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Hexachlorophene (HCP; 2,2'-methylenebis-(3,4,6-trichlorophenol))

was developed as an antibacterial agent but was also found to induce

toxic effects in various tissues in animals and humans. Changes were

found in myelinated nerve fibers and cerebral white matter. Erythro-

cytes are hemolysed in vitro. Oxidative phosphorylation is uncoupled

by HCP at concentrations less than 1.0 nmoles per mg of mitochondrial

protein. The work in this thesis was designed to investigate the

effects of HCP on mitochondrial membranes, lipid vesicles, and lipid

bilayer membranes and their relation to the above toxic effects.

HCP was found to bind to sonicated lecithin vesicles as if bound in

a hydrophobic environment as demonstrated by UV difference spectroscopy.

The binding sites were independent and numbered about one site for every

fifteen lecithin molecules. The binding of
14
C-HCP to rat liver mito-

chondria was different in that it showed positive cooperativity at con-

centrations of HCP below a few nmoies per mg of mitochondria' protein.

The cooperativity was altered by the presence of pyruvate. Even though



the binding may be predominantly to protein sites, the cooperativity may

reflect changes in the electrical gradient across the mitochondrial mem-

brane. Electron microscopy showed that HCP induced a change in configu-

ration of the mitochondria from the condensed to the orthodox congifura-

tion. The change was dependent on a functional electron transport chain.

There was also an apparent expansion of the inner membrane.

HCP caused an increase in the electrical conductivity of lipid bi-

layer membranes made from lecithin and other phospholipids. This in-

crease was due to an increase in permeability to hydrogen ions without

an increase in permeability to potassium ions or physical disruption of

the lipid bilayers. The mechanism appears to involve the HCP monoanion

as the charge carrier.

A study of rat liver mitochondrial permeability to protons was ana-

lyzed by the compartmental method and showed the presence of a mitochon-

drial compartment, representing mitochondria bounded by the inner mem-

brane, and an extramitochondrial compartment. The buffering capacity

and membrane permeability of the compartments was measured. HCP in-

creased the permeability of the inner membrane to protons, and pH and

temperature studies showed that the mechanism involves the transference

of the HCP monoanion across the membrane. These effects occurred at

concentrations of HCP below those needed to uncouple oxidative phos-

phorylation.

HCP increased the fluidity and motion of stearic acid and choles-

terol spin labels in both lipid vesicles and rat liver mitochondria.

HCP induced an increase in accessibility of the stearic acid spin label

to hydrogen bonding.
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THE EFFECTS OF HEXACHLOROPHENE ON MITOCHONDRIAL

AND ARTIFICAL MEMBRANE SYSTEMS

I. INTRODUCTION

Hexachlorophene

The development of hexachlorophene [HCP; 2,2'-methylenebis-(3,4,6-

trichlorophenol)] as an antibacterial agent (Gump and Walter, 1962,

1963, 1964) led to its widespread use in cosmetics and soaps. Photosen-

sitivity and drug contact reactions were subsequently found with these

topically applied preparations (St. Dennis and Nagata, 1972). These and

other findings led the U.S. Food and Drug Administration in September,

1972, to ban the sale of preparations containing HCP except by prescrip-

tion. Further legislative action is planned (Anonymous, 1974) because

of more serious toxicity associated with HCP.

Kimbrough and Gaines (1971) found changes in the white matter of

the brain, including vacuolization and edema within the myelin layers

in rats fed HCP. Morphological changes were accompanied by hind limb

paralysis both of which were reversible when exposure to the bisphenol

was stopped. However, high doses of HCP caused hyperthermia and death

(Nakaue et al., 1973). Similar changes have been found in the monkey

(Lockhart, 1972), cat (Hanig et al., 1973), and tadpoles (Webster et

al., 1974).
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Numerous cases of HCP toxicity in humans have been reported (Wear

et al., 1962; Liu et al., 1963; Lustig, 1963; Philapil, 1966; Lambert

et al., 1973; Mullick, 1973; Powell et al., 1973; Culliford et al.,

1974; Henry and Diamio, 1974; and Shuman et al., 1974a). Shuman et al.

(1974b) found vacuolar encephalopathy of the brain-stem reticular forma-

tion in infants dermally exposed to HCP which could be related to the

number of exposures, the concentration of HCP, the birth weight, length

of survival, and thoroughness of rinsing of the infants after washing

with preparations containing HCP. Human toxicology of HCP is reviewed

by Lockhart (1972) and Kimbrough (1973). Toxic reactions include con-

vulsions in burn patients, burn encephalopathy, gastrointestinal symp-

toms, body temperature fluctuations, circulation failure, CNS symptoms,

skin irritation, and death.

The HCP induced changes in nerve tissue and myelin structure have

included edema, vacuolization within the myelin layers, and myelin dis-

ruption (Hemm and Carlton, 1971; Lockhart, 1972; Rose et al., 1974;

Webster et al., 1974). Towfighi et al. (1974) found reversible vacuoli-

zation in cerebral white matter and peripheral myelin sheaths. The

optic nerve showed intramyelinic vacuolization, loss of myelin, gliosis,

and atrophy. Selective optic nerve necrosis was found in a case of HCP

poisoning (Martinez et al., 1974). HCP affected the structure of the

nodes of Ranvier (Towfighi, 1973). Pleasure et al. (1973) found that

HCP was localized in the myelin of the sciatic nerve and spinal cord.

Towfighi et al. (1974) suggests that the myelin loss could be due to

either myelin destruction or interference with synthesis of myelin.
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Matthieu et al. (1974) found reduced myelin yields from rats fed HCP,

but the composition of the myelin was unaltered. However, the HCP fed

rats yielded myelin fractions consisting of myelin fragments missing

the major glycoprotein of myelin. It was suggested that the HCP treat-

ment made the glycoprotein more susceptible to degradation. Motor

nerve conduction velocities were also decreased and induced action

potentials decreased from 24.2 mV to 5.8 mV in HCP fed rats. Changes

apparently related to myelin loss (de Jesus and Pleasure, 1973). The

neurotoxicity of HCP can be protected against by benzodiazepine (Yen-

Koo and Davis, 1973). Intravenous urea-sugar solution alleviated HCP

induced paralysis in the cat, perhaps related to the increased CSF pres-

sures found (Hanig et al., 1973). Harris et al. (1974) say that HCP

did not affect energy metabolism in rats with neurotoxic signs; however,

de Jesus and Pleasure (1973) found amino acid transport was inhibited.

HCP bound strongly to microsomes, inhibited membrane bound micro-

somal enzymes, and reduced the cytochromes P450 and b5 content (Gandolfi

et al., 1974). Pronase treatment of microsomes reduced the binding of

HCP, suggesting a protein interaction. HCP also inhibited glucose oxi-

dation in epidermis (Sprott, 1969); amino acid transport (de Jesus and

Pleasure, 1973); and cell division, DNA, RNA, and protein synthesis in

cultured lung cells (Carr and Legator, 1973). HCP is teratogenic in

mice (Oakley, 1972).

HCP has been found to uncouple mitochondrial oxidative phosphory-

lation at low concentrations (0.6 nanomoles per milligram protein)

(Caldwell et al., 1972; Cammer and Moore, 1972; and Nakaue et al., 1972)

in vitro and in vivo. The hyperthermia and death with high doses of HCP
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have been related to uncoupling (Caldwell et al., 1972). ATPase activi-

ty was increased by HCP, and BSA inhibited the uncoupling in vitro

(Caldwell et al., 1972). Respiration is inhibited in Bacillus mega-

terium and the site of inhibition may be in the membrane bound part of

the electron transport chain (Frederick et al., 1974). The ATP synthe-

tase activity of mitochondria was inhibited at a HCP level of 0.01

nmoles per milligram protein, and Ca
2+

efflux occurred at higher con-

centrations of HCP. An effect on the inner membrane of mitochondria was

proposed (Wiedmann and Kun, 1973). The ATPase of synaptosomes is in-

hibited by HCP (Kennedy et al., 1972). HCP was found to decrease the

Vmax and increase the K
m
of ATPase Wavier et al., 1976).

Bacterial membranes were disrupted in the presence of HCP (Joswick

et al., 1971; Montes et al., 1972). HCP caused the release of cations

from plant roots (Norman, 1960) and erythrocytes (Miller and Buhler,

1974). A compound similar in structure of HCP, fentichlor (2,2'-thio-

bis(4-chlorophenol), caused lysis of E. coli. The bacteriostatic action

was not due to inhibition of enzymes but possibly due to disruption of

energy coupling in the cell through an increase in proton permeability

(Hugo and Bloodfield, 1971a, b; Bloomfield, 1974).

HCP bound to the oxygen atoms of amide bonds (Hague and Buhler,

1972), but hydrophobic binding was assumed in the neuropathy studied

by Pleasure et al. (1973). HCP behaved like a surfactant in dissociat-

ing dehydrogenases (Wang and Buhler, 1977).
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Mitochondria, Oxidative Phosphorylation, and Uncouplers

Mitochondria are cell organelles of 1 to 3 p dimensions usually

spherical or ovoid in shape (Lehn, 1965). Berget (1973) has reported

two populations of shapes in rat hepatocytes; one cylindrical, the other

dumbbell shaped of a larger volume. The mitochondrion is surrounded by

two membranes with an intermembrane space between the two membranes, and

the matrix within the space inside the inner membrane. The outer mem-

brane is relatively more permeable, has no infoldings, and has rela-

tively more lipid than the inner membrane (Ernster and Kuylenstierna,

1970). The membrane protein content of 75% is one of the highest found

in biological membranes (Racker, 1970). The inner membrane is rela-

tively impermeable to electrolytes and polar non-electrolytes with dim-

ensions greater than 6A. The inner membrane is greatly folded into

cristae to increase its surface area. Water, ethylene glycol, and

glycerol will penetrate into all portions of the mitochondria (Green,

1970) while sucrose will penetrate only the outer membrane. Tedeschi

(1971) found sucrose penetrating into two compartments in mitochondria

and suggested from kinetic data that the two compartments were two dif-

ferent populations of mitochondrial sizes.

The main enzyme systems present in the mitochondria are those for

the Kreb's (tricarboxylic acid) cycle, electron transport, and oxidative

phosphorylation (Ernster and Kuylenstierna, 1970; Racker, 1970; Swick

et al., 1975). The outer membrane contains the rotenone insensitive

NADH-cytochrome c reductase, an ATP dependent fatty acyl-CoA synthetase,

monamine oxidase, and enzymes of phospholipid metabolism. The inner
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membrane has as its most important components the enzymes of the res-

piratory chain and the units involved in oxidative phosphorylation.

Under the electron microscope, the inner membrane is seen to have pro-

jections off its inner side. These have a basepiece which is located

in the membrane and thought to represent the respiratory chain compo-

nents, and a stalk projecting out to a headpiece of about 9 nm diameter

which represents the proteins involved in coupling of electron transport

to the phosphorylation of ADP (Racker, 1970). The inner membrane is

also associated with IS-hydroxybutyrate dehydrogenase; a fatty acid

elongation system; anion translocators (malate, succinate, citrate);

and an atractylate-sensitive ATP-ADP exchange carrier system. The

matrix contains the Kreb's cycle enzymes which are loosely held to the

inner membrane (Matlib and O'Brien, 1975), transamination enzymes,

enzymes for glutamate oxidation, fatty acyl-CoA synthetase, and fatty

acid oxidation.

The components of the electron transport chain appear to be in four

complexes which overall catalyze the oxidation of NADH by oxygen and the

phosphorylation of ADP to ATP. There are three sites at which the

energy from electron transport is coupled to phosphorylation. The first

site occurs in conjunction with the transfer of reducing equivalents

from NADH to ubiquinone and contains flavin and iron-sulfhydryl groups.

The half reduction potentials of two of the iron-sulfur centers have

been shown to change upon the addition of ATP (Ohnishi et al., 1972;

Ohnishi and Pring, 1974). The second site involves at least two cyto-

chrome b members, cytochrome C
1
and phospholipid and brings about the

transfer of reducing equivalents from ubiquinone to cytochrome c.
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Wilson et al. (1973) have shown the presence of both cytochrome b
k

and

bt. Cytochrome bk had a stable redox potential while cytochrome b
t

showed a shift of its half-reduction potential from -30 mV to +240 mV

in the presence of ATP. They found a linear relation of the logarithm

of the phosphate potential to the half-reduction potential of cytochrome

bt. However, the shift could be explained by an ATP induced reversed

electron flow (Caswell, 1971). The third site is the cytochrome oxidase

complex which links cytochrome c to the reduction of oxygen. Cytochrome

oxidase includes cytochrome a, cytochrome a3, two atoms of copper, and

phospholipid. Cytochrome a
3
has been shown to have an ATP induced shift

in its half reduction potential, indicating that the energy coupling is

between cytochrome a and a
3
or between cytochrome a

3
and oxygen

(Wikstrom and Sars, 1970). Lindsay and Wilson (1972) indicated that

ATP was binding to the cytochrome a3 heme.

The various coupling factors which transfer the energy from elec-

tron transport to the phosphorylation of ADP have been reviewed by

Beechey and Cattell (1973). The headpiece and stalk of the inner mem-

brane consists of many of these coupling factors. The headpiece has

been isolated as a coupling factor F1 with a molecular weight of about

350,000 (Racker, 1970). F1 hydrolyzes ATP, is needed for ATP synthe-

sis, and catalyzes ATP-H20, Pi-H20, and ATP-Pi exchange reactions. The

siteofATP-H20exchangeisdifferentfromthesite(s)forATP-P.and

Pi -H20 exchange (Holland et al., 1974). Its subunit composition shows

much similarity amongst a large member of species (Baltscheffsky and

Baltscheffsky, 1974). Each mole of F1 has been found to bind from one

to five moles of ATP (Baltscheffsky and Baltscheffsky, 1974) at both
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loose and tight binding sites (Hilborn and Holmes, 1973). Pederson

(1975) found that inhibitors of ATP hydrolysis had little effect on the

high affinity binding of ATP. Senior (1973) suggests that tyrosine

sites are involved in ATP binding and hydrolysis by F1. Sulfhydryl

groups do not appear to be involved in ATP binding but may participate

in the reaction mechanism (Racker, 1970).

Another coupling factor is OSCP (oligomycin Sensitivity Conferring

Protein) which is necessary to enable the ATPase activity to be inhibi-

ted by oligomycin. This is a small protein of approximately 18,500

molecular weight (Bulos and Racker, 1968).

An ATPase inhibitor (Batlscheffsky and Baltscheffsky, 1974) has

been found which may function to control the direction of electron

transport energy transfer to phosphorylation. Another coupling factor

with ATPase activity has been shown to be non-membranous and sensitive

to oligomycin, DCCD, and uncouplers (Beechey and Cattell, 1973). The

uncoupler pentachlorophenol stimulated ATPase activity of mitochondria

(Sanadi et al., 1972).

Hatefi et al. (1974) isolated a protein complex they call Complex

V which had ATT-Pi exchange activity and ATPase activity. The complex

contained F1, OSCP, NADH dehydrogenase, and a specific uncoupler binding

protein. The uncoupler, a derivative of dinitrophenol, bound only on

the specific protein, and it inhibited the ATP-Pi exchange activity.

Temperature dependence studies by Lee and Gear (1974) showed breaks

on the Arrhenius plots at 27.5°C and 17.5°C for ADP phosphorylation, un-

coupler stimulated respiration, and DNP stimulated ATPase activity;

whereas, breaks were found at 27.5°C and 12.5°C for valinomycin induced
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potassium uptake and phosphate induced swelling. Matlib and O'Brien

(1975) found a break in the Arrhenius plots at 20°C for dehydrogenases

and Kreb's cycle enzymes which were, respectively, tightly and loosely

associated with the inner mitochondrial membrane.

Reconstitution of isolated electron transport components and coup-

ling factors have generally indicated the need of the integrity of the

membrane for activity (Racker, 1970, 1973; Racker and Kandrack, 1973).

Contrary evidence comes from Hunter et al. (1974) and Komai et al.

(1973) who prepared non-vesicular lysolecithin treated electron trans-

port particles with ATP-Pi exchange capability which was not affected

by the ionophore valinomycin but was inhibited by uncouplers. They sug-

gest that the uncouplers interacted with protein components. Hatefi et

al.(1974)saythatATP-P.exchange was possible without vesicle struc-

tures but that phospholipid had to be present. The exchange activity

was inhibited by uncouplers.

From ion distributions, Harris (1972) suggested that the interior

of the mitochondrion is positively charged relative to the outside.

Tupper and Tedeschi (1969a, b) showed by microelectrode puncturing of

mitochondria that the inside was positive by 9 to 19 my. Laris et al.

(1975) by means of a cyanine dye showed that on oxidation of succinate

the inside of the mitochondria was 150 to 180 my negative to the out-

side.

Three major theories of oxidative phosphorylation have evolved:

the chemical, the chemiosmotic and the conformation of theories. The

chemical hypothesis postulates the formation of a high energy inter-

mediate formed by direct chemical reaction with components of the
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electron transport chain (Slater, 1971; VanDam and Slater, 1967; Chance

and Mela, 1967). The high energy intermediate then participates in the

phosphorylation of ADP as schematized by the following sequence:

X Y Pi ADP

A -----" A 1, X ia'X '1, Y X q, P1 . ATPred ox (1)

However, no high energy intermediate has been found (Racker, 1970).

The chemiosmotic theory (Mitchell, 1967, 1969, 1972, 1974; Reid et al.,

1966) stresses the importance of membrane integrity in oxidative phos-

phorylation. Protons are translocated out of the mitochondria by the

electron transport chain. The resulting pH gradient and membrane poten-

tial provide the force to drive phosphorylation of ADP. Mitchell (1974)

proposesthatP.1 and ADP are bound to F1, and ATP formation is catalyzed

by the proton flow inward from outside the inner membrane and by the

protonationofPi to POH and of POH to POH2. The conformational theory

(Boyer et al., 1973; Cross and Boyer, 1973; Green and Ti, 1973; Green,

1974) requires vectoral electron flow and e - 14+ separation, but the

electron flow is translated into a conformational change of protein to

drive phosphorylation. The high energy intermediate is, in effect, the

high energy conformation configuration. In support of the latter mecha-

nism, a light induced conformational change in the photophosphorylation

coupling factor CF1 has been found (McCarty and Fagan, 1973).

Uncouplers are compounds which uncouple oxidative phosphorylation

from electron transport. Well coupled mitochondria show three molecules

of ADP phosphorylated for each oxygen atom reduced. Uncouplers decrease

this ratio and also increase the rate of oxygen utilization (Parker,

1965; Slater, 1967). Various compounds which have uncoupling activity
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are weak acids such as phenols (Weinback, 1956; Slater, 1967), poly-

chlorinated biphenyls (Chesney and Allen, 1974), salicylanilides

(Williamson and Metcalf, 1967), mercurials (Southard et al., 1973),

imidazoles (Tollenaere, 1973), free radicals (Coleman, 1973), substi-

tuted hydrazones (Le Blance, 1971; Cunnaro and Weiner, 1975), and anti-

biotic ionophores (Henderson et al., 1970).

The mechanism of action of uncouplers is uncertain. Lipophilicity

and the presence of the anionic form is important in uncoupling by

phenols and salicylanilides (Nakaue et al., 1972; Tollenaere, 1973).

Various authors have suggested that the action is through dissipation

of the proton gradient by facilitating proton transfer across the inner

membrane (Bakker et al., 1973; Cunnaro and Weiner, 1975). DNP caused

conformational change as seen by the electron microscope (Blair and

Munn, 1972), and affected the lipid structure of the membrane (Weinbach

and Garbus, 1968; Zimmer et al., 1972). Uncouplers decreased the ap-

parent K
m

for oxygen in mitochondrial respiration (Peterson et al.,

1974). A medium made hypertonic by non-penetrating solutes decreased

the effects of uncouplers (Cereijo-Santaol, 1972). Uncouplers may

replace Pi or ADP and cause wasted work by transportation of the un-

coupler (Green, 1974). Uncouplers have been found to bind to specific

protein sites (Weinbach, 1964; Weinbach and Garbus, 1965; Hanstein and

Hatefi, 1974; and Hatefi et al., 1974).

The action of uncoupling agents may involve interaction with the

mitochondrial membrane or membrane components (Bakker et al., 1973;

Papa et al., 1973). Since the effectiveness of antibacterial compounds

depends strongly on the adsorption of the compound to the membrane of
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the bacteria (Hamilton, 1968), the potent uncoupling action of the anti-

bacterial compound HCP (Caldwell et al., 1972) may result from a similar

interaction with the mitochondrial membrane. HCP is very lipid soluble

(Cade and Gump, 1957; Gump and Walter, 1960), but has also been shown

to form hydrogen bonds between the phenolic groups of HCP and the oxygen

atoms of amides and related compounds (Hague and Buhler, 1972). HCP

binds strongly to skin (Compeau, 1960) and other proteins (Wang and

Buhler, 1977) and to amide groups. Above pH 5.6, the HCP anion donates

an electron to the lysine c-NH2 groups to alter the pK of skin colloids

(Poust and Smolen, 1970; Smolen and Poust, 1971). Smolen and Poust

(1972) found a hyperbolic binding curve of HCP to human epidermis, sug-

gesting binding to independent, equivalent sites. The adsorption to

bacteria of another phenolic antibacterial compound, fentichlor, was

greater at lower pHs (Hugo and Bloomfield, 1971).

The uncoupling actions of organotin compounds and their binding

properties to mitochondria has been investigated (Aldridge and Street,

1964, 1970, 1971). They found that triethyltin had two independent

binding sites, one with a capacity of 0.8 nmoles per mg of protein and

a binding constant of 4.7 x 10
5
M

1
, the other with a capacity of 66

nmoles of mg and a weaker binding constant of 1.4 x 10
3
M
-1

. The de-

gree of uncoupling of oxidative phosphorylation correlated well with

the degree of binding to the higher affinity site.

Wang and Copeland (1974) studied the binding of the uncoupler,

CCCP, to rat liver mitochondria and found that the binding was dependent

on the metabolic state of mitochondria. The binding curves indicated

lack of independence of sites and was explained by saying that CCCP
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deenergized the mitochondria to decrease the net negative charge, which

had been established on energization by the exposure of ionizable

groups. Hanstein and Hatefi (1974) by the use of photoaffinity labeling

found that the high affinity binding site for uncouplers was associated

with proteins of molecular weight 20,000 to 30,000. The binding was not

dependent on the energy state of the mitochondria.

Various methods of studying the binding of small molecules are re-

viewed by Meyer and Guttman (1968). Quantitative aspects are treated

by Scatchard (1949), Weber and Anderson (1965), and Fletcher et al.

(1970), among others. Competition and denaturation effects are treated

by Klotz et al. (1948), while Frieden (1967), Baulieu and Raynaud

(1970), Schwarz (1970), and Schwarz et al. (1970) attempt to treat

cooperative effects in binding.

Respiration dependent proton movements are observed in mitochondria

(Lehninger et al., 1967; Packer and Utsumi, 1969; Southard et al., 1973)

where protons are translocated outward, and in submitochondrial par-

ticles (Chance and Melo, 1967; Papa et al., 1973), where protons are

moved inward. Proton movements are observed in reconstituted vesicles

of the cytochrome oxidase complex (Racker and Kandrach, 1973), and in

photophosphorylation (Chance et al., 1970; Portis and McCarty, 1974;

Richards and Hope, 1974; Barsky et al., 1975; Misra and Hofer, 1975).

The importance of proton transport and gradients in oxidative phosphory-

lation has been developed by Mitchell in his chemiosmotic mechanism

(Reid et al., 1966; Mitchell, 1958, 1972, 1974; Mitchell and Moyle,

1967, 1967, 1969). ATP has been produced by the formation of a pH

gradient (Reid et al., 1966). Mitchell and Moyles (1969) calculated
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that the pH gradient and membrane potential of mitochondria are suffi-

cient to drive ATP synthesis. The need of a proton impermeable membrane

and its alteration by Triton-X and uncouplers was studied by Mitchell

and Moyle (1967). Bangham et al. (1965) and Cunnaro and Weiner (1975)

have shown the correspondence of proton translocation by uncouplers with

their uncoupling activity. Flatmark and Pedersen (1973) studied the pH

dependence of uncouplers and stressed the importance of the pH gradient

in the control of respiration. Nicholls (1974) proposed that the con-

ductance of the mitochondrial membrane to protons controls the potential

difference across the membrane which then controls respiration. Many

uncouplers have been shown to increase the proton permeability of mem-

branes (Hendersen et al., 1969; Bakker et al., 1973; Papa et al., 1973).

Slater (1967, 1971) and Azzone (1973) have discussed evidence

against the importance of proton movements in oxidative phosphorylation.

Addanki et al. (1968) found that DNP did not dissipate the pH gradient

of mitochondria. Packer and Utsumi (1969) and House and Packer (1970)

showed that proton permeability increased as the rate of respiration

increased and that uncouplers did increase the proton permeability, but

they concluded that the proton movements were related more to cation

movements than to phosphorylation. Uncouplers may dissipate energy by

themselves being transported by the ion transporting systems (Hollen-

aere, 1973). Papa et al. (1973) concluded that respiration driven pro-

ton movements are not cation counterflow dependent but that cation and

anion movements are linked to the electrochemical proton gradient.

