturated fatty acyls and
no 18:2 acyls. If the differences between rat and yeast
mitochondria do not preclude a comparison, monoun-
saturated fatty acyls make yeast mitochondria more
leaky to protons than do 18:2 acyls in rat mito-
chondria.

If, as much of the evidence cited above suggests, the
fatty acyl composition of cardiolipins is connected with
mitochondrial proton leakage, the thermotropic prop-
erties of State 4 respiration should change with fatty
acyl substitutions, especially saturated fatty acyls and
monounsaturated fatty acyls for polyunsaturated fatty
acyls. Surprisingly little attention appears to have been
given to the measurement of Arrhenius profiles of rate
processes in oxidative phosphorylation in the long-
known states of EFA-deficiency. These would be im-
portant in determining mechanisms, and because al-
tered profiles make the temperature of assay crucial
jor demonstrating rate changes [98,99].

IV-C.2. Metabolic manipulation, whole animal

IV-C2a. Feeding ethanol. Ethanol-feeding raises
18:2 and depresses 20:4 acyl proportions in rat liver
mitochondrial total phospholipids [194,430), which has
been ascribed to an accompanying decrease in activi-
ties of microsomal fatty acyl-CoA 45- and A46-de-
saturases [458). A similar fatty acyl redistribution, plus
an accumulation of 22:6(n — 3) acyls, occurs in rat
liver microsome phospholipids, and because the activi-
ties of A49- and AS5-desaturases are increased aind that
of the A6-desaturase remains normal, the effects of
desaturases on membrane fatty acyl changes were dis-



counted [672). 30 days of feeding ethanol as 36% of
total calories augments 18:2 and depletes 20:4 in
phosphatidylcholines and phosphatidyiethanolamines
[128] but ethanol as 14% of calories leaves phos-
phatidylcholines and phosphatidylethanolamines un-
changed [686). However, in cardiolipins ethanol-feed-
ing depletes 18:2 content by 17-25% [128,686' and
reciprocally increases saturatcd fatty acyls and 18:1
acyls (Table III), which does not seem attributable to
any accumulation of 18:2-CoA mclecules available to
mitochondria. Cardiolipins of periportal and nerive-
nous zone mitochondria contain less 18:2 and more
monounsaturated and saturated acyls than controls
(see section 1V-B.2); the percentages in periportals are
47:31:16 and in perivenous, 38:36:22; and cardi-
olipin P per phospholipid P ratios are 16.6 and 17.2
[79]. Overall mitochondrial cardiolipin/ phospholipid
ratios decrease minimally in rat livers (7%) [128,168,
574,654] and baboon livers (3%) [17], but may increase
in mouse livers [430). Bv measurements of total cardi-
olipins, ethanol-feeding does not produce very large
differcnces from control cardiolipins yet hepatic
‘ethanol-cardiolipins’ exert some specific effects on
membrane function. The zonal heterogeneity of these
cardiolipins implies that the perivenous hepatocyte
fraction, which is more abnormal than the mean value,
may be the most effective; studies on its power to make
mitochondria tolerant to ethanol (see below) should be
informative.

Ethanol-feeding (i) depresses liver mitochondrial
respiration and changes its Arrhenius profiles in a way
that is seen when inner merabtane phospholipid fatty
acyl compositions are altered; and (ii) induces adapta-
tions of membrane structure stability against ethanol
applied in vitro that are specifically due to altered
anionic phospholipids - in mitochondria, the cardiolip-
ins.

(i) Rat liver mitochondrial respiration is altered by
prolonged feeding of ethanol as fcllows. In six studies
using succinate as substrate at 30°C, State 4 rates
decrease by an average of 16%, State 3 by 34%
[81,304,562,574,622,623]. Of course the greater depres-
sion of State 3 respiration decreases the mean respira-
tory control ratio, but this does not signify ‘ioose-cou-
pling’, a term that describes decrcased control ratios
caused by protonophorically increased Siate 4 respira-
tion. State 4 and 3u respiration rates (NADH, 25°C)
are also slowed in inner membrane panicles [651)].
State 4 respiration (malate / glutamate, 25°C) in intact
mitochondria decelerates while 4p stays at control
levels and State 3 decreases even more [558). Changed
Arrhenius profiles of rates in both respiratory states
diminish the ethanol effect at higher temperatures of
measurement [555,557]. An opposing view, based on
the lack of changes in fatty acyl composition of mito-
chondrial total phospholipids [219], has been refuted
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by pointing out that the fatty acyl changes in the
relatively small cardiclipin fraction are obscured when
total phospholipids are measured [560]. Several analo-
gous instances are pointed out in this review.

The mechanisms that retard State 4 and State 3
respiration must differ. Slowed State 4 indicates a
slower transmembrane proton-leak; the constant Ap
indicates that ethanol-fecding diminishes Cyu-. Al-
tered C, valucs appear responsible for the slowed State
3 rate. Although Spach and Cunningham [622] do not
present a complete profile of control coefficients, their
titrations with specific inhibitors indicate that cy-
tochrome aa, limits State 3 respiration more than in
control mitochondria (C; =0.17) when dicarboxylate
substrates are oxidized. Although ethanol-feeding re-
sults in lower mitochondrial general synthesis of pro-
teins, and in depressed content and activity of cy-
tochrome aa, [17,114,562,651), the amount of cy-
tochrome oxidase apoprotein does not decrease, but
only half of it is in active form with bound heme-aa,
[652). The mechanism of this ethanol effect is not
known; Thayer and Rubin [652] suggest that altered
membrane lipids may interfere with heme-protein as-
sembly, or that holoenzyme is degraded. The specific
association of cytochrome oxidase and cardiolipins is
well known (see section 1I-B). These authors also note
that other mitochondrial components limit State 3 res-
piration, especially the ATP-synthase and the NADH
dehydrogenase. Neither of these regulates normally in
liver mitochondria [228), but decreased activities of
mitochondrial ATPase and succinate dehydrogenase
are reported [562,651). Effects of ethanol on the major
regulators of normal rat liver mitochondrial State 3
respiration, the carriers of ADP/ATP and dicarboxyl-
ate substrates, do not seem to have been studied.
Chronic ethanol-feeding of rats produces a partially
‘hyperthyroid’ metabolic pattern in liver [322,323): de-
creased glvcogen content; increased B-adrenergic sen-
sitivity; increased microsomal glucose-6-phosphatase,
NADPH: cytochrome ¢ reductase, NADH oxidase,
and a-glycerophosphate dehydrogenase activities; in-
creased mitochondrial size; and accelerations of respi-
ration by 30% (at 37°C) in liver slices [677] and 23% in
perfused livers [322] of ethanolized rats. Propyl-
thiouracil, in dosage that corrects hyperthyroidism in
human suhjects, is said to protect their livers against
the lethal toxic effects of chronic excessive ethanol
intake [483). However, these findings are not accompa-
nied by characteristic ‘hyperthyroid’ increases in cy-
tochrome oxidase amounts and activity in isolated
mitochondria, or the typical changes in liver phospho-
lipid fatty acyl profiles, especially in unresolved cardi-
olipins, and seem paradoxical in view of the decreased
mitochondrial respiration. Studies on periportal and
perivenous mitochondria might settle these inconsis-
tencies; cardiolipins from mitochondria of perivenous
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hepatocytes of cthanol-fed rats show an abnormal fatty
acyl pattern (sec above and Ref. 79) almost as extremce
as that in hyperthyroids (Table 111, The apparent
paradox may also be explained by obscrvations that
ouabain returns thc high respiratory rates of liver slices
to control levels {677} the hypermetabolic effects of
cthanol may reflect in part the plasma membrane
ouabain-sensitive NaK-ATPasc, not mitochondria. That
ATPasc activity shows altered lipid-dependency [304]
but the nature of the membrane lipid changes is not
yet clear. Plasma membranc anionic lipids include
phosphatidylinositols (6.7% of total phospholipids) and
phosphatidylscrines (4.7%), and cthanol fecding docs
change their properties in conferring membrance adap-
tation.

(ii) Continucd administration of cthanol blunts in
vitro responses to cthanol. in liver mitochondria
through changes in cardiolipin<. Ethanol, 0.5-1.0 M
(150-300 pmol/mg mitochondrial protein) produces
real loosc-coupling (State 4 increases by 63% at 25°C
and 80% at 40°C) much less cffzctively in liver mito-
chondria from ethanolized rats than in those from
normals: 2 ‘tolerance’ {559]. Membrancs prepared from
mouse brain synaptosomes, rat ervthrocytes, liver mito-
chondria or microsomes, or pancreatic acini, adapt to
the continued presence of cthanol. Fed cthanol pro-
duces blood levels around 50 mM in 4-5 weceks, when
in vitro exposure to [ethanol] = 50-100 mM (about 20
umol /mg) disorders mcmbrane structure little or not
at all, although it disturbs bilayer structure in mem-
branes from sober controls. Ethanol-fecding itself does
not consistently increasc the order of the fatty acyl
chains. Membrane tolerance resides in the phospho-
lipids of the membrane and not in the proteins, and
appears in protein-frce liposomes of phospholipid cx-
tracted from the various membranes. Although Hock
and Taraschi [292] note that it is “not essential to
maintain the physiological asymmetric distribution of
membrane lipids, which is lost in reconstituted lipo-
somes”, cardiolipins maintain their asymmetric distri-
bution by finding the concave inner surtace of lipo-
somes [427,447].

In mixed-phospholipid liposomes prepared from
liver mitochondria of ethanol-fed rats, only the cardi-
olipin fraction of the extracted phospholipids confers
membrane tolerance to added ethanol; phosphatidyli-
nositols from microsomes and phosphatidylserines from
synaptosomes act similarly in the corresponding
mixed-phospholipid vesicles. We do not know the
changes in the phosphatidylinositols or phos-
phatidylserines, but we do know that fatty acyls change
in the cardiolipins. The mitochondrial phospholipids
contain cardiolipins as 10% of total phospholipids (and
46% phosphatidyicholines, 42% phosphatidylethanola-
mines, 2% phosphatidylinositols + phosphatidylserines
- about the proportions in preparations from control-

fed animals); the cthanol-tolerance persists when the
vardiolipin /phospholipid ratio is made as low as 3% It
nay be relevant that ethanol interacts directly with the
acadgroup region of anionic phospholipids and exerts
an ordering cffect on membrane surface H-bonded
nctworks [292) in which cardiolipins may play a rolc
(sce section 11-A).

WV-C.2.b. Magnesium deficiency. Mg-deficiency de-
creases liver microsomal  d6-desaturase activity and
(thereby?) raises the 18:2 acyl content in the phospho-
tipids of microsomcs [403-405] and mitochondria [509).
Mg?* ions associate with mitochondrial cardiolipins
[526] and are cofactors in phosphatidylcholine biosyn-
thesis. Therefore. reports that dictary Mg-deficiency
uncouples oxidative phosphoryiation [630] seem worth
examining here. Heart mitochondria isolated from
young rats werc uncoupled in 4-8 days of feeding a
Mg-deficicnt dict, with P/O ratios 1.4-1.0 (a-keto-
glutarate, temperature not specificd). Oxidative phos-
phorylation in fiver or kidney mitochondria was mini-
mally affected. but both liver and heart mitochondria
from Mg-deficient rats swelled faster at 37°C (but not
at 20°C) than did mitochondria from controls [453].
However, P,7O ratios in heart mitochondria were nor-
mal under similar conditions although serum [Mg] was
as low as 209% of normal: no respiratory rates were
shown [32). And Hegsted and coworkers [453] found
normal amounts of Mg in heart and liver mitochondria
of Mg-deficient rats.

Mzg-deficiency damages mainl; the mitochondria of
rat hearts; electron microscopy shows decreased n:atrix
density, swelling and myelin figures [269,638). Dam-
aged mitochondria in situ also appear in EFA-de-
ficiency and thyrotoxicosis (see Ref. 284) even though
some in vitro assays of oxidative phosphorylation are
within normal ranges. Mitochondrial defects in Mg-de-
ficiency are still invoked: for example, cthanol-feeding
leads tc hypomagnesemia, which is partly blamed for
heart lesions of mitochondrial origin [56).

Even though mitochondria contain normal amounts
of Mg, Mg-dcficicncy-induced alterations in mitochon-
drial phospholipids would persist. The enzymatic con-
version  of phosphorylcholine — phosphatidylcholine
requires Mg?*. By the 4th day of Mg-deficiency, syn-
thesis (mcasured by *P incorporation and ipid phos-
phorus) of heart mitochondria total phospholipids and
resolved phosphatidyl-ethanolamine, -serine, -choline,
-inositol and sphingomyelin (?) decreases by some 50%
[66]. Because the specific activity of total phospholipids
was low although relative specific activities of thesc
individual phospholipids was not much decreased, syn-
thesis of some other undetermined lipid-soluble frac-
tion was thought to be susceptible to Mg-deficiency -
phosphatidic acid, an intermediate in phospholipid
synthesis, was proposed but cardiolipins were also not
analyzed in this study and seem more likely to accumu-



late as an end-pioduct. This dea s indirecth sap-
ported by obscrvations that liver mitochondriai lip+ds
from Mg-deficient rats. compared with controls, con-
tain 12% more 18: 2 acyls [SO9]. and niicrosomes con-
tain 257 more 18:2, 50% more 20: X - 6). and 107,
less 20:4 acvils. These findines are attributed 1o a
decreased 36- and 7or A5-desaturase activity |+03.404],
No direct information is available on cardiolipin com-
position or content in liver or heart mitochondria in
Mg-deficiency, but in kidney cells grown on low-[Mg]
media, phosphatidylcholine increases while phospha-
tidylethanolamine, phosphatidylserine, phosphatidyl-
inositol and sphingomyelin decrease [405).

Effects of Mg-deficiency should be difficult to detect
in in vitro assays of oxidative phosphorylation. Mg** is
required in the reaction mixture: the piesence ot 22.5
umol of MgSO, [32.680) should reverse any deficit.
Non-invasive in situ measurements by saturation trans-
fer "P-NMR (see scction 1V-C.2.d) could be more
definitive.

IV-C.2.c. Temperature. The cukaryote basic strate-
gies for coping with decreases in environmentat tem-
peraturces involve kecping biomembranes  functional
(c.g.. so that they do not congeal) and generating more
heat (so that cell temperature does not get low cnough
to congcal membrancs). These strategics converge in
mitochondrial inner membranes, which both mediate
energy transductions and generate basal and extra heai.
We know much less about metabolic adaptations to
above thermoncutral environments than to below ther-
moncutrality. Cold-activated hormonal mechanisms
mediated by local metabolites regulate mitochondrial
function; in contrast, thermosensitive enzymes regulate
membrane function and hezt preduction in prokary-
otes (section 11-A).

Living cells gencrate heat almost completely from
highly excergounic oxidative reactions. ‘Thermogenesis’
denotes extra heat production above basal levels [519).
Rescarchers disagree over thermogenic mechanisms.
Sone early rnotions, including those of the reviewer
[278], and somc current ideas [132,193,363,450,525] at-
tribute extra heat production to uncoupling and the
diversion of the frce energy change of oxidations from
driving the endergonic phosphorylation reaction, ADP
+ P, — ATP. Others point out that the caloric yicld
due to substrate oxidation is independent of the reac-
tion sequence: ... any ATP synthesized by mito-
chondria within a cell is immediately recycled and does
not appear in the final equation of reactants and
products . [465] (see also Refs. 38,273-
275,280.518.519). Therefore, respiration rate is the
source and index of thermogenesis, and the chemical
mechanism- that sets respiratory rate can be considered
the mechanism that regulates heat production [273-
275,465,518,519]). This argument scems the sounder,
and is productive in depicting mechanisms whereby
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TABLE VI

Hear prostucion from altered e hon

Jeral resprratony rares
(v iclerences, see the text )

Heat production Tissue 3 Proton-flus Ratwe
Grespuratony stat, ') mechaninm
Hasal beat
State 4 aun proton leak + o+
State 3 any €, values + e+
Fxtra hea
toose-coupled (4) any protonophore 4+ 4
uncoupled (Ru) any protonophore ++ 4+
cold: shivering (1) muscle + ATPase 4+ 4+
cold: metabohic () Jiver. muscle + PL-leak 44+
rat BAT + uncoupling
protein + 4+ ++
rat BAT - PlL-leak +
EFA-deficiency () rat liver + PL-leak o+t 4
rat BAT - PL-leak +
hyperthyrod (4) liver + PL/F - leak -+ 4t
malignant hyper-
thermia muscle + X-leaks? +4 ++
Less heat:
hyvnothyroid (4} lvur = PL-lcak +
diving (5 ") seal muscle  vasoconstriction 0

* As defined hy Chance and Williams [86];
™ State S, defined as [, ] = (. here also includes {S] = i in muscles.

mecmbranc phospholipids, especially cardiolipins, may
participate in extra heat generation by mitochondria.

Table VI summarizes some mechanisms whereby
altered mitochondrial respiratory rates (proton flux)
change heat production. Basal heat is produced from
mitechondrial State 4 respiration (nonphosphorylating)
at the slow rate set by the proton leak, and from the
more rapid (phosphorylating) State 3 oxidation rate
regulated by the C, values of certain steps. Basal
proton leakage and C,; values differ among the mito-
chondria of various tissues; so do the phospholipids
and cardiolipins; perhaps the two are connected. Dif-
ferent mitochondria also vary in thermogenic responses
to tempcerature adaptations; perhaps this is also not
unconnccted with their phospholipid compositions.

A crucial test for a respiratory thermogenic mecha-
nism is the existence of loose-coupling [381], the accel-
eration of State 4 respiration with continued synthesis
of ATP, i.e., without uncoupling. By an ‘uncoupling’
mechanism, loose-coupling should not be thermogenic
- but loosc-coupling is observed in mitochondria from
thyrotoxic human and animal subjects [641-643] that
are in a veritable thermogenic state, i.e., with elevated
BMR (oxygen). Loose-coupling produces extra heat
when proton leakage is increased almost maximally but
not enough to dissipate 4p tellingly. Uncoupled oxida-
tive phosphorylation (with Ap insufficient for
phosphorylation) produces extra heat at this faster,
maximal rate set by a protonophoric mechanism; un-
coupling-thermogenesis from State 3 respiration is usu-
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ally minor, since respiration is alrcady near maxirnal
because of the large influx of protons through the
ATP-synthase. Thermogenesis starting from State 4
respiration ranges from 2-fold to 20-fold. depending on
the mechanism that increases proton icakage. This,
and the fact that protonophores like dinitrophenol and
the BAT uncoupling protein can triple the BMR in
vive, strongly implies that most resting cells generate
bas.l heat from State 4 respiration rather than from
St.te 3 {278,280,597).

E.ctothcrms, with body temperatures that rapidly
rear changed ambient temperature adapt to cold by
iacrcasing fatty acyl unsaturation in their membrane
phospholipids to maintain appropriatc function [266,
268.399,527}. .

Unsaturation of mitochondrial lipids correlates in-
versely with growth temperature among yeasts {20,687].
The mesophilic (growing between 0°C and 36°C) yeast
Candida lipolytica has mitochondrial phosphatidyl-
cholines that are more unsaturated when growth is at
10°C than at 25°C, and the phosphatidyiinositol, phos-
phatidylserine and phosphatidylethanolaming fractions
show lesser increases in unsaturation; little cardiolipin
is present and its fatty acyl composition is not teported:
unsaturation changes through a reciprocal refationship
between percentages of 18:1 and 18:2 acyl groups
[350.351,655). A psychrophilic Candida growing at 0-
17°C shows little change in fatty acyl composition.
Saccharomyces cerevisiae grown at 15°C or 30°C has
phospholipids of similar fatty acyl composition, and
cardiolipin / phospholipid ratios of about 4%, but phos-
phatidylcholinc / phospholipid is higher at the lower
growth tempecrature [315). Unsaturation index of total
lipids of Saccharomyces grown at 40°C is 6.3, at 26°C,
45 [87]). Mitochondrial phospholipids from the thermo-
philic yeast Torulopsis borina include 257 cardiolipins;
in psychrophile mitochondria cardiolipin /phospholipid
is only 8% [20}. No fatty acyl compositions of cardiolip-
ins are rcported in these studies but we know that
monounsaturated fatty acyls arc 96 of the fatty acyl
in mitochondrial cardiolipins of (presumably warm)
Saccharomyces (see section 1V-C.1.a).

Cold-adaptation (37-40°C - 15°C) induces some
comparable alterations in the phospholipids of the
fungus Neurosporc crassa 1] and the protozoan Te-
trahymena pyriformis {200.730). The relative amount of
cardiolipins in Tetrahymena total phospholipids de-
creases from 14.5% to 9.9% (Table 111) and in Neu-
rospora halves, which indicates that there are fewer
mitochondria. In Neurospora and Tetrahymena mito-
chondria the cardiolipins per phospholipids are about
halved, indicating that membrane composition changes;
Tetrahymena cardiolipins are replaced by phosphatidyl-
cholines and phosphatidylethanolamines. The unsatu-
ration index rises in Tetrahymena total phospholipids
from 127 to 160, and in Neurospora mitochondrial

phospholipids from 159 to 216 as 18: 3 acyls substitute
for t8:Z2 acyls. Cold acclimation does not change Te-
trahvmena cardiolipin fatty acyls, which arc quite un-
saturated funsatmation index 209; see Table il1). In
warm-cell  mitochondria  the  phosphatidylcthanola-
mines [200} and glycery! 2-aminocthylphosphonolipids
[337] arc cven more unsaturated; cold-exposure in-
creases the unsaturation of these phospholipids rapidly
and lincarly. and overall unsaturation index increases
from 139 to 166 over the first 10 h [730). Cold makcs
the endothelial reticulum membrane lipids more rigid,
which activates existing  19-desaturase cnzyme and
rapidly supplics more unsaturated fatty acyls; no new
desaturase is induced. nor does the increase in dis-
solved {O,] accelerate desaturations the way it does in
bacteria [609.610). Cold adaptation docs not alter the
fluidity of extracted mitochondrial lipids. but removal
of cardiolipins from the phospholipids of cold (but not
warm) iitochondria increases phospholipid fluidity;
Yamauchi ¢t al. [730] believe that cardiolipins decrease
fluidity in these mitochondria while the other phospho-
lipids i2crcase fluidity, and that cardiolipin reacts pref-
crentially with other phospholipids when they are more
highly unsaturated. to counter overfluidization. An in-
teraction between cardiolipings and the bulk phos-
phatidylcholincs and phosphatidylcthanolamines might
also affect membrane barrier properties and accoun’
for the apparent predominance of cardiolipin composi-
tions in regulating Statc 4 proton icakage across mito-
chondrial phospholipids (sce section 11-A).

Flight muscle mitochondria from blowflies accli-
mated at 9°C, as opposcd to 24°C, show increased fatty
acyl unsaturation of total phospholipids; faster State 4
(proton lcak) and State 3 (C, values) respiration
( +50-%%, pyruvate/ proline, measured at 10-30°C)
(133}: shifted inflections in Arrhenius profile of some
clectron  carricrs  demonstrate  altered  lipid-depen-
dence.

Early studics on poikilothermic animals found no
consistent effects of temperature changes on the unsat-
uration index of total phospholipids from mitochon-
drial membranes and mitochondrial respiration, al-
though altcred Arrhenius profiles of respiratory rates
implicated the lipids [666). The apparent discrepancies
are resolved by consideration of individual phospho-
lipids rathcr than iotal phospholipids, as suggested by
various workers [266,432,666). When the environmental
temperaturc of goldfish shifts from 30 — 1G°C, mito-
chondria from various tissues increase contents of
phospholipid monounsaturated fatty acyls and poly-
unsaturated fatty acyls. Hazel [266] tests the ability of
these temperature-altered phospholipids to reactivate
delipidated succinate dehydrogenase from goldfish
skeletal muscle mitochondria. Reactivation depends on
whether the mitochondrial phospholipids, but not the
enzyme, arc from 25°C- or 5°C-adapted goldfish: total



phospholipids from 5°C-mitochondria activate to 42%¢
of the in situ V.. total phospholipidas from 25°C-mito-
chondria, to 28%%. The cfficacy of an isolated phospho-
lipid subclass depends on its acidity: phosphatidyl-
inositol > cardiolipiii > phosphatidylscrine > phospha-
tidylethanolamine > phosphatidvicholine.

Woadtke [710-713) measures effects of cold-acclima-
tion (26-32°C — 10°C) on the resolved phospholipids
of liver and skeletal muscle mitochondria of carp. In
liver mitochondria from warm-adapted carp, the unsat-
uration index of phosphatidylcholines and phos-
phatidylethanolamines is less than that of total phos-
pholipids [712], so the cardiolipins (not measured) must
be more highly unsaturated. Cold-adaptation does not
alter cardiolipin/ phospholipid, phosphatidylcholine /
phospholipid or phosphatidylethanolamine / phospho-
lipid; comparisons of fatty acyl contents in total phos-
pholipids with those in phosphatidylcholines and phos-
phatidylcthanolamincs indicates that the cardioiipins
must lose 18:2 and 18: 1 acyls, and gain saturated fatty
acyls. In muscle mitochondria, cold-acclimation docs
not change subclass phospholipid / total phospholipids
ratios, including cardiolipin/ phospholipid. or the un-
saturation of the total phospholipids. However, mea-
sured cardiolipin unsaturation drops sharply (unsatura-
tion index 214 — 160; Tablc HI) whilc phosphatidyl-
choline unsaturation index rises as markedly (203 —
249); in total phospholipids these opposing changes
cancel out and thereby fatty acyl analyses of total
phospholipids and resolved phospholipids lead to con-
tradictory conclusions [714]). In frozen and thawed
mitochondria from cold-acclimated carp, succinoxidase
activity is faster by 30%, and cytochrome oxidase spe-
cific activity is about 50% greater while [aa,} and K,
for cytochrome ¢ remain unchanged [713); activation of
cytochrome oxidase is attributed to phosphatidyl-
choline-induced augmentation of membrane fluidity
rather than altered cardiolipin-oxidase interaction.

Tissues of goldfish kept at 10°C show the following
differences from those kept at 30°C. (i) Mitochondria
prepared from gills contain total phospholipids that arc
more unsaturated and include more cardiolipins and
phosphatidylethanolamines [71]; (ii) activities of their
NADH-cytochrome-c reductase, succinate-cyto-
chrome-c reductase, and cytochrome oxidase are higher
when measured at 20°C, while concentrations of cy-
tochromes aa,. -b and -c are unchanged [70]. Gii)
Cytochrome oxidase activity (mitochondrial oxidative
capacity) is increased at ali assay temperatures from
10-40°C in homogenates of gills, brain or muscle, but
is higher in liver homogenates only when measured at
30-40°C [70). (iv) Liver mitochondria have unchanged
State 3 respiratory rates (20°C) but decreased effi-
ciency of phosphorylation [347). Cold-acclimation (22°C
— 12°C) of eels slows liver cell mitochondrial respira-
tion (succinate, measured at 25°C) in State 4 although
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ADP/Q ratios also decrease {7H.711]. However, the
temperature of the assay is crucial for showing cold-
adaptation effects on mitochondrial respiration (as it is
in demonstrating thyroid-state effects [99], see section
IV-C4.d). Arrhenius profiles of State 4 and State 3
respiration change with cold-acclimation in such a way
that rates are higher only when assayed at < 20°C, in
tench liver and muscle mitochondria (521 and in frog
skeletal muscle mitochondria [520).

Shivering is an carly thermogenic response in chilled
homeotherms. Skeletal muscle contracts without doing
work, maintains a high extramitochondrial steady-state
[ADP] and [P,]. and thereby accelerates respiration in
the Statc 4 - State 3 transition. Later responses to
cold include thermogenic mctabolic changes; in skele-
tal musclcs these may amplify or replace shivering
thermogencsis. Skeletal muscle mitochondrial cardi-
olipins are relatively low in 18:2 and high in saturated
fatty acyls centents in the Arctic mouse Microtus penn-
sylvanicus kept at 18°C (Table 111), as compared with
other Arctic mice. Cardiolipin saturated fatty acyls
increasc further while monounsaturated fatty acyls +
polyunsaturated fatty acyl contents decline reciprocally
~hen Microtus adapts to a 5°C environment; these
muscle cardiolipins resemble the liver cardiolipins of
thyroid-treated rats in a typically thermogenic state.
Skeletal muscles of cold-adapted rats have more mito-
chondria, repackaged to contain less cytochrome oxi-
dasc [34]; nevertheless State 3 specific respiratory activ-
ity (pyruvate/ malate, 37°C) rises 30% in both State 4
and Statc 3 [276]. Muscle mitochondria from cold-
adapted (6°C) seals are loose-coupled with equal State
3 and 4 rates (succinate, 25°C); in mitochondria from
20°C-adapted seals State 4 rates are much slower than
State 3 rates [223]. Cold-exposure of hamsters, but not
of rats, increases liver mitochondrial respiration (suc-
cinate, 37°C) in Statc 4 and State 3, as well as oxidative
capacity (cytochrome oxidase) {83]. However, liver
mitochondria from cold-adapted rats respire 309 faster
in both State 4 and State 2 (succinate, 30°C); V,,,, of
the ADP/ATP carrier is above warm-adapted levels,
but only when measured at 25 or 37°C; i:nd 20:4 acyls
replace a small fraction of 18:2 acyls in mitochondrial
total lipids [406).