Mitchell (1967, 1973) suggested that the proton electrochemical gradient

could drive the uptake of permeable compounds, Harold and Baarda (1968)
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showed the need of a proton gradient to drive the uptake of rubidium

and phosphate and some amino acids in Streptococcus faecalis. Hinds

and Brodie (1974), however, did not find that a proton gradient was

needed to drive proline transport in Mycobacterium pheli. Hanstein et

al. (1974) using D20, found evidence that proton or water did not parti-

cipate in the reaction mechanism of oxidative phosphorylation in mito-

chondria.

Transport of electrolytes in mitochondria can be either energy de-

pendent or non-energy dependent (Lehninger, 1966; Cockrell et al., 1967;

Azzone, 1973; Brierley, 1974). Non-energy dependent cation transport

can occur by cation exchange (H
+

for K
+
), by ionophores or carriers, or

by. free base penetration (NH4
+
). Energy dependent cation uptake could

have three different mechanisms. A pH gradient formed during respira-

tion could cause anion accumulation by mitochondria. The resulting

negative interior of the mitochondrion could drive cation uptake.

Haynes et al. (1974) suggests that a hydrophilic cation complex binds

to the membrane, changes conformation to a hydrophobic complex, and

then penetrates the membrane. Other mechanisms would be an energy de-

pendent 1147K+ exchange, and an electrogenic uptake. Membrane potential

driven uptake of lysine has been demonstrated in Staphylococcus aureus

(Niven et al., 1973). Anion transport is discussed by Izzard and

Tedeschi (1973), Brierlay (1974), and Meijer and van Dam (1974). Anion

movements may occur by exchanging of two anions across the membrane, an

electrogenic anion pump, or by free acid penetration.



16

Biological Membranes

The membrane is involved in and necessary for many biological pro-

transport of compounds, cell recognition, oxidative phosphorylation,

photosynthesis, excretion, and absorption of nutrients. The importance

of the membrane is stressed in reviews on various aspects of membrane

biology such as history (Finean, 1972), role in disease processes

(Wallach, 1973), structure (Szabo et al., 1972; Oseroff et al., 1973;

Robertson, 1973; Singer, 1974; and Gulik-Drzywicki, 1975), transport

(Stein, 1967; Hladky and Kaydon, 1972; Baker, 1973; and Hladky et al.,

1974), and membrane proteins (Guidotti, 1972; Singer, 1974).

The first major advance in understanding biological membrane struc-

ture was the development of the lipid bilayer sandwich model of Danielli

and Dayson (1935) which incorporated a bimolecular lipid layer with pro-

tein layers on both sides. The impermeability of such a system led to

the suggestion of protein lined pores (Danielli et al., 1956). Later,

workers on membranes seemed to split into two factions, one expousing

the Danielli and Dayson model as the ubiquitous unit membrane; and the

others, such as Green and Purdue (1966) and Benson (1968), turning in

the direction of elucidating the role of protein and stressing its im-

portance. More recent models of Zahler (1969), Ganderkooi and Green

(1970), and Singer (1974) involve a protein-lipid mosaic.

Caspar and Kirschner (1971) studied the structure of the myelin

membrane by X-ray diffraction at 10A resolution. They showed that the

membrane on the average was a lipid bilayer with a very fluid medial

section and becoming less fluid at the outside due to the incorporation
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of cholesterol molecules. The bilayer is two molecules thick with the

phospholipids oriented with their hydrophobic tails pointing in towards

each other and their polar ends at the water-membrane interface. The

thickness of the membrane is from 40 to 60A. The lipid bilayer struc-

ture has also been found in the mitochondrial membrane (Hsai et al.,

1972) and other membranes (Worthington, 1973).

The lipid components of membranes consist mostly of phospholipids

and cholesterol in varying proportions and usually giving a net negative

charge to the membrane. The distribution of surface charge on the mem-

brane has been found to be important in the transport of ions (Szabo

et al., 1972). The lipid composition of the membrane also affects its

permeability characteristics. Artificial lipid bilayers and native mem-

branes undergo a reversible phase transition. The temperature at which

this occurs depends on the lipid composition (Melchior, 1970). Lipids

may be assymetrically distributed between the two sides of the membrane

(Verkleu et al., 1973).

The protein content of membranes varies with the type of membrane.

Myelin has about 20 to 30% protein; plasma membranes have about 50% pro-

tein; and bacterial and mitochondrial membranes have about 75% protein.

The proportion of protein seems to increase as the complexity of mem-

brane functions increases. Membrane proteins can be generally classi-

fied as either intrinsic or peripheral proteins (Green, 1972; Coleman,

1973; Vanderkooi, 1974). The criteria (Singer, 1974) include the treat-

ment needed to dissociate the protein from the membrane (Helenius and

Simons, 1975), the associations with lipids,and the solubility after

dissociation from the membrane. Intrinsic proteins require hydrophobic
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bond-breaking agents to dissociate them from membranes, are usually

associated with lipids when solubilized, and are insoluble or aggregate

in neutral aqueous buffers. Peripheral proteins are generally less

tightly bound to the membrane and it is suggested that their binding is

mediated through specific intrinsic proteins. Examples of intrinsic

proteins are cytochrome oxidase, cytochrome b5, and rhodopsin. Peri-

pheral proteins include cytochrome c and spectrin. Assymetry of protein

distributions between the two sides of the membrane would be expected to

play a major functional role in membranes. Assymetry has been well

worked out for the erythrocyte but less so for the mitochondrial mem-

brane where it is only known for sure that cytochrome c is located only

on the outer side of the inner membrane and F
1
coupling factor is lo-

cated on the inner side of the inner membrane. A boundary layer of

lipid has been found to be closely associated with cytochrome oxidase

preparations (Jost et al., 1973).

There is still much question left as to the mechanisms of ion

transport across membranes. The lipid bilayer structure and the parti-

cular characteristics of the lipids in the membrane determine several

important properties of the membrane. The lipid bilayer interposes a

very nonpolar environment between two very polar areas. The majority of

ions, proteins, and other compounds in a cell are most comfortable in a

medium of high dielectric constant. Consequently, the non-polar hydro-

carbon area of the membrane severely restricts movements across it of

charged molecules. The fatty acid components determines the fluidity

of the hydrocarbon interior of the membrane. The polar areas at the

interface of membrane and aqueous medium contribute to the properties
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of the membrane by presenting a surface charge and orienting polar

molecules at the interface (Hanai et al., 1965).

The diffusion process of charged particles across a lipid bilayer

membrane has been approached by Lauger and coworkers in a series of

papers (Neumcke and Lauger, 1959; Walz et al., 1969; Lauger and Stark,

1970; Neumcke et al., 1970). The most general treatment is by Neumcke

and Lauger (1969), where the membrane is simplified to a film of low

dielectric constant between two phases of high dielectric constant. A

particle moving into or out of the film is subject to image forces,

which are used to describe the potential field, and consequently is re-

pelled from the interface while in the aqueous phase and attracted to

the interface while in the hydrocarbon phase. The flux of an ion

through the film is then dependent on the concentration gradient of the

ion across the film, the potential difference across the film, and the

work required to move the ion to a certain position in the hydrocarbon

film. This work is calculated from the image forces and described a

potential energy barrier across the hydrocarbon film. This model has

been further studied by Hall et al. (1973). By spin labelling of mem-

branes, Griffith et al. (1974) were able to show a hydrophobic barrier

across the lipid membrane similar to that predicted by Neumcke and

Lauger (1969).

Cope (1972) derives a functional relationship of charge transport

across an activation barrier driven by the ion potential difference.

The conduction equations resemble those for electrons in semiconductor

solids. The ion is assumed to have a Boltzmann distribution of energies
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and the flux across the membrane is proportional to the probability that

an ion has an energy greater than the activation energy barrier.

Walz et al. (1969) discuss the concept that the potential differ-

ence across the membrane will build up assymetrical distributions of

ions at the two interfaces. The assymetry influences the electrical

characteristics. Neumcke et al. (1970) discuss the effect of the elec-

trical field on the dissociation of ion paris in the membrane and con-

sequent influence on the electrical properties of the membrane.

The net surface charge on a membrane will induce the orientation

of dipoles near the interface in addition to building up a concentrated

layer of ions of charge opposite to the membrane charge (Haydon and

Hladky, 1972). An ion must, therefore, pass through regions of differ-

ent potentials in crossing the membrane. This will then affect the

electrical characteristics of ion movement.

Lipid bilayers present a large barrier to ions. Two different

mechanisms have been worked out to explain the ion permeabilities ac-

tually observed, the carrier model and the pore model. The carrier

model (Hladky, 1972; Gambale et al., 1973) involves the complexing the

ion with a carrier molecule. The complex must be mobile in the mem-

brane, must hide the charge, and must be lipid soluble (Lauger, 1972;

Hladky et al., 1974). The complex can be neutrally charged, can be

positively charged such as nonactin (Hladky, 1975), or can be negatively

charged as is DNP (Hopfer et al., 1970; LeBlanc, 1971). The complex is

mobile and does not form pores (Hladky and Haydon, 1970).

The flux from the aqueous phase to the membrane is slower than the

return flux of the carrier across the membrane, leading to recycling of
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the carrier (Ciani et al., 1973). Four processes are involved in car-

rier transport: association of ion and carrier, movement of the complex

across the membrane; dissociation of ion from carrier; free carrier re-

turning across the membrane (Lauger and Stark, 1970; Lieb and Stein,

1974a; Hladky, 1975). The rate limiting step in carrier transport has

been found to be the transfer of the charged complex or carrier across

the membrane (LeBlanc, 1971; Hladky, 1975).

The other major mechanism has been the concept of ion transport

through pores in the membrane (Lauger, 1973; Lieb and Stein, 1974b).

The pores would most likely be formed by protein molecules. Ion trans-

port has been demonstrated in pores formed from gramacidin A (Urry et

al., 1971; Urry, 1972) and in pores formed by an ATPase (Redwood et al.,

1973).

Artificial Bimolecular Lipid Membrane

The artificial bimolecular lipid membrane (BLM) has been used to

study many membrane properties because of the simplicity of its struc-

ture and the ability to make a relatively large area of continuous

bilayer membrane (Haydon and Taylor, 1963; Castellden, 1969; Goldup

et al., 1970; Kotyk and Janacek, 1970; Tien, 1971; Bangham, 1972;

Finklestein, 1972). The BLM consists of a two molecule thick lipid

membrane formed over a hole in a partition separating two compartments

containing an aqueous buffer. The thickness of the membrane has been

determined by measurements of capacitance (White and Thompson, 1973),

index of refraction (Ohki, 1968), and electron microscopy (Henn et al.,
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1967) and shown to be 4 to 9 nm thick. This thickness and X-ray scat-

tering data are consistent with a bilayer structure. The membrane, as

formed over the hole in the partition, consists of a large central

area of bimolecular thickness surrounded by a torus of bulk lipid

(Goldup and Danielli, 1970; Tien, 1971). When the lipid is first

applied, the hole is covered by a multilayer lipid membrane of about

100 nm thickness. Over the next few minutes, this membrane thins out

progressively, such that the color of the reflected light changes

through several colors until finally no light is reflected at the

bilayer stage, and the membrane appears "black" (Tien, 1971). At this

point, destructive interference occurs between the light reflected

from each of the two water-lipid interfaces. The resulting bilayer is

quite sensitive to vibration, increasingly so with age with very low

pH (Howard, 1967).

The electrical resistance of an unmodified phospholipid BLM formed

from lipids dissolved in CHC13 -MeOH solvent is about 10
-6 2cm-2

, and,

if the BLM is formed from lipids dissolved in a hydrocarbon such as n-

decane, the conductance is about 10
-8

0
-1

cm
2

(Henn and Thompson, 1969).

The capacitance is usually about 1 pF/cm
2

(White and Thompson, 1973).

Current voltage curves are non-linear above 40 to 60 mV, and the dielec-

tric breakdown voltage is about 4 x 10
5 V/cm which is characteristic of

bulk hydrocarbons (Henn and Thompson, 1969; Luschow et al., 1975).

Determination of the composition of the bilayer region is diffi-

cult. Henn and Thompson (1969) report that the bilayer formed from

phospholipid in decane is enriched in phospholipid from 10 to 100
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times. Bruce and Hider (1974) observed a 100-fold enrichment of phos-

pholipid and cholesterol relative to decane in the bilayer region and

found that the phospholipid to cholesterol ratio remained the constant.

The construction of a BEAM apparatus with provisions to place elec-

trodes on either side of the membrane and to visually observe the BLM

has been presented by Hanai et al. (1964), Huang et al. (1964), Meuller

et al. (1964), Howard (1967), and Tien and Diana (1967). Teflon con-

struction has been recommended (Takagi et al., 1965), especially for the

partition (Tien and Diana, 1967), to minimize the adsorption of chemi-

cals used in the studies (Slater, 1967). The shape and size of the hole

is critical in obtaining a stable membrane (Howard, 1967; Tien and

Diana, 1967). The chamber must be adequately isolated from vibration

and well thermostated (Huang et al., 1964; Howard, 1967). Cleanliness

is essential, and it is recommended that the partition be stored in

hexane between uses (Andreoli et al., 1967). The lipid solution must be

applied over the hole in the partition while the partition is submerged

in the aqueous buffer. This can be done by a small brush (Huang et al.,

1964) or by a syringe (Vreeman, 1966). Observation of the BLM is done

through a small telescope (Huang and Thompson, 1964; Thompson, 1964;

Henson et al., 1970). Other methods of preparation have been tried to

overcome the need to have the lipid dissolved in a solvent. Takagi et

al. (1965) and Montal and Mueller (1972) formed BLMs by moving the par-

tition down through a monolayer of lipid spread on the surface of the

aqueous buffer. They found no differences between their BLMs and those

made in a conventional manner.
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Into each of the aqueous buffer compartments is placed an electrode

to make electrical measurements. They can be Ag -AgCl electrodes (Hanai

et al., 1964), saturated KC1-agar bridges to calomel electrodes (Tien

and Diana, 1967), or platinum-platinum black electrodes (Hanai et al.,

1964). The very small currents measured, 10
-9 amperes, require sensi-

tive, stable electronics (Tien and Diana, 1967; Huebner and Brunner,

1972; Montal and Mueller, 1972) with particular attention to adequate

grounding (Burgs et al., 1967; Morrison, 1967).

Lipids used to prepare BLMs include lecithin, phosphatidylserine,

phosphatidylethanolamine, cholesterol, oxidized cholesterol, and syn-

thetic lipids, among others. The lipid must be dissolved in CHC13 -MeOH

or a hydrocarbon such as decane or tetradecane.

Monovalent cations are generally more permeable than anions and di-

valent ions, however, the net charge of the lipid affects the relative

permeabilities (Szabo et al., 1969). Protons and potassium ion are

generally the most permeable (Lauger et al., 1967). Calcium permeabi-

lity is increased if the lipid has a net negative charge (Montal, 1973).

BLMs have been used to study the mechanism of action of uncouplers

of oxidative phosphorylation. Wilson et al. (1971) concluded that the

pH dependence of conductance changes did not coincide with their action

demanded by Mitchell's chemiosmotic theory. In other studies, the con-

ductance changes in BLMs by uncouplers have been correlated with their

uncoupling activity (Bakker et al., 1973; Cunnaro and Weiner, 1975).

Hopfer et al. (1968) found that several uncouplers made BLMs permeable

.
specifically for protons, and generally supported the chemiosmotic

theory. Lieberman (1968) showed that permeability of the BLM increased



25

with increasing lipophilicity of uncouplers. An uncoupler has been

shown to decrease the valinomycin induced increase of potassium conduc-

tance.

Dinitrophenol (DNP) has been extensively studied and shown to in-

crease conductance of BLMs by a factor of 1000 (Bielawski et al., 1966;

McLaughlin, 1972). DNP made the BLM selective for protons, and its ef-

fectiveness was decreased by the presence of a negatively charged lipid

which may account for its relatively low toxicity in bacterial which

have a relatively high percentage of acidic lipids (Hopfer et al.,

1970). The charge carrying species was thought to be a complex of the

anion with the unassociated phenol. White (1973) gave evidence that

DNP bound to membranes imparted a net negative charge. LeBlanc (1971)

found that both the anion and acid forms of the uncoupler CCCP were

penetrating the lipid bilayer and that the maximum conductance should

occur at pHs above the pK except for the limiting effect of unstirred

aqueous layers next to the membrane. Other uncouplers have been found

to block valinomycin induced potassium conductance (Alkaitis, 1972).

Trichlorocarbanilide increased both anion and proton permeability

(Hamilton and Jeacocke, 1972).

Various naturally occurring antibiotics have been found to function

as ionophores. Valinomycin increased potassium conductance in BLMs

(Lieberman and Topaly, 1968; Lauger, 1971; Feldburg and Kissel, 1975).

DDT reversed this conductance (Hilton et al., 1973). Fluorescence mea-

surements determined that valinomycin perturbed the bilayer structure,

. possibly thinning it (Basette and Seufert, 1975). Members of the actin

group increased cation permeability (Szabo et al., 1969, 1970; Feldberg
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and Kissel, 1975). Others such as gramacidin form pores penetrating

the membrane (Urry et al., 1971; Urry, 1972; Goodall, 1973).

Attempts have been made to incorporate protein into BLMs. An

NADP-0
2

system (Yaguzhinsky et al., 1974) and an urease membrane (David

et al., 1974) have been formed. Redwood et al. (1973) incorporated an

ATPase into a BLM and demonstrated conductance through water filled

pores. A BLM containing cytochrome oxidase demonstrated electron trans-

fer (Hinkle, 1973).

Electron Spin Resonance

The technique of ESR allows detection of unpaired electrons and

characterization of their energy states and location through detection

of the magnetic moment associated with the electron spin. In the ab-

sence of an external magnetic field all unpaired electrons have the

same energy, and their spin axes are randomly oriented. If a popula-

tion of unpaired electrons is subjected to an external magnetic field,

the unpaired electrons split into two groups, those with their spin

axes parallel to the magnetic field and those with their spin axes

antiparallel to the magnetic field. The latter group have a higher

energy. The energy difference between the two levels is

hv = g 13H (2)

where a is the Bohr magneton, H is the magnetic field, and g is a cor-

rection factor for the electron. If the population is then irradiated
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with microwave electromagnetic energy, energy of the wavelength calcu-

lated from the above equation will be absorbed. The characteristics of

the absorption give information of the electron spin. The technique

with its biological applications has been reviewed by McConnel and

McFarland (1970) and Jardetsky and Jardetsky (1962).

ESR has been applied to the study of artificial and biological mem-

branes (Levine, 1972). Usually a spin label is used which consists of

a nitroxide group attached to a biological molecule such as cholestane,

a fatty acid, or a protein. The nitroxide has a well characterized

spectra. The hyperfine splittings caused by interaction of the unpaired

electron with the nucleus of an atom and the g values vary with the

angle of the magnetic field with respect to the three axes of the

nitroxide group. Nitroxide spin label probes have been used to assess

the molecular motion and orientation in lipid vesicles (Hubbell and

McConnell, 1969; Griffith et al., 1971; Smith, 1971). These studies

have confirmed the presence of the bilayer structure, and have been

used to study the effects of temperature and the type of lipid on the

fluidity of the membrane. Cholesterol has been shown to increase the

order and packing in lipid bilayers, thereby decreasing the molecular

motion in the bilayer (Lapper et al., 1972; Marsh and Smith, 1973;

Schrier-Mucciollo et al., 1973). The effects of uncouplers of oxidative

phosphorylation (Verma et al., 1973) and anesthetics (Butler et al.,

1973; Trudell et al., 1973) on lipid bilayers has been studied by ESR.

Nitroxide probes have been incorporated into erythrocytes and erythro-

cyte ghosts to study the effect of lytic agents (Hegner et al., 1973),
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surfactants and salts (Kirkpatrick and Sandberg, 1973), and small ni-

troxide probes (Hubbell et al., 1970). A nitroxide labelled fatty acid

has been incorporated both in vivo and in vitro in Neurospora mitochon-

dria to show that the probes had a degree of molecular motion similar

to that found in lipid vesicles (Keith et al., 1970). Similar studies

have been done with in vitro labelling of mitochondria by Raison et al.

(1971) and Raison and McMurchie (1974) who showed that two phase changes

occurred within the membrane and that these were associated with changes

in activity of membrane enzymes. Spin label motion has been related to

other functions of mitochondria (Williams et al., 1972) and has been

used to study conformational changes in Electron Transport Particles

(Koltonen et al., 1968).

Research Goals

As shown by the above review, HCP has a multitude of effects on

different biological systems. In most cases, however, the membrane-

action properties of HCP may explain many of the toxic effects noted in

this antibacterial agent.

The purpose of the studies reported in this thesis was to demon-

strate the membrane-active properties of HCP by its effects on membrane

structure, permeability, and electrical properties. The effect of HCP

on mitochondria is of considerable interest in deducing the mechanism of

oxidative phosphorylation. These studies begin with the premise that

the uncoupling of oxidative phosphorylation by HCP is related to the

effects of HCP on biological and artificial membrane systems.
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II. HCP BINDING TO LIPID VESICLES

Methods

Lipid vesicles were prepared by placing 20 mg of soybean lecithin

B (preparation described on page 93) in decane solution into a small

round bottom flask, evaporating the decane, adding 10 ml of 0.1 M KC1-5

mM Tris-HC1 buffer, pH 7.0 and four to five glass balls, and shaking the

flask to thoroughly disperse the lipid. Additionally, the flask was

held in an ultrasonic cleaning bath for a few minutes to aid in disper-

sion. The dispersion was allowed to sit for two hours and the super-

natant used for appropriate dilution (Bangham et al., 1968; Johnson and

Bangham, 1969). HCP was used in a 95% ethanol solution at a concentra-

tion of 10.2 nmoles/pl. HCP (Givaudan Corporation) was twice recrys-

tallized from isopropanol-water (m.p. 164-165°C) and stored in the dark.

All solvents were redistilled from commercial supplies.

The ultraviolet difference spectra shown in Figure 1 were obtained

in the following manner on a Cary Model 11 spectrophotometer. They

represent the difference in the absorption of light of two light beams,

here referred to as beams A and B. In the path of A was placed a

cuvette containing a buffer (0.1 M KC1-5 mM Tris-HC1, pH 7.0) and a

cuvette containing hexane, in the case of curve A on Figure 1. In the

path of beam B were placed two cuvettes with buffer and hexane as above.

A UV difference spectrum at this point is a zero absorption difference

at all wavelengths. Then HCP was added to a concentration of 10
-5

M
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in the hexane cuvette in path A and to the buffer cuvette in path B.

The resulting difference spectrum (curve A in Figure 1) represents the

subtraction of the spectrum of HCP in the buffer from the spectrum of

HCP in hexane. We know from the pKs of HCP that at pH 7.0 most of the

HCP is in the monoanion form, while in hexane all of the HCP will be

undissociated. Thus, there will be more hydrogen bonding present in

the buffer solution than in the hexane, and the local electric fields

surrounding the HCP molecules should be greater in the buffer solution

than in hexane. These differences will affect the wavelength and in-

tensity of absorption of the chlorophobe groups on HCP. These changes

are shown by curve A in Figure 1. The UV difference spectrum depends

on the microenvironment of the HCP molecules and on how many molecules

are present. Curve B in Figure 1 was similarly done by substituting a

suspension of lipid vesicles in Tris-HC1 buffer for the hexane. The

HCP was added to the lipid vesicles in path A and to the buffer in path

B. As can be seen there are many similarities between the two spectra

shown in Figure 1, suggesting that much of the HCP in the suspension of

lipid vesicles is in a microenvironment similar to that found in hexane.

The most likely explanation is that the HCP is found in the non-polar

areas of the lipid membranes of which the lipid vesicles are formed.

At the least, the spectral changes indicate that the HCP is being re-

moved from the polar environment of the buffer solution. Another possi-

bility is that the spectral changes are due to a change in the absorp-

tion spectrum of the lipid vesicles as HCP is added to the suspension;

however, that would mean that the UV difference spectrum is only coinci-

dentally like the spectrum determined for HCP in hexane.
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Figure 1. Ultraviolet absorption difference spectra for HCP. The

abscissa is the optical density difference between the
sample cell and the reference cell. The ordinate is the
wavelength in nanometers. A. HCP in hexane. B. HCP in
a suspension of lecithin vesicles in buffer (0.1 M KC1-5
mM Tris-HC1 buffer, pH 7.0).
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The major characteristics of the difference spectra were a peak at

325.5 nm and a dip at 310 nm. If we let AA be the optical density dif-

ference between 325 nm and 310 nm and Ac be the molar extinction coef-

ficient for the optical density difference between 325 nm and 310 nm

in the difference spectrum of HCP in vesicles against HCP in buffer

solution, then

AA = [HCP]B Ac 3(3)

where [HCP]
B
is the concentration of HCP bound to the non-polar environ-

ment of the vesicles (Magar, 1972). By using a high vesicle lipid con-

centration of 1.0 mg/ml, a plot of bound HCP, B, in nmoles HCP bound per

mg lipid, calculated according to an estimated Ac of 1985 M-1, deter-

mined from the HCP in hexane difference spectra, versus total HCP added

per mg of lipid gave a straight line with a slope of 0.92. The AE was

thus corrected to 1826 M
-1

in order to calculate the amounts of HCP

bound to vesicles.