Scals that dive for long periods arrest oxidations in
skeletal muscles, probably by constricting arterial sup-
ply and thereby shutting down O, and substrate sup-
plies [579]. Reduced heat production in hypothyroid-
ism, and thermogenesis in thyrotoxicosis, are discussed
in section IV-C.2.d.

Major metabolic thermogenic adap.ations of mam-
mals to low environmental temperatures occur in BAT.
BAT raises body temperature far out of proportion to
its limited localization and amount; a norepinephrine
infusion increases BAT respiration 30-fold in normal
rats and 80-fold in cold-adapted animals where it con-
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tributes almost two-thirds of the tripled BMR. Special
featurcs account for s thermogenic capacity: a
proten-exchanger ‘uncoupling” protein is found only in
the numcrous large BAT mitochondria: the mito-
chondria arc situated and cquipped for fatty acid
catabolism. BAT mitochondrial cardiolipins and phos-
pholipids adapt to cold and dict but, from one-temper-
ature measurcments, do not consistently contribute to
thermogenesis.

The activated uncoupling protein mediates thermo-
genesis by accelerating proton reflux (Table 1); *uncou-
pling’ is not necessary (sce above). BAT mitochondria
arc rapidly and intensely thermogenic because a high
content of uncoupling protcin confers great
protonophoric capacity. Uncoupling protein character-
istics and roles in adaptation of animals to cold envi-
ronments, the nconatal state, or overcating, have been
reviewed [73.274.463,465,605). The uncoupling proteins
of rats, hamsters, guinca-pigs and rabbits crossrcact
immunologically. Although uncoupling protcin is ge-
netically related, ADP/ATP carricrs of beef heart and
rat liver mitochondria do not crossreact with uncou-
pling protcin antibodics [539].

The uncoupling protein, the ADP/ATP carrier and
the P; carricr have repeated and related amino acid
sequences, exist in dimer form ia the membrane, and
seem to share a common cvolutionary origin, low
hydrophobicity, three-dimensional structure, and trans-
port mechanisms [16,363,564]. Uncoupling protcin nct
positive charge is the lowest of the three, so it would
presumably interact electrostatically least with cardi-
olipins; the P, and ADP/ATP carriers react specifi-
cally with cardiolipins (sec section I1-B). Uncoupling
protein purified from BAT mitochondria of cold-
adapted hamsters retains (.06 g of phospholipids per g
protein {393], which would correspond to 1.2 mol of
cardiolipins /mol. Solubilized pure uncoupling protein
has been reconstituted by incorporation into liposomes
made from phosphatidylcholines. pnosphatidylethanol-
amines and cardiolipin (49.5:49.5: 1) [634]. or from cgg
yolk phospholipids [364] which probably include some
cardiolipin because they also reconstitute the cardi
olipin-dependent ADP/ATP ca:rier. No systematic
study of retained phospholipids, or of reconstitution
efficiencies of various phospholipids, seems to be avail-
able.

Extramitochondrial purine nudleotides and protons
are negative effectors, and fatty acids are positive ef-
fectors, for uncoupling protein exchange of protons
[465]). GDP, GTP, ATP and ADP bind non-covalently
and reversibly, without modifying (c.g., phosphorylat-
ing) the protein. One specific, high-affinity, saturabie
binding site on the protein dimer is on the outer face
of the inner membrane where it is exposed to purine
nucleotides in the cytosol and to whatever amounts of
cardiolipins are on the outer facce. Protons increase

purine nucleotide binding to the protein site. Free fatty
acids in the order 16:0> 18:1> 18:2 > 8:0 compete
with MgA'lP-binding to override the depressed proton
conductance. There is no evidence that observed up-
regulation of proton flux by hvdrophobic sulfhydryl
rcagents [538] is physiological.

Proton exchange across the active uncoupling pro-
tein is nearly independent of 3pH, and is too slow to
proceed via a proton channel mechanism [363). The
amount of activated uncoupling protein regulates pro-
ton flow [463,465). Klingenberg [363] proposes that the
BAT uncoupling protein evolved late (i.c., in mam-
mals) as an amputatcd H* /anion cotransporter (or
OH ' /anion antitransporter) similar to a portion of the
related carriers of ADP/ATP and P, and shares fea-
turcs of their proton cotransport. We do not know if
the similarity extends to a specific uncoupling protein
interaction with cardiolipins that affccts proton trans-
port.

BAT is spccialized for thermogenic fatty  acid
catabolism. It profuse sympathetic innervation and
capitlary vasculature promote activation of hormone-
sensitive lipasc that supplics fatty acids from local and
distant triacylglycerol stores. BAT mitochondria pos-
sess @ very active set of B-oxidation enzymes; the
staindard cnthalpy changc for oxidation of 2 fatty acid
carbons — acetyl-CoA is twice that of 2 glucose car-
bors — acetyl-CoA. The mitochondria contain little
ATP-synthasc and so do not support a futile cycle that
involves the plasma membrane NaK-ATPase [605).

BAT mitochondria contain specialized phospho-
lipids as compared with liver mitochondria. BA') cardi-
olipins from rats, hamsters, and mice housed at 22°C
are low in 18:20n — 6) acyls and repleted with satu-
rated fatty acyls (Table 111). BAT mitochondria from
rats and hamsters acclimated o different tempera-
tures, and deprived of dictary EFA, are comparcd in
Table VIL

Cardiolipins of rats kept at 22°C contain about 20%
saturated fatty acyls. 40% monounsaturated fatty acyls
and 40% polyunsaturated fatty acyls: phosphatidyl-
cholines and phosphatidviethanolamines have around
4097 saturated fatty acyls and 309 cach of polyunsatu-
rated and monounsaturated fatty acyls; unsaturation
indices in phosphatidylethanolamines > phosphatidyl-
cholines. Cold-adaptation from 28°C (thermoncutral)
— 5°C incrcases polyunsaturated / monounsaturated
fatty acyls ratios without changing the saturated fatty
acyl groups of, any phospholipid in rat BAT mito-
chondria. Cardiolipins respond most, their poly-
unsaturated plus monounsaturated fatty acyls being
greater than in phosphatidylcholines and phosphatidy!-
cthanolamines: polyunsaturated fatty acyls increase
80% (18:2 acyl contcent doubles) in cardiolipins, 70%
in phosphatidylcholines and 50% in phosphatidyl-
cthanolamines. In addition, phosphatidylcholine / phos-



phatidylethanolamine ratios drop from 1.06 — (0.76;
since phosphatidylcholines are less unsaturated, inncr
membrane overall unsaturation index incrcases further.
Phosphatidylcholines and phosphatidylcthanolamines
arc the major phospholipids, and thus scem responsi-
ble for the observed accompanying increase in mem-
brane fuidity [72,73,591}), a bulk property. State 4
respiratory rate (25°C, GDP-insensitive) dccreases
while a high Ap persists: Cy,+ drops by 26% (Table
VII). In the absence of Arrhenius plots to determine
thermotropic properties, it appears that a diminished
proton leak accompanics the cnld-induced substitution
of polyunsaturated fatly acyls for monounsaturated
fatty acyls in mitochondrial phospholipids, especially
cardiolipins: the rat BAT mitochondrial phospholipid-
leak does not seem to become thermogenic in the
adaption tc a cold environment. Cold-induced changes
in BAT and other mitochondrial phospholipids may
preserve bilayer milicu properties rather than barrier
properties.

In all rat BAT mitochondrial phospholipids, EFA-
deficiency markedly depletes 18:2(n ~ 6) and 20:4(n
— 6) acyls; when rats are kept at 28°C or 5°C (Table
VI1). This loss of unsaturation is relieved partly by
sharp increases in monounsaturated fatty acyl contents,
partly by the appearance of 20:3 acyls, much less in
cardiolipins than in phosphatidylcholines and phos-
phatidylethanolamines (as in liver mitochondria, sec
section 1V-C.1.a). GDP-insensitive State 4 respiration
(i.e., the phospholipid-leak) in BAT mitochondria de-

TABLE VIi

Rat and hamster “:own adipose tissue and liver mitochondria: fatry acyl
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creases with EFA-deficiency: Cyynie falls by 18% in
28°C-rats and 5% in 5°C-rats; inhibitor titrations reveal
corresponding down-shifts in the relationship between
proton flux and Ap [220]: the rat BAT mitochondrial
phospholipid-leak does not become thermogenic in the
adapuvc responses to EFA-deficiency. GDP-sensitive
respiration increases. BAT mitochondria prepared from
EFA-ccficient rats respire 80 raster than controls
under ‘State 4" conditions {pyruvate / malate, —GDP,
25°C) [736] because uncoupling protein content accrues
by 46% and EFA-deficiency augments the protono-
phore-evoked respiratory chain capacity of rat BAT
mitochondria by 60%. The rat BAT mitcchondrial
uncoupling protein becomes thermogenic in response
to cold-adaptation or EFA-deficiency.

BAT mitochondrial cardiolipins of hamsters kept at
22°C, as compared with thosc of rats at 22°C, contain
50% less 18:2 acyls, 30% less polyunsaturated fatty
acyls and twice the saturated fatty acyls [74] (Tables 111
and VIII). Hamster BAT mitochondrial phosphatidyi-
cholines have about twice the polyunsaturated fatty
acyls and less monounsaturated fatty acyls. Cold-adap-
tation increases cardiolipin unsaturation by doubling
the content of 18:2 acyls and polyunsaturated fatty
acyls, and halving saturated fatty acyls, but does not
change fatty acyls in phosphatidylcholines or phos-
phatidylethanolamines. BAT mitochondria from cold-
adapted hamsters respire under State 4 conditions
(glycerol-3-phosphate, 23°C) at 61 ng atom 0 min™'
mg~', Ap is <10 mV, and proton conductance via the

ations in cardiolipins, plosphatidylcholines, and phos-

phatidylethanolamines: State 4 respiration and Cyyn-: effects of temperature adapiation und dietary essential fatty acid deficiency (calculated from

dcta of references shown in parentheses)

Abbreviations. BAT. brown adipose tissue; CLs, cardiolipins;

EFA. essential fatty acids; PCs, phosphatidylcholines; PEs, phos-

phatidylethanolamines: PUFA, MUFA, SFA, polyunsaturated. monounsaturated, and satvrated fatty acyls; Ul, unsaturation indcx.

Acclimation temperature (°C) ( + dictary EFA)

rat BAT [74.220,540.591)

hamster BAT [74,460) rat liver [154,525] hamster liver [33]

A+)  22(+)  SN4)  28%(—)  SA-)  22%(+)  S(+)  22(+) (=) 22(+)  22%(-)

CLs: PUFA 26.6 433 48.5 87° 129 30.6 531 514 213 844 31
MUFA 54.1 376 28.1 71 61.7 333 296 359 68.0 1.2 61.1
SFA 19.3 189 230 20.2 25.4 36.1 17.3 10.0 9.3 44 48
ul 121 134 134 97 95 109 140 153 123 180 126

PCs: PUFA 229 20.3 39.2 121° 134" 36.1 34.2 417 408" 388 333¢
MUFA K82 340 19.2 52.3 477 248 29.1 1.0 1.0 10.5 238
SFA 389 45.7 416 356 3RS 39.0 36.7 46.0 48.2 50.7 436
ul 110 9] 126 90 87 106 127 160 140 153 120

PEs: PUFA 3.2 28.9 474 240" 344" 331 34.7 490 372° 239 202°
MUFA 358 285 143 470 31.2 309 305 6.3 15.1 22.8 458
SFA 330 42, 383 290 344 36.3 332 43.7 45.7 53.0 330
Ul 153 132 185 128 148 16 127 133 137 90 110

State 4 444 329 3¢ 2849 489 20°¢ 28°

4p (mV) 228 224 190 200 220 186 187

Cyn* ! 1.16 0.86 0.95 082 131 0.66 0.90

20:3 acyls are about * one third or less, " half or € four fifths, of these PUFA: 9 substrate glycerol-3-phosphate, + GDP, + serum albumin, 25°C
(ng atom 0 min~ ' mg~ '), € substrate succinate. 25°C; ' cakculated using H* /O = 6 [220) (ng ion H* min™' mg™' mV '),
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uncoupling protein is 35 ngion H' min 'mg 'mV !
(H* /0 = 6) [461). However, when the uncoupling pro-
tein is blocked with GDP and tree fatty acids are
sequestered, Statc 4 respitation via the phospholipid-
lcak is 48 ng atom O min ' mg ' 4p = 220 mV, and
Cyn-= 131 ngion H* min ' mg ' mV ' Although
no BAT mitochondrial conductance is presented for
hamsters kept at 22°C, Cyee = 0.32 (succinate, 23°C) in
liver mitochondria from unadapted rats. Hamster BAT
mitochondrial phospholipid-lcak scems to  bhecome
thermogenic as part of cold-adaptation.

Rat liver mitochondrial cardiolipins contain 20-75%
more polvunsaturated fatty acyls, about the same pro-
portion of monounsaturated fatty acyls, and half the
saturated fatty acyls found in BAT mitochondria (Ta-
bles Il and VII). Phosphatidylcholines and phos-
phatidylethanolamincs have about the same saturated
fatty acyl content in liver and BAT mitochondria, but
in the liver organclle phosphatidylcholine and
phosphatidylethanolamine  polyunsaturatcd / monoun-
saturated fatty acyl ratio is 4-7. whilst in BAT it is
0.7-1. Fatty acyl compositions of phospholipids do not
scem to have been reported in liver mitochondria of
cold-adapted rats. EFA-deficiency leaves rat mitochon-
drial phospholipid saturated fatty acyls unaffected,
partly substitutes monounsaturated fatty acyls and only
few 20:3 acyls for cardiolipin polyunsaturated fatty
acyls, but cxerts little cffect on the uasaturation of
phosphatidylcholines and phosphatidylethanolamincs
(see section 1V-C.1.a). This constancy of the bulk phos-
pholipids might account for the minor changes re-
ported for bulk physical propertics of liver mito-
chondria from EFA-deficicnt rats [284] and leaves the
cardiolipin changes to account for effects on respira-
tion. EFA -deficiency results in striking accelerations of
rat liver mitochondrial State 4 phospholipid-leak (Ta-
ble VID): Cyn- rises 36%. Cold-cxposure of hamsters,
but not of rats, increases liver mitochondrial respira-
tion (succinate, 37°C) in State 4 and State 2, as well as
oxidative capacity (cytochrome oxidase activity) [83).
Hibernation in hamsters diminishes State 4 and Statc 3
respiration mcasured at 7°C, but augments both rates
when measured at 37°C, and also cytochrome oxidase
activity; thesc findings emphasize the necd for ther-
motropic data on temperature adaptations. No infor-
mation seems to be on hand on liver mitochondrial
phospholipids in cold-exposed hamsters, or fatty acyl
compositions of any mitochondrial phospholipid sub-
class in BAT of hamsters that go on to hibernate [10].

BAT responds to altered thyroid hormone levels.
BAT cells have approximately the same specific T3-re-
ceptor binding capacity {39,40,193] as white adipose
tissue cells [67) and hepatocytes [482). In rat BAT,
unlike other cclls, an intracellular 5'-deiodinase that
converts T4 — T3 generates 55% of the nuclear-bound
T3, which makes the BAT receptor relatively insensi-

tive to plasma [T3)] {39.40]. The deiodinase is stimu-
lated by extramitochondrial signals that include a,-
agonists and other hormones. Receptor occupancy de-
termines expressior of the uncoupling protein and
thereby BA T adaptation to cold environments.

Low temperatures evoke tnyroid hormonce secretion
necessary for cold-adaptation: hypothyroid rats do not
survive in cold cnvironments [587). Many steps in the
sequence of events that controls the uncoupling pro-
tein are thyroid-responsive in BAT and other tissues
(sec Ref. 284); the number of B-adrenergic receptors
and their accesibility to norepinephrine; coupling of
occupied receptors, via G-proteins, to adcnylate cy-
clase (hypothyrcidism increases the sensitivity of the
G,-protein in BAT that couples inhibitory agonists
(¢.g.. adenosine) to adenylate cyclase 1723]); adenylate
kinase activity: cytosol [cAMP]; protein kinase-media-
ted phosphorylation of lipasc; conversions of triacyl-
glycerol-fatty-acyl — free fatty acid — fatty acyl-CoA
that regulates [free fatty acids): the rate-limiting steps
in de novo acetyl-CoA — fatty acid: and the desatura-
tions of fatty acyl-CoA that lead to unsaturated free
fatty acids that are less cffective in activating the
uncoupling protein.

Hyperthyroidism in rats kept at room tcmperatures
affects the following processes in BAT. (i) Occupancy
of BAT T3-rcceptors rapidly stimulates lipogenesis,
which is alrcady intense [339Y]; lipogenic enzyme activi-
tics double [215,508): mitochondrial a-glycerophos-
phate dchydrogenase activity. normally some 60-fold
higher than in liver, further increases by 50% [362]. (i)
atty acid B-oxidation and succinate oxidation in State
4 (25°C) nise 4-fold 1215); the mitochondrial ou! °r car-
nitine long-chain-acyl-CoA transferase that reguiates
B-oxidation in liver and other tissues is thyroid-sensi-
tive and cardiolipin-dependent (sece Ref. 284). (iii) BAT
proliferates (white adiposc tissue atrophies [702]) but
cytochrome oxidase and cardiolipin/mg BAT remain
unchanged [540), which denotes a constant content of
mitochondria. (iv) Although T3-treatinent (0.3 ug g™!
day "' x 5§ d) increases the percentages of 18:2 and
20:4 acyls in total phospholipids of BAT mitochondria
but not BAT microsomes [215), more vigorous and
prolonged T4-trcatment of rats (0.5 ug g ' day ™' % 40
days) devs not change BAT fatty acvl /cardiolipin com-
position or cardiolipin/ phospholipid ratios [446] (Ta-
ble VID. The low-18:2, high saturated fatty acyl pat-
tern of BAT cardiolipins characterizes tissues that do
not respond thermogenically to thyroid hormone levels
[284). (v) Thyrotoxicosis depletes BAT uncoupling pro-
tein in warm rats [637,662), and blocks cold-exposure
from inducing uncoupling protein: it is a condition with
negative survival value in -ats at lo'v environmental
temperatures [83].

Brown adipocytes from hypothyroid rats contain 3-
fold more mRNA,, (an intermediate in lipogenesis



nitiation) than euthyroids. Increased activities of BAT
fatty acid synthasc. ATP-citrate lyasc and glycolytic
flux lead to an 1l-fold risc in faity acyl synthesis
[26,193]. White adipose tissue from the same animals
has only 20% of normal levels of mRNA(,, and shows
no increase in fatty acyl synthesis: liver lipogenesis
decreases. It is surprising that both hypothyroidism and
hyperthyroidisn, augment lipogenesis in BAT. Hypo-
thyroidism doubles or triples activity of the BAT perox-
isomal non-phosphorylating 8-oxidation apparatus plus
catalase [210]. This system normally contributes 1% to
30% of the thermogencsis of overall fatty acid oxida-
tion, and also accelerates during cold-exposure [72}.

Malignant hyperthermia is a lcthal syndrome of
excessive mitochondrial heat production accompanicd
by skelctal muscle rigidity. scen rarcly in sensitive
humans and more often in pigs of the German Van-
drace strain, when ‘stressed’ or exposed to halocarbon
anesthetics [92-94,230,280). Respiration of skeletal
muscle mitochondria from malignant-hyperthermia-
sensitive pigs is abnormally stimulatcd by Ca®*. In-
volvement of the unusually saturated muscle cardiolip-
ins (Table I11) and phospholipids (sce section 1V-B.2)
of this and other strains of pigs does not seem to have
been considered, aithough the increased mitochondrial
Ca**/H* exchange-lcak shows abnormal lipid-de-
pendency.

Hypothyroidism is accompanied by changes in BAT
of 25°C-adapted rats, and mice [316], that resemble wne
effects of cold exposure: increased BAT weight, DNA,
and mitochondrial cytochrome oxidase (sce Ref. 415);
the last two are also unusual in hypothyroidism. How-
ever, hypothyroidism abolishes the incrcased respira-
tion of BAT normally effected by norepinephring or by
exposing mice to the cold [293]. Cold exposure is lethal,
and produces no lipolysis in BAT or increase in BAT
mitochondriai uncoupling protcin. Low, maintcnance
dosage of T4 ailows cold-induced synthesis of uncou-
pling protein. BAT is also unreactive in hypophysec-
tomized rats and ob/ob mice. Combined maintenance
of hypophysectomized rats with T4 and corticosterone
permits cold-adaptation and production of mitochon-
drial uncoupling protein. Although T4-treatment in-
creases uncoupling protein in ob /ob mice, it does not
permit cold-induced thermogenesis in BAT or save the
cold m ~e [274]. Mitochondrial phospholipid fatty acyl
chang. 1 cold-adaptation are not consistently ther-
mogen .n BAT but may be in liver (see above).
Therefore, observed defects in hepatic fatty acvi-CoA
Jesaturative mechanisms may contribute to the hy-
pothyroid's cold-sensitivity [284}; normal cats also fail
to acclimate [46}, and they have no d46-desaturase and
a relatively inactive AS-desaturase [546). It is generally
concluded that thyroid hormone is necessary but not
sufficient for cold adaptation.

{V-C.2.d. Hormonal state. Thyroid: thyroid hormone
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levels and mitochondrial respiration (especially State 4)
correlate disectly in rat fiver, heart and kidney (277,278).
and human skeletal muscle (632), tissues in which mito-
chondrnia have high cardiolipin / phospholipid ratios,
cardiolipins have high 18:2 contents, and nuclei pos-
sess many T3-receptors {284.285). A uniform hypothy-
roid state is rcadily achieved by arresting hormone
synthesis, but the effects of hormone administration or
excess depend on several variables.

In the studics of Withers and Hulbert [708] on liver
mitochondri . of hypothyrind rats, fatty acyl composi-
tions of total lipids were close to normal and did not
change when the rais were fed a control diet plus
saturated or unsaturated fatty acids; they concluded
that the hormonec acts at least in part directly on
mitochondrial membrane lipids.

In our hypothyroid rats, liver mitochondnal
phospholipids show an abnormally high-12:2, low-20:4
fatty acyl pattern [97-99,291] that reflects in part a
72% increasc in cardiolipins with normally high 18:2
contents and no 20:4 acyls, in part the abnormal
compositions of the phosphatidylcholines and phos-
phatidylethanolamines [291]). Raederstorff et al. [524)
have recently confirmed this hormone-responsive pat-
tern of abnormality in (7 — 6)-unsaturated fatty acyls in
the phosphatidylcholines and phosphatidylethanola-
mines of mitochondria from livers of hypothyroid rats,
and also find significantly decreased contents of
22:6{n — 3) acyls. Lack of thyroid hormone usuaily
raises levels of metabolic intermediates by slowing their
removal more than their synthesis. It is therefore of
interest that cardiolipin accumulates in plasma mem-
branes of H. infiuenzae when activity of a cardiolipin-
specific phospholipase D is inhibited (see section 111-A).
Phospholipase D enzymes exist in rat liver endoplasmic
reticulum [665].

The data are not sufficient to decide if cardiolipins,
or phosphatidylcholines and phosphatidylethanol-
amines, or both, contribute to the slowcd phospho-
lipid-leak that charactenizes hypothyroidism. Studies
on induced changes in mitochondrial phospholipids
(section 1V-C) indicate a specific role for cardiolipins.
The sidedness of the extra cardiolipins in the inner
membranes of mitochondria from hypothyroids (or hy-
perthyroids) has not been examined, but the unsatura-
tion of cardiolipins influences sidedness. The normal
fatty acyl profiles of the excess cardiolipins should
favor inner-sidedness. Supporting this inference are
thc following observations on the outer-face mitochon-
drial carnitine palmitoyltransferase: its activity and sus-
ceptibility to physiological inhibitors have character-
istics of lipid-dependency [366,741}; cardiolipins specif-
ically activate the purified enzyme and may orient the
mitochondrial enzyme [470); activity is abnormally low
in hypothyroids (see Ref. 284).

In hypothyroidism, 18:2 acyl contents rise and 20:4
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contents fall reciprocutly not only in liver mitaochondria
but also in the phospholipids of microsomes and nu-
clear cnvelopes [181.291.595) The pervasiveness of
these alterations has been attributed to the observed
defects in the desaturation steps of the conversion of
18:2-CoA — 20:4-CoA [284). The diminished incorpo-
ration of administered 18:2 fatty acid into liver phos-
pholipids [291] duct ot seem to iimit 18:2 acyl accu-
mulation in liver organclie phospholipids. Nor docs the
failurc of the fasted-refed hypothyroid rat to induce
hepatic A9-desaturase [288) deplete 16:1 and 18:1
fatty acyls.

To exainine effects of thyroid hormone, several
dose-time schedules have cvolved. Originally, trcat-
ment of normal cuthyroid rats with a very high dose of
DL-T4, equivalent to 70 ug of the effective component
L-T4 per g body weight, given over 4 days, increased
liver mitochondrial Statc 4 respiration (30°C) and abol-
ished phosphorylation of ADP [290.414]. Later, onc
much smaller dose of T3 given to a hypnthyroid rat was
observed to stimulate mitochondrial State 3 respiration
and synthesis of liver phospholipids, RNA, and pro-
teins after 2 days [642,643]. Even more rapid cffects on
respiration are reported: onc injection increases State
4 respiration in 2-15 min in hypothyroid rats, and in
6-24 h (but not at 48-72 h) in cuthyroid rats [279]:
perfusion of hypothyroid rats’ livers with T3 progres-
sively increases State 3 respiration to a maximum at 60
min [586]; T3 affects cultured hepatocytes in 2 h [563).
‘Hyperthyroidism™ is now often produced by 10-21
daily injections into cuthyroid rats. Only a few of the
later treatment schedules can be interated with stud-
ics on phospholipid mciabolisrmy @i i resolved mito-
chondrial phospholipids.

Thyroid-.reatment very rapidly 'cads o ditcreased
activitics of lipogenic enzymes [482]) and fatty acyl-CoA
49-, 36- and AS-desaturases, and to altered mitochon-
drial cemposition and function {284,285). After one
injection into a hypothyroid rat, T3-occupancy of T3-
depleted nuclear receptors in lipogenic tissues begins
to activate in minutes, and then induce synthesis of,
the depleted fatty acid synthetase, acetyl-CoA carbox-
ylase, and supporting NADP "-reductases [482]. Satu-
rated fatty acyls. perhaps those newly synthesized. sub-
stitute for many of the 18:2 and 20:3 acyl jrovys in
total phospholipids of liver mitochondria by 1-2.5 h
(284] but there is no information on cardiolipins this
early. In contrast. in normal rats fasted and refed
carbohydrates. monounsaturated fatty acyls replace
liver mitochondrial total phospholipids 18:2 and 20:4
acyls even more severely by 2 days (9]. T3-treatment of
cuthyroids on cach of 5 days substitutes saturated fatty
acyls only in cardiolipins; mitochondrial phosphatidyl-
cholines and phosphatidylethanolamines become
slightly more unsaturated because 20:4 acyls replace
some of the 18:2 acyls [378) (Table H1). This hyper-

thyroid patern of cardiolipins with low 18:2 and high
saturated fatty acyl contents is unique among agents
that change liver cardiolipin fatty acyl distributions.
Microsomal phospholipid fatty acyls remain unchanged
after S-days trcatment [563] but show the mitochon-
drial pattern after a 21-days schedulc [180]. To the
present, we do not know the mitochondrial phosplo-
lipid compositions that accompany uncoupling proton
flux after high doses of hormone.

Conversion of 18:2 — 20:4 acyls, which would ac-
count for the low 18:2 and high 20:4 pattern by
accelerated microsomal A6- and A5-desaturations, oc-
curs transicntly in 1-4 h in T3-trcated hypothyroid
rats, and after 3 days of treatment in cuthyroid rats.
The JA9-dcsaturase conversion of 18:0 — 18:1 acyls
intensifics but scems not to affect cardiolipin or other
phospholipid compositions, probably because 18: 1 acid
is so available from the diet [99.181).

Hyperthyroidism in rats also stimulates almo.t all
the successive steps in hepatic metabolism of fatty
acids and phosphoglycerols, and mitochondrial cardi-
olipin synthesis [284]. Cardiolipin / phosphoiipida ratios
are abnormally high (+50%) in liver and Leart mito-
chondria after normal rats are treated with T3 for §
days {563); a 3-day schedule did not alter heart cardi-
olipin/ phospholipid proportions {283). Increased car-
diolipin/ phospholipid ratios could result from a
greater increase in cardiolipin synthesis than in phos-
phatidylcholine and phosphatidylethanolamine synthe-
sis. Another possible mechanism. activation of a mito-
chondrial phospholipase A, by clevated levels of thy-
roid hormonce [443] and cardiolipins [387). would re-
move phosphatidylcholines and phosphatidylethanola-
mines with high polyunsaturated fatty acyls contents
but lcave cardiolipins unlysed [576).