Results

The results of experiments done under different conditions are

shown in Figures 2 and 3 in the form of Scatchard plots (Scatchard,

1949) where B/F, the amount of HCP bound per mg of vesicle lipid divi-

ded by the concentration of unbound HCP, is plotted against B, the

bound HCP. The circles represent the real data; the solid lines are

explained below. The concentration of vesicle lipid was 0.04 mg/ml and

0.02 mg/ml for the data in Figures 2 and 3, respectively. Other
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Figure 2. Binding of HCP to lipid vesicles. Lipid concentration was

0.2 mg/ml. (B is the concentration of bound HCP in pM.
F is the unbound concentration of HCP).
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Figure 3. Binding of HCP to lipid vesicles. Lipid concentration was
0.04 mg/ml. (B is the concentration bound HCP in 4M. F

is the unbound concentration of HCP).
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experimental conditions were as outlined above, and the total concentra-

tion of HCP varied from 3 pM to 200 pM.

Scatchard plots can show three different appearances depending on

the number and characteristics of the ligand binding sites. If there is

only one type of site present then the graph will be a straight line

with a negative slope (Scatchard, 1949). A concave downward plot would

be present when there are multiple classes of sites with each class in-

dependent of the other and a concave upward plot would result when

there was positive cooperativity in the ligand binding (Cornish-Bowden

and Koshland, 1970; Cook, 1972; Hammes and Wu, 1974). Clearly, in both

Figures 2 and 3, the shape of the graph implies the presence of mul-

tiple independent classes of sites.

A general expression for the binding of a ligand to multiple

classes of sites can be arrived at (Fletcher et al., 1970; Hammes and

Wu, 1974) by first assuming the binding of each ligand; i.e., HCP,

follows the equilibrium equations shown below (P represents the struc-

ture to which HCP is binding whether it is protein or a lipid vesicle

structure):

P + HCP P (HCP) K
P(HCP)

1 P x HCP
free

P(HCP) + HCP z==r1P(HCP), K, =
L ,

1 1

P(HCP)n_i + HCPR=P(HCP)n Kn =

P(HCP)2

P(HCP) x HCPfree

P(HCP)n

P(HCP)n_i x HCPfree

. (4)



If we also assume that we can segregate the sites into m independent

classes of sites with all sites within a class identical and indepen-

dent, then the following equation results,

m K.F

=
Ni

1

1
B

1/1 1 + K.F
i=1

, (5)
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where B is the amount of bound HCP, F is the concentration of unbound

HCP, Ni is the total capacity of class i, and K. is the association

constant for binding in class i.

Under certain conditions, terms of this equation can be simplified.

When F is much greater than the value of Ki, then Bi, or the amount of

HCP bound to class i sites, will be equal to Ni; in other words, that

class of sites is saturated with HCP. Another situation is when K.F is

very much less than one, in which case Bi = NiKiF. This situation would

be representative of HCP partitioning into another phase, where NiKi is

thus the partition coefficient. More generally, any situation in which

Ni is very large and K.1 , the binding affinity, is very low, will give

this simplification.

I have chosen as a preliminary model for the binding of HCP to the

lipid vesicles, a model with three classes of sites, two with relatively

high binding affinities, and one with a large N and a low K, a parti-

tioning or non-specific binding site. The data do not suggest a more

complex model than this one. A non-linear least squares curve fitting

program, *GNLS (OSU Computer Center Library), was used to determine if

the data could be described by this equation or whether it was necessary
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to make the model simpler or more complex. The equation used, as pres-

ent above, is:

N
1
F N

2
F

B =
1 1

+ + N
3
K
3
F

+ F 1-(-- + F

1 2

. (6)

For the data shown in Figure 2, the simplest form of equation 6 which

would fit the data well was one in which site 1 was saturated; that is

F was always much larger than K1. The values of the parameters as

determined by *GNLS and their relative standard errors are below:

N
1

= 20.16 nmoles/mg, 66.0%

N
2

= 119.8 nmoles/mg, 10.6%

K
2

= 2.10 pM
1

21.7%

N
3
K = 7.89 nmoles mg

-1
pM

1
, 0.15%

The solid line shown in Figure 2 was drawn by calculating points using

the equation:

N
2
F

B = N
1 1

+ + N
3
K
3
F

+ F
2

, (7)

and the above values for the parameters.

For the data in Figure 3, the best fit was found with a further

simplified form of Equation 6, wherein both sites 1 and 2 are saturated

so that the equation has the form

B = (N
1

+ N2) + N3K3F . (8)



The best values for the parameters and their relative standard error

are:

(N
1

+ N
2
) = 86.72 nmoles/mg, 0.044%

N
3
K
3

= 3.00 nmoles mg
-1

11M 1, 0.0035%

41

Likewise, the solid line of Figure 3 was drawn using Equation 8 and the

above parameter values. In both experiments presented, it is clear that

the binding equations used described the data very well. Simpler bind-

ing equations did not fit the data nearly as well, and attempts to fit

more complex binding equations resulted in poorer fits and values for

the additional parameters which were clearly not significant.

Discussion

Over the range of HCP concentrations shown in Figures 2 and 3, the

spectral changes were limited to those shown in Figure 1, indicating

that at these concentrations we were measuring the amount of HCP in a

non-polar microenvironment. At higher concentrations the difference

spectrum changed both in intensity and the wavelength position of the

difference maxima and minima. These changes may represent HCP aggrega-

tion or vesicle aggregation or structural changes. HCP may be altering

the vesicle structure at lower concentrations but if so the effects are

not visible in the UV difference spectrum. The different values calcu-

lated for the binding capacities in the two experiments may be due to

differences between the two soybean lecithin preparations used.
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The finding that HCP is partitioning into the lipid vesicles is

not unexpected due to the high lipid solubility of HCP. The qualitative

appearance of the UV difference spectra indicate that the binding is

into a hydrocarbon-like environment. One would, therefore, expect HCP

to move into the lipid portions of mitochondrial membranes and other

biological membranes.

In addition, HCP was binding to at least two relatively low capa-

city specific binding sites. A rough calculation indicates that the

maximum capacity was one HCP to 15.3 lecithin molecules. Thin layer

chromatography of the soybean lecithin preparation showed that leci-

thin was the major component along with the minor components phosphati-

dyl ethanolamine and an unidentified component which was not phosphati-

dyl serine or cardiolipin. At pH 7.0, these lipids have a net charge

of zero. The net charge on the unidentified component may not be zero,

however, if it was phosphatidyl glycerol. For example, the binding of

HCP may be limited by the presence of a negatively charged lipid or

perhaps just the bound HCP itself whose negative charge tends to repel

the binding of additional negative charges. Differences in surface

charge on the vesicles due to a different lipid may account for the

difference in binding capacity between the two experiments. This ef-

fect may also be of significance in the binding of HCP to mitochondria

where there would be surface charge from both lipid and protein. The

binding of HCP would thus probably be affected by factors tending to

change the surface charge such as pH or protein structural changes.
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III. HCP BINDING TO MITOCHONDRIA

Methods

Rat liver mitochondria were isolated in the following manner from

OSU Wistar rats. Males or females of 200 to 300 g weight were thor-

oughly bled after sacrifice. Livers were quickly excised, placed in

tared beakers containing 0.25 M sucrose, and weighed. The livers were

placed in a volume of cold (4°C) 0.25 M sucrose equal to nine times

their weight, and were sliced into small pieces. The livers then were

homogenized in a Potter-Elvehjem type tissue grinder by six quick passes

of the pestle while the tube was immersed in an ice bath. The homo-

genate was centrifuged at 600 x g for ten minutes at 4°C. The fat was

removed from the top of the supernatant, and the supernatant trans-

ferred to new centrifuge tubes and centrifuged at 85,00 x g for ten

minutes at 4°C. The supernatant was removed along with the top loose

layer of the pellet. The pellet was resuspended in a volume of 0.25

M sucrose equal to twice the weight of the liver, then centrifuged at

8,500 x g for ten minutes at 4°C. This step was repeated once, and the

pellet suspended in 0.25 M sucrose to the desired concentration. The

protein content of the mitochondrial suspension was determined by the

Lowry method (Layne, 1957).

A small volume of buffer (2-4 ml) was placed in a centrifuge tube

and allowed to come to room temperature. At different pH values, either

145 mM choline-C1, 2 mM Tris-HC1, and 0.5 mM KC1 or 150 mM KC1 and 2 mM

Tris-HC1 was used as the buffer. In some experiments, 8.3 to 10.0 mM
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sodium pyruvate (Sigma) was added. A measured volume of mitochondrial

suspension was used to give a final protein concentration between 0.4

to 4.5 mg/ml. After 2-3 minutes equilibration,
14
C-HCP (3.52 mCi/

nmole; New England Nuclear Corporation) was added in a small volume of

ethanol. After shaking, the mixture was incubated for different peri-

ods of time from 5 minutes to 30 minutes, centrifuged at 39,000 x g for

30 minutes at 4°C. A portion of the supernatant was carefully removed

and added to sufficient Aquasol (New England Nuclear Corporation) for

liquid scintillation counting in a Packard Model 3375 liquid scintil-

lation counter. From this count and that of appropriate standards and

blanks, the equilibrium concentration of unbound
14
C-HCP could be de-

termined. A sample taken immediately after the
14
C-HCP was added to

the mitochondrial suspension gave the total amount of
14
C-HCP added to

a particular tube. By difference the amount of bound
14

C-HCP was cal-

culated. The range of total
14C-HCP concentrations used was from 40 nM

to 250 uM.

Results

The results of a representative experiment are shown in Figure 4

in which the amount of HCP bound per mg of mitochondrial protein is

plotted against the total amount of HCP present. The curve shows no

saturation despite the concentrations of bound HCP which are well above

the amount needed to maximally uncouple oxidative phosphorylation (< 2

nmoles/mg). This indicates that the mitochondria have a capacity to

bind HCP which is much greater than the amount of HCP needed
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specifically to uncouple respiration (Caldwell et al., 1972). In Fig-

ure 4, at least 95% of the HCP was bound to the mitochondria in the

range of concentrations used.

In order to show the changes in binding behavior of HCP, the Scat-

chard plot was used to graph the results of the three sets of data in

Figures 5, 6, and 7, where the amount of bound HCP per mg mitochondrial

protein divided by the concentration of unbound HCP is plotted against

the amount of bound HCP per mg mitochondrial protein. In all three

cases, as well as in other experiments not shown, there appears the

same general pattern of an initial positive slope up to a maximum fol-

lowed by a shallow negative slope. As discussed in a previous section,

this initial positive slope indicates the presence of positive coopera-

tivity in the binding of HCP to mitochondria. The range of bound HCP

concentrations over which the positive cooperativity occurs also coin-

cides with the range of concentrations needed to uncouple oxidative

phosphorylation.

The experiment shown in Figure 5 was carried out to the highest

value of B of bound HCP as was possible considering the practicalities

of handling a minimum protein concentration and the limiting solubility

of the unbound HCP in the buffer. The graph shows that at high values

of B the points approach a straight line with a negative slope which is

what one would expect for the binding of HCP to a single class of inde-

pendent sites (Scatchard, 1949). At this point the data are described

by the equation:

(9)



Figure 4. Binding of HCP to rat liver mitochondria. B is the amount

of HCP bound in nmoles per mg of protein.
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Figure 5. Binding of HCP to rat liver mitochondria. B is the amount
of HCP bound in nmoles per mg of protein. F is the unbound
concentration of HCP in nM.
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Figure 6. Binding of HCP to rat liver mitochondria. B is the amount
of HCP bound in nmoles per mg of protein. F is the unbound
concentration of HCP in nM.
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Figure 7. Binding of HCP to rat liver mitochondria. B is the amount
of HCP bound in nmoles per mg of protein. F is the unbound
concentration of HCP in nil.
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where N
1

is the total number of binding sites, K
1
is the binding af-

finity constant, B is the amount of HCP bound to the mitochondria, and

F is the concentration of unbound HCP. Extrapolation of the data in

Figure 5 by Equation 9 gives values for N1 of 153 nmoles per mg mito-

chondrial protein and for K1 of 6.01 x 10
-5

nM
-1

.

Using a value of 153 nmoles per mg mitochondrial protein for N1,

the experimental data can be graphed as a Hill plot (Wold, 1971) where

the logarithm of B /(N1 - B) is plotted against the logarithm of F. Two

sets of data, Figures 8 and 9, graphed this way show slopes of 1.52 and

1.24, respectively. The slopes represent the value of n in the Hill

equation (Childs and Bardsley, 1975)

K
1
F

N1
1 + Kn

, (10)

and n represents a measure of the cooperativity of the binding where in

the case of independent sites, n = 1.0. Values of n greater than one

signify positive cooperativity in the system. Therefore, the Hill plots

confirm the presence of positive cooperativity shown by the Scatchard

plots. Additionally, Figure 8 shows a break in the slope with n = -.93

when more HCP became bound to the mitochondria, implying that binding

was then occurring as if the binding sites were independent.

Mathematical expressions for positive cooperativity in binding

have been worked out for only a few systems (Monad et al., 1965; Kosh-

land et al., 1966; Cook, 1972; Voordouw and Roche, 1974). These equa-

tions are not applicable here because of their lack of generality and
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Figure 8. Binding of HCP to rat liver mitochondria. N is the maximum
amount of HCP bound in nmoles per mg protein.
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Figure 9. Binding of HCP to rat liver mitochondria. N is the maximum
amount of HCP bound in nmoles per mg protein.
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because they were derived for systems involving a discrete enzyme with

a small number of finite binding sites. In the binding of HCP to mito-

chondria several mechanisms suggest themselves as possible explanations

for the presence of positive cooperativity. The binding affinity, K,

could be altered by the binding of HCP perhaps by modifying the struc-

ture of the binding site, analogous to the classic example of hemoglo-

bin. HCP may allow or cause new binding sites to appear on the mito-

chondria; i.e., produce conformational changes in the mitochondria.

HCP may change the charge density near the binding site. The solubili-

ty of HCP in the mitochondrial membrane may change. The intramitochon-

drial volume may increase, allowing more HCP to enter.

The mechanism chosen for the analysis of the binding of HCP to

mitochondria is the most likely explanation for the binding behavior and

involves a change in the affinity constant to account for the coopera-

tivity. It is first assumed that there is a class of sites with a large

value of N, and that after sufficient HCP is bound this class of sites

behaves as if the sites were independent, as was shown on Figure 4 with

the intrinsic values of K and N; that is, K is not a function of B. At

low values of B, however, K' or the apparent affinity constant is a

function of B, and increases from a small fraction of the intrinsic

value of K at low B to a maximum value of K at higher values of B. The

relation of B to K' is measured by Ka, which represents the reciprocal

of the value of F at which there has been one-half of the maximum change

in K'. Using these assumptions we have



K' =
1 (N - B)F

1 4- Ka F

Rearranging this to fit the Scatchard plots gives

r a
NKK F KK

a
F
2

LK
a
F + K

a
F + 13

60

(12)

Equation 12 was fitted to the data shown in Figures 5, 6, and 7 by

use of a non-linear least squares curve fitting program (*GNLS). The

solid lines on each graph were drawn using the parameter values of N,

K, and Ka determined by the program. In Figure 6, the values of the

estimated parameters are N = 150 nmoles per mg mitochondrial protein,

K = 1.13 x 10
-4

nM
-1

, and K
a

= 0.866 nM
-1

. No exogenous substrate in

the form of pyruvate was present. No pyruvate was present for the data

shown in Figure 5, where the curve has the parameters N = 153 nmoles

per mg mitochondrial protein, K = 6.01 x 10-5 nM-1, and Ka = 0.02 nM-1.

However, the value of Ka should probably be disregarded because of the

lack of data points at low values of B. For the data in Figure 7, 8.3

mM pyruvate was present in the incubation mixture. The estimated para-

meters for these data are N = 150 nmoles per mg mitochondrial protein,

K = 3.14 x 10
-4

nM
1

, and K
a

= 0.107 nM
-1

.

The use of Equation 12 to describe the positive cooperativity in

these binding studies is not intended to imply a specific mechanism for

the process but rather has the purpose of quantitatively describing the

data. In this case, it shows that the presence of pyruvate in the

incubation mixture decreased the value of K
a
by a factor of eight.
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The binding of HCP to mitochondria was influenced by the pH of the

incubation mixture, as shown in Figure 10. As the pH decreased, a

progressively greater proportion of the HCP was bound HCP.

Discussion

The qualities of the shape of the Scatchard plots, the slopes of

the Hill plots, and the mathematical analysis used above confirm the

presence of positive cooperativity in the binding of HCP to mitochondria.

The cooperativity occurs with HCP concentrations coincident with those

which uncouple oxidative phosphorylation. Above these concentrations,

the binding of HCP appears to involve a class of independent sites.

Wang and Copeland (1974) found positive cooperativity in the bind-

ing of the uncoupler CCCP to rat liver mitochondria in the presence of

succinate, which is in contrast with the results shown above where posi-

tive cooperativity was present both in the presence and absence of

pyruvate. The binding of the uncouplers triethyltin and trimethyltin

to rat liver mitochondria (Aldridge and Street, 1970) displayed no posi-

tive cooperativity but instead showed binding to two and to three

classes, respectively, of independent sites. The maximum number of

binding sites were 66 nmoles per mg protein and 120 nmoles per mg pro-

tein for triethyltin and trimethyltin, respectively.

The pH dependence of binding of HCP could be interpreted two ways.

It may indicate that the unionized form of HCP binds more readily than

the ionized form since the proportion of HCP that was bound increased



Figure 10. Effect of pH on the binding of HCP to rat liver mitochondria.
B is the amount of HCP bound in nmoles per mg of protein.
F is the unbound concentration of HCP in nM.
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at a pH less than the pK of 6 for HCP. The pH dependence shown by Wang

and Copeland (1974) indicated that the ionized form of CCCP was im-

portant in binding because the proportion of CCCP bound was less at pHs

below the pK of CCCP. Another explanation for the pH dependence of the

binding assumes that the ionized form of HCP is important in binding and

that the pH effect is due to the change in surface charge on the mito-

chondria as protein and other groups are titrated upon a change in pH.

Weinbach and Garbus (1960) show a pH dependence for the binding of pen-

tachlorophenol (PCP; pK = 4.8) to rat liver mitochondria which looks

very similar to that shown in Figure 9 for HCP. Their conclusion was

that PCP was binding to protein in the mitochondria.

The binding behavior of HCP to mitochondria looks very different

from the binding to lipid vesicles shown in a previous section in which

there was no positive cooperativity present. The difference may reflect

the presence of additional protein binding in mitochondria, or it may

be a reflection of changes in lipid binding induced by uncoupling of

oxidative phosphorylation or structural changes in the mitochondria.

The fact that HCP bound with positive cooperativity in the absence

of substrate suggests that the cooperativity does not depend on an

active respiratory chain. This would argue for the possibility that

the event induced by HCP which causes the increase in binding affinity

may also be a primary event in the uncoupling effect of HCP. If the

cooperativity was secondary to changes caused by uncoupling, such as

the changes in charge density proposed by Wang and Copeland (1974) then

we would not expect to see positive cooperativity in the absence of

substrate.
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There could be many possibilities for the mechanism of this pri-

mary event. HCP may cause structural changes by altering proteins upon

binding, altering interactions between proteins, or altering the struc-

ture of the lipid part of the mitochondrial membrane. The pH study and

lipid vesicle binding do not conclusively point to either protein or

lipid binding as the major binding site. In either case the sites which

are important in inducing binding changes and uncoupling may be only a

small percentage of the total number of sites to which HCP is binding.

The same changes induced by HCP which resulted in positive cooperativity

in binding may also be reflected in changes in mitochondrial permea-

bility and EPR characteristics as shown in other sections of this

thesis.
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IV. ELECTRON MICROSCOPY

Methods

Rat liver mitochondria were isolated as described previously in

0.25 M sucrose-0.04 M glycylglycine, pH 7.4 at a concentration of about

50 mg mitochondrial protein per ml of suspension. The respiration

medium was 20 mM glycylglycine, 3.3 mM potassium phosphate, 120 mM KC1,

5 mM MgC12, at pH 7.4. To 6.0 ml of the respiration medium was added

1.5 ml of mitochondrial suspension (75 mg protein), and the mixture was

allowed to equilibrate at room temperature for 1 min. Pyruvate and

malate (Sigma) were added to final concentrations of 0.32 mM and 0.08

mM, respectively. ADP was added as a 100 mM solution in distilled

water. In some cases HCP was added as a 2 nmole/pl solution in 95%

ethanol. Controls contained a similar concentration of ethanol alone.

Incubations were done at 25-30°C. For thin sections of mitochondria

for electron microscopy, 2.0 ml aliquots of the suspension were taken

at appropriate time and quickly added to 8.0 ml of fixative, ice-cold

1% glutaraldehyde in 0.135 M phosphate buffer, pH 7.4. This was im-

mediately centrifuged at 8500 x g for 10 min at 0°C. The supernatant

was removed and replaced by fresh ice-cold fixative. After 1-1/2 hr

in fixative, the pellet was embedded in 2% agar and fixed for 45 min.

The agar-pellet was then washed at 4°C with Sorenson phosphate buffer,

pH 7.0 (0.125 M PO
4
) for 5 hr. The pellet was then dehydrated in an

ascending series of acetone-water mixtures with the acetone percentage
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increasing in order 30%, 50%, 70%, 100%. The pellet was then embedded

in Bojax, and thin sections cut for electron microscopy. These were

stained with uranyl acetate. For negative staining preparation for

electron microscopy, 0.25 ml of the mitochondria suspension was added

to 1.5 ml of ice-cold 1% glutaraldehyde in ammonium acetate, pH 7.4

isomolar (0.192 g acetate plus 0.25 g glutaraldehyde in 25 ml of redis-

tilled water). After 5 minutes, a 10 pl drop was placed on a carbon-

coated EM grid, the excess liquid drained off, and a drop of 2.1% am-

monium molybdate in redistilled water (isomolar) placed on the grid.

After removing excess liquid, the grids were allowed to dry before ex-

amining under the electron microscope.

All electron microscopy was done with a Phillips EM 300 transmis-

sion electron microscope with a guaranteed resolution of 0.5 nm.

Photographs were taken on Kodak 3-1/4 x 4 inch glass plates at 9500 to

170,000 magnification.

A quantitative study of the total volume, matrix volumes, inter-

membrane (between inner and outer membrane) volumes, and their respec-

tive surface areas of the different configurations seen was carried

out according to Weibel et al. (1966).

Determination of relative volumes and surface areas was made in

the following manner. A clear acetate sheet, upon which was drawn an

array of dots and short line segments, was placed on a photographic

print made from a particular electron microscopy glass plate. The

total number of dots, Pt, is known, as is the total length of the line

segments, Lt. The fraction of the total volume (of which the photograph



represents one section) occupied by a particular structure, i, is

P.

Pv. =
1

1 Pt

68

, (13)

whereP.1 is the total number of dots found within the particular struc-

ture. To determine the surface density, Nvi, or the ratio of the sur-

face area of a structure i to the total volume, one uses the formula

2N.

Nv.
1

1 Lt
, (14)

where N. is the number of intersections of the surfaces of the struc-
1

ture i seen on the section with the short line segments on the acrylic

sheet. Then a ratio of the surface area of a structure to its volume

can be found by

Nv.

Sv.
1

1 Pv.
1

. (15)

The actual volume of the mitochondria seen in the sections was es-

timated by measuring the diameters seen in section and determining the

volume assuming that the shape of the mitochondria is a sphere. Actu-

ally the shapes in mitochondrial sections are ellipsoid and the average

of the maximum diameters has been used as an estimate of the diameter

of an equivalent circle. Since a sphere sliced in a plane section will

yield section profile diameters ranging from zero to the true value of

the sphere diameter, the distribution of the observed section diameters
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must be used to give an estimate of the distribution of the true sphere

diameters. The distribution of observed section diameters was first

subdivided into ten classes such that there are n
1
sections with dia-

meters between 0 and 0.1d, n2 sections between 0.1d and 0.2d, and so

forth, where d is the maximum section diameter (Schwartz, 1934). The

numbers of spheres per unit volume having diameters in the above classes

are N1, N2, N3 ... N10. All sections in class d10 (0.9d to d) belong

to spheres of the maximum diameters; whereas, other classes contain

sections from spheres of that class plus some from classes of greater

diameters. The probability that spheres of diameter d10 will be sec-

tioned to diameters from 0.9d to 1.0d, times the number of sections,

n10, found, given the number of spheres per unit volume of diameter in

class d10. This is

N
10 .1

10

2.29 n10

(16)

The method then proceeds to N9 by subtracting from the expected N9,

using all sections in class d9, the expected sections from spheres in

d10.
In

general, the spheres in each class are calculated as

A.n. - A(1 -A
(1 .1 1 (1 + 1) n(i + 1) + 2) n(i + 2)-

. -A
10
n
10

N. = ,(17)
1

(1 = 1, 2, ..., 10)

The coefficients, A_ ,
represent the probabilities of sectioning a

sphere to a section of a particular fraction of the diameter of the
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sphere. From the new distribution of diameters, the mean volume can

be found. The calculations were done with by a Fortran program, EM1

(see Appendix V).