The decreased unsaturation of the cardiolipins from
hyperthyroids should remove the conical shape that
makes cardiolipins seck concave hydrophobic surfaces.
Amounts of cardiolipin in the outer face of mitochon-
drial inner membranes do indecd seem to be increased
in hyperthyroids, as judged from activity of the liver
mitochondrial ‘outer’” carnitine  palmitoyltransferase
(sec Ref. 2843,

Recent studies define thyroid ceffccts on mitochon-
drial State 4 respiration in terms of proton conduc-
tance, driving force Jdp [54,246-249) and inner mem-
brane arca [249]. Hypothyroidism. depresses proton
leakage estimated {rom either FCCP-titrations [228,673]
or State 4 rates (succinate, 2§ or 37°C) muitiplied by
the H* /O quotient (Table VII).

The slowed leak results from decreased proton-con-
ductance of the membrane, since hypothyroidism does
not alter Ap in correlation with State 4 rates. Cy,n+ for
cuthyroid rat liver mitochondria (succinate, 25°C) is
typically 0.3-1 ng ion H* min™' mg™' mV~! [464].
Cyn- is 0.63-1A2 in Tahle VI, perhaps because



Cys- tends to increase with temperature. Cygn- for
mitockondria from hypothyroid rats (0.74-0.9) is con-
sistently lower than in cuthyroids and does not vary
much with temperature in the few measurements
shown. Brand and coworkers [248,450} conclude that
the slowed preton leak in hypothyroidism accounts for
the entire dirsinished proton permeability. making it
redundant to postulatc a decreascd H* /O-slip.

The effects of hormone administration depend on
the initial thyroid state, the dose-time schedule, and
perhars the conditions of assay. In liver mitochondr.a
from hypothyroid rats given onc dose of T3 1 day
before killing, proton leakage increases 30-40% as
estimated from FCCP-titrations or State 4 respiration
(25°C) [298-300) (Table VIII). The excess leak is not
via the F,: oligomycin actually increases State 4 by
26%. Treatment raises the proton driving force JIp
mainly by increasing 3pH to 81 mV (an unusually high
level considering the presence of P); the resultant
Cpne rises to normal levels. Introduction of protono-
phores would increase proton leakage; one proposed

TABLE Viil

113

source s autoxidation of unsaturated fatty acyl groups
in membrane phospholipids (see section 11-A). Prod-
ucts of mechanisms that protect against superosides
(e.g. oxidized elutathione and malondialdehyde) do not
increase 24 h after hypophyscctomized (and so also
hypothyroid) rats are injected with ‘3. although the
proton leak (State 4 respiration) accelerates 2.2-fold
{401}. Thus. lipid peroxidation does not seem to cause
this augmented picion leak.

Treating normal rats with ‘13 {or 10 days Chypes-
thyroids’) increases liver mitochondrial State 4 respira-
tion (37°C) 64% in the studies of Hafner et al. [249).
The increased leak, as measured by State 4 respiration,
is not inhibited by oligomycin and so does not proceed
across Fy: the lecak was not measured by FCCP-titra-
tion. Cpn- for all mitochondria from: hyperthyroids is
in the range 0.84-238 ngion H' min" ' mg ' mV ',
consistently greater than control vaiues (Table VHD.
The major proton drive is 3¢ (which treatment dimin-
ishes by 14 mV) since the presence of nigericin and P,
collapses most of the 3pH (only 15.9 mV in cuthyroids

Liver mitochondria ffects of thyroid state on proton leak (State 4, + oligomvein); 3d. — 93pH and Ap durng Stare ¥ and State 3 resparation
(succinate or succinate / malate); calculation of effectit e proton conductance 1462,

O ) respiration ((ng atom O min

mg Yyx6ngion H* /g atom O

Cyn* (ngicon H® min Vg ' mb )=

Ip(mb)

Abbreviations: ET. thyroid-treated cuthyroids: HT, thyroid-treated hypothyroids: oligo. oligomycin.

Thyroid state Proton leak Respiration 3¢ -S94pH 4p Cogree Reaction poxtare.
(oma! FCCP/ (ng atom O (mV) (mV) (mV) addiions (Refs)
mg) min" 'mg "}

~oligo +oligy

Euthyroid 0 18] 14 198 W63 State 4.30°C. P,

valinomyven {SYK]

ET(Tdc & ugg '+1d} kit 194 17 211 HRY

Euthyroid 106 103 10 K] 5.61 State 3+ ADP

ET(T4scBpugg '+1d) 41 103 X 11 7.62

Euthyroid iia 33 State .00 C. P

ATP {673

Hypothyroid 48 n At i3y (< 14l)

HT(Mip03 g o i s SK 46 38 146 (- 189

ET(TdipB ugg '+1d) 62

Euthyroid 6.8 3R 42 131 "7 205 1.0% State .25 C. P

ATP [29%-100)

Hypothyroid 5.1 29 he 125 AN 199 0.89

HT (T3 04 ugye '+ 183 2.3 a5 “ 127 81.0 208 0.98

ET(T4sc0.4Spgg 'd 'x 10 6.6 s3 46 133 804 214 1.27

Euthyroid 49 200 159 216 1.22 State 4. 37°C. P,

nigericin [249)]

Hypothyroid R 214 1na 232 074

ET(T3015ugg 'd 'x10d) 80 188 18.7 202 238

Euthyroid 187 (4N 166 285 192 5.84 State 3. 37°C.

ADP {120]

Hypothyroid 9§ (29) 179 (R 161 248

HT(T3iv0.1S ugg ' +15m) 108 (28)? 180 18.7 199 3.26

“* State 4 respiration calculated from values shown for State 3 and respirziory control ratios.
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and 2.8 mV higher after treatment). Because Ap is in
the order hypothyroid > cuthyroid > hyperthyroid.
whilc respiration is in the order hyperthyroid >
euthyroid > hvpothyroid, these workers ascribe the dif-
ferences in State 4 rates at least in part to changes in
the area of the inner membrane (per mg mitochondrial
protein). By stercological electron micrographic analy-
ses, the area of cristac was found to be 25% bclow
normal in mitochondria of hypothyroid rats, as was the
ratio of cardiolipin/ mitochondrial protcin [326). Wc
found a mitochondrial cardiolipin/ phospholipid ratio
72% higher than normal [291]; the increased normal
cardiolipins might increase proton retention in addi-
tion to the effccts of decreased conductance area.
Jakovcic et al. [326]) made rats hyperthyroid by adminis-
tering T4 over 21 days, cnough time to induce a new
population of mitochondria with augmented cristael
area, and pcrhaps comparable with the 10-day treat-
ments shown in Tabtle VIII. It seems doubtful though
that 1-day to 3-day treatments produce new mito-
chondria, which leaves the proton permeabilities rather
than membrane area to account for such carly stimula-
tions of State 4 respiration.

Horrum et al. [298-300] find that 10 daily T4 injec-
tions accelerate State 4 respiration (25°C) in the ab-
sence of oligomycin, although they do not increase
State 4 or the degree of proton leakage measured by
FCCP-titrations in the presence of oligomycin.
Oligomycin inhibits only the increased portion of State
4 respiration; ergo, an F-lecak accounts for the rise in
proton flux above the persisting basal proton-leak. As
calculated from Ap, the hyperthyroid state raises Cyu-
from 1.08 (control) to 1.27 ng ion H* min~' mg"'
mV ~'. Despite the presence of 10 mM P,, 4pH is
relatively high in cuthyroids (74.7 mV) and 6 mV
greater in the hyperthyroid mitochondria, whilst Ay
hardly changes. Thus, a T3-induced F,-lcak appears to
be selectively driven by 4[H *). If the lowered unsatu-
ration of the cardiolipins obscrved at 5 days of T3-
treatment [563] continues to 10 days, it is not associ-
ated with an increased phospholipid-leak, which con-
trasts with findings in EFA-deficiency and other condi-
tions. If FCCP-titrations do iadex the proton leak,
which is disputed [62], these observations also seem to
conflict with those of Nicholls [459] that proton passage
through the F-channel in the presence of ADP + P,
decreases 4pH enough to eliminate proton leaks; fur-
ther, hyperthyroidisin raises dpH (Table VIiI). The
alternative mechanisms, whereby T4-treatment of nor-
mal rats initiates an F,-leak when ApH is allowed to
contribute to proton drive, or T3-treatment increases
other leak routes when A¢ is made to predominate
[249), should be resolved by trcatment of rats with
ecither T4 or T3, and measurements at 25 and 37°C,
+ oligomycin.

A significant F-leak in hyperthyroid mitochondria

undecr State 4 conditions might be considered an accel-
cration of a normal proton route through F, {415].
These studies report an impressive degree of Fy-leak in
the very slow respiration of normal rat liver mito-
chondria (+substrate, O, and P,, 25°C) (scc Table
VIID. Otigomycin inhibits Statc 4 respiration by ap-
prox. 50% and raises Ay to 1587 mV from a level of 176
mV. The corresponding effective proton conductances
can be calculated to be < 0.20 (since ApH was not
measured) ng ion H* min™' mg™' mV~' plus
oligomycin and < 0.43 minus oligomycin. Oligomycin
inhibits State 3 by 90%, to leave a nonphosphorylating
respiratory rate that is 30% below the uninhibited
Statc 4 rate. Masini et al. [415] concluded that a farge
portion of State 4 respiration is normally linked to
rephosphorylation of intrinsic ATP used in matrix re-
actions like pumring Mg** anc changing membrane
conformation. However, the mitochondrial concentra-
tions in these studies were 3-3.5 mg of protein per ml,
and the State 4 rates arc as low as 25% of those
measured at 25-26°C by other workers cited in Table
VIII, who used (.13-2 mg mitochondrial protein per
ml (cf. Estabrook [178]: 1.7 mg/ml) and saw no
oligomycin inhibition of State 4 respiration in controls.
Similarly, Shears and Bronk [598). who uscd 4 mz/ml,
reported a State 4 rate at 30°C that is half that found
by the others at 25°C. It thus appears that [O,] may
have limited respiration in Masini ¢t al.’s measure-
ments, and thercby activated ATPase.

Altered thyroid states induce much larger changes
in State 4 respiration than in Ap, apparentlv by alter-
ing thc supralinearity of proton conductance at the
high Jdp values characteristic of State 4 rccpiration
[53,54.246]. Supralinearity has been ascr:bed to several
mechanisms: dielectric breakdown of membrane resis-
tance to proton current [459]; intramembranal proton
circuits not mediated by Ap [488.556); lateral proton
conductance mediated by cardiolipins and PGP, on
surfaces of bacterial membranes (see section 1-A); and
propertics of membrane lipids whereby (saturateg)
phospholipids pass protons transmembranally along a
transient hydrogen-bonded chain of water molecules
(sec section 11-A). Mitochondrial Cyu- is ohmic in
cuthyroids to about 180 mV, in hypothyroids to 200
mV, and in hyperthyroids to 160 mV. Thus, the suscep-
tibility of inner membrane to brcakdown at high preton
pressure - if that is the mechanism - is in the order
hyperthyroid > euthyroid > hypothyroid.

Evidence is discussed in section II-A that unsatu-
rated cardiolipins contribute to proton retention at
high 4p under State 4 conditions, whereas the uncou-
pling protein in BAT leaks protons and disperses 4p.
Increased amounts (cardiolipin/ phospholipid) of ab-
normally saturated liver cardiolipins are assoc*ated with
proton-leakiness and thermogenesis in mitochondria of
hyperthyroid animals. The amount of uncoupling pro-



tein is up-regulated by decrcases in ambicnt tempera-
tures and the resulting proton leakage is thermogenic,
like the eftects of thyrotoxicosis. Hypothyroidism aug-
ments liver mitochondrial cardiolipin/ phospholipid ra-
tios and the cardiolipins are normally unsaturated; by
their normal role in proton-retention, these cardiolip-
ins should decrease proton leakage and thermogenesis;
it is not clear if the phosphatidylcholines and phos-
phatidylethanolamines, wiich also become less unsatu-
ratcd, participate in proton-retention. It seems pHerti-
nent that chilled subjects secrete more thyroid hor-
mone, and warmed subjects, less. Elevation of temper-
ature also down-regulates amount of BAT mitochon-
drial uncoupling protein, proton-leakage and thermo-
genesis.

Thyroid-state affects State 3 respiration rates. Al-
though cardiolipins are specitic for many of the regu-
lated steps, mechanisms of thyroid effccts arc not
proven to be mediated by the known cardiolipin
changes. State 3 4p is about 110 (30°C) or 190 mV
(37°C) in liver mitochondria from cuthyroids, 2nd un-
treated or treated hypothyroids [120] (Table VIII).
Effective proton conductance at 37°C is 5.84 ngion H*
min™! mg™! mV~' in mitochondria from euthyroids
and half that in hypothyroids. The proton routes initi-
ated or augmented in mitochondria of hypothyroid rats
by induction of State 3, namely the ADP/ATP carrier,
ATP-synthase, P,/H* symport, dicarboxylate carrier,
cytochrome bc, and cytochrome oxidase, would be
involved in these proton conductances, since the pro-
ton leak disappears in State 3.

The ADP/ATP carrier activity is sensitive to cffects
of altered thyroid states on: (i) the membrane environ-
ment of the carrier; (ii) amounts and exchangeability of
ADP + ATP in the matrix; (iii) ratios of [free
ATP]/[free ADP) in matrix and cytosol; and pcrhans
(iv) the proporticas of A4pH and 44 (see above; this
carrier discharges Ay [155)]). All these factors deter-
mine the carrier rate and, together with rates of other
regulators, its C, contribution to State 3 control. (i) An
altered membrane environment of the ADP/ATP car-
rier in liver mitochondria from hypothyroid rats is
indicated by the linearity of the Arrhenius profile
{0-37°C) of external ADP translocation [281]; the pro-
file in normals inflects sharply at 17°C. As a result, at
0°C (a usual temperature for assay) hypothyroid mito-
chondria translocate external ADP at a rate 66% less
than normal but at 25°C the rate is normal. The
abnormal thermotropic properties are typical of effects
of altered membrane lipids. (ii) Content of ADP + ATP
in liver mitochondria of hypothyroid rats is 60% greater
than in normals, and pyridine nucleotides are 40%
above normal [281,341). Of the 13.8 nmol of ATP +
ADP per mg proiein, hypothyroids exchange only the
normal content of 9.6 nmol/mg via the ADP/ATP
carrier [281,586). A similar compartmentation occurs
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when ATP + ADP accumulates after glucagon treat-
ment [235] One LT4-injection corrects, in 3 days. the
nuclcotide compartmentation and temperature-tate
relationship.  Accumulation of ATP can proceed
through an ATP-Mg/P, carricr that moves ATP pas-
sively down a concentration gradi~»t, but that would
not account for abnormai co partmentation [15]):
loaded nucleotide.. cxchange cor.pletely, as shown by
the lincarity of adenine nucleotide translocase velocity
with matrix [ATP + ADP]} even at high concentrations.

(iii) The ATP/ADP ratio in the matrix of liver
mitochondria from hypothyroid rats is subnormal [281]
because ADP is phosphorylated slowly [99]; the ratio in
the cytoplasm is high because ATP is utilized slowly
(c.2.. Ref. 165). Increased matrix ATP + ADP and
ADP/ATP ratio should accelerate translocation of
external ADP, but the compartmentation lcaves the
abnormal lipid dependency of the carrier in hypothy-
roid mitochondria to account for the slowed transport.

Claims that an identity of the ADP/ATP carricr
with a rat liver mitochondrial T3-receptor accounts for
in vitro and in vivo hormonal acceleration of State 3
respiration [630) are difficult to accept conceptually
[245.284] and arc contradicted experimentally [$30].

The cardiolinin-specific <arriers of monocarboxyl-
ates, dicarboxylates and tricarboxylates. as well as acyl-
carnitines (palmitoylcarnitine transferases plus (acyl)
carnitine translocase), are all thyroid-responsive {284]
(Table I). In heart mitochondria of hyperthyroid rats
(5-day T3-treatment), as compared with cuthyroids, the
pyruvate carrier V. at 10°C is 70% higher, K, for
pyruvatc is unchanged, oxidation of pyruvate in State 3
at 25°C is accelerated 40%; cardiolipin/ phospholipid
is 50% greater but fatty acyl composition is not re-
ported {494]. Cardiolipin per phospholipid ratios also
rise in liver mitochondria, where cardiolipin 18:2 acyls
are extensivcly replaced with saturated fatty acyls [563)
(Table IM). ihe tricarboxylate carricr in liver mito-
chondria does not scem to have been tested for State 3
regulation; its V,, at 4°C increases 62% in hyper-
thyroid rats, K,, for citratc remains unchanged, and
activity increases across th: range of 1-27°C while
transition temperatures in A thenius profiles shift from
18°C — 13°C 1495}). Mitochondrial 4pH remains at 55
mV, and carrier amount also stays constant, suggesting
that the hormone activates carrier through either in-
creased general membrane fluidity or specific interac-
tions between cardiolipins and carrier.

Liver mitochondria from hyperthyroid rats (5 days of
T3) take up or exchange P, 50% faster than normals, as
measured by V., at 0°C {497]. The amount of P-car-
rier, the K,, for P, the initial intramitochondrial [P},
and the ApH, are all close to normal. Paradies and
Ruggiero [497] conclude that the increase in cardi-
olipin / phospholipid ratio accelerates P-carrier activ-
ity, which may contribute to an incrcased mitochon-
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drial State 3 respiration because P, transport is obliga-
tory for malate, citratc and a-ketoglutarate transport,
and closely linked to ADP and Ca’* traasport. How-
ever, the great capacity of the P-carrier usually pre-
cludes a regulatory role. Selwyn [S88] cites a report of
Gainutdinov ¢t al. that thyroid hormone treatment
increases a heat-stable, cytoplasmic factor that acceler-
ates cquivalent proton influx along the P,/OH an-
tiporter portion of a P, cycle that includes a pH-depen-
dent anion-conducting channel in liver and heart mito-
chondrial membrancs.

The ATP-synthase in hcart is thyroid-dependent in
situ and in vivo [353), and is the major regulator of
State 3 in adult and fetal heart mitochondria. The
ATP-synthase in adult liver mitochondria is also thy-
roid- and cardiolipin-dependent, hut docs not regulate
(Tablc ). In skeletal muscle, ATP takes up *P, mo-e
slowly in thyrotoxics than in normals [334]). Ernster et
al. [174] suggest that the embedment of the
protonophoric F,-ATPase in cardiolipins is necessary
for ATPasec function. A role for an abnormally conduc-
tive ATP-synthasc (F-lcak) in the augmented portion
of Statc 4 proton leakage in liver mitochondria from
hyperthyroid rats {298-300] is disputcd (see scction
1V-C.2.d).

Insulin: cardiolipin fatty acyl distributions and cardi-
olipin/ phospholipid ratios are normal in renal cor.ex
total phospholipids of rats after 2 months of streptozo-
tocin-induced diabetes [107] (Tablc 111). Cardiolipin/
phospholipid quotients in liver mitochondria are nor-
mal in 4- to 10-week diabetic rats [68,332,676] but
slightly lowered in skeletal muscle mitochondria from
chronically diabetic human patients [254]). Thus. fiom
these few studies it appears that cardiolipins do not
participate in the better-documented changes in polv-
unsaturated phospholipids from liver, heart, Kidney
and testis, and from liver mitochondria or microsomes,
that are rcported in diabetic rats 2-70 davs after
injection of alloxan or streptozotocin [61.68.107.164,
181,286.293,310,6755: 18:2(n — 6) and 22:6%: - 2) acyl
contents increase, 20:4 acyis arc depleted. These fatty
acyl changes arc scen in phosphatidylcholines and
phosphatidylcthanolamines, but only kidney cardiolip-
ins have been analyzed [107). If the normal kidney
cardiolipins in diabetics indicate that liver cardiolipins
are also normal (additional reasons are presented here
to think they are), lipid-dependent abnormalities of
mitochondrial function in diabetics are effects of al-
tered fatty acyl compositions of phosphatidylcholines
and phosphatidylethanolamines. Altered cardiolipins
affect function differently.

Fatty acyl changes in lipids of diabetic subjects can
be attributed to usual mechanisms: the fatty acyls of
mitochondrial phospholipids are replaced in part by
incoming fatty acyls, in this case mobilized from depot
fat. Release of the hormonc-seusitive lipase activity

from (nsulin-inhibition in experimentally-induced dia-
betes mellitus rapidly mobilizes free fatty acids from
white adipose tissue triacylglycerols into plasma. Tri-
acylglycerol fatty acyls include approx. 25% 16:0, 40%
18:1, 25% 18:2(n — 6), and no 20:4(n ~ €) acyls, in
fasted rats {9] and in 3-weck diabetic rats [310]. Albu-
min-bound fatty acids in plasma exchange with tissue
fatty acyls.

When diabetes is induced by alloxan injection, free
fatty acid content of rat liver mitochondria increases
linearly from 5 ug (mg protein)~' at ¢ = 0, at a rate of
about 0.25 ugmg~' h™', to a level of 18 ug mg™"' at
48 h; no fatty acid conposition was presented {419] but
one can be inferred. Diabetes also increascs plasma
[triacvigi-ceruls] 4-fold; the liver esterifies free Tatty
acids. further desaturates some, and incorporates both
serariied and unsaturated fatty acvls into triacyl-
glycerols and phospholipids that are rel-:ased to plasma.
Normally, rlasma triacylglycerols coniain about 35%
16:0, 409% 18:1 and 7% 18:2 acyls, which indicates
that fat partly retains stored essential 18:2(n — 6) acyls.
In diabetic rats 21-30 days after streptozotocin admin-
istration, plasma triacylglycerol 18:2 acyl content is
24% at the expense of 16:0 and 18:1 acyls; plasma
phospholipids contain twice the normal amount of
18:2 acyls and less than normal 20:4 acyls [310,724];
erythrocyte membrine phosphatidylcholines and phos-
phatidylethanolamines, which normally exchange with
plasma lipids, mirror the high-18:2, low-20:4 acyl pat-
tern in diabetics.

A high-18:2, low-20:4 acyl pattern in both mito-
chondrial and microsomal phosphatidylcholines and
phosphatidylethanolamines, together with normal car-
diolipins, occurs in mitochondria from hypothyroid rats,
and is ascribed to observed decreases in hepatic 46-
and JAS-desaturations (see Ref. 284); fatty acid mobi-
lization from triacylglycerols is suppressed in hypo-
thyroidism. In contrast, fasting rats and refeeding them
carbohydrates [9], or injecting hypothyroid rats with T3
{284}, evokes newly biosynthesized saturated and mo-
nounsaturated fatty acids from lipogenic tissues. that
partly replacc liver organcllc membranc fatty acyls.
Most of the 18:2 acyls are displaced in cardiolipins
from kyperthyroid rats (Table 111) but any contribution
of stored fatty acyls in the depleted triacylglycerols is
uncertain.

Thus, the augmented frce fatty acids in liver mito-
chondria from diabetic rats wou!d have a high propor-
tion of 18:2 acyls. The fatty acid composition of these
mitochondrial phospholipids reflects, first the .aflux of
18:2 acyls; secondly the preservation of 18:2 acyls
through the known defect in hepatic A6-desaturation
(196,204,205,428) that normclly limits the conversion of
18:2(n — 6) — 20:4(n ~ 6) acyls; and thirdly, influx of
16:0 and 18:1 acyls (the siowed A49-desaturation in
diabetics {204,317} is not accompanied by lowered 18:1



acyl contents in most studies). High 18:2 concentra-
tions would protect the normal high 18:2(n — 6) acyl
contents of cardiolipins. Improved mobilization of
stored 18:2(n — 6) acyls and subsequent protection
against desaturation may account for abscrvations that
an EFA-deficient diet depletes liver and heart
phospholipid (n — 6)-unsaturated fatty acyl groups less
in diabetic rats than in control animais [544]. Thc
desaturation defect and the excess of 16:0 + 18:1 acyls
would remove 20:4 acyls where they normally abound.
i.e. phosphatidyicholines and phosphatidylethanola-
mines. However, although the hepatic desaturative
conversion of 1%:2(n — 3) — 22:6(n — 3) acyls (lab di-
ets contain no 22:6) slows as early as 2 days after
alloxan injection [286], 22:6 acyl conients increase in
mitochondria from diabetic rats - probably because
phosphatidylcholines and phosphatidylethanolamines
avidly retain 22:6 acyls. as shown by their 2.3-fold
accumulation while 18:2 content is haived, in hcart
lipids of rats starved 7 days [727].

Altered mitochondrial membrane phospholipids in
diabetic rats are accompanicd by scveral changes. (i)
Heart mitochondria and sarcoplasmic rcticulum are
enlarged in situ [534], which indicates that preparation
artifacts do not account for the biochemical lesions. (i)
Activity of mitochondrial B-hydroxybutyrate dehydro-
genase decrcases because amount of enzyme dimin-
ishes [103}; activity responds abnormally to tempera-
ture changes because the cnzyme binds phosphatidyl-
choiines specifically and diabetic phosphatidylcholines
have abnormal fatty acyl profiles [676].

(:ii) Liver mitochondria from 2- to 3-day diabcetic
rats respire at normal rates at 37°C in both State 4 and
State 3 [286); State 4 respiration is normal at 30°C
[259,499,675] but 25-45% faster than controls at 23-
25°C [259.,420]). At 30°C State 3 respiration together
with ADP/ATP exchange rate slows by 45% [388];
uncoupling is reported [252]; skeletal muscle mito-
chondria from human chronic diabetics oxidize slowly
in both State 3 and State 4 [254.397}. These data may
re ficct abnormal thermotropic propertics seen in 2-day
ciabetics [286]): Arrhenius plots of State 4 rates are
typically linear between 15 and 37°C {289] but E, for
diabetic mitochondria is 48 kJ/mol, for contruls, 64
kJ /mol. The ratio of State 4 rate (proton lcakage) in
diabetics/ controls rises as temperature is decrcased:
1.3 at 37°C and 2.2 at 15°C. Increasing proton lcakage
uncouples; the ADP /O quotient diminishes as temper-
ature is depressed. This unusual thermotropic property
is associated with the abnormal phosphatidylcholines
and phosphatidylethanolamines, and presumably nor-
mal cardiolipins.

(iv) Activity ¢{ amiun transporters alters, as shown by
measurements of specific activity and total activity of
cardiolipin-dependent transporters (see section 11-B)
extracted in the presence of beef heart cardiolipin and
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reconstituted in soy bean phosphatidylcholines {348]:
dicarboxylate carrier increases, as does pyruvate carricr
aftcr 7 days: phosphaic carrier docs not change: citrate
carrier decreases progressively from 1 to 8 weeks after
induction of diabetes. Intact mitochondra transport
citrate (8°C) at subnormal rates [95). Slowed adeninc
nuclcotide transport (25°C) accompanies decrcased
State 3 respiration [388]. Transport of fatty acyl-CoA
molecules from cytoplasm to mitochondrial matrix, and
thereby B-oxidation, is accelerated. The transporter set
includes mitochondrial outer-face carnitine palmitoyl-
transferase — (acyl)carnitine translocase — inner-face
carnitine palmitoyltransferase and is cardiolipin-depen-
dent (see Ref. 284) and thought to be oriented through
cardiofipin-binding [470]). 10 days after rats arc madc
diabetic, outer-face and inner-face carnitine paimitoyl-
transferase V. doubles, in association with increased
membrane fluidity as mcasured by a nonpolar-lipid
probe; Arrhenius profiles of cxternal-enzyme activity
arc almost lincar in diabetics and controls, and con-
verge toward 40°C (like plots of Statc 4 respiration; see
above), while plots of inner-enzyme activity inflect simi-
larly in control and diabetic preparations [50). Outer-
cnzyme activity (37°C) increases 2.5-fold gradually from
48-120 h after insulin deprivation [222]. Activity of the
liver mitochondrial (acyl)carnitine translocase at U°C 1s
80% greater in diabetics than in controls, but the cause
is an increase in mitochondrial matrix [carnitine] in the
diabetics {501). The inconsistency of timing and direc-
tion scems to eliminate cardiolipin-dependency as the
common mechanism for all thesc chinges in trans-
portcrs.

Adrencrgic agents: in rats injected daily for 2 weeks
with norepinephrine (B,-agonist), most of the 18:2
acyls in heart lipid phosphatidylcholines and phos-
phatidylethanolamines (obtained at 2 months) are re-
placed by 20:4(n — 6) and 22:6(n — 3) acyls [169,170].
The cardiolipin fatty acyl composition and cardiolipin/
phospholipid ratios are not affected (Table 11I), but
amounts of triacylglycerols are halved. Such rats are
subject to acute myocardial necrosis when stressed by
catecholamine administration. In cardiac lipids from
rais treated with isoproterenol, a B,B,-agonist with
similar sensitizing effects, 22:6 acyls partly replace
18:2 and 20:4 acyls [235]. Miiochondrial function was
not reported.