Results

The times at which different control samples were taken for thin-

layer electron microscopy are indicated in Figures 11 and 12 which also

show mitochondrial 0
2

consumption with time. The suspensions were incu-

bated in a closed system in order to observe oxygen consumption using a

Yellow Springs Instruments oxygen electrode. When the oxygen was near

to being exhausted, air was introduced into the chamber. Generally,

three types of mitochondria were observed, condensed, orthodox and

swollen, following the classification of Hackenbrock (1966). In the

condensed form the matrix is stained darkly and seems to be more dense

than the other forms. The matrix volume appears reduced with large

spaces appearing between the inner and outer membranes. By contrast,

in the orthodox form the matrix is less dense and appears expanded with

little space left between the inner and outer membranes. In the swollen

form, the matrix is very light, the total volume of the mitochondria

appears increased, and the matrix has little structure. An example of

each mitochondrial morphology is shown in Figures 13 through 15.

Sample 4-A, (Figure 11) taken 2.4 minutes after the addition of

ADP, consisted mainly of mitochondria in the condensed configuration

(90%) with the remaining 10% being orthodox and swollen configurations.
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Figure 11. Time course of electron microscopy sampling. Pyruvate was
added to a concentration of 10 mM. At time 0, 250 nmoles
of ADP was added to the suspension of mitochondria. Sample
4-A was taken at 2.4 minutes after the addition of ADP.
Sample 22 was taken 20 minutes after the addition of ADP.

Figure 12. Time course of electron microscopy sampling. Pyruvate was
added to a concentration of 10 mM. 250 nmoles of ADP was
added at time 0. Six nmoles of HCP were added to the mito-
chondrial suspension when the ADP was exhausted. Sample
17 was taken 10 minutes after the addition of ADP.
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Sample 22 (Figure 11), removed 20 minutes after the addition of ADP,

showed that 35% of the mitochondria were in the condensed configuration,

and 65% were in the orthodox configuration. For example, 10 conditions

were the same as for samples 4A and 22, except that 2 pg of antimycin

and 0.4 pg of rotenone were added after ADP to inhibit the electron

transport chain, and sample 10 was taken 2 minutes after ADP addition.

Subsequently, 02 consumption dropped to a low level, and sample 18 was

taken 15 minutes after the addition of ADP. Sample 18 was found to con-

tain 87% of the mitochondria in the condensed configuration and 13% in

the orthodox configuration.

In the control samples, the mitochondria were in state IV respira-

tion (ADP limiting). Electron microscopy showed that the phosphoryla-

tion of ADP causes the mitochondria to assume the condensed configura-

tion, and that while the mitochondria were slowly respiring in state

IV, there was a gradual change to the orthodox configuration. This

change was dependent on the presence of electron flow through the elec-

tron transport chain since blocking of chain by antimycin and rotenone

prevented the change from condensed to orthodox configuration.

Immediately after the end of ADP phosphorylation, 6 nmoles HCP

were added (see Figure 12) and sample 17 was then taken 10 minutes after

the addition of ADP. The HCP uncoupled the mitochondria as evidenced by

the three-fold increase in rate of oxygen utilization. Electron micro-

graphs of sample 17 showed 34% of the mitochondria were in the condensed

and 66% in the orthodox configuration.

In a similar experiment, 12 nmoles of HCP were added to mitochon-

dria in state IV respiration, increasing 02 consumption rate by a factor



Figure 13. Rat liver mitochondrion. Condensed configuration (170,000
x).



V
trt



Figure 14. Rat liver mitochondrion. Orthodox configuration (222,000
x).





Figure 1S. Rat liver mitochondrion. Swollen configuration (131,000
x).
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of 5.5. The sample for this sectioning, sample 5-A, was taken 2.5 min-

utes after the addition of HCP. In this instance, the population con-

sisted of 72% condensed, 20% orthodox, and 2% swollen mitochondria.

Oxygen consumption rate was increased by a factor of 4 when a total

of 132 nmoles HCP was added. Sample 6-A was taken 1 minute after the

addition and, consequently, respiration was not yet inhibited by HCP.

This sample showed 52% condensed, 44% orthodox, and 4% swollen.

In no case were any gross disruptions or breaks in membranes found

in the HCP treated mitochondria, other than a few instances of swollen

mitochondria which appeared to be losing some of their contents from a

localized part of the membrane. Such changes, however, were also seen

in the control mitochondria in the absence of HCP.

Negative staining of mitochondrial samples was not very success-

ful due to a low probability of getting the proper amount of the molyb-

date stain around a mitochondrion. Mitochondria that were stained suc-

cessfully, however, gave a clear picture of the mitochondrial membranes.

No abnormalities of membrane ultrastructure could be associated with

the presence of HCP. Instances of membrane breakage were found in

samples both with and without HCP. Therefore, there were other probable

causes of membrane disruption such as the increase of the tonicity of

the stain that would occur in the last stages of drying.

Discussion

The samples for suspensions incubated in the presence of HCP con-

sistently showed a change in configuration of the mitochondria from
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condensed to orthodox. As the HCP concentration increased, the extent

of this change also increased. Other than this rate increase, the

induced configurational change in mitochondria exposed to HCP appeared

in all other aspects to be the same as that found in the control sam-

ples. This morphological change was shown to be dependent on the opera-

tion of the electron transport chain. The HCP induced increase in

0
2
consumption rate was, therefore, consistent with the increased rate

of change in ultrastructure. Other than this, HCP did not induce any

unusual configuration or gross membrane defects.

The presence of energy-linked conformation changes has been pre-

viously shown by electron microscopy (Hackenbrock, 1966, 1968; Penning-

stom et al., 1968; Myron and Connely, 1971; Muscatello et al., 1972a,

1972b). These workers are generally in agreement in showing that state

III respiration induces the condensed configuration and state IV causes

a change to the orthodox (or expanded) configuration. The two states

also differ in that in the condensed configuration the matrix is denser.

the matrix volume is decreased, and the intermembrane volume is in-

creased relative to the orthodox configuration. Hackenbrock (1968)

reported that the total volume of the mitochondria did not change,

whereas, Muscatello (1972) showed that the condensed total volume was

smaller, and suggested that this may be due to the differences in tech-

nique. Both authors stressed the importance of considering the possi-

bility of artifacts occurring in preparation of the mitochondria for

electron microscopy.

There is also disagreement in the effect of uncouplers. Hacken-

brock (1968) obtained results similar to ours in which DNP induced a
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more rapid transition from condensed to orthodox configuration. Mus-

catello et al. (1972) indicate that DNP caused a transition to a

condensed configuration but also found that DNP inhibited the induction

by ADP of the configurational change of mitochondria in state III.

Their workers suggest that the configuration changes are associated

with control of the rate of electron transport through the electron

transport chain, not directly with energy transformation involved in

phosphorylation of ADP as put forth by others (Lehninger, 1960;

Hackenbrock, 1966).

The importance of changes induced by HCP may lie in the changes of

the matrix space volume. The matrix volume may be the sucrose access-

ible space measured as 40-50% of the total volume (Tedeschi and Harris,

1955). The volume change of the matrix volume is reported as at least

100% ( Hackenbrock, 1968). Changes in this volume might be expected to

modify the activities of the intramitochondrial constituents and also

to alter spatial arrangements on the inner membrane; both effects could

influence the efficiency of oxidative phosphorylation. Our morphomet-

ric analysis of the mitochondria pellet sections supports the conclu-

sion that the matrix volume increased when the mitochondria changed

from the condensed to the orthodox configuration, the intermembrane

space decreased slightly and the total volume increased.

The results of the volume fraction and surface area measurements

for the condensed and orthodox configurations in two mitochondrial pre-

parations are shown in Table I. In both cases, the fraction of the

total mitochondrial volume which is occupied by the matrix is greater
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Table I. Volumes and Surface Areas of Mitochondria

EMII 4A EMII 5A

Parameter
a

Condensed Orthodox Condensed Orthodox

Pvm 0.27 0.0637 0.217 0.085

Py
1

0.184 0.0294 0.104 0.026

Pvm
0.593 0.683 0.579 0.761

Pv.
1

Pv.
1

0.407 0.317 0.423 0.239
Pv

t

Ny
m

9.23 p
-1

0.278 p
-1

8.45 p
-1

4.16 p
-1

-1
2.98 pNv.

1
0.382 p

-1
3.47 p

-1
1.63 p

-1

SY
m

34 .2 p-1 4.36 p
-1

66.5 p
-1

48.9 p
-1

Sy1 16.2 p
-1

13.0 p
-1

33.4 p
-1

62.7 p
-1

.

Sv. 6.55 p
-1

4.10 p
-1

15.0 p
-1 14.7 p-1

i+m

a
Pvm is the fraction of total pellet volume occupied by the matrix.

Pvi is the fraction of total pellet volume occupied by the inter-
membrane space.

Pvt is Pyi + Pvm .

Nvm is the ratio of the surface area of the matrix volume to the
total pellet volume.

Nf .vl is the ratio of the surface area of the intermembrane space
to the total pellet volume.

Sv
m

is the ratio of the matrix surface area to the matrix volume.

Sy.
1

is the ratio of the itnermembrane space surface area to its
volume.

SY.
1+m

is the ratio of the matrix and intermembrane space surface
areas to the total mitochondrial volume.
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in the orthodox configuration, with the fraction occupied by the inter-

membrane space between the inner and outer membranes proportionally

less. The fractional volume figures, Pvi, are relative to the mito-

chondrial pellet volume and, therefore, not important per se.

The surface area to volume, SVi, shows consistently in both con-

figurations that the ratio is greater for the inner membrane if the

outer membrane area is related to the whole mitochondrion volume. On

the other hand, if the outer membrane area is related to the intermem-

brane space, then the orthodox configuration shows a greater SVi for

the outer membranes, whereas, the condensed configuration shows a

greaterSV.for the inner membrane. These relative changes may affect

the rates at which substances move in and out of the different compart-

ments of the mitochondrion.

Table II shows the section diameters and derived sphere diameters

of the mitochondria in different configurations and preparations. Ex-

periment 1 was a control, experiment 2 and 3 were the same preparation

in the presence of HCP, while experiment 4 was taken while respiration

was inhibited by rotenone and antimycin. A comparison of means by t-

test showed that the mean diameters of experiments 2 and 3 were signi-

ficantly different at a probability level of 0.05. The mean diameter

of 3 and 4 were significantly different at a level of 0.01. The mean

diameters of 2 and 4 were significantly different at a level of 0.01.

The results show that the mean volume of the orthodox configuration was

about one-third greater than the mean volume of the condensed configura-

tion. The frequency distribution of the derived sphere diameters for

the condensed and the orthodox configurations is shown in Figure 16.
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Table II. Diameters and Volumes of Mitochondria

Experiment Experiment Experiment Experiment
Size

Parameter
1

Condensed
2

Condensed
3

Orthodox
4

Condensed

Sample size

a

17

0.70 p

26

0.71 p

32

0.82 p

33

0.58 u

s
b

0.18 p 0.20 p 0.15 p

V
c

0.18 p3 0.19 p
3

0.29 p
3

0.10 p
3

DTd 0.84 p 0.84 p 0.94 p 0.76 p

"T

e
0.31 p

3
0.31 p

3
0.43 p

3
0.23 p

3

a is the mean diameter of section.

b
S is the standard deviation of the distribution of diameters of
section.

V is the mean volume from section diameters.
d

D
T

is the mean diameter of spheres estimated by the method of
Schwartz (1934).

e
VT is the volume from the mean diameter of the sphere.

It is also interesting to note the agreement between experiment 1 and

2, and the significantly smaller volumes of the condensed configuration

in experiment 4, suggesting an effect of the respiratory inhibitors.

The morphometric analysis quantitated the differences between the

condensed and the orthodox configuration. The orthodox configuration

had a greater volume than the condensed, and had a greater part of its

volume occupied by the matrix space. Using both the fraction volume

results and the total volume changes, we calculate that in going from

the condensed to the orthodox configuration, the matrix volume of a
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Figure 16. Comparison between distributions of diameters of condensed
and orthodox configurations of rat liver mitochondria in
sample 4-A.



87

.5 1.0

DIAMETER (II)

1.5



88

mitochondrion increased by 71%, while the intermediate space decreased

by 7.2%.
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V. LIPID BILAYER STUDIES

Methods

Stringent requirements are placed on the apparatus in which lipid

bilayer membranes (BLM) are studied. There is a demand for vibration

control, electronic sensitivity, reproducibility, cleanliness, and ease

of use. A majority of the apparatus shown in the literature appears

quite unsubstantial in construction.

Teflon was chosen as the material from which to construct that

part of the BLM cell which comes in contact with either the lipid or

the aqueous buffer in order to minimize the adsorption of HCP and other

reagents and to facilitate the formation and stability of the BLMs.

Previous work in our laboratory had shown that HCP adsorbed strongly to

glass and Lucite but less strongly to Teflon. The BLM cell design

shown in Figure 17 has two aluminum end plates which clamp together two

separate Teflon blocks with a separate Teflon partition between them.

At one end is a clear Lucite plate which allows observation of the BLM.

The Lucite plate is inserted with a thin (0.001 inch) Teflon sheet on

its inside surface to prevent contact of the aqueous buffer with the

Lucite plate. Each Teflon block has a cylindrical chamber with a flat

floor. One chamber has an access hole on the top threaded to accept

a Nylon plug which holds one of the electrodes. The other chamber has

two access holes, one for the other electrode and one for access to the

partition. The BLM is formed over a 0.6 mm diameter hole which has been
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Figure 17. Lipid bilayer cell. Dimensions in inches.
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punched in the partition. The chambers are stirred with small Teflon

magentic stir bars.

The electrodes are Ag -AgCl electrodes formed by electrolytically

plating AgC1 onto pure silver wire in a 0.1 M NaCl solution. The nylon

plug containing one electrode seals off one chamber and appears to make

the BLMs more stable.

The assembled cell was placed in a water bath to allow temperature

control. The BLM was observed through the Lucite end plate with the

aid of a small telescope. Vibration isolation was achieved by placing

the apparatus on a three-eight inch aluminum plate which was rested on

one inch of packing material laid on a table. Two 20 lb lead bricks

were also set on the aluminum plate. The table was further isolated by

setting each of the legs on large rubber stoppers.

It was necessary to measure very small currents and potentials

ranging from zero to 300 my across the BLM. The BLMs had specific re-

sistances of about 10
8 am2

and for a BLM of 1.5 mm
2

area, this was a

resistance of about 7 x 10
9

Q. Currents measured were, therefore, about

10
-12

amperes. Since the potential measuring device must have an input

resistance of greater than 10
12

0, an Orion Model 701 pH meter with an

input resistance of 10
13

2 was chosen. The current measuring circuit

was a current to voltage converter using a MPI Model MP-1032 Electro-

meter/Operational Amplifier. High value feedback resistors were

switched in to provide different current sensitivities. The output of

both the voltage and current measuring circuits was fed into either a

strip-chart recorder or into an oscilloscope to allow visualization of
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transient events. The oscilloscope was also helpful in diagnosing prob-

lems with noise or grounding. A circuit was incorporated to supply a

potential to the membrane, and the complete circuit except for external

elements is shown in Figure 18. A small amplifier and voltage offset

device was used in conjunction with the previous circuit to provide more

sensitivity, and this latter circuit is shown in Figure 19. Because of

the high resistance and the low currents measured, it was necessary to

ground all components carefully. Thus the entire apparatus was enclosed

in a grounded cage built from copper screening to keep the electrical

noise to a minimum. The cell and complete apparatus are shown in Fig-

ures 20 and 21.

Lipids used to form BLMs included Z-a-lecithin (Sigma Type VII-E,

from egg yolk), phosphatidylethanolamine (PE) (Serdary Research Labora-

tories, from sheep brain), cardiolipin (CL) (Serdary Research Laborator-

ies, from beef heart), and cholesterol (Sigma) twice recrystallized from

95% ethanol. Soybean lecithin B was prepared from soybean lecithin

(Sigma Type II-s) by the following method. Five g of crude lecithin

were dissolved in 16 ml of redistilled chloroform, and 20.2 ml of re-

distilled methanol was slowly added while stirring. The precipitate

was removed and the filtrate added to 134 ml of redistilled acetone.

The precipitate was washed, dried, and dissolved in n-decane to make a

10% solution.

Solvents were redistilled, and n-decane prepared by passing it

through a column of aluminum oxide (Woelm, neutral, Activity).

The lipid solutions used directly in preparing the bilayer were

approximately 1% solutions of lipid in n-decane. A small amount of this



Figure 18. Schematic of apparatus to measure electrical properties of
lipid bilayer. All resistance are in ohms.
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Figure 19. Amplifier-offset module for lipid bilayer and mitochondrial
permeability studies. Resistances are in ohms.
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Figure 20. View of completed lipid bilayer cell with electrodes in
the water bath.





Figure 21. View of entire BLM apparatus including oscilloscope and
recorder, electronics and lipid bilayer cell.
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solution was brushed over the hole in the partition before the cell was

assembled. After the solvent evaporated, the cell was assembled, the

appropriate buffer placed in the chambers, the cell placed in the water

bath, and the electrodes connected. Following temperature equilibra-

tion, stirring was stopped. Five to ten pl of lipid solution were

drawn up into a Teflon tube placed on the end of a small syringe. The

tube end was placed in front of the hole in the partition, and the

lipid was ejected at the hole. If done correctly, a drop of lipid

would span the hole. Over the next few minutes the thick membrane over

the hole would begin thinning. At first only white light was reflec-

ted. However, as the lipid layer became thinner, iridescent areas

would appear and grow larger in area. Later, the reflected colors

would disappear and only a grey reflection remained. Finally no light

was reflected from the membrane, now a bilayer except for a thick ring

around the periphery of the hole.

The evidence for a bilayer structure comes from the characteris-

tics of the reflected light (Goldup and Danielli, 1971; Tien, 1971).

Capacitance measurements (White and Thompson, 1973) reflect the thick-

ness of the membrane by the relation

C = Acid ,(18)

where C is the capacitance, A is the area of the membrane, c is the di-

electric constant of the membrane, and d is the thickness of the mem-

brane. Estimating that the dielectric constant of the membrane will
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be about 2.0, we can calculate from the measured capacitance of the

BIM, 0.3 pF, that the thickness of the BIM is about 6 nm.

Thin layer chromatography of lipids was done according to Rouser

and Fleisher (1967) and Skipski and Barclay (1969). Glass plates were

coated with Silica Gel H (Sigma S-6628, 10-40 p) with Na2CO3 binder

added. Approximately 100 pl of lipid was applied to the plates which

were then developed in n-butanol:acetic acid:water (60:204:20) or in

chloroform:methanol:water (60:25:4). The lipids were visualized with a

molybdate spray specific for phospholipids, and with iodine vapor.

Phosphatidylethanolamine was detected with 0.1% ninhydrin in n-butanol:

acetic acid (97.5:2.5). The results showed that the phosphatidylethan-

olamine, the cardiolipin, and the purified k-a-lecithin (Sigma Type

VII-E) gave only one spot in either solvent. The soybean lecithin B

contained phosphatidyl choline, phosphatidylethanolamine, and an un-

known phospholipid which did not stain with ninhydrin and was not car-

diolipin. There were no other lipids present as visualized with the

above sprays, but this does not role out contamination with non-lipid

compounds.

The aqueous buffer solutions used were different molarities of KC1

and NaCl with two to 20 mM Tris-HC1 as the buffer. The potassium and

pH gradients were formed by adding microliter amounts of 2.2 M KNO
3

or 1.0 M HNO
3
to one of the chambers.

The effects of HCP on lipid bilayers was studied in three main

areas: stoichiometry and effect of pH; the effect of salt gradients;

and a study of current-voltage curves. In order to achieve a degree of
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continuity in the analysis, the effects were interpreted by use of the

Nernst-Planck equations. Following the derivation outline by Neumcke

and Lauger (1969) (see Appendix I), we obtain two equations which are

useful in interpreting the data. The limiting conductance, Ao of the

membrane, as the transmembrane potential V approaches zero, is

r
2e

o
DC

1 1

Ao kTd +1

f e W(x)dx

-1

. (19)

D is diffusion constant, eo is the elementary electronic charge, k is

Boltzman's constant, C is the concentration of the ion, T is the tem-

perature in degrees Kelvin, d is the thickness of the membrane, and W(x)

is a work function for the ion in the membrane. The membrane potential

at zero current can be described in terms of the ion concentrations on

either side

n m u.

1
I.

+1 2 L
J c:L 2j,

RT
i=1 u

1
j=1 u

1 i=1 2 ...n
V = z7 Zn

_ - '

(j " ) ,(20)
=1,2,...m

n m u.

7_ c
4-+ i,

j=1 u
1

3,1 - 1
i=1 u

1

where RT/F is 25.7 mV at 25°C, z is the average charge of the ions, C1,2

and C7
,2

are the concentration on the one side of the membrane of n dif-

ferent cations and m different anions, respectively, and . 7and C
j,1

are the concentrations on the other side of the membrane, and the u's

are the mobilities of the ions.
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The two pKs of HCP were determined spectrophotometrically. Ul-

traviolet absorption spectra were taken of a 10
-5

M solution of HCP in

0.1 M phosphate buffer at pHs from 3.8 to 12.8. The spectra were cor-

rected for any errors due to scattered light by calculating the absor-

bance due to light scattering at any wavelength from the absorbance at

350 nm. With three chemical species of HCP (HCP, HCP
1

, HCP
2

) present,

the absorbance at any wavelength, Xj, can be described by Equation 60

(see Appendix II). The set of data corresponding to the set of absor-

bances done at one wavelength at different pHs is then used to deter-

mine the values of K1, K2, and the molar extinction coefficients by use

of a non-linear least squares computer program. The values estimated

for the parameters pKi and pK2 with the 95% confidence levels determined

from the absorbance at 320 nm are pKi = 6.46 ± 0.11 and pK2 = 10.43 ±

0.04. The values from the absorbances at 295 nm are pKi = 6.29 ± 0.13

and pK2 = 10.56 ± 0.46.

Results

HCP increased the limiting conductance of the bilayer several

orders of magnitude when added to the aqueous compartments in nanomolar

concentrations. The bilayer conductance for a lecithin-cholesterol bi-

layer in the absence of HCP was around 10
-9

to 10
-8

mhos/cm
2

. This was

raised to around 10
-5

mhos/cm2 in the presence of 200 nM HCP. The

change in conductance on adding HCP was time dependent, rising to a

maximum value after five minutes even though the mixing time of the
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chambers was less than two minutes. The relation between conductance

and the HCP concentration at selected pH values is shown as a log-log

plot in Figure 22. The values for the slopes of these relations are

all about one. These experiments were done by adding HCP to the aque-

ous chamber as an 95% ethanol solution. The amount of ethanol added

did not exceed 20 pl in an aqueous chamber having a capacity of about

20 ml, and ethanol alone in these amounts did not affect the conduc-

tance of the bilayer. If the HCP was added directly to the lipid solu-

tion before the BIN was formed, it was impossible to achieve formation

of a bilayer.

A pH study was done in order to determine the charge-carrier ef-

fective in HCP induced conductance. In Equation 19 we saw that the

limitating conductance is dependent on the concentration of the charge

carrier. The charge-carrier may be one or more of several possibili-

ties, including singly ionized HCP, doubly ionized HCP, a dimer of a

singly ionized HCP and an uncharged HCP, a dimer of two singly ionized

HCPs, and so on. At a given pH value, there is a particular concentra-

tion of uncharged HCP, HCP
1

, and HCP
2- determined by values of the

various dissociation constants. The concentration of a dimer in turn

will be determined by the concentrations of both of its components.

The pH, therefore, should effect the relative concentration of the

charge-carrier in an expression involving K1 and K2 for HCP, and the

hydrogen ion concentration. The resulting expressions for the limiting

conductance, Gm, for several different charge-carriers are shown in

Figure 23. The term A' involves the other terms in equation 19 besides

K1, K2, and the hydrogen ion concentration, and for this discussion is
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Figure 22. HCP induced conductance in lipid bilayers at different pH
values. Conductance, Gm, in nhos cm-2 and HCP concentra-

tion in nN.
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Figure 23. Theoretical equations for the variation of conductance
with pH.
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Gm vs. pH

I. Gm = A CHOP (1 + C F1+3 / KAI + KA2 / CF1+31

1E. Gm = A CHOP (C1-1+J2/ KAI KA2 + [1-1+.3 / KA2 + I

Gm (CHcp)2 (1+ CH+3 / KAI + KA2 / CH+3

IV. Gm = (CHcp ( 3 + 2 KAi/ CH+3 + 2 CI-1+3 / KA2 +

+ [H+32 /KAI. KA2 + KAI KA2 CF-1+32

-v-. Gm= (CTHcP )2 ( 2 + KAI /CH+) + CH+3 / KA; ÷ 2KA2/CH+3 +

+ 2 KAI KA2 /E1-1432 + KAIKA22 / CH+33
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assumed to not vary with the pH. This assumption and its validity is

discussed later. The value for Gm at different pHs for different car-

riers was calculated using values of 6.3 and 10.5 for pKi and pK2 of

HCP, respectively. The relationships of Gm to pH are shown in Figure

24 for the expressions which were given in Figure 23. The shape of the

curve thus may help identify the effective charge carrier.