Growth hormone: Maddaiah and coworkers {108-
110,402) describe mitochondrial phospholipids and res-
piration in hypophysectoniized rats, and the :ffects of
treatment with growth hormone and T4. In liver mito-
chondria from. hypophysectomized rats, (he cardi-
olipin /phospholipid quotient is 26% less than in nor-
mals [110). The fatty acyls of the cardiolipins are slightly
repleted in 18:2 and lower in 18:1 contents; phos-
phatidylcholines and phosphatidylethanolamines con-
tain less than normal proportions of 20:4(n — 6) and
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22:6(n — 3) acyls. and phosphatidylethanolamines sur-
prisingly have almost no 18:2 acyls. Seven daily injec-
tions of growth hormone raise cardiolipin/ phospho-
lipid 62% and normalize fatty acvl contents of all
phospholipids. Liver mitochondrial respiration (gluta-
mate/ malate, 30°C) slows by about 354 m both Stite
4 and State 3, and 7 daily growth hormone treatments
do not correct respiratory rates, but 7 days of T4 raises
rates 114% and 1437, to levels well anove normal
[108). The discrepancy between growth-hormone-in-
duced correction of phospholipid abnormalities and
the persistence of respiratory changes may only reflect
the temperature and time chosen for measurcments.
Arrhenius profiles of the State 3 rates in these 7-day-
treated antmals diverge from normals at the lower
range of temperatures. One injection of growth hor-
mone accclerates State 3 (30°C) in 12 h and alters fatty
acyls of total phospholipids in 4 k. suggesting that the
fatty acyl changes mediate at least part of the carly
effect on State 3 [402).

Mitochondrial phospholipids from hearts of hy-
pophyscctomized rats have normal proportions of car-
diolipins, and normal fatty acyl compositions of total
lipids [109]): no analyses of fatty acyl contents of sepa-
rated phospholipids were shown. A week of growth
hormone injections increascs total lipid 20:4 and de-
creases 22:6 acyl contents, while T4 has no cffects
thercon. Heart mitochondria from hypophysectomized
rats respite faster than controls in State 3 and State 4
at tumpueraiwmes above 20-25°C, and slower at temper-
atures below that range, i.e. the Arrhenius plots cross.
Hypophyscctomy lincarizes the State 4 profile (r=
- 1.978). and T4-treatment even more (r = —0.997), 10
the degree scen in normal rat liver mitochondria {289).
Some of the lipid-dependent cffects of hypophysee-
tomy on mitochondrial respiration appear to be medi-
ated through the hypothyroidism (see section 1V-C.2.d)
of TSH-deficiency.

WV-C.3. Localized ischemia and reperfusion

Localized tissue ischemia, produced by blocking ar-
terial supply of oxygen, progressively removes a small
portion of total phospholipids, mainly in the zurdiolipin
fraction, from animal hecart [393} and from mito-
chondria of hcart [668.669] and kidney [615] but not
liver [440]. The cardiolipins remaining in pig hean
after 40 min of ischemia (94% of control) have normal
fatty acyl compositiuns (Table 1i1), as do the other
phospholipids [593). Ischemic skeletal muscles of rats
show no depletion of cardiolipins at 4 h; when they
receive oxygen through reperfusion for 2 h, cardiolipin
contents fall by 45% while phosphatidylcholines and
phosphatidylcthanolamines decrease by only 13% [621].
Cardiuipin fatty acyl compositions were not reported,
but the ioss of cardiolipins was ascribed to their
peroxidation by free radicals produced irom O,

metabolism, and the susceptibility of cardiolipins be-
cause of their “unusually high content of unsaturated
bonds'. Actually. the unsaturation index of cardiolipins
in heart and muscle is usually less than that of the
phosphatidylethanolamines that have high 22:6(n - 3)
acyl contents, but alimost all fatty acyls of cardiolipins
have two or one unsaturated bonds. Presumably. per-
oxidation of fatty acyis potentiates removal ot the
headgroups of cardiolipins through the action of phos-
pholipases C and/or D.

The oxygen frec-radicals produced by ischemia/
repertusion appear to damage muscle. heart, liver,
kidney and intestine tissues with cardiolipins that have
high 18:2 + 18: 1 acyl contents; inhibiting O; produc-
tion or scavenging O; amcliorates damage. Ischemic
damage exhibits as decreased mitochondrial fine struc-
turc {440.477] and diminished State 3 respiration with
little change [439,440.604] or a rise [328] in State 4
respiration, Because A¢ and ApH in rat liver mito-
chondria remain normal [13.22]). the maintenance of
normal State 4 respirarion means that the apparent
Cpne 18 decrcased. The decrease in State 3 rate de-
crease is then due 1o altered €, contributions, which
might include the observed loss of CoQ [173) and
cytachronic va, (440) and decreased activities of
NADH-ubiquinone reductase {134] and ADP/ATP
carrier [604] but not the increased mitochondrial Ca**
which was thought to dissipatec 3p [134]. Since simple
ischemia  depletes mitochondrial  cardiolipins  only
shightly and leaves the remaining heart cardiolipins
with normal fatty acyls, the cardiolipins do not appear
to be involved in the depression of State 2 respiration.
Cardiolipins may be involved in the more severe
changes during reperfusion: the oxidant activity of O;
added to cardiolipin-phosphatidylcholine-cytochrome ¢
vesicles  abolishes  cardiolipin-cytochrome ¢ binding
f621] ischemia depresses cytochrome aa, V,, in
skeletal muscle mitochondria by —28%:. and subse-
quent reperfusion lowers ¥, by —62%: and an ori-
ented cytochrome aa -cardiolipin-cytochrome ¢ com-
plex may transfer electrons [678]. And cardiolipins bind
the ADP/ATP carricr (section 11-B). It should be
noted that despite the prolonged ischemia produced by
local vasoconstriction in skeletal muscles of diving scals,
which conserves oxygen [579]. the reperfused muscles
ar¢ not apparently damaged.

IV-C.4. Cultur - cells: animal, veast. plant

Several animal cell lines in culture require addition
of an essential (n — 6)-polyunsaturated fatty acyl to
keep mitochondrial oxidative phosphorylation coupled.
Such cells have not usually been analysed for cardi-
olipin/ phospholipid or fatty acvl/cardiolipin composi-
tions (except for transformed lincs), but data on their
total phospholipids or total lipids suggest that cardi-
olipins are involved. Rat-hcart cells cultured in a tat-



frec medium contain total lipids that are depleted of
18:2 and 20:4 acyls and repleted with 18:0 acyls. The
cells stop growing and beating: oxidative phosphonyvla-
tion is uncoupled. with decreased ADP /O and respira-
tory contro) ratios (250,260} but no State 4 and State 3
rates were shown. Added 18: 2 or 20: 4 fatty acid raises
total lipid 18:2+ 20:4 acyl conients and partly re-
moves 18:0 acyls. couples oxidative phosphorylation,
but does not restore growth or contractility. Heart cells
from neonatal rats grow better in serum than in added
18:2 acid, contain significant amounts of 22:6(a — 3)
fatty acyls. and have cardiolipin P per total phospho-
lipid P ratios about twice those in adult or nconatal
rat-heart lipids; no fatty acyl /cardiolipin compositions
were shown [551). These cells arc thought 0 retain
much of the phospholipid fatty acyl composition of
their mother tissue, and to mctabolize rather than
incorporate supplied fatty acids. unlike other cultured
animal cells.

Hela-S, cells also need 18:2(n — 6) or 20:4(n — 6)
fatty acid for growth [206,.207]. On 18:2(n — 6) fatty
acid, their total lipid fatty acyl profiles run about 44¢¢
saturated fatty acyls, 207 monounsaturated fatty acyls.
9% 18:2(n — 6) and 129 20:4(n — 6) fatty acyl groups.
When no (n — 6)-unsaturated fatty acids are svpplied,
monounsaturated fatty acyl contents increase S0-1(0%
and 18:2 and 20:4 acyls almost disappcar. Ho-
mogenates of deficient cells are uncoupled {206,207,
with little or no respiratory control and decreased
ADP /0O ratios, but without stated State 4 rates we can
not tell if the proton-leak increases. Either 18:2 or
20:4 acid supports growth, repletes 20:4 and 18:2
fatty acyls 2t least partly. and couples mitochondrial
oxidative phosphorylation; the fatty acyl/cardiolipin
composition with added 20:4 acid would be interesting
to see.

Heart cells cultured ionger than a day or so. the
HeLa-S; celf strain, endothelia! cells. skin fibroblasts.
and many cultured ccii lines {624] do not comert
accumulated 18: 2 to 20:4. A number of normal diploid
cell lines perform 36- and 15-desaturations, and some
transformed cells lack fatty acyl-CoA A9- and A6-de-
saturases [160,445]. Studies on the influence of trans-
formation on biomembrane lipid contents and compo-
sitions of a variety of cell lines are often contradiciorv,
perhaps becausc phospholipid compositions depend on
malignancy of the tumor and dict of the host.

Mitochendria from hepatomas or ascites tumor cells
contain about 505 more total phospholipid/mg pro-
tein and half the cardiolipin P per total phospholipid P
found in rat or mouse liver mitochondria [444]; but sce
Ref. 536. Their total lipid fatty acyl compositions fea-
ture cither lower [35] or higher [536) 18:1 acyl con-
tents, and there is also disagreement on increased
saturated fatty acyls and decreased 18:2 and 20:4
acyls. Cardiolipin fatty acyl contents differ from the
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expected liver cardiolipin patterns more consistently.
The cardiolipins of hepatoma 7288C cells, as compared
with the normal cardiolipins of the host liver, are
severely depleted in 18: 2 acyls and have 4.4-fold higher
contents of 16:0+ 18:0 acyls and twice more 18:1
acyls {722.743] (Table IID. In contrast, the 18:1 fatty
acyls of the total phospholipids and the resolved phos-
phatidylcholines, phosphatidylethanolamines, and
phosphatidylinositols are partly depleted [536]. These
deviations in fatty acyl compositions arc associated
with altered differential scanning calorimetry profiles
of phospholipids extracted from various hepatomas
{185,636), incrcased proton lcakage, and changed mem-
branc-dependcency of several enzymes and carriers,
most strikingly the F-ATPasc.

Mitochondria from tumor cells respire abnormally
rapidly, especially in rapidly growing cells: State 4 in
slow-growing hcpatomas is 259 faster than in host
liver, and 120% more rapid in fast-growing tumors,
where State 3 also increases slightly [504); State 4 is
50-400% above normal and State 3 up to 50% faster
(loosc-coupling) in hepatoma 7777 [536), hepatic islet-
celf tumor [231] and in rats fed carcinogenic aminoazo
dyes [18]. State 4 is normal in Ehrlich ascites tumor
cells [573,656); and State 4 is decreased while State 3
respiration increases in mousc hepatoma 98/15
[3587.695] and in hcpatomas of rats fed N-2-fluoren-
ylacetamide [28).

In those tumor mitochondria where the proton leak
increases, ADP /O ratios are not lowered. However,
abnormal function and thermotropic propertics of the
F,-ATPase characterize the mitochondria of many hep-
atomas [444). Although addition of a protonophore or
a 20°C increcase m temperature of assay accelerates
ATPase activity 5- to 10-fold in normal liver mito-
chondriu, the ATPas¢ of hepatoma mitochondria re-
sponds minimally [S04]. In one proposed mechanism
for thc ATP-synthase [462]), the normally high J3p
drives protons through the F, units to protonate the
F,-ATP-synthase so that it binds added ADP + P, more
tightly and catalyzes a dchydration to form ATP. When
Ap = 0 becausc a protonophore is present, added ATP
should bind to the unprotonated F,-ATPase and be
hydrolyzed. Hepatoma F,-ATPasc under uncoupler-
activated conditions either does not bind ATP or binds
and does not hydrolyze. The loss of the normal ATP-
as¢ heat activation suggests that the aberrant fatty
acyls of the hepatoma phospholipids are involvcd. It
may be pertinent that mitochondria from liver, kidney,
heart (with 18:2-repleted cardiolipins), and skeletal
muscle catalyze high uncoupler-activated ATPase activ-
ity. whercas mitochondria from brain and adrenal cor-
tex have very low uncoupler-activated activity [505).
The cardiolipins of mitochondria of bovine adrenal
cortex contain only 12% 18:2 and 65% saturated fatty
acyls; cardiolipins of brain mitochondria have high
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polyunsaturated fatty acyl and low 18:2 acyl contents
(Table IID). In hyperthyroid rats, liver cardiolipins with
low contents of 18:2 and high contents of saturated
fatty acyls (like cardiolipins in turors, may leak pro-
tons through the F.-ATPase (s~e scction IV-C.2.d); we
do not know their uncoupler-activated ATPase activity.

Thus, some tumor cells grow independently of a
supply of the EFA 18:2(n — 6) and its derivatives, and
perhaps thereby acquire rapid respiration that com-
petes with host cells for substrates. Defective control
mechanisms in the membranes of tumor mitochondria
{684] and increased cytoplasmic {P,] and [ADP] have
been connected with the characteristically rapid rate of
aerobic glycolysis in tumor cells [685]). Indeed, a large
supply of 18:2 fatty acid (or, less so, 18: 1) kills Ehrlich
ascites carcinoma cells [742] and a variety of carcinoma
cells cultured in vitro (see R~f. 742). Mice bearing the
ascites tumor live longer when injected with linoleate,
which elevates the 3% 18:2 content in total phospho-
lipids of ascites cells to 45%. These findings suggest
that the tumor cell abnormalities in fatty acyl content
are primary adaptive changes.

Yeast mitochondria differ from animal mito-
chondria in several important respects. (i) S. cerevisiae
cardiolipins have 96% monounsaturated fatty acyls and
4% saturated fatty acyls [690] (Table 1), animal mito-
chondria contain mainly 18:2 and 18:1 fatty acyls. (ii)
Yeast mitochondrial State 3 respiration is regulated by
cytochrome oxidase and/or the P, carrier and the
proton leak (at low [P,]) (Table 1), in contrast to liver
and heart mitochondria. The yeast cytochrome oxidase
is catalytically active when di-14 : 0-phosphatidylcholine
replaces its firmly bound cardiolipins {690] (1IB). (iii)
Yeast mitochondrial ATP-synthase activity is optimal
at both pH 6.2 and pH 9.4 [262] while animal enzyme
has the lower pi{ maximum and binds cardiolipins. (iv)
Yeast mi‘ochiondria oxidize external NADH; the
NADH dehydrogenase of animal mitochondria oxi-
dizes only matrix NADH, and reauircs cardiolipins for
reconstitution and binding to the matrix face of the
inner membrane {see section 1I-B). (v) Yeast mito-
chondria do not B-oxidize fatty acyl-CoAs but only
incorporate the fatty acyls for structure of membranes
{352). The palmitoylcarnitine acyltransferase in an;mal
mitochondria, which regulates B-oxidation, has cardi-
olipin requirements like the NADH dehydrogenase for
positioning toward the matrix (see section 1I-B). (vi)
Yeast mitochondrial inner membranes contain sterols
{49]: sterols in animal mitochondria are considered by
some to be a sign of contamination with endoplasmic
reticulum. (vii) Yeast mitochiondria biosynthesize more
phospholipids autonomously. While both yeast and ani-
mal mitochondria synthesize all the cell’s cardiolipins
and phosphatidylglycerol. the yeast mitochondria can
also form considerable ar:ounts of phosphatidylserine,
phosphatidylinositol anc phosphatidylcthanolamine;

phosphatidylcholinc comes from enzymes in the endo-
plasmic reticulum in yeasts {1i2] and animal cells.
Jakovcic et al. [324] conclude that high cardiolipin/
phospholipid ratios characterize fully developed mito-
chondria of both yeasts and mammals.

The cardiolipin content of yeasts varies with species,
genetic lesions [226), growth conditions (e.g., carbon
source, temperature, [O,], [inositol]) [410), and the
degree of development of the mitochondrial inner
membrane [325}. Stationary S. cerevisize with glucose
or galactose + lactate as carbon source contain more
cardiclipin and have better developed mitochondria
than repressed log-phase cells; so do aerobic cells
versus anaerobic cells.

The phospholipids of many wild yeast strains con-
tain (n — 6)- and (n — 3)-polyunsaturated fatty acyls,
indicating the presence of 412- and 415-desaturation
cystems. Some yeasts, particularly the Saccharomyces,
contain only monounsaturated fatty acyls: 14:1, 16:1,
and 18:1 [175,345). Saturated fatty acyls are important
in membranes of a double-mutant strain of S. cere-
visiae defective in both fatty acid synthetase and ‘de-
saturasc [170). Optimal growth stringently requires
saturated fatty acids with 14-16 carbons, plus an unsat-
urated fatty acid. With any given saturated fatty acyl,
unsaturated fatty acid effectiveness is in the order
18:2An~6)>18:1(n —9)> 18:3Hn~-3)>20:1(n —
9). The growth response is not evplained by the degree
of fatty acid incorporation into total phospholipids or
changes in membrane fluidity as measured by ESR of a
12-doxyl-18:0 probe at 30°C.

S. cerevisiae grown anaerobically or aerobically on
media that contain glucose or galactose, ergosterol,
Tween 80 (3% 14:1, 13% 16:1, 71% 18:1, 13% satu-
rated fatty acyls), and no inositol, have total lipid fatty
acyl compositions of about 80% monounsaturated fatty
acyls and 20% saturated fatty acyls [336]). The anaero-
bic cells contain about 0.9 mg cardiolipin /g dry weight,
and cardiolipin P per total phospholipid P = 5%. Aero-
bic cells contain 3.5 mg cardiolipin/g dry weight, and
cardiolipin P per total phospholipid P = 12% - mito-
chondria proliferate a2hout 4-fold (all the cardiolipins
being mitochondrial in thrse yeasts) and more than
double their cardiolipin/ phospholipid ratios. Mito-
chondria from such aerobic yeasts (S. cerevisige strain
Yeast Foam or N.C.Y.C. 239) oxidize added NADH
through a second dehydrogenase on the outer aspect of
the inner dicmbranc (a matrix-sided dehydrcgenase
oxidizes endogenous NADH, as in animal mito-
chondria), which averts limitation of oxidative rates by
a substrate carrier [421]; the cardiolipins may be in-
volved (see section 11-B). At pH 6.5 or 6.7, 27°C, State
3 respiration (ng atom 0 min~' (mg protein)~') with
NADH is 740-800, State 4 is 270, State 3u (CCCP) is
900 (State 3 (succinate) is 185) [688]). These mito-
chondria leak protons at a rate equivalent to that



produced by 650 pmol of CCCP/mg protein as com-
pared with 12 pmol of FCCP/mg in rat liver mito-
chondria [228): the 55-fold disparity is not quite ac-
counted for by the 33-fold greater protcnophore action
of FCCP over CCCP [611). The rapid Statc 4 ratc and
the advent of a C, for proton lcakage that partly
regulates State 3 also suggest that yeast mitochondrial
membranes leak protons faster than rat liver mito-
chondria; the different substrates and low pH, and/or
the fatty acyl composition of yeast cardiolipins, may be
involved. Calculations from State 4 respiration (NADH)
at 270 ng atom 0 min~' mg™ !, H*/0 =9 [462)], and
4p =170 mV [421], give a value for C\n+= 14.3 ng ion
H* min™' mg~' mV~', almost 15-fold the conduc-
tance calculated for rat liver mitochondria (see Table
VHI).

Phospholipid subclasses in yeasts (as in mammals
and bacteria) have distinctive and different fatty acy!
compositions. In §. ceretisiae, cardiolipins are the most
unsaturated (96% 16:1 + 18:1, 4% 16:0 + 14:0; see
Table 1) as compared with monounsaturated fatty
acyl contents of 60% in phosphatidylinositols, 80% in
phosphatidylethanolamines and 90% in phosphati-yl-
cholines [689]). Separate fatty acyl-CoA pools do not
seem to account for the distinct compositions in yeast
cardiolipins and phosphatidylethanolamines, which
presumably draw on a mitochondrial pool; more likely,
specific mitochondrial enzymes acylate deacylated car-
diolipins to favor monounsaturated fatty acyl incorpo-
ration.

The mutant strain KD115 of Saccharomyces cere-
visiae, deficient in fatty acid desaturase and grown
without inositol, can not biosynthesize monounsatu-
rated fatty acyls but incorpcrates monounsaturated
fatty acids from the medium into its mitochondria.
Mitochondria with a monounsaturated fatty acyl con-
tent adjusted to about 80% of the total-lipid fatty acyls,
and saturated fatty acyls to 20%, oxidize a-keto-
glutarate (pH 6.5, 30°C) at a rate of 40 ng atom 0
min~' mg~' in Stete 4, 150 in State 3 with P /O ratios
up to 2.5; cardiolipin / phospholipid ratio is 15.6% [262].
Rat liver mitochondrial values are comparable. In yeast
mitochondria with anprox. 20% monounsaturatcd fatty
acyls and 80% saturated fatty acyls, the cardiolipin/
phospholipid ratio rcmains at 15.5% but State 4 respi-
ration increases 3.4-fold and P/O ratios are zero; the
uncoupling results fro.. increased permeability to pro-
tons, as shown by H *-pulsing [263]. Proton leakage also
abolishes the energy-dependent uptake of K* but not
the normal degree of membrane impermeability to K*.
Raising the unsaturated fatty acyl content of the mito-
chondria to about 80% slows the proton leak, recou-
ples oxidative phosphorylation and enables energy-sup-
ported K *-accumulation; either mono- or polyunsatu-
rated fatty acids are effective. Recoupling is insensitive
to chloramphenicol and cycloheximide, indicating that
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all the protcins for oxidative phosphorylation are in the
unsaturated-fatty-acyl-deficient mitochondria and that
the unsaturated-fatty-acyl-deficiency itself causes re-
versible uncoupling. Free fatty acids are not responsi-
ble for the uncoupling; although free fatty acids can
uncouple the recoupled mitochondria, free fatty acids
do not accumulate in unsaturated fatty acyl-deficient
mitochondria, and added albumin does not recouple (it
does with added free fatty acids).

In yeasts, unsaturated-fatty-acyl-deficiency and/or
reciprocal saturatod-fatty-acyl-repletion increases the
permcability of the lipids of the inner mitochondrial
membrane to protons, apparently enough to dissipate
the drive for energy-linked reactions in oxidative phos-
phorylation; without measurements of 4p we can not
tell if proton conductance rises. In the liver mito-
chondria of EFA-dcficient rats State 4 Ap is un-
changed and so the increased rate of State 4 respira-
tion should be due to increased proton conductance
(sec section II-A) - but we have no direct measure-
ments by H*-pulsing. Nor are analyses available to
show if the fatty acyl changes are localized or general
among the phospholipid subclasses in yeast. Selective
defects in cardiolipins do occur in mitochondria from
livers of EFA-deficient animals (section 1V-C.1.a) and
of ethanol-fed rats (section 1V-C.2.a). The unsaturated
fatty acyl-deficient yeast cardiolipins might conceivably
retain their monounsaturated fatty acyls, since a con-
tent of 96% monounsaturated fatty acyls and 2 casdh-
olipin/ phospholipid ratio of 15.5% could allow cardi-
olipins alone to contribute a ratio of 15% monounsatu-
rated fatty acyls/phospholipids, and 20% monounsatu-
rated fatty acyls are found. Cardiolipin analyses are
needed.

Overall fatty acy! saturation varies directly with
membrane proton permeability in mitochondria of
yeasts and mammals. It should be noted that the pro-
ton permeability changes inversely with the degree of
fatty acyl unsaturation; see section 11-B for compar-
isons with model phospholipid vesicles.

The effect of unsaturated fatty acyl-deficiency in
yeasts that increases mitochondrial proton leakage dif-
fers from the effect of inositol-deficiency that may
include depressed mitochondrial respiratory capacity
but certainly no increased proton leakage. A mutant S.
carlsbergensis requires inositol for optimal growth
[31,531). Up to 90% of the inositol is in phospholipids.
Lack of inositol is pleiotropic: it was originally said to
diminish mitochondrial respiration, Krebs cycle activi-
ties, and contents of cytochromes and certain peptides
(542]; lower total phospholipids per mg mitochondrial
protein; lower phosphaudylinositol/ total phospho-
lipids (3.8%); decrease cardiolipin/mg protein and in-
crease cardiolipin/total phospholipids (128% - in-
ositol vs. 9.2% +inositol). The lost acidic phos-
phatidylinositols are replaced by acidic cardiolipins,
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apparently because inositol depresses cardiolipin syn-
thesis by inhibiting the mitochondrial phosphatidylglyc-
crolphosphate synthetase [226). The replacing cardi-
olipins support mitochondrial function or development.
Later studies found cqual respiration, mitochondrial
respiratory chain components, and mitochondrial mor-
phology in these ycasts grown with or without inositol
{209.492] but reported abnormal ccll walls due to accu-
mutlation of glucans [209).

Phosphatidylinositols do not seem to be as specific
as cardiolipins for mitochondrial function. Mammalian
intracellular membranc total phospholipids have a
phosphatidylinositol contert of about 8% {264]; in §.
cerevisiae the phosphatidylinositol is 25% and cardi-
olipin is about 4% during anacrobic growth and 17%
and 12%, respectivcly, during growth +0O, [336]. In
promitochondria, phosphatidylinositol/ phospholipids
= 25%, cardiolipin = 9%, when this ycast grows with-
out added lipids, but the cndoplasmic reticulum also
has a high phosphatidylinositol / phospholipid ratio
[493].

V. Summary

Evidence is discussed for roles of cardiolipins in
oxidative phosphorylation mechanisms that regulate
State 4 respiration by returning ejected protons across
and over bacterial and mitochondrial membrane phos-
pholipids, and that rcgulate State 3 respiration through
the relative contributions of proteins that transport
proions, clectrons and /or metabolites.

The barricr propertics of phospholipid bilayers sup-
port and regulate the slow proton leak that is the basis
for State 4 respiration. Proton permeability is in the
range 107 *-10"* cm s~ ' in mitochondria and in pro-
tein-frce membranes formed from extracted mitochon-
drial phospholipids or fiom stable synthetic phos-
phatidylcholines or phosphatidylcthanolamines. The
roles of cardiolipins in proton conductance in model
phospholipid membrane systems nced to be assessed in
view of new findings by Hiibner ct al. [313]): saturated
cardiolipins form bilayers whilst natural highly unsatu-
rated cardiolipins form nonlamellar phases. Mitochon-
drial cardiolinins apparently participate in bilayers
formed by phosphatidylcholines and phosphatidyletha-
nolamines. It is not yet clear if cardiolipins themselves
oconduct protons back across the membranc according
to their degree of fatty acyl saturation, and /or modu-
late proton conductance by phosphatidylcholines and
phosphatidylethanolamines.

Mitochondrial cardiolipins, especially those with
high 18:2 acyl contents, strongly bind many carrier and
enzyme proteins that arc involved in oxidative
phosphorylation, some of which contribute to regula-
tion of State 3 respiration. The role of cardiolipins in
biomembrane protein function has oecen cxamined by

measuring retained phospholipids and  phospholipid
binding in purified proteins, and by reconstituting
delipidated proteins. The reconstitution criterion for
the significance of cardiolipin-protcin interactions has
been catalvtical activity; proton-pumping and multipro-
tein interactions have yet to be correlated. Some pro-
teins, e.g.. cytochrome ¢ oxidase are catalytically active
vhen dimyristoylphosphatidyicholine replaces retained
cardiolipins. Cardiolipin—-protein interactions orient
membranc proteins, matrix proteins, and on the outer-
face receptors, enzymes, and some leader peptides for
import; activate enzymes or keep them inactive unless
the inner membrane is disrupted; and modulate forma-
tion of nonbilayer H-phases. The capacity of the
proton-exchanging uncoupling protein to accelerate
thermogenic respiration in brown adipose tissue mito-
chondria of cold-adapted animals is not apparently
affected by the increased cardiolipin unsaturation; this
protcin scems to take over the protonophoric role of
cardiolipins in other mitochondria.

Many in vivo influences that affect proton leakage
and carrier rates selectively alter cardiolipins in amount
per mitochondrial phospholipids. in fatty acyl composi-
tion and pcrhaps in sidcdness; other mitochondrial
membrane phospholipids respond less or not at all.
Cardiolipins with high contents of 18:2 acyls, less
monounsaturated and very few saturated fatty acyls
normally occur in liver, heart and kidney mitochondria,
where State 4 respiration varies with thyroid hormone
level: increase in proportions of normal cardiolipins,
together with a high-18:2, low-20:4 acyl pattern in
liver mitochondrial phosphatidyicholines and phos-
phatidylcthanolamincs, accompany slowed State 4 res-
piration in hypothyroidism. Cardiolipins with low 18:2
acyl contents are found in mitochondria of tissues that
respire independently of thyroid state, e.g., brain,
spleen, testis, adrenal cortex, brown adipose tissue;
during cold-adaptation the 18:2 acy! content and un-
saturation of brown adiposc tissue mitochondria in-
creasc while State 4 respiration slows. Phospholipid-
lcak accelerates when mitochondrial cardiolipin 18:2
acyls arc replaced by saturated or monounsaturated
acyls, as in mitochondria prepared from some tissues of
animals that arc in postgastrulation cmbryonic state,
fetuses, hyperthyroid. essential fatty acid-deficient,
erucate- or ethanol-fed: and from cold-adapted fish,
unsaturated fatty acid-deficient yeasts, and hepatoma
cells. Phospholipids including cardiolipins in plasma
membranes of thermophilic eubacteria contain only
saturated and branched fatty acyls and are stable at
high temperatures but leak protons. Conversely, diets
or culture media that replace cardiolipin 18:2 acyls
with other unsaturated fatty acyls (e.g., (n - 3)-
unsaturated or 22: 1(n — 9)) without changing the low
content of saturated fatty acyls, or that introduce a
strange fatty acyl (linelaidoyl) into phosphatidyl-



cholines and phosphatidylethanolamines but not cardi-
olipins, do not increase mitochondrial proton lcakage.
Saturated fatty acyls of cardiolipins thus seem to be
associated with the proton leak.
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