The experimental findings for a pH study using a BLM made from a

soybean lecithin B-cholesterol mixture and a total HCP concentration of

24.8 nM is presented in Figure 25. Each point is an average of from

three to five different experiments. Previously, there was shown a

one-to-one stoichiometry suggesting a monomolecular charge carrier.

The shape of the experimental data curves suggests the presence of the

singly ionized HCP as the principal charge-carrier. In order to test

this hypothesis further, the experimental data shown on Figure 25 was

fit to Equation I on Figure 23 in order to estimate the values of pKi

and pK2. The estimates of these parameters determined by a non-linear

least squares method are 6.31 (6.20-6.41, 90% confidence level) for pKi

and 10.15 (9.95-10.54, 90% confidence level) for pK2. The solid line

on Figure 25 is drawn according to Equation I (Figure 23) using these

values. These values compare well with the values of pK, and pK2 of

6.46 and 10.43 for HCP found by spectrophotometric titration.

By fitting the same Equation I to the specific conductances of

lecithin-cholesterol bilayers as determined by the plots of Gm versus

HCP concentration at different pHs from a different set of experiments,

the values of the parameters pKi and pK2 were estimated to be 6.32



Figure 24. Curves drawn according to the theoretical relationships
of conductance with pH as shown in Figure 20.
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Figure 25. Experimental variation of conductance of lipid bilayer
with p11 in the presence of 24.8 nM HCP. The values of
pKi and pK2 and the solid line curve were computed from
equation I on Figure 20.
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(6.12-6.65, 90% confidence level) and 9.90 (9.68-10.37, 90% confidence

level). The deviation of pK2 from the value found by spectrophotometric

titration may be explained by the surface charge on the bilayer. The

relation of limiting conductance to pH in the absence of HCP is shown

in Figure 26. The two major charge-carriers here are positive ions,

hydrogen and potassium ions. The conductance increases with increasing

pH, beginning near pH 7. The soybean lecithin B preparation was shown

to contain some phosphatidylethanolamine by thin layer chromatography.

The amino group should be titratable above pH 7.5 (Michaelson et al.,

1974), leading to an increasing amount of negative charge on the bi-

layer with increasing pH. This would be expected to increase the con-

ductance of the bilayer to positive ions (Szabo et al., 1969); whereas,

with HCP
1-

as the charge-carrier, there should be a force acting to

diminish conductance at high pH. The experimental data could thus

represent one of two situations: 1) the singly charged HCP as the

effective charge-carrier with small deviations at higher pH; or 2) both

the singly charged and the doubly charged HCP as charge-carriers with

the contribution of the doubly charged HCP obscured at high pH by the

effect of surface charge on the bilayer.

Equilibrium diffusion potentials established by ionic gradients

across the bilayer were determined in the presence and absence of HCP.

The zero-current membrane potentials should show a relationship to the

ionic gradients as expressed by Equation 20. The membrane potential

will be determined primarily by the ionic concentration gradient of the

most permeable ion. If only one ion is permeable, then there would be

a straight line relationship between the membrane potential and the



Figure 26. Variation of conductance, Gm, with pH in the absence of
HCP.
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logarithm of the concentration ration with a slope of about 60 my at

25 °C. Some examples of the membrane potentials established with dif-

ferent pH gradients are given in Figures 27 and 28. The BLMs in Figure

27 were made from a lipid mixutre of 1% soybean lecithin B and 0.5%

cholesterol, while the BLMs in Figure 28 were made from a mixture of

1% soybean lecithin B, 0.5% phosphatridylethanolamine, 0.5% cardio-

lipin, and 0.5% cholesterol. The negative sign of the membrane poten-

tials show that in all cases the bilayers were more permeable to cations

than to anions. The results also show that for a given pH gradient,

HCP increased the membrane potential indicating that HCP increased the

permeability of the membrane to protons. As shown on Figure 28, HCP

seemed to have a less dramatic effect with those bilayers perhaps re-

flecting the effect of the surface charge of the bilayer on the per-

meability of the negatively charged HCP ion.

Conversely, HCP was found to decrease the membrane potentials

formed by a gradient of potassium ion. In the absence of HCP (Figure

29), the bilayers were relatively more permeable to potassium ion than

to other ions. Addition of valinomycin, a specific potassium ion car-

rier, raised the potential only a small amount indicating that the

membrane potential was near maximum for the ion concentration differ-

ence. The presence of 16.5 nM HCP, however, decreased the membrane

potential at all potassium ion gradients. The data points were fit to

the equation derived in Appendix I,

Vm = -25.7 mV in

[1(412 + Kli+12

, (21)



Figure 27. Equilibrium diffusion potentials formed in the presence
of different p11 gradients across the lipid bilayer in the
presence and absence of HCP.
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Figure 28. Equilibriutidiffusion potentials formed in the presence of
different p11 gradients across the lipid bilayer in the
presence and absence of HCP.
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Figure 29. Equilibrium diffusion potentials formed by a potassium ion
gradient across the lipid bilayer. [0]1 and [0]2 refer
to the potassium ion concentration on the two sides of the
membranes.
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where 1 and 2 refer to the two sides of the membrane, and S is the ratio

of the hydrogen ion permeability of the bilayer to the potassium ion

permeability.

If the other values remain unchanged, f3, increases and Vm decreases

as hydrogen ions become more permeable. The data points gave a value of

5
S of 3.903 ± 0.045 x 10 , and the curved line (Figure 29) is drawn using

this value of S. When high concentrations of HCP were used, the mem-

brane potential was reduced to zero despite a large potassium ion gradi-

ent (Figure 30). In the range of HCP concentrations used, these experi-

ments show that HCP has not caused a general increase in permeability

but instead has increased specifically the permeability of the bilayer

to hydrogen ions.

Current-voltage (I-V) curves both in the presence and absence of

HCP showed various degrees of non-linearity. As shown before in Equa-

tion 46, a non-linear I-V curve is expected; therefore, this equation

was fit to the data to assess whether it could well represent the data.

A value of 60A was chosen for d, the thickness of the bilayer, as this

value is approximately that found by our capacitance measurements and by

the measurements of others. A value of 10
-6

cm/sec was assumed for D,

the diffusion constant, in all cases tested. The concentration of the

ion, whether HCP, potassium, or hydrogen, was assumed to be the same on

both sides of the bilayer and to be the same concentration as present in

the aqueous solution. The values of these parameters should affect only

the magnitude of the current, not the shape of the I-V curve. The

function W(x) which appears in the integrand in Equation 46 represents
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Figure 30. Equilibrium diffusion potentials formed by a potassium ion
gradient across the lipid bilayer. [1:4]1 and [K4]2 refer
to the potassium ion concentration on the two sides of the
membranes.
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the potential energy of the ion as determined by the work required to

move that ion to its present location. Since the middle of the bilayer

is presumably nonpolar due to the nonpolar ends of the fatty acids

(Caspar and Kirshner, 1971), there is more work required to bring the

ion from the aqueous solution to the middle of the bilayer than to the

periphery. The function W(x) can be viewed as a hydrophobic barrier to

the ion penetration. The function has been approximated as a trape-

zoidal barrier as shown on Figure 31 where the abscissa represents

spatial dimension perpendicular to the plane of the membrane with one

side of the membrane at 0 and the other at d, the parameter (I) repre-

sents the magnitude of the barrier that the ion must cross, and a

helps determine the shape of the barrier. The value of a goes from 0.0

to 1.0 with the 0.0 point at the middle of the bilayer and 1.0 at the

periphery. The value of (1) will be affected by the choice of d, D, and

the concentration of the ion. The chosen function W(x) allowed Equa-

tion 46 to be integrated in closed form. The integrated equation then

was fit to the data of particular I-V curves by a non-linear least

squares computer program (*GNLS) to yield estimates of a and 4. As

expected, changing the values of d, D, and c affected the value of

(I) but not of a. The results of some of the analyses are listed in

Table III, and the I-V curves are shown on Figures 32-34 where the

points are the real data, and the lines are drawn from the parameters

estimated by the computer program. The low relative standard errors

and the good visual fit to the data indicate that the equation was able

to adequately describe the I-V curves even using a simple trapezoidal

barrier model. Hall et al. (1973) reported similar success with this



Figure 31. Theoretical work function, W(x), for a lipid bilayer. The
two membrane-water interfaces are at 0 and d, where d is
the thickness of the membrane. The parameter is in energy
units, and the parameter a is a dimensionless shape para-
meter.
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Figure 32. Current-voltage curve in the absence of HCP. Current, I,
in amperes per cm2 membrane area. Transmembrane potential
in millivolts.



75x10 "-

I
( A /C M2)

5 x10-" -

2 5 x10-u

0

i 1 i 1

pH 8.0
a= 0.80
sb = 19.19

1

50

Vm (mV)

i

100

133



134

Figure 33. Current-voltage curve in the presence of 24.8 nm HCP.
Current, I, in amperes per cm2 membrane area. Trans-
membrane potential in millivolts.
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Figure 34. Current-voltage curve in the presence of 3.05 nM HCP.
Current, I, in amperes per cm2 membrane area. Trans-
membrane potential in millivolts.
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Table III. Current-Voltage (I-V) Curve Analysis

BLM Study
a

pH Ion a

1 7.00 H
+

0.914 ± 0.015 23.25

2 7.00 HCP 0.910 ± 01004 15.02

3 7.52 HCP 0.817 ± 0.022 15.78

4 8.02
+

H 0.665 ± 0.087 19.52

5 8.02 HCP 0.608 ± 0.034 14.32

138

(I)C

± 0.001

± 0.001

± 0.002

± 0.005

± 0.003

a
Soybean lecithin B-cholesterol lipid bilayers.

b
Units are dimensionless, 0 to 1.0 ± relative standard error.

c
Units are kT ± relative standard error.

representation, and Griffith et al. (1974) demonstrated by use of a

spin label technique a similar trapezoidal barrier of hydrophobicity.

The concentration of hydrogen ion was used in Table III to estimate the

parameters in some cases where no HCP was present. If potassium ion

concentrations were used instead, the parameter a remained the same but

increased to about 35 kT. The value of 4 calculated for HCP was, of

course, lower than that calculated for hydrogen or potassium ions which

was expected since HCP in small amounts was observed to greatly in-

crease the conductance of the bilayers. HCP did not appear to affect

the value of a at a particular pH value relative to the value of a found

in the absence of HCP. The value of a did appear to decrease as the pH

increased. This may reflect a change in the structure and charge com-

position of the bilayer. As indicated before, the bilayers of soybean

lecithin B-cholesterol will acquire a more net negative surface charge
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as the pH is raised. The narrowing of the trapezoidal barrier as shown

by the decrease in a at higher pH may reflect the increasing amount of

negative charge near the bilayer-water interface and a consequent de-

crease in the nonpolar area of the bilayer. This decrease in the non-

polar area may also be reflected in the lower value of found at pH

8.02, and also agrees with the finding that in the absence of HCP, the

bilayers have a higher conductance at higher pH. It appears from the

I-V curve analysis that HCP did not affect the structure of the bilayer

as reflected in the I-V curves but acted chiefly as a lipid soluble

charge-carrier.

Discussion

The stoichiometry found indicates the presence of a monomolecular

charge-carrier. From the effect of pH on the conductance, we can say

that at least HCP
1-

is functioning as a charge-carrier. Whether HCP2

can also be a charge-carrier is obscured by the effect of the net charge

of the bilayer on the conductance of the anions. The importance of the

lipid charge has been demonstrated by Hopfer et al. (1970), and is shown

in Figure 26 by the effect on the conductance in the absence of HCP.

The binding affinity of the bilayer to HCP anions would, therefore, be

diminished at high pH or at high HCP concentrations where the HCP may be

close to saturating the bilayer. The presence of a DNP dimer as the

charge-carrier has been argued for by McLaughlin (1972); whereas, others

(Szabo et al., 1970) have shown that a pH maximum occurs at the pK of
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the uncoupler, suggesting that the mobility of both the anion and the

undissociated uncoupler are equally influential on the conductance.

Our work is consistent with the rate limiting step being the transfer of

the anion across the bilayer. Le Blanc (1971), using the uncoupler

CCCP, argues that the decrease in conductance at high pH was due to the

effect of the unstirred layers next to the membrane. Our results do

not lend themselves to, but do not rule out, this interpretation as we

did not find a saturation current with the I-V curves obtained at high

pH as was found by Le Blanc (1971).

As a cation carrier, HCP functions most effectively as a hydrogen

ion carrier. The effects on the equilibrium diffusion potentials show

that in the range of concentrations used that HCP does not function as

a carrier by grossly disrupting the membrane structure. In fact, in

most cases the presence of HCP led to an apparent stability in the bi-

layer as evidenced by an increase in the membrane potential need to

break the bilayer.

The ability of HCP to reduce the equilibrium diffusion potentials

established by a K
+
gradient may be interesting in relation to what

effect, if any, HCP would have on nerve resting potentials and action

potentials. Studies on nerve tissue have indicated that muscle action

potentials were decreased in rats fed a diet containing HCP (de Jesus

and Pleasure, 1973). The authors, however, attributed this to demye-

lination of the nerve.

Further substantiating the presence of only a charge-carrier is

that different types of experimental data can all be described by the

generalized Nernst-Planck equation. The assumption of a trapezoidal
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barrier in the membrane follows from the work of Hall et al. (1973) and

Griffith et al. (1974), and described the data much better than the

assumption of a single-jump Eyring treatment.
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VI. MITOCHONDRIAL PERMEABILITY

Methods

Rat liver mitochondria were isolated as described before with a

final suspension in 0.25 M sucrose at 4°C. To minimize degradation of

mitochondrial integrity, care was taken to keep the time from sacrifice

of the rat to final suspension as short as possible, to maintain all

glassware and solutions at 4°C, and to use minimum homogenation.

The reaction cell (Figure 35) consisted of a 30 ml glass beaker

into which was placed a tightly fitted Teflon plunger containing drilled

holes into which an oxygen electrode and a pH electrode could be placed.

A small hole for admitting reagents and for releasing trapped air was

also drilled in the plunger. The system was air tight and could be used

with a volume of less than 10 ml. The contents were mixed by a magnetic

stir-bar, and the whole apparatus maintained in a thermoregulated water

bath at 20 to 35°C.

A YSI Clark Oxygen Electrode was connected to a millivolt recorder

to continuously monitor the oxygen content. To continuously record pH

on a millivolt recorder, a Beckman 39030 pH electrode was used with an

Orion Model 501 pH meter and sometimes an additional 10x amplifier.

The buffer used most often for the mitochondrial oxidations was

145 mM choline Cl, 0.5 mM KC1. For some experiments, a Tris-HC1 buffer

was used. A utilizable substrate such as 10 mM sodium pyruvate or 10

mM sodium glutamate was routinely added to the reaction mixture. The
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Figure 35. Apparatus for incubation of mitochondrial suspension and
measurement of mitochondrial permeability.
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procedure consisted of adding a volume of buffer to the 30 ml glass

beaker. The substrate was then added along with 0.2 mg catalase (Sigma

C-40) for each 10 ml of total volume. For some experiments, a 1 pg/pl

solution of valinmycin (Sigma V 0627) in 95% ethanol was also added to

the incubation mixture. The plunger was pushed down close to the sur-

face of the buffer and prepurified nitrogen was then bubbled through

the buffer to displace the air. When the oxygen content was near zero,

the nitrogen was removed and the mitochondrial suspension was layered

on the bottom without stirring. The final concentration of mitochon-

drial protein was kept in the range of 1-5 mg/ml. The plunger was then

lowered to displace all gas above the liquid surface. Stirring was

commenced, and the suspension was allowed to temperature equilibrate

and to exhaust the remaining oxygen in the suspension. Subsequently, a

few microliters of a 0.1% solution of H
2
0
2
in water was added to the

mixture to very quickly produce a short burst of oxygen in the suspen-

sion. HCP was added to the mitochondrial suspensions as a 1.0 mM solu-

tion in 95% ethanol.

Additional measurements of P/0 ratios and respiratory control

ratios were determined by continuously measuring the oxygen consumption

of the mitochondrial suspension in the presence of 10 mM pyruvate or 10

mM malate. After adding 250 nmoles of ADP, the oxygen used to consume

the ADP was measured. The P/0 ratio was calculated as the ratio of the

nmoles of ADP consumed to the nanoatoms of oxygen consumed. The res-

piratory control ratio was similarly determined as the ratio of the

oxygen consumption rate with ADP present to the oxygen consumption rate

after the ADP was exhausted.
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During the oxygen pulse experiments, pH changes were converted

into changes in the amounts of hydrogen ions by titrating the mixture

with small amounts of anaerobic 0.1 M HC1.

Before explaining the specific analysis of the experiments, it is

necessary to give a qualitative description of the general type of data

found. Upon creation of an oxygen pulse, the pH of the medium was

found to rapidly fall, often by a maximum of 0.1 or 0.2 pH units. The

pH would tend to plateau at some fixed value as the oxygen electrode

was showing that the mitochondria were consuming oxygen. When the

oxygen was almost exhausted, the pH of the medium would begin to rise

in an exponential manner, approaching the original pH value but never

going higher than the value. The same sequence could then be reini-

tiated by creating another oxygen pulse.

These pH changes are interpreted by others (Mitchell and Moyle,

1967; House and Packer, 1970; and Papa et al., 1973) to be initially

an active energy dependent extrusion of protons by the mitochondria

followed by the passive reentry of protons into the mitochondria to

establish a new equilibrium pH. Mitchell (1967) and House and Packer

(1970) found that the passive diffusion could be described by an ex-

ponential decay curve. Papa et al. (1973) showed that the decay curve

was biexponential and explained this in terms of two paralleled first

order processes.

A pH recording during a typical experiment is shown in Figure 36.

Segment AB, the passive proton influx into the mitochondria, occurs as

either a monoexponential or biexponential decay curve described by the

equations



Figure 36. Example of pH recording during a typical mitochondrial
permeability experiment. The letters are explained in
the text.
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(22)

(23)

where Y is the amount of protons present in the aqueous medium relative

to the value at point C (Figure 36) used as a reference zero. The value

A
3
in equations 22 and 23 then represents the amount of protons found at

point B. The parameters as well as the presence of the monoexponential

decay curve or the biexponential decay curve have been seen in our data

to show variations with temperature, pH, and the presence of uncouplers

of oxidative phosphorylation.

In order to relate changes in the kinetics of proton influx to the

imposed conditions of the experiment, the microscopic parameters of the

exponential decay curves must be related to a physical or chemical pro-

cess. Commonly, in pharmacokinetic studies, changes in distributions

of drugs follow exponential patterns. In these studies compartmental

analysis has been applied to interpret the results in terms of micro-

parameters related to the processes of drug movements (Berman et al.,

1962; Sheppard, 1962; Rescigno and Segre, 1966; Janka, 1971; Sheiner et

al., 1972; Thron, 1972; Levy and Gibaldi, 1974; Wagner, 1974). This

method has been used to study the distribution of a-turbocurarine in man

(Gibaldi et al., 1972), the distribution of calcium in man (Neer et al.,

1967), the kinetics of a -adrenegic blocking agent (Schnelle and

Garrett, 1973), and the pharmacokinetics of trichloroethanol (Garrett

and Lambert, 1973), in addition to many other studies.
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The compartmental method consists of visualizing the system as

consisting of two or more compartments which communicate with each

other in various arrangements. A compartment can be a space separated

from other spaces by a membrane or barrier to movement of the chemical

being studied. The compartment can be a volume containing a solution

in which the chemical is dissolved or suspended homogeneously through-

out the compartment, or it may be something which segregates the chemi-

cal into or out of the compartment. If exchange between two compart-

ments is not impeded by a barrier, then the two compartments are in

instantaneous equilibrium and can be considered as one compartment.

There may, however, be more than one path between compartments. Com-

munications between compartments can be reversible or irreversible, and

the system can be closed or open. In the latter case, there is an

irreversible pathway to a sink outside the system. In most cases,

movement of the chemical between compartments is assumed to be a first-

order process in which the rate of transfer is proportional to the

concentration difference across the barrier between two compartments.

The transfer rate is, of course, dependent also on the properties of

the barrier.

With these assumptions, a system can be modeled to show the changes

with time of the concentrations of the chemical in different parts of

the system. As an example, consider a two compartment closed system

(Figure 37a) with p equal to the transfer constant (a characteristic of

the barrier or membrane between the compartments), al and a2 the con-

centrations of a chemical in compartments 1 and 2, and S1 and S2 the
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volumes of compartment 1 and 2. We then obtain the pair of equations

dal

S1
p(a2 - al)

da
2

S2 p(al - a2)

These equations are integrated to give

al
(S1 2

e-pSt/S/S2)
1 S

a(0)S
1

-e
-pSt/S1S2)

a
2

= (1

(24)

(25)

(26)

(27)

if at time = 0, we start with a concentration a(0) in compartment 1 and

a2(t=0)=0, and S = S1 + S2. This can be generalized to a system of n

compartments by following equation:

da. n P..

dt
1

.

r 1
L

1
3

1.--- (a.
1

- a.)_

3=
S.
I

(Jil)

(28)

It seems appropriate to use compartmental analysis of the oxygen pulse

experiments to decompose the exponential decay curves into their indi-

vidual components. Applying this method requires making some assump-

tions regarding the oxygen pulse system. The passive influx of protons

is assumed to follow first-order kinetics, a reasonable conclusion if

this process is passive and does not require energy. The transfer con-

stants, p, are assumed to be nondirectional; that is, the p for transfer
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from compartment i to compartment j is assumed to be equal to the p from

compartment j to compartment i. This assumption may not be correct but

I have no evidence to indicate otherwise. Also assumed is that the p's

are not dependent on the proton concentration across the membrane or

barrier. This means that for the analysis of a particular decay curve,

the p's are constant, and we can state that the differential equations

are linear with constant coefficients. There are several possible

physical realities which may in this analysis function as compartments;

however, they will not necessarily appear in the analysis as separate

compartments. The space within the inner membrane of the mitochondria,

the external medium which is probed by the pH electrode, the space

between the inner and outer mitochondrial membrane,and spaces within

other vesicular bodies are four good compartment possibilities. The

external medium can be defined as a compartment or at least as part of

a compartment, and since it is the one sampled by the pH meter, we will

call it compartment 0. The volumes, Si, of the compartments should

really be thought of as buffering capacities since we are dealing with

hydrogen ions in the presence of buffers and proteins. It is tempting

to think of the p's in terms of permeability characteristics of the

different membranes present in this system. The transfer constants and

the capacities, Si, are allowed to be different under different condi-

tions such as temperature, pH, or the presence or absence of other

chemicals, but are assumed not to change during the course of a single

proton decay sequence.

As stated previously, the results of the oxygen pulse experiments

show either a monoexponential or a biexponential decay curve (Equations
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Figure 37. Compartment models for mitochondrial permeability experi-
ments. A) simple two compartment model. B) mammillary
model. C) catenary model.
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22 and 23). The presence of the constant, A3, in both Equations 22 and

23 indicate that we have a closed system since there is not an infinite

sink to continually remove protons from the measured compartment. In

a closed system, the number of functionally observable compartments is

at least one more than the number of exponential terms; therefore, in

order to use the simplest possible equations for our systems, we have

situations in which both two and three compartments are observable by

their influence on the kinetics of the proton decay curve. As will be

shown later, experimental conditions such as temperature and pH deter-

mine whether there will be a monoexponential or a biexponential decay

curve.

Figure 37b and 37c schematically illustrate the two simplest

arrangements of the three compartments where compartment 0 is the exter-

nal medium, the pH of which is being followed and which is the compart-

ment initially loaded with protons. Figure 37b shows a mammillary ar-

rangement where in addition to the transfer constants, pl and p2, there

are the capacities of the three compartments, S1, S2, and S0. Compart-

ments 1 and 2 do not communicate with each other directly. Figure 37c

is the catenary arrangement in which compartments 0 and 2 do not have

a direct connection. In this arrangement, compartments 1 and 2 could

also be exchanges in position. The catenary model would be appropriate

if the space between the inner and outer mitochondrial membranes is a

compartment, but from considerations discussed later this does not ap-

pear to be the case. The mammillary model seems much more reasonable.

If the compartments are subpopulations of vesicular structures, then
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the mammillary arrangement is the most logical, as it is for the situa-

tion when one compartment is mitochondrial and the other compartment is

the extraneous vesicles. Therefore, we have chosen the three compart-

ment mammillary model (Figure 36b) to represent the oxygen pulse system.

Using the three compartment mammillary model as a basis, we can de-

rive, as is shown in Appendix III, an equation reproduced here, in which

the changes in hydrogen ion activity in compartment 0, ao(t), is a func-

tion of time and the microparameters of the system:

ao(t) (Al - (Al - 132)e-Xlt (X2 - (A2 - a2)e-X2t f302

aTI7 Al (Al 132) A
2
(A

2
- A

1
)

1 2

.(29)

This has the same form as Equation 23. Thus we have the macroparameters,

Al, A2, A3, Al, and A2 expressed as functions of So, S1, S2, pl, and p2.

Algebraic solution leads to the expression of S0, S1, S2, p2 in terms of

macroparameters available from the data analysis. Note that the macro-

parameters are complex functions of the more meaningful microconstants,

suggesting that analysis of only the macroparameters cannot give infor-

mation on the processes occurring in the system.

There are several possible ways in which the three compartment

system can change so that the proton decay curve would be monoexponen-

tial. If Al or A
2
become very small, then one exponential term drops

out. It can be shown that if 13
1

= f3

2
then A

2
= 0. However, it is not

expected that these conditions would occur very often. If Al and A2

become very large, then one of the exponential terms could be lost due

to difficulty in measuring the rapid decay. The trend in the data
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where one finds a change from bioexponential form to monoexponential

form does not indicate that one of the X's is becoming very large. The

other more probable possibility is that the system is changing so that

functionally only two compartments are seen. Conceivable reasons for

such a change might be lysis of a set of vesicles, loss of buffering

power of one of the compartments (that is S
1

0), or the membrane

separating compartments 0 and 1 becomes so permeable that So and S1 are

rapidly equilibrated.

In any case we can consider a new compartment which consists of

the old compartment 0 plus perhaps some of the capacity or buffering

power of compartment 1. The new capacity is now S0. With only two

compartments the solution for compartment 0 is:

ao(t) S
2 -p s t/s

0
s
2 +

SO

a
o
(0) S

e

where S = SO + S2. With the data form being Equation (22), then

S
2

Al =

SO
A3 g

p s

1 S0S2

(30)

. (31)

The data analysis of the proton decay curves to fit Equations 22

and 23 to the data has been conducted by either of two methods. The

preliminary step to both methods was to digitalize the pH recordings.
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The binary output on magnetic tape consisted of the normalized pH values

at equal increments of time. All subsequent programs were run on the

Oregon State University CDC 3300 computer. The data were read from the

tape and placed in binary form on a file on the CDC 3300. One method

of further analysis was undertaken by the program ANAL (see Appendix

V) which is able to determine the parameters of a biexponential equation

by a subtractive procedure. The exponential parameters are estimated

first for the later parts of the decay curve where it is apparent that

the contribution of the faster exponential decay is small. These para-

meters are used to extrapolate the curve to t = 0, and the resulting

curve then subtracted from the actual data. A second exponential curve

is fit to the subtracted values. By visual fit and the sum of squares

of residuals, the best fit to the data is obtained. The second method

(Dyson and Isenberg, 1971) uses EXPSOLVE, a modification of a program

generously supplied by Dr. Robert Dyson. This method minimizes the

differences between the moments assuming the decay can be represented

as a sum of exponentials. After obtaining the parameters of the mono-

and biexponential equations, the transfer constants and compartment

capacities are calculated as shown before.

In order to illustrate some of the changes expected in the para-

meters of the decay curves when the transfer constants and compartment

capacities change and to show the complexity of the functions, Equations

70, 71, and 73 have been used to compute A's and A's from given values

of S's and p's. In Figure 38 only p2 has been varied and as would be

expected A2 varies directly with p2. When only S2 is changed, we see
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Figure 38. Mammillary modeling. Variation of macroparameters with
change in the microparameter S2.

Figure 39. Mammillary modeling. Variation of macroparameters with
change in the microparameter p2.
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that A
2

decreases as S
2

increases (Figure 39). We might expect all S's

to vary with pH, and the EM photographs have shown that the volume of

the mitochondria increases with the addition of HCP and thus may affect

S2. Also notice that as S2 increased, Al decreased to zero showing that

at that point the equation of decay become monoexponential. By looking

at the value of A
3
at this point, it appears that volume 0 and volume 1

have functionally merged into one compartment. By changing both S2 and

p2, we see that A2 changes only slightly while A2 shows most of the

change (Figure 40).

Results

Compartment 2

The presence of HCP in the reaction mixture during the oxygen pulse

experiments affected the values of the parameters, p2 and S2, describing

compartment 2. A few examples of experimental series in which the amount

of HCP present was varied are shown in Figures 41-45. The same mitochon-

drial preparation was used for each determination in a particular ser-

ies. Other conditions, such as buffer composition, pH, and the tempera-

ture were held constant. Generally the value of p
2
was found to in-

crease as the amount of HCP present increased. The results of the BB

series indicating a 20-fold increase in p2 are summarized in Figure 41.

The reciprocals of the increments in p2 are plotted against the recip-

rocals of the HCP amounts in Figure 42 to show that p2 increased by 8.3
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Figure 40. Mammillary modeling. Variation of macroparameters with
change in the microparameters p2 and S2.
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Figure 41. Values of S2 and p2 at different concentration of HCP in
nmoles per mg of protein.
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Figure 42. Relationship of P2 to the concentration of HCP in nmoles
per mg protein. The values of P2 are in nmoles hydrogen
ion per second per mg mitochondrial protein.
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Figure 43. Variation of S2/So and p2 with HCP concentration.
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Figure 44. Variation of S2/So and p2 with HCP concentration.
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Figure 45. Variation of S2/So and p2 with HCP concentration.
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x 10
-2

nmoles hydrogen ion per sec per mg of mitochondrial protein for

an increment in amount of HCP of one nmole per mg of mitochondrial

protein. In this series, the values of S2/S0 increased after a pre-

liminary decrease. The increase could perhaps be related to a swelling

of the mitochondria or to a change in its buffering capacity. The same

trend appears in another series of experiments (Figure 43), showing

that both p2 and S2/S0 increase with p2 tending to saturate while S2/S0

shows a decline at higher levels of HCP. The values of p2 should be

put relative to the total membrane area present in the reaction mixture.

The measure of this is approximated by the mg of mitochondrial protein

present in the reaction mixture, so that the values of p
2

are on a per

mg protein basis. Keeping this in mind, we can see that a decrease in

p2 could be a direct effect on the permeability characteristics of the

membrane, or it could reflect a decrease in the total amount of mem-

brane area present. Since S
2
/S

0
are also declining, the later possi-

bility should be considered.

Compartment 1

HCP produces an initial rise in both S1 /S0 and pl followed by a

plateau in values for compartment 1 (Figure 46). At higher concentra-

tions of HCP, both pl and S1 /S0 decline, and, in fact, at HCP concen-

trations greater than the final data point shown in Figure 46, the

decay curve became monoexponential, consistent with a functional loss

of compartment 1. At 30°C there was a rapid decline in pl and Si/So



Figure 46. Effect of HCP on mitochondrial parameters S1 and pl.
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at low concentrations of HCP, and the reaction became monoexponential

at lower HCP concentrations than when the reaction was run at 25°C.

Results at 35°C were biexponential in the absence of HCP but became

monoexponential after only a small addition of HCP. These results sug-

gest that compartment 1 was made nonfunctional by HCP and that this com-

partment seems to be more labile at higher temperatures. The changes

in compartment 1 may reflect lysis of vesicular structures.

Temperature Effects

Further kinetic properties were studied by showing the effect of

temperature on the proton decay curve. A suspension of mitochondria in

145 mM choline Cl and 0.5 mM KC1 with 10 mM pyruvate and 0.3 pg valino-

mycin per 10 ml of mixture was titrated with HCP to observe the change

in the microparameters. This titration was done at three different tem-

peratures, 25°C, 30°C, and 35°C. Both mono- and biexponential curves

were obtained. As stated above monoexponential curves were obtained

at lower HCP concentrations at the higher temperatures. The mitochon-

drial suspension at this temperature was visibly seen to become less

turbid at the end of the HCP titration. From each value of p2 obtained

at a particular HCP concentration the p2 in the absence of HCP was sub-

tracted and 1/(p2 - p20) was then plotted against 1/[HCP], to obtain

linear relationships. From the slope, a number, Kp, was obtained sig-

nifying the amount of increment of p2 for each nanomole of HCP present.

An Arrhenius plot of In K versus 1/T(°K) was made (Figure 47) as well



Figure 47. Arrhenius plot of the effect of temperature on HCP
induced increase in P2.
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as one of in p2° versus 1/T(°K) (Figure 48). The slope of these lines

is -E
a
/R, where E

a
is an activation energy for the process of proton

decay. A linear plot with an Ea = 34.94 kcal/mole for the process in

the presence of HCP is shown in Figure 47; whereas, Figure 48 yielded a

value of E
a
= 36.70 kcal/mole for the process in the absence of HCP.

pH Effect

Oxygen pulse experiments were done at several pH values with and

without HCP present. A series conducted without HCP (Figure 49) showed

that p2 did not change very much from pH 6 to pH 8, whereas, 52/50 de-

creased at higher pH. This is similar to the results found by Mitchell

and Moyle (1967) for the pH dependence of the total mitochondrial buf-

fering power. These results support the contention that S
2

represents

the mitochondrial buffering capacity. In the presence of HCP (Figure

50), the values of p2 obtained a maximum at about pH 7. The dependence

of S
2
/S

0
also follows this trend. At higher HCP concentrations (Figure

51), both p2 and S2 /S0 followed a similar pattern. The pH dependence of

p
2
was very similar to the pH dependence found for the HCP mediated con-

ductance across lipid bilayers as shown in another part of this thesis

(see Chapter IV). This suggests that the passive proton diffusion

across the mitochondrial membrane is related to the presence of the

singly ionized HCP molecule, this does not, however, differentiate be-

tween the HCP anion acting as a carrier as was shown for the lipid bi-

layer studies or its binding to elements of the membrane to alter per-

meability. It is not clear as to whether HCP modified the DH dependence



181

Figure 48. Arrhenius plot of the effect of temperature on the
microparameter P2 in the absence of HCP.
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Figure 49. Variation of p2 and S2/So with pH in the absence ofHCP.
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Figure 50. Variation of P2 and S2 /S0 with pH in the presence of
a HCP concentration of 0.109 nmoles per mg mitochondrial
protein.
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Figure 51. Variation of p2 and S2 /S0 with pH in the presence of a

HCP concentration of 0.6 nmoles per mg mitochondrial
protein.
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of S2. The later closely follows the pH dependence of p2, but, on the

other hand, it is not too different from the pH dependence of S2 in the

absence of HCP.

Discussion

Since the pH electrode monitors the hydrogen ion activity of the

external aqueous medium, we can equate compartment 0 to the external

aqueous medium, its contained buffer, and any buffering systems which

are rapid equilibrium with the external medium. The assignment of com-

partment 1 and its parameters S1 and pl is more uncertain. It was shown

that HCP increased S
I
and p

1
up to a point, then these parameters de-

creased in value until the compartment disappeared. Temperature seemed

to increase the effectiveness with which HCP induced the loss of this

compartment. Finally, the compartment was not present in all mitochon-

drial preparations under all conditions, and the value of S
1
was always

smaller than that of S2. Electron micrographs of the mitochondrial

preparations show in addition to mitochondria the presence of vesicular

structures, generally smaller in size than the mitochondria, which have

little visible contents inside but which show particles on the single

limiting membrane. These may likely be large microsomes or perhaps dis-

rupted mitochondria which have resealed similar to submitochondrial par-

ticles. These vesicles may represent compartment 1. Another possibility

is that compartments 1 and 2 are different subpopulations of mitochon-

dria, perhaps mitochondria in different energy states.



190

Papa et al. (1973) found biexponential curves with submitochondrial

particles in which there is only a single membrane, the everted inner

membrane, delineating the vesicles. Since these results would be con-

sistent with the presence of three compartments, it does not seem likely

that one of the compartments in our study is the space between the inner

and outer mitochondrial membrane. The outer mitochondrial membrane is

relatively more permeable to ions than the inner membrane (Ernster and

Kuylenstierna, 1970), and thus the protons would quickly equilibrate

between the external medium and the space between the inner and outer

membranes. This space is, therefore, functionally a part of compartment

0. We then can assign compartment 2 to the space within the inner mito-

chondrial membrane, or at least to a portion of this space. The final

compartment, labeled compartment 1, could correspond to a number of

possibilities. It may represent the sum of other vesicular structures

in the mitochondrial suspension. The presence of what appear to be

empty vesicular structures are shown in the EM photographs. On the

other hand, compartment 1 may be a particular subdivision of the space

within the mitochondria with properties sufficiently different from

compartment 2 to allow it to be differentiated from it. Of course,

compartments 1 and 2 are in actuality the sums of many small compart-

ments each with similar enough properties to enable them to be observ-

able as a large averaged compartment. Therefore, the p and S seen for

compart ment 2 are only the average values for the whole population of

mitochondria; however, the variations are probably not enormous judging

from the size distribution shown by the EM studies. Some mitochondria

may actually have very different transfer constants, and this suggests
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that another possibility is that compartments 1 and 2 are two different

subpopulations of mitochondria. One of these subpopulations may be

more damaged, in a different metabolic state, or so altered as to make

them appear as a different compartment. If compartment 1 represents

the vesicles seen on electron microscopy, then the effect of HCP and

temperature may be to lyse these vesicles. As this occurs, S1 would

decrease as the buffering capacity of the vesicles was dispersed into

compartment 0, and pl would decrease because it is a function of mem-

brane area. HCP has been shown to cause hemolysis of erythrocytes

in vitro (Miller and Buhler, 1974). Increased temperature would be

likely to aid this lytic process.

It follows that S
2
represents the mitochondrial buffering power

within the inner mitochondrial membrane. The variation of S
2
with pH

as shown in Figures 51 and 52 is very similar to the relation of Bim

with pH as shown by House and Packer (1970), where Bim represents their

mitochondrial buffering power. Also, the curve of Btm (total mitochon-

drial buffering power) versus pH (Mitchell and Moyle, 1967) has a simi-

lar trend. The buffering power of the mitochondria would be expected

to be due to proteins and anions of matrix and membranes in addition to

the volume buffering effect of the contained space within the mito-

chondria.

The parameter, p2, will depend on the total membrane area separat-

ing compartment 2 from compartment 0 and will be expected to vary with

the structure and permeability of this membrane barrier. Changes in S2

will not affect the value of p2 even if some of S2 is in the membrane

itself though it needs to be segregated by the membrane from compartment
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Figure 52. Variation of S2 with pH in the presence of a HCP con-
centration of 0.1 nmoles per mg mitochondrial protein.
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Figure 53. The effect of added HCP on S2 at three different tempera-
tures: 25°C, 30°C, and 35°C.
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O. The values of p2 in this study cannot be compared directly to the

kinetic constants of proton diffusion found by other workers due to the

difference in the methods of analysis; however, the values of Al and X
2

(Equations 22 and 23) are roughly comparable to the kinetic constants

Kl and K2 of Papa et al. (1973). The pH curve for proton diffusion

without HCP was flat to pH 8, the highest pH used. As a comparison,

the conductance of lipid bilayer membranes was shown to not vary greatly

below pH 8 but above this to increase in value (Figure 26). Here the

pH changes give no information on the process of diffusion of protons.

Of more interest is the variation of p2 with temperature in the absence

of HCP and the calculated activation enthalpy. If we consider proton

diffusion as the movement of an ion across an electrostatic barrier

represented by the mitochondrial membrane, then the activation enthal-

py, Ha, may be a reflection of any of a number of processes with their

associated energies. These can include diffusion of the ion through

the aqueous medium to the membrane interface, entry of the ion into the

membrane, and diffusion of the ion across the electrostatic barrier

(Cereijido and Rotunno, 1970; Johnson et al., 1973; Ginsburg and Noble,

1974). The activation enthalpy will be the energy involved in the rate

limiting step. Diffusion in the aqueous medium is not expected to be

rate limiting. We will also assume that the partitioning of the ion

between the membrane and the aqueous medium is rapid (Ginsburg and Noble,

1974) and in equilibrium. The degree of partitioning into the membrane

will affect the absolute value of the rate of diffusion across the mem-

brane but is not expected to enter into the activation enthalpy since we

are assuming that the rate limiting step is diffusion across the
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electrostatic barrier. As noted before, our work found that this bar-

rier has an energy of 36.7 kcal/mole for the hydrogen ion in the ab-

sence of HCP. Theoretical calculations by Neumche and Lauger (1969)

using the method of image forces to estimate the size of the electro-

static barrier of a lipid bilayer gave a value of about 36 kcal/mole

for an ion of 0.2 nm radius. Experimentally, Ginsburg and Noble (1974)

determined the activation enthalpies for a number of different ion-

ionopore systems in lipid bilayer membranes. They found activation

enthalpies of 55 kcal/mole for valinomycin, 32.5 kcal/mole for monactin,

and 9.3 kcal/mole for gramacidin A. The low value for gramacidin A was

related to the hypothesis that it forms an aqueous pore across the

membrane. Its activation enthalpy then represents the favorable energy

situation for formation of the pore, whereas, the activation enthalpies

for the other ionopores is due to the transfer of a charged particle

across the electrostatic barrier. This work with lipid bilayers is, of

course, not necessarily comparable to our work on mitochondria.

It is clear that HCP increased the rate of diffusion of protons

across the mitochondrial membrane as measured by the changes in p2 upon

addition of mitochondria. Using approximate values of p2 equal to

0.05s-I in the absence of HCP and with a difference of 400 nmoles of

hydrogen ion in the content of the two compartments on either side of

the membrane, we calculated an initial rate of diffusion of 20 nmoles

of hydrogen ion per second. When 1.0 nmoles of HCP is added, p2 in-

creases to about 0.2s
-1

and the initial rate is calculated as 80 nmoles

of hydrogen ion per second. The 1.0 nmole of HCP causes the transfer
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of at least 60 nmoles of hydrogen ion per second. Obviously, the HCP

molecules need to recycle through the membrane if a carrier mechanism

is involved. If we hypothesize that each HCP molecule opens up a rela-

tively more permeable area in the membrane, then these sites must be

able to allow at least this rate of proton diffusion.

There are two likely mechanism by which HCP may be altering the

permeability of the mitochondrial membrane. By one HCP may be acting as

a carrier of protons in its unionized form. HCP is very lipid soluble

(Gump and Walter, 1960), thus would be very permeable through the mito-

chondrial membrane. As stated above, it would be necessary for one of

the ionized forms of HCP, either singly or doubly ionized, to move back

across the membrane, then become protonated again to transfer another

proton across the membrane. The ionized species would be expected to

be less permeable through the membrane since they would have to cross

an electrostatic barrier. The double ionized species is expected to be

still less permeable than the singly ionized species due to its greater

charge (Neumcke and Lauger, 1969). This mechanism has been suggested

to explain the behavior of a number of uncouplers of oxidative phos-

phorylation of the weak acid type (Hopfer et al., 1970; Haydon and

Hladky, 1972; McLaughlin, 1972). This mechanism seemed to fit well the

behavior of HCP in increasing the conductance of lipid bilayer membranes

as reported in another section of this thesis. In the contaxt the rate

limiting step would be the transfer of the ionized HCP across the elec-

trostatic barrier. The rate of this transfer will also depend on the

concentration of the ionized species in the membrane, thus it will de-

pend on the partition coefficient (Hall et al., 1973). Work reported
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in other sections of the thesis (see Chapter II) shows that HCP strongly

partitioned into phospholipid liposomes at a pH of 7, indicating that

the singly ionized HCP is relatively lipophilic, certainly in compari-

son with an uncomplexed hydrogen ion. This could account for not only

the conductance induced by HCP with lipid bilayer membranes but also

the increased proton conductance in mitochondria.

Another possible mechanism would involve HCP forming or initiating

defects in the membrane structure by virtue of a space filling effect or

perhaps by binding to lipids or proteins of the membrane. This defect

might not be very selective to ions. The permeability to an ion would

then be a function of the number of defects present in the membrane.

HCP might thus form additional defects. The energetics of the process

would involve not only the energy needed by the ion to enter this defect

and cross over the membrane but also the energy needed to form the

defect and the entropy change upon its formation. HCP could change the

energy needed to form the defect, change the entropy contribution by

changing the number of defects, or change neither energy or entropy but

just increase the number of defects possible. The flux of an ion across

the membrane will be equal to the diffusion constant, D, of the ion

times the concentration difference across the membrane. By using a

crystal lattice model which may have some applicability to the liquid

crystal structure of biological membranes, we can derive (see Appendix

IV) an expression for the diffusion constant as follows:

D = De
-Q/kT

0
, (32)



where

D = D'f
T
e
S/kT

o

Q = E* + E

200

. (33)

E* is the activation energy for the ion to enter the defect; E is the

energy needed to form the defect; D' is a factor of the vibrational fre-

quency of the ion; S is the entropy gained on forming the defect; f
T

is the total number of possible defect sites. In these terms HCP might

increase f
T

, and it might also change E and thus Q. We have already

mentioned that HCP appeared to lyse some of the constituents in the mito-

chondrial preparation. Other workers (Miller and Buhler, 1974) have

shown that before the hemolysis of erythrocytes, HCP caused the release

of K
+

and Na from the cells. The amounts of HCP used in those studies,

was, however, considerably greater than those used in the mitochondrial

experiments. Also, other sections of this thesis have shown a strong

binding of HCP to both lipid and to whole mitochondria.

The variation with pH of the increase in proton permeability as a

consequence of HCP indicates that the singly ionized HCP molecule is

important in effecting the change in permeability. House and Packer

(1970) indicate that proton permeability of the inner mitochondrial

membrane increases above a pH of 8. Similarly the conductance of a

lipid bilayer membrane to cations also increased above pH 8. This be-

havior would be expected since a higher pH would increase the net nega-

tive charge on the membrane in either case, thus making the membrane

environment more compatible to cations. The effects of the net change



201

on a lipid bilayer membrane to cation conductance was shown by Hopfer

et al. (1970) to agree with this explanation. The effect of HCP, con-

versely, is less at pH greater than 7. Since the singly ionized HCP

is an anion, it would be expected to show the opposite behavior to a

cation. The effects are thus consistent with the idea that the rate

limiting step when HCP is present is the movement of the singly ionized

HCP anion across the membrane. This explanation could hold for both the

mitochondrial studies and for the lipid bilayer studies. Another con-

tributing factor is that at these higher pHs, the proportion of doubly

ionized HCP anion increases. Due to its double charge, we would expect

that it would be less permeable in the membrane, accounting for the de-

crease in HCP induced permeability with increasing pH. Fitting the pH

dependence into the membrane defect mechanism is less satisfactory.

The results would indicate that the anion of HCP was needed to interact

with the membrane, but that the doubly ionized anion did not do this as

effectively. One explanation could be that at higher pH, the greater

negative charge of the membrane would repel anions and so reduce the

possibility of an HCP anion coming close enough to interact with the

membrane, or the HCP anion may need to be sufficiently lipid soluble

before it interacts with the membrane.

The high values found for the activation enthalpies for proton

conductance both in the presence and absence of HCP would be expected

from the calculations of Neumche and Lauger (1969) and from the re-

sults of Ginsburg and Noble (1974) as mentioned before. Their assump-

tion was that movement across the electrostatic barrier was the rate
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limiting process. These results are, however, in conflict with the

low activation enthalpies of 12-13 kcal/mole found for proton conduc-

tion in submitochondrial particles (Papa et al., 1973). The activa-

tion enthalpies in the absence and presence of HCP were similar in

value. This may reflect that the rate limiting step is transfer of a

charged molecule across the membrane. The permeability of the HCP

anion, however, must be much larger than the permeability of the pro-

ton alone. This could be due to HCP having a greater partition coeffi-

cient and thus for equal concentrations in the aqueous medium, the con-

centration of HCP in the membrane would be much higher than the concen-

tration of protons, thus increasing the conductance rate (see Equation

26). The activation enthalpy will be the sum of the activation en-

thalpy needed to cross the electrostatic barrier plus the free enthalpy

of the equilibrium conditions of partitioning of the ion into the mem-

brane. If the ratio of the partition coefficients, K, of HCP of pro-

tons is 100, which would account for the turnover number calculated

before, than by the equation

G = RT 2,n Keq , (34)

the activation enthalpy found for HCP should be about 2.8 kcal/mole less

than the activation enthalpy for proton only conductance. The experi-

mental results show that the difference is about 1.8 kcal/mole, consis-

tent with the above reasoning.

If the activation enthalpies are to be explained by the second pro-

posed mechanism, then in both the presence and absence of HCP, the rate

limiting process is the transfer of protons across the membranes through
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the created defects. In both cases, the energetics of defect formation

would be the same. The presence of HCP would then as explained before,

change the total number of possible defect sites, f
T .

, Equation 33

without affecting the site. That is, the Q in Equation 33 would not be

altered by HCP.

HCP caused an increase in the value of S
2
additionally, as is shown

in Figure 53, temperature affected this effect. These observations are

not unlike those shown for S
1
where the decrease in S

1
was thought to be

from lysis of the vesicles. The increase in buffering capacity induced

by HCP may have more than one explanation. The electron micrograph

studies showed an increase in volume of the mitochondria which may ac-

count at least in part from some of the increase in buffering capacity.

The increase in buffering capacity may also come from exposing new sites

in the mitochondria which can bind hydrogen ions. It was suggested in

the study of the binding of HCP to mitochondria that the apparent co-

operative binding behavior of HCP could be due to the uncovering by HCP

of new binding sites for HCP. Similarly, this may uncover new hydrogen

ion binding sites. Also the electron micrographs show that HCP induced

conformational and structural changes of the mitochondria. Though these

changes are not explained, they may indicate changes in structure which

would alter the exposure of binding sites.
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VII. ELECTRON SPIN RESONANCE

Methods

The spin labels used in this study include 3-spiro[2'-(N-oxy1-4',

4'-dimethylorazolidine)] cholestane (I) and 12-doxylstearic acid (II),

both of which were obtained from Synvar Associates, Palo Alto, Califor-

nia. Stock solutions were made by dissolving in chloroform or ethanol

to a concentration of about 0.01 M.

For the study involving I, phospholipid vesicles were made by re-

moving the solvent from 20 mg of soybean lecithin B, 10 mg cholesterol,

and 200 pg of I in a round bottom flask by blowing dry nitrogen into

the flask. Five ml of 0.1 M KC1-5 mM TrisHC1, pH 7.0 was added, and

the flask shaken to disperse the lipid. The suspension was sonicated

for 25 minutes in an ice bath, then centrifuged at 10,000 x g for 10

min at 4°C, and the opalescent supernatant was used in the ESR studies.

With the fatty acid spin label II, 30 mg of soybean lecithin B in

chloroform was mixed with 187 pg of II, the solvents removed, and 5.0

ml of 0.1 M KC1-5 mM TrisHC1, pH 7.0 was added. The suspension was

sonicated and centrifuged as above.

Rat liver mitochondria were prepared as before and suspended in

0.25 M sucrose-40 mM glycylglycine, pH 7.0 at a concentration of 20 mg

protein per ml. After 10 mg of mitochondrial protein was allowed to

warm to room temperature, 10 pl of spin label II was added as an ethanol

solution to give a final concentration of 1.97 x 10
-4

M. After mixing,
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the ESR spectra were taken. HCP in all studies was added to the prepa-

ration in microliter amounts of ethanol solution. Control studies with

equivalent amounts of ethanol only showed no spectral changes.

The spectra were taken in a flat aqueous cell at room temperature

with a Varian E-4 EPR Spectrometer at 9.5 GHz. Unless otherwise noted,

the instrument settings used were as follows: Field 3374G; modulation

amplitude of 0.63 G at 100 KHz; scan range of 100 G, scan time of 4 to

8 minutes; time constant of 0.01 to 0.03 sec; microwave power of 10 to

20 mW.

Results

The spectrum of I in ethanol solution as shown in Figure 55 demon-

strates the spectrum obtained from a sample of solution of rapidly moving

nitroxide spin labels. There is some line broadening evident. The in-

strument settings used for these experiments are probably in an accept-

able range (Jost and Griffith, 1976). The most probable cause of the

line broadening is 02 present in the sample, which would have a much

larger effect on line width in ethanol than when the spin label was in

an aqueous solvent. By contrast the spectrum of I in lipid vesicles

(Figure 54) showed typical changes in hyperfine splittings and line

heights which can be interpreted as due to restrictions on the freedom

of motion of the label about its axes (McConnell and McFarland, 1970;

Verma et al., 1973). The spectra were compared by calculating a rota-

tional correlation time T
o'

which is given by the following equation



Figure 54. ESR spectrum of Spin Label I in lecithin-cholesterol
vesicles in the absence of HCP. The measurements shown
are explained in the text.
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, (35)

where W
o
is the width of the midfield line, h

o
and h

-1
are the heights

of the midfield and high field lines, respectively, as shown on Figure

54. This parameter is an estimate of the mobility of the spin label

and will decrease as the mobility of the label increases (Keith et al.,

-:1973). It can be shown that by increasing the viscosity of a solution

of the spin label, ro will increase (Smith, 1972).

As shown in Figure 56, ro had a value of about 3.75 nsec in the ab-

sence of HCP, and the addition of HCP did little to affect the value of

T
o

. The slight decrease in T
o
seen is actually less than the experi-

mental error. Verma et al. (1973) found that dinitrophenol caused a

disordering of spin label I in unsonicated vesicles. However, an ESR

study done by this author with unsonciated vesicles of lecithin-

cholesterol showed that HCP did cause a disordering of the structure as

measured as a decrease in the ratio of the heights of the low field and

the midfield lines.

The spectrum of II in 40% ethanol solution is shown in Figure 57

and again shows some line braodening probably due to dissolved 02. The

spectrum shown in Figure 58 of II in lecithin vesicles shows a consider-

ably different appearance.

The vesicle spectrum is similar to that seen with II in phospho-

lipid dispersions, erythrocytes, and erythrocytes ghosts (Hegner et al.,

1973), and in nerve fibers (Hubbell and McConnell, 1969). The spectrum

is characteristic for the presence of anisotropic motion about the long



Figure 55. ESR spectrum of 10-5 M solution of Spin Label I in

ethanol.





Figure 56. Values of rotational correlation time, To, in the
presence of different concentrations of HCP.
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Figure 57. ESR spectra of 10-4 M solution of spin label II in 0.1
M KC1-5 mM TrisHC140% ethanol, pH 8.0.
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Figure S8. FSR spectrum of Spin Label II in lecithin vesicles in
the absence of HCP. The measurements are explained in
the text.
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molecular axis of the fatty acid. The spectrum is such that the hyper-

fine splittings from the magnetic field perpendicular to the long axis,

Ti, and parallel to the long axis, T11, can be identified (Figure 58).

From these values the degree of anisotropy can be estimated by the para-

meter S where

S = 1.68 TII

TI1 + 2Ti
(36)

(Hegner et al., 1973). An increase in S indicates an increase in order-

ing and decrease in mobility of the spin label molecule in the vesicle

structure. Additionally, the mean angular deviation, a, can be calcu-

lated as

a = arccos [(2S + 1)/3] .(37)

This represents the angle of the cone of space within which the nitroxide

group freely moves; therefore, an increase in fluidity of the membrane

will show an increase in a and a decrease in S.

Figures 59 and 60 show that the addition of HCP to the lecithin

vesicles containing II caused a decrease in S and an increase in a. The

dose response was not linear with HCP concentration but instead showed

relatively more effect at lesser amounts of HCP. The decrease in S in-

dicates that II is becoming less ordered in the vesicle membrane, and

the increase in a shows that HCP increased the fluidity of the vesicle

membrane. Using a value of 0.2 mg of lipid per mg of mitochondrial pro-

tein (Lenaz et al., 1971), it can be estimated that when uncoupling is

near maximum at about one nmole of HCP per mg of mitochondrial protein



Figure 59. Values of the order parameter S in the presence of
different concentrations of ITCP in lecithin vesicles.
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Figure 60. Values of the man angular deviation of Spin Label II in
lecithin vesicles in the presence of different concen-
trations of MCP.
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that there is five nmoles of HCP per mg of lipid. Using this estimate

we see that the values of S and a are affected within this range; how-

ever, the effect of HCP continues to increase with HCP concentrations

greater than this estimated value.

Spin label II was found to incorporated into the rat liver mito-

chondria. After incubating the mitochondria with II for five minutes

and then centrifuging at 9,000 x g for ten minutes at 4°C, essentially

all the spin label was found in the pellet with the mitochondria. The

ESR spectrum is shown in Figure 61. The total concentration of II in

the sample was 2 x 10
-4

M. The spectrum looks very much as if there

were spin-spin interactions due to too high of a concentration of spin

label. It might be expected that II would preferentially bind to the

mitochondrial membrane, thereby causing there to be a much higher local

concentration of spin label than what the total sample concentration

would indicate. After diluting the spin label to reduce the final con-

centration of spin label in the mitochondrial suspension to 4 x 10
-6

M,

the spectrum still looked like that shown in Figure 61 but at a much

lower signal intensity. The instrumentation was such that concentra-

tions of spin label below this gave too weak of a signal to be measured

accurately. Therefore, the interpretation of the following experimental

results may be affected by this distortion of the ESR spectrum. The

values of T
o

are about one order of magnitude greater than the values

found for the cholestane label (I) in the above study and the values for

phospholipid vesicles (Keith et al., 1970). Raison et al. (1971) report

values of T
o

for rat liver mitochondria with a fatty acid spin label



Figure 61. ESR spectrum of Spin Label II (2 x 10-4 M) in a suspension
of rat liver mitochondria.
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that are about one-fifth of the values found in this study. The dif-

ference may mean that II in these studies is highly immobilized, or it

may be a reflection of the possible spin-spin interactions, as line

broadening due to spin-spin interactions will increase Wo and thereby

increase T
o

as shown in Equation 35. HCP caused a significant decrease

in T
o

(Figure 62). The change was brought about with concentrations of

HCP below that needed for maximum uncoupling of oxidative phosphoryla-

tion. The spectra showed little change in amplitude over a span of 15

minutes. HCP did not appear to cause a loss of lipid from mitochondria

to the aqueous phase since, after incubation of mitochondria with II and

HCP and subsequent centrifugation, II was found in supernatant only to

the same degree as it was in a control sample without HCP. The spectrum

of the supernatant had the same shape and value of To as the pellet

spectrum indicating that II in the supernatant was possibly in mitochon-

dria or other vesicular structures which did not centrifuge down. It is

also possible that II could be tightly bound to a macromolecule in the

supernatant.

Discussion

The ESR spectrum of the cholestane spin label (I) in sonicated

lipid vesicles was not significantly affected by HCP as evidenced by the

measurement of the rotational correlation time, To, which should be a

measure of the mobility of the spin label in its environment. In un-

sonicated vesicles, HCP caused a change in the ratio of the heights of

the low and midfield lines suggestive of a disordering of the spin label



Figure 62. Values of the rotational correlation time, To, of Spin
Label II in rat liver mitochondria in the presence of
different concentrations of HCP.
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in a lipid environment (Griffith and Jost, 1976). A similar disordering

that was time dependent was effected by dinitrophenol on unsonicated

lipid multilayered films (Verma et al., 1973). The perturbation lip-

peared to be caused by both the ionized and the unionized species of

dinitrophenol. Levine (1972) states that unsonicated vesicles serve as

membrane models equally as well as do sonciated vesicles; therefore, the

results found in unsonicated vesicles may reflect the effects of HCP on

biological membrane systems.

The effect of HCP on the spectrum of the stearic acid spin label

(II) was clearly evident as a decrease in S and an increase in the value

of a. Both changes can be interpreted as an increase in the amplitude

and frequency of motion of the spin labels. The changes occurred with

concentrations of HCP which are in the range of HCP to lipid ratios

seen under conditions of uncoupling of oxidative phosphorylation. Vola-

tile anesthetics decrease the value of S and increase the mean angular

deviation of the axis of spin labels in phospholipid vesicles (Trudell

et al., 1973). The motion of spin labels in red cell membranes was in-

creased by both the changed and unchanged forms of anesthetics (Butler

et al., 1973). A detergent, Triton X-100, increased spin label mobility

in phospholipid vesicles membranes (Hegner et al., 1973). The nature of

the mechanism of the perturbations by HCP on bilayer membranes is not

evident. Dinitrophenol alters the surface charge density of lipid bi-

layers; however, this effect is not adequate to explain the effects on

spin label motion (Verma et al., 1973). An alternative interpretation

of the spectral changes caused by HCP is suggested by the changes in

A0, a motion independent polarity index which is calculated by



A =
0 3 II

(T + 2Ti)
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.(38)

The value of A
0
is affected by the local electric fields around the

spin label, which in the lipid membrane could be Van der Walls forces,

hydrogen bonding, membrane potentials, and electric fields due to the

charged double layer of the membrane. For a series of spin labeled

fatty acids, the most important effects were due to Van der Waals

forces and hydrogen bonding, with very little contribution from the

other two interactions (Griffith and Jost, 1976). HCP caused an in-

crease in A
0

(Figure 63) in both sonicated and unsonicated vesicles,

suggesting that a change occurred leading to an increase in hydrogen

bonding of the nitroxide groups possibly due to an enhanced accessi-

bility to water molecules or some direct interaction of the HCP with

the nitroxide group.

The spectrum of II in rat liver mitochondria appeared much different

than those obtained with the phospholipid vesicles. The calculated ro-

tational correlation times on the order of 30 nsec are much higher than

the values found for spin labels in mitochondria by Keith et al. (1970)

and by Raison and McMurchie (1974). As mentioned before, the most likely

reason for this is that there are strong spin-spin interactions due to a

high concentration of spin labels within the mitochondrial membranes.

This does not, however, necessarily affect the interpretation of the

changes in the spectrum caused by HCP. With these reservations, we

see that HCP caused a decrease in T
o'

indicating an increase in the

motion of the spin label. The concentrations of HCP effective in in-

dnrina thic chanae were below those levels needed for maximum uncoupling



Figure 63. Values of A0 for Spin Label II in lecithin vesicles in
the presence of different concentrations of HCP.
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of oxidative phosphorylation. Raison and McMurchie (1974) found that

changes in spin label mobility in rat liver mitochondria were accompan-

ied by changes in succinate oxidase activity indicating a protein-lipid

interaction needed for the enzymatic activity. Changes in spin label

mobility in rat liver mitochondria as induced by changes in the fat

content of the rats diet were not, however, accompanied by changes in

membrane permeability as measured by swelling in salt solutions or by

changes in the efficiency of oxidative phosphorylation (Williams et al.,

1972). The characteristics of the spectra obtained in our studies with

rat liver mitochondria were such that a measurement of A
0
could not be

obtained.
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VIII. SUMMARY AND CONCLUSIONS

The study of the binding of HCP to lipid vesicles was done to ob-

serve the interaction of HCP with a simple membrane containing lipid

only. There were demonstrated two types of binding sites: one or two

classes of independent specific binding sites with a combined number

of sites of about 100 nmoles per mg of lipid, or about one HCP mole-

cule to every 15 lecithin molecules; a large non-specific class of

sites of either very large capacity or a very low association constant.

For all classes, the binding sites were independent. The classes of

specific sites may represent specific compounds in the vesicles to

which HCP binds. These may be lipid, trace components, or space de-

fects. On the other hand, the capacity may reflect a limitation due to

a buildup of negative charge on the membrane. The net charge on the

membrane would be expected to change with pH and with lipid composi-

tion of the membrane. The net surface charge should affect the binding

of HCP anions. Therefore, the binding of HCP should be affected by pH,

the particular lipid composition, and by the presence of other HCP

anions.

The binding of HCP to rat liver mitochondria showed different be-

havior depending on the concentration of HCP. At relatively high con-

centrations of HCP, the binding was to a high capacity (150 nmoles per

mg) class of independent sites, most likely protein sites. At lower

concentrations of HCP, equivalent to the minimum concentrations needed

to uncouple oxidative phosphorylation, there was positive cooperati-

vity in the binding of HCP. This could represent a change in the
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affinity of the sites due to a change in charge, the microenvironment,

or it may reflect an increase in the number of sites due to changes in

membrane structure of microenvironment. The model chosen for demon-

strating the data was one in which the association constant, K, was

allowed to change as HCP was bound. The change was quantified as Ka

which is the reciprocal of the HCP concentration at which the change

in K is one-half its maximum. The value of Ka
was decreased by a fac-

tor of 8 in the presence of added pyruvate. Additionally, more HCP was

bound at lower pHs, down to pH 5.

The presence of positive cooperativity shows that the binding of

HCP to mitochondria is very much different than the binding to a simple

lipid membrane. The cooperativity is not due to the swelling of the

mitochondria because lipid vesicles also swell in the presence of HCP.

It is not conclusive as to what the HCP is binding. HCP has been shown

elsewhere to be both very lipid soluble and to bind strongly to protein.

The pH dependence of binding does not show the large changes that would

be present if it was due only to changes in the relative amounts of un-

dissociated and dissociated HCP as determined by the value of pKa. The

pH dependence thus probably represents the changes in surface charge on

the mitochondria and the changes in ionizable groups on protein. Most

certainly there is also HCP anion present in the lipid phase. The

binding forces may be ionic with the anion form, hydrogen bonding to

carbonyl groups (Hague and Buhler, 1972), or hydrophobic in the lipid

phase. An explanation for the positive cooperativity may be as follows.

The HCP anion is the major form binding. The binding of the anion is



235

decreased by any negative charge on the mitochondria. In an energized

state, the mitochondria will have a net negative charge relative to the

surrounding medium (Laris et al., 1975). The presence of HCP will de-

energize the mitochondria, reducing the negative charge, possibly by

causing a charge flow across the inner membrane, and thus increasing

the affinity of the mitochondria for HCP anions. The presence of added

pyruvate would allow a more substantial negative change to build up and

thus increase the amount of HCP needed to reduce the negative charge,

as was shown by the demonstration that in the presence of pyruvate,

the cooperativity change, Ka, occurred at greater concentrations of

bound HCP.

HCP was found by electron microscopy to accelerate the rate of

change of the mitochondria from the condensed to the orthodox configura-

tion in proportion to the increase in the 0
2
consumption and dependent

on the integrity of the electron transport chain. The change in confor-

mation was characterized by an increase in total volume, and increase

in matrix volume, and a decrease in the intermembrane space. Addition-

ally, in the presence of HCP both orthodox and condensed mitochondria

had a greater surface to volume ratio, indicating a possible change in

the membrane separate from the changes in volume. There were no iden-

tifiable holes, defects, or other abnormalities which were induced by

HCP.

HCP caused a disordering of a lipid vesicle membrane and an increase

in motion of the fatty acid spin labels. Another measured parameter in-

dicated that HCP caused an increase in accessibility of the nitroxide
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spin labels to hydrogen bonding to presumably water or HCP molecules.

These changes occurred at low concentrations of HCP and did not result

in the loss of the spin label from the vesicles. The effect of HCP on

spin labels in mitochondria was also to increase the motion of the

nitroxide group.

HCP increased the electrical conductance of lipid bilayer membranes

by functioning as a monomolecular charge carrier, the HCP anion. The

conductance of the bilayer was influenced by the charge on the membrane

surface. HCP did not disrupt the bilayer membrane at the concentra-

tions used but did increase the permeability specifically to hydrogen

ions and not to potassium ions. The current voltage characteristics of

the bilayer suggest a trapezoidal potential energy barrier corresponding

to the hydrophobic area of the bilayer which the HCP molecules must

traverse. It was demonstrated that HCP could collapse an electrical

and pH gradient across a membrane without causing a gross physical dis-

ruption of that membrane. The effects were dependent on the presence of

the HCP monoanion as the maximum activity occurred near pH 8 where the

relative concentration of the monoanion would be greatest. At higher

pH's it is most likely that the HCP doubly charged anion is not effec-

tive as a charge carrier because its greater charge density prevents

entry into a membrane with increasingly greater negative charge at higher

pH. A recent study by Semjtek et al. (1976) on the conductance of lipid

bilayers in the presence of pentachlorophenol (PCP) suggested a mech-

anism involving a dimer of PCP with a single negative charge. This is

not incompatible with the HCP study because the HCP monoanion is in ef-

fect a dimer with a single negative charge. The energetics of the
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potential energy barrier in the bilayer indicate an energy level of IS

to 23 kT. The increase in bilayer permaability seen here is distinctly

different from that shown in the hemolysis of erythrocytes (Miller and

Buhler, 1974).

The proton permeability experiments showed the presence of two

classes of compartments, the mitochondrial one bounded by the inner

mitochondrial membrane, and the extramitochondrial compartment which

was shown to be easily disrupted by both an increase in temperature and

increasing amounts of HCP. The system allowed the measurement of mito-

chondrial internal buffering power, S2, a combination of protein buf-

fers and a volume buffering effect, and of the inner membrane permea-

bility, p2, to protons. In the absence of HCP, there was little ef-

fect of pH on the proton permeability in the pH range tested, and the

activation enthalpy for the process was compatible with the transfer of

an ion across a hydrophobic barrier. HCP greatly increased the proton

permeability at concentrations of HCP below those needed to uncouple

oxidative phosphorylation. The mechanism of the increase in proton

permeability involves the use of the HCP anion as a recycled carrier of

protons across the inner membrane. In support of this the activation

enthalpy involved is compatible with transfer of a singly charged ion

across a lipid membrane. The difference from the activation enthalpy

in the absence of HCP can be accounted for by the increased lipid

solubility of the HCP anion. It is also interesting that HCP caused

an increase in S
2
suggesting either that new buffering sites were ex-

posed, or it could be compatible with the increase in matrix volume in

the presence of HCP.
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There has been presented evidence for effects on mitochondria as

a result of the solubility in an transfer across of the HCP anion, and

for effects of HCP on mitochondrial membranes which may involve the

opening up of previously inaccessible protein sites. In a mixture of

HCP and mitochondria there will be HCP both in the lipid phase and bound

to protein. There was evidence from ESR and EM studies that HCP altered

the structure of the inner membrane, possibly to increase the accessi-

bility of protein areas to the aqueous environment. The bilayer and

proton permeability studies, on the other hand, showed that HCP could

dramatically increase the permeability and conductance of both artifi-

cial and mitochondrial membranes at concentrations of HCP below those

needed for uncoupling. The resultant collapse of both pH and electri-

cal gradients across the mitochondrial inner membrane are sufficient

to account for the positive cooperativity in the binding of HCP to

mitochondria and for the uncoupling of oxidative phosphorylation in rat

liver mitochondria.

A summary of the results of these studies is listed below.

1. HCP bound to a hydrophobic microenvironment in sonicated lipid

vesicles. There was independent binding to two specific and one non-

specific sites.

2. The binding of HCP to rat liver mitochondria showed positive

cooperativity at amounts of bound HCP below a few nmoles per mg of

mitochondrial protein.

3. HCP induced a change in configuration of rat liver mitochon-

dria from a condensed to orthodox configuration. The inner membrane

wac pynandpd hv HCP_
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4. The electrical conductivity of lipid bilayer membranes was in-

creased by the HCP monoanion, and the permeability increase was specific

for hydrogen ions.

5. The proton permeability of rat liver mitochondria was studied

by compartmental analysis. The proton permeability was increased by

HCP, and the mechanism involves the transference of the HCP monoanion

across the inner membrane.

6. The motion of nitroxide spin labels was increased by HCP in

lipid vesicles and rat liver mitochondria.

7. The above effects of HCP on rat liver mitochondrial membranes

was demonstrated at concentrations of HCP below those needed to uncouple

oxidative phosphorylation.
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APPENDIX I

Derivation of Current and Voltage Equations for Lipid Bilayer Membranes

Following from Neumcke and Lauger (1969), the following equations

were derived by assuming that the flux of an ion across a membrane can

be described by the transport equation

dp+

(1) = -C+p+
dx

(39)

where 4 is the flux of the ion, C is the concentration of the ion, p

is a mobility factor, is the total chemical potential of the ion,

and x is the dimension coordinate across the membrane. A similar equa-

tion can be written for the negative ions if we assume ideal behavior

for the ions. We then have

p =p 0 +kT1nC + eoli) (40)

where k is Boltzman's constant, T is the temperature (°K), eo is the

elementary electronic change, IP is the potential energy due to the

electrical field in the membrane, and p° is the potential energy of an

ion due to its environment, and can be viewed as the energy required

to move the ion from infinity to a specific point, x. Then

p° (x) = w (x) + C (41)

where C is a constant and w
+
(x) is the potential energy as a function

of position, x. With the following substitutions,



1-i

D

- kT

W(x)
w(x)

- kT

(1)(x)
- *(x)ea

kT

we get the following differential equation,

r, idc , di , dW,

+- -u- qi L dx 4- L cii)

This is then integrated to give the following form,

where

D [ C
1

- C2e
-u/2

]

(I) id
ux

j
o
e W(x) +d dx

Veo
u =

kT
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(42)

(43)

, (44)

(45)

V is the electrical potential across the membrane, D is a diffusion

constant, Cl and C2 are the concentration of the ion on either side of

the membrane, and d is the thickness of the membrane.

u/2 -u/2

J

e D Cle - C2e

]fux

+1 W(x) + r dx
-1

e

The limiting conductance, X0, as V approaches zero, will be

.(46)



r2e0DC 1

I kTd r,1

JW(x) dx
e

-1
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.(47)

The membrane potential at zero current can be described in terms of the

ion concentration on either side of the membrane. The result is:

--
n
+

m U.
1 +

--- C. + 5' 1- C.
L. -+ 1,2 .- + 3,2

1=1 u
1

3=1 u
1 (i=1,2...n

) ,(48)V = EI kn
zF

n Ti.
+

, '3=1,2...m

Cm

u.
r i
L C. + / --3-- C

i=1 u1 ,1 j=1 T+ i'l
1

where RT/F is 25.7 mV at 25°C; z is the average charge of the ions;

C and are the concentration on the one side of the membrane of
1,2

Cj,2

n different cations and m different anions, respectively; 4.. and C7C11
3,1

are the concentrations on the other side of the membrane; and the ips

are the mobilities of the ions.

For the special case involving only hydrogen and potassium ions

and where 8, is the ratio of the hydrogen ion permeability in the mem-

brane to the potassium ion permeability,

V = -25.7 mV In
[e]2 Kii+]2

. (49)

with the subscripts 1 and 2 referring to the two sides of the membrane.

The analysis of the I-V curves required the determination of the

function W(x) in Equation 46. The values of D, d, and C in Equation 46

are determined by independent means. W(x), however, must be determined
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by the voltage dependence of the transmembrane current. The shape of

the hydrophobic barrier, W(x), has been chosen as a simple trapezoidal

barrier as shown in Figure 30, where the transmembrane distance is rep-

resented on the abscissa with 0 and d being either side of the mem-

brane. The height on the ordinate represents the energy level. The

parameters (I) and a thus define the shape of the barrier. Equation 46

is rewritten as

reoDi C sinh 2
J

d S(u)

with the function S(u) being

+1

S(u) = I W(x)
2 dx

-1

, (50)

.(51)

The W(x) takes the following forms depending on the position in the

membrane

W(x) (1) (1 -

W(x) =

W(x)
(1? (1 ))

, -1 < x < - a

, a<x< + a

, +a<x< 1

Substituting the above set of equations into Equation 50 gives

a

S(u) = [ux/2 - ] +
e

[ux/2 + id +

- le
dx

-a dx

[ux/2
e a-1 a-1'

dx

(52)

. (53)



Equation 52 was integrated in closed form and then the exponentials

approximated by the Taylor's expansion,

x
2

x
3

ex 1 + + +
2! 3!
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,(54)

in order to remove the undefined terms at u = 0. The resultant equa-

tion is:

2 2 2
2a-) a

S(u) = [ei (1
u a

u(a(-1)

1

- 24 2 8

u
J

(1 - + +

(55)

2(a+1) rri u u
2

J

e(1)
au a2u2

)1 + 2e+
u(a-1) + 24) 2 8 2 8 a

The above experssion for S(u) was inserted into Equation 49. A non-

linear least squares computer program, *GNLS, was used to determine the

parameters a and 4 which would give the best fit of equation 11 to a

set of data of pairs of J and u from an I-V curve.
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APPENDIX II

Ultraviolet Absorption of HCP

The ultraviolet absorption of any chemical species at wavelength

X. is simply the product of the molar extinction coefficient, ., atej

X., and the concentration, C, of the species (Nagar, 1972)

Y. = E. C .(56)
J

The ionization of hydrogen ion from HCP is expected to conform to the

usual equation for acid-base equilibria

[HCP-1] [H+]
K =
1 [HCP]

(57)

[HCP-2] ]HCP+]
K
2

[HCP
-1

]

where K
1

and K
2
are the first and second dissociation constants for

the two ionizable phenol groups on HCP. At a particular pH value,

pH., where [HCP
+

] = H
+
., in a solution containing HCP, all three spe-

cies of HCP will be present and be in equilibrium as defined by Equa-

tion 56. Solving for the three species we find that the concentrations

of the three species are given by

CHCP

H+ H.
1

H+. K2
K
1
(1 + +

Ki H+.



C -1
HCP

H
+ K

2
H+.

1
(j + e_ _;)

1 H .

1

K
2

K
2

CHCP
-2

H
+ K

2
H
+

(1 + 1 + )
1 K

1 H
+

.

1
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.(58)

We know that the absorbance of a mixture of compounds will be

equal to the sum of the absorbances of the individual components,

therefore,

Yu
= 60 CHCP + 61 CHCP -1 + 6

2
C
HCP

-2 0(59)

where e
0' l'

and e2 are the molar extinction coefficients for HCP

HCP
-1

, and HCP
-2

, respectively. We then substitute in Equation 57 to

find the absorbance at A. for a HCP solution at pH.
3 1

+
H . 6 . E.

,31 0,)
Y. . = +

1

1,3
1 H

+
.

K
2 i H

+ K
2

K (A. + 1+
+

) (i + . + ---)
1 K

H
+
iK

1
H. 1

i

. (60)

K
2

E
2,j

14+

H+ (1 + +

HK
1

+
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APPENDIX III

Compartmental Analysis

The general equation relating the rate of change in activity of a

chemical species in compartment i, ai, to the transfer constants, pij,

between compartments i and j and the capacity of compartment i, Si, is

dal p.
1 v lj (a - ai)

dt
j
L Si j

(ji)
=1 1

.(61)

With a three compartment mammillary model, we can write the following

set of differential equations,

da

So
- pi(al - ao) + p2(a2 a

o
)

dt
(62)

da
1

-1 dt Pi(ao al)
(63)

da
2

S2 -E- p2(ao - a2) (64)

where a0, a
1,
'a

2
are the hydrogen ion concentrations in the three com-

partments. If one could measure the concentrations in all three com-

partments as they varied with time, then the data could be fit directly

to the differential equations by a matrix method. In our case, how-

ever, we are able to measure the hydrogen ion concentration in only

compartment 0. Since we have before assumed that these are linear

differential equations with constant coefficients, we can solve the



equations by use of Laplace transforms. For a function, f(t), the

Laplace transform is:

[f(t)] = e
-st

f(t)dt = F(s)

275

(65)

where s is a new independent variable. After performing the transform

on differential equations, the new function can be manipulated to solve

for the desired variable and then the inverse transform made to get

back to the original variables. For this model, the Laplace trans-

forms of equations 36-38 are:

sa a (0) = fl_ a
P
1
a
1

Plat plan
a2a0

0 So So S
o

S
o

0
-

o s
1

p
1 Plal

sal = a
1
(0) = a_

u

,

p
2

P
2

sat a
2
(0) =

s
2

a
o S

2
a2

where a =

(66)

(67)

(68)

(a.). Since we need to solve for a
o
(t), we state that a

o

at time zero is a
o
(0) and at time zero both a

1
(0) and a

2
(0) are equal

to zero. Then we solve for a
o
by the method of determinants to obtain

a

ao (0)
s [1 +

P
1

P
1

(s + pi) (s + p2)

S
o

S
o S2

2

Using the following substitutions,

(69)



P
2

S1 131' 132'

1

BP
2

B2
1 2

factoring, and substituting in A and A
2
where

=
1 2

(131 + 132 + B1 + B2) + D
1/2

(131 + 132 + B1 + B2)
-D1 /2

A2
2

D = f32)

2
+ (B

1
+ B

2
)
2
+ 2(S1 - a

2
) (B

1
+ B

2
)

we get

ao(t) (s + 131) (s +

a0(0) s[(s + A1) (s + A2)]

Then we take the inverse transform to obtain

ao(t) (A1 - (A1 - (32)e
-A

1
t

(A2 - (31) (A2 - B2)e-A2t

a0(0) X1(A1 - a
2
) X

2
(X

2
- A

1
)

.1 2

1
X
2
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(70)

(71)

(72)
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APPENDIX IV

Membrane Defect Theory of Permeability

The membrane structure defect theory to account for a permeabi-

lity increase can be represented as follows (Cereijido and Rotunno,

1970) according to a crystal lattice model which may have some appli-

cability to the liquid crystal structure of biological membranes. The

ion will need a certain activation energy E* to migrate into a defect

in the membrane and cross the membrane. The probability that the ion

makes this migration is v = e
-E*/kT where v is the vibrational fre-

quency of the ion in lattice. The flux, J12, of the ion from side 1

to side 2 of the membrane lattice will be proportional to this proba-

bility, to the number of ions present at side 1, n1, and to the proba-

bility that it moves in the right direction, O. Therefore

J1,2 = ve
-E*/kT

1

or the net flux, j, where we have put in the concentrations of the

ions is

dc
J = D cr(

D = D'e
-D*/kT

D' = vOX
2

(74)

(75)

where A is the thickness of the membrane, D is the diffusion constant

from Fick's first law of diffusion. However, to incorporate the need
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for a defect we must have D dependent on the number of defects present

in the membrane, f. Then f is related to the total number of possible

defect sites, f
T

, by the equation

f f
T
e e
s/kT -E/kT

= (76)

where E is the energy needed to form the defect from a possible defect

site and S is the entropy gained upon forming the defect.

Then we now have

D = Dtf
T
e
-E*/kT

e
-E/kT

e
S/kT

(77)

Rearranging to an Arrhenius form of the equation, the equation becomes

where

D = Doe
-Q/kT

D = D'f
T
e
S/kT

o

(78)

(79)

A = E* + E .(80)
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APPEND IX V

Computer Programs
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PROGRAM EM
C SI7R ANALYSIS OF EM PHOTOS

READS IN AREAS OR OIAMETERS
DIMENSION A(1.0110),P(100),P1(100),D1100),N1(20),N2(20)
DIMENSION C(20),AN2(2C)

C COEFFICIENTS FOR TRANSFORM
DATA MA(19I),I=1,10),j=1..10)=10.0,1.549.35,13,

2.051.059.03.9.01,001,1.0.,0,0144,47,1399.47,,151.09,
3.05,.03,.0413 (0011373,121941.17,.09906104,
44 (0,0 )0,33,1 / 7.9.37,,18..091 05,5 (0.0), 302,
51.11,e341.171.93,810.0),2.799.1.02,.329.161740,01,
62.589.96,.3118(0.0),2.439.91,9(0.0),2.291

25 PRINT 10
10 FIRMA1(///11X,1 Er ANALISIStilt OIAMETS CP AREAS t)

RFA0(60,20)IA
20 FCRMAT(A3)

IF(IA.EQ.2H0 )G0 TO 50
IF(IA.NE.2HA )G0 TO 25

C READS IN ARRAS
PRINT 30

30 FORMAT(t ENTER N9LUN,P(T),A(T)*)
NP=FFIN(60)
LUN=FFIN(60)
P T=FFIN(60)
AT=FFIN(60)
AR=AT/DT
DMAX=SUM0=0,0
10 40 I=1,NP
P(I)=FFIN(IUN)
PltI)=P(I)*AR
0(I)=2.*SORT(P1(1)/3.1416)
IF(0(I),GT,DMAX)04AX=0(.1)
SUMO=SUMC+n(I)

40 CONTINUE
GO TO 60

C READS IN DIAMETERS
70 PRINT 55
55 FORMAT(t ENTER 4,LUNtt

NP=FFINT601
LUN=FETN(61)
DMAX=SU4n=0.0
00 57 T=1, ?"P
0(I1 =FFIN(LUN)
IF(3(I).GT.OMAX)0MAX=0(I)
SUMO=SUMOfn(I)

77 CONTINUE
60 OMEAN=SUMIFFLCAT(NP)

VOL1=1,333333*3.1416*(DMEAN/20**3
PRINTS DIAMETERS,MFAN OIAMETER,ANO MEAN VOLUME

PRINT 70
70 FCRMAT(5X't DIAMETERSt/)

WRITE(61,8C)(0(I),I=10P)
80 FORMAT(5(E10.392X))

RITE(81491)SUMOOMEAN*40t1
90 FORMAT(/* SUM 9= tE10.3/t MEAN OIA.= tE10.3/t VOL.= tE10.3/)

C PRINTS ORIGINAL FREQUENCY DISTRIBUTION
C TEN CLASSES ARE SET UP TO MAX OF MAX DIAMETER

O 0 1C0 1=1 ,10
100 N1(I)=1

00 110 I=1,10
110 C(I)=FLOAT(I)/ 1.0049MAX

nO 150 I=1,NP
00 120 J=1,10
)<=11%
IR(1(I).LE.C(K),AN1,9(I).GT.C(K-.1))G0 TO 122
GO TO 12C

122 N1(K)=N1(K)+1
GO TO 1st',



120 7ONTItuE
1E0 'rONTINUF

WRITE (61,160)D
1E0 FORMAT ft Imax= tE10.3/)

PRINT 16F
1F5 FcRMAT(1CX,t ORIGINAL FREE? DISTRI3UTIONt//)

PRINT 166
166 FORMAT(20Xt CLASS NO.t)

WPITF(61,170)(N1(I),I=1,1C)
170 FORIAT(4X,t1t4Xt2t4Xt3t4Xt4t4X*5t4X6t4X17t4Xt8t4Xt9t4Xt10t/,

110(3X,I?))
C rolPuTEs AND PRINTS THE TRANSFORMED FRET DISTRIBUITION
C REPRESENTING THE REAL DIAMETERS

DO arc I=1,9
IF(N1(T).E0.0)G0 TO 190
AN2(I)=A(I,I)*FLOAT(N1(I))
II=I+1
DO 19E J=II,10

195 AN2(I1=AN2(I)-A(I,J)4FLOAT(N1(J)I
AN2(I)=AN2(I)/1mAX
GO TO 20C

190 AN2tI)=1,0
200 CONTINUE

AN2(1C)=A(10,10)*FLOAT(N1(10))/DMAX
PRINT 30C

300 FCRMATt/10Ylt TRANSFORMED FRED DISTRIDUTICNti)
WRITE(61,175)(AN2(I),I=1,10)

175 FORMAT(10(F542,1X))
C PRINTS N1EAN CIA, ANO MEAN VOLUME OF TRNSFORMED DIAMETERS

SUMTO=SUM:*-0.'0
DO 310 1=1,10
SUM=SUmfAN2(I)

310 SUMITO=C(I)*AN2(I)*SUMTD
TOMEAN=SUMTD/SUM
VOL2=1.3333343.1416*(TOMEAN/2044.3
WRITE(61,320)TDMEAN,VOL2

320 FORMAT(//t MEAN OIA.= *E10.3/t MEAN VOLUME= tE10,3/)
C WILL WRITE DIAMETERS ON AN OUTPUT LUN IN A FORMAT OF 5(E10.3)

PRINT 730
330 FORMATtt LUNOUTt)

LOUT=FFIN(60)
IE(LOLT,E0.0) 60 TO 350
WPITE(LOUT,340) (0(I) ,I=1,NP)

340 FORMAT(5(E10,!,2X) )
350 PRINT 36C

FORIATtt MORE tl
RcA3(E01.20)IGO
IF(IGC.t.C.31-YES)GO TO 25
IF(IGC.NE.7HNO )G0 TO 350
CALL EXIT
END
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PROGRAM ANAL
DIMENSION A(20.3(20).T(500).Y(500),YT(5001,YHAT(500)
DIMENSION EY(500),YSUB(500),ALYSUB15001
DIMENSION YR(500),C00E(10)tHEA0(111),INIUFF(1000)
DIMENSION IFILE(101

COMMON A(23)..9120),T150010 AX.YMAX
COMMON XMIN..X0IF.YMIN,YDIF

WRITE(61,91
9 FORMAT(20XtEXPONENTIAL CURVE ANALYSIS( / / /:/)

240 M=0
C
C ACCOUNTING, CATA ENTRY AND TRANSFORMATION
C
1211 IF(TELIO(8q1IGITIZEOH0 OATA$ ).E0.2.)

300 TO 11
IFLAG=1
M=0
LUN=TFLI013HENTER OAOHTA LUN= )

IF(TE1I0(8HSKID FILOHES $ 00).E0.2.)00 TO 1239
ISKIP=TELI0(8HH0W MANY.IN 3 0)
IEOF=C

1242 BUFFER IN(LUN,1)(IFILE(1),IFILE(10))
1241 GO TO (1241.1242.1243.1244).UNITSTF(LUN)
1244 WRITE(61,1210)LUN

GO TO 1211
1243 IFOF=IFIF+1

IF(ISKIP.01.IEOF)00 TO 1242
1239 IFOF=0
1240 BUFFER IN (LUN,1)(HEAD(1),HEAD(10))
1201 GO TO(1201,1202,1203.1204),UNITSTF(LUN)
1204 WRITF(61.1210)LUN
1210 FORMAT(( PARITY ERROR ON LUN tI21

GO TO 1211
12F3 WRITE(61,12121
1.212 FORMAT(( END OF FILE READ *)

IFOF=IE0F+1
IF(IECF.GE.2)G0 TO 1211
GO TO 1240

1202 WRITE(61.1215)(HFAO(T).11=1.10)
1215 FORMAT(1X,10AE)

BUFFER IN (LUN.1)(IN3UFF(1),IN3UFF(1000))
1220 GO TO ( 1220,1221,1222..1223).UNITSTF(LUN)
1223 WRITE(61,1210)LUN

GO TO 1211
1222 WRITE(61.1212)

GO TO 1211
1221 NWORDS=LENGTHF(LUN)

NR=IN3UFF(2)/2
WRITF(81.1225)IN9UFF(1),NP.NWOROS

1225 FORMAT(1X.tREC. NO. tI2/1,X*NO. OF POINTS= tI3/
1Y.tN0. OF WORDS = tI4)
TFAC=TELIO(8HSEC. PEROH INCH= )

00 1230 T=1.NP
1230 TiII=FLOAT(IN3UFF(24I+1)//100.41TFAC
1232 HINF=TELT0f8HH INFINIOHTY

HCON=TELIO(8HH CONV FOHACTOR= )

DO 1235 I=1.NP
1235 Y(I)=(FLOAT(INBUFF(24-I4-2)1HINF)/HCON

GO TO 950
11 LUN=TELINIMENTER 1AOHTA LUN =1

READ(LUN.12)NP,(CODE(I),I=1.9)
12 FORMAT(I3,9AE)

00 5000 I=1,NP
T(I)=FFIN(LUN)
YR(I) = FFTN(LUN)

9orn CONTINUE



I(TELIO(IHOONVERI ,BHTC OELTA,BH H T 1C).F0.2.)GOTO 900
HINE=TFLIO(8HH INFINIOHTY = C)
HCON=T5LIO(8HH FACTOR,8H = 0)
00 8CC I=1,NP
Y(I)=(YR(I)--HINE)/HOON
G C TC, (15r1

900 00 91C I=1,NF
910 Y(I)=YR(I)
950 IF(TELI0t3HCALCULAT,IHE LOGS T).E0.2.)G0 TO 20

00 15 I=1,NP
15 YT(I)=ALOG(Y(I))

GO TO 25
20 DO 21 I=1,NP
21 YTII)=YTI)
25 IF(TELIO(8HTAPLE TO).E0.2.)G0 TO 42

WRITE(61,32)
30 F0RMAT(2X,# Yt,8X,tLOG Yt8X,#TIMEt//)

WRITE(61,4q(Y(I),YT(I),T(I),I=1,NP)
40 FORMAT(F7.2,3X,E10.3,3X,F5.1)
42 YMAX=0.0

YTMAX=0.0
IMAX=0..1
YTMIN=999.9
D O 55 I=1,NP
IF(Y(I).GT.YMAX)YMAX=Y(I)
IF(YT(I).GT.YTMAX)YTMAX=YT(I)
IF(T(1).G.T.TMAX)THAX=T(I)

55 IF(YI(I).LT.YTMIN)YTMIN=YT(I)
WRITE(61,73)YMAX,YTMAX,YTMIN,TMAX

70 FORMAT(* Y MAX=1E11.3/1 MAX LOG r=tE11.3/t MIN LOG Y=*E10.3,

50
Tt MAX TIME=tE10.3)
IF(TELIO(8HPLCT POI,8HNTS T 01).E0.2.)G0 TO 250
CALL SETUPtIPLOT)
IF(TFLIC(8HOK T 0O).E0.2.)GO TO 50

75 IF(TELIO(8HLCG Y T).E0.1,)G0 TO 76
IF(TELI0t8HPLCT Y T).E0.2.)G0 TO 75
GO TO 110

76 WRITf461,801
80 FORAAT(t PLIP*it 0 Gt)

00 81 I =1, NP
Y9=(YT(I)YMIN)/YDIF*9999,
XP=(T(I)..XMIN)/XDIF*9999.

81 WRITE461,90)X9,YP
90 FORMAT(1X,54.C,1X,F4.0)

WRITE (61,95)
95 FORM.ATtA3)

WRITE (61,1,00)
100 FCR1AT(t PLTTt)

GO TO 116
110 WPITF161,80)

DO 115 I=1,NP
YP=(rtI)...YMIN)/YDIE*9999.
XP=(T(I)XMIN)/X0IF*9999.

115 WPITEt61,904XP,YP
WRITE (61,95)
WRITE(61.100)

116 IF(TELIO(8HOK T CO).EO.2.)G0 TO 1232
C
C REGRESSION REQUEST WITH POINT DELETION
C
250 IF(TELIO(8HREGRESST).E0.2.)G0 TO 120
2r5 N1=1fLIOI8HFROM 1101-IgtiNT

N2=TELT0(8HTO POINT,8H NO.= 00)
M=M4-1
CALL REGRESS(N102,M,YTIT)
IF(TELIO(8HRMS 0).E0.1.)CALL RMS(Y,T,A,1)
IF(TELIO(8HPLCT LIN,HE T .0).E01.2.)G0 TO 120
CALL LINEPLOT(IPLOT)

120 IF(TELIO(8HSU3TRACTIIHIVE PROCOMEDURE T0).E0.2.)G0 TO 1000
C
C CALCULATES Y POINTS FROM GIVEN CLEF. ANO SUBTRACTS VALUES FROt.
C THE REAL Y POINTS
C
200 J=TELI018H5ROM POIOHNT. 00)

K=TELIO(8HTO POINT,8H. 00)
LREG=IELIO(8HLSING RE18HGR.ESSION,SH LINE NU.8HMPER, 0)
00 125 I=J,K
YHAT(I)=AtLPEG)+P(LRFG)*T(I)
5Y(I)=EX9(YHAT(I))
YSU3(T)=EXt(YI(I)i-..EY(I)

125 ALYSUE(I)=ALOG(YS03(I))
sYsoe=1
S ALYSL1=t7
SU3lIt,=9999.



SU3LMIN=9959.
0^ 12e I=J.K
IF(YSLI(I).GT.SYSU3)SYSUP=YSU9(I)
IF(ALYSUI( I).GT.SALYSUB)SALYSUB=ALYSUB(I)
IF(YSLB(I).LT.SU9mIN)SUBMIN=YSU3(I)
IF(ALNSURfII.LT.SUCLMIN)SUlLMIN=ALYSUR(I)

126 CONTIAUF
WRITE(61,127)SYSU3,SU9MIN,SALYSU3ISUBLMIN

127 FORMAT(t SUBT VALUEStrt YMAX= tE10.3/t YMIN= t
1E10.31t MAX LOG Y= tF10.3/t MIN LOG Y= tE10.3)
IF(TFLIOIIHTABLE TO).E1.2.)G0 TO 144
WCITE(61,11'1)

130 FORMA/(t SUBTRACTED VALUESti/4XtYt12XtTt10XtLOG Y*/)
WPITE(61,140)(YSUB(I),T(I),ALYSUB(I),I=J,K)

140 FO1 1AT(1X,E10.3,1X,F7.2,5X,E10.3)
144 IF(TELIO(8HPLOT T 0).EQ.2.)GO TO 181
145 IF(TELIO(8HNEW SETU,8HP $ 000).E0,20G0 TO 149

IFLAG=2
CALL SETUP(IPLOT)
IF(TFLIC(8HOK T 00).E0.2.)G0 TO 145

149 IF(TELIO(8HLOG Y T).E0.1.)G0 TO 160
IF(TELIO(8HPLOT Y s).Eo.a.) GO TO 149
WRITE(61,31)
00 150 T7J,K
XP=AT(I)-XMIN)/XDIFs9999.
YP=(YSUB(I).-.YMIN)/YDIF*9999.

1E0 WRITE(61,93)XP,YP
WRITE(61,95)
WRITE(61,100)
GO TO 180

160 WRITE (61,80)
DO T=J,K
XP=(T(I)-XMIN)/XDIF*9999.
Yo=(ALYSU3(I)--YMIN)/YOTF*9999.

165 WRITE(61,90)XP,YR
WRITE(61,95)
WRITE(61,100)

C
C REQUEST FOR REGRESSION ON SUBTRACTED POINTS
C
180 IF(TELIO(8HREGRESST),E0.2)G0 TO 220
190 M=M+1

J=TELIO(8HFROM POI,BHNT $ ca)
K=TFLIO(8HT0 POINT,8H $ 000)
CALL REGRESS(J,K,MIALYSUB,T)
IF(TELID(8HRMS T 0).EO.1.)CALL RMS(Y,T,A,9)

191 IF(TELIO(8HPLOT LINOHE T 0 0).EQ.2.)GO TO 185
IF(IFLAG.E0.1)G0 TO 192
IF(TELIO(8f.NEW SETU,8HP $ 00).EQ.1.)CALL SETUP(IPLOT)

192 CALL LINFPLOT(IPLOT)
GO TO 191

C
C ASKS FOR PROCEDURES AGAIN

185 IF(TELIO(8HREGRESS(,8HSAME POI,8HNTS) T 0)
,E0,10G0 TO 190

220 IF(TELIO(8HSUBTRACT,8H AGAIN T).F..0/.)G0 TO 200
1000 IF(TELIO(8HREGRESS ,8HORIGINALOH OATA TO).E0.1.)G0 TO 205

IF(TELIO(FIHMOR7 T 0).E0.1.)G0 TO 240
CALL EXIT
ENO
SUBROUTINE SETUP(I °LOT)
COMMON A(20),9(20),T(500),XMAX,YMAX
COMMON XMIN,XDIF,YMINIMOIF

C SETS UP LOG OR LINEAR PLOT WITH AXES AND TIC MACK
520 WRITE(61,530)
500 FORMAT(t DO YOU WANT LOG OR LIN PLOT Tt)

RrA0(60,51C)ICLOT
510 FORMAT(A7)

IF(IPLOT.E0.3HLTN)G0 TO 535
IF(IPLOT.NE.3HLOG)GO TO 520

C
C LOG PLOT STARTS AT 1.0
f.

M=TFLIO(8HHOW MANY,8H 0 DERS 'SHOP MAGNIOHTTUDFA 0)
YMAX=FLOAT(M)
YmAX=2.301*YmAX
YMIN=P.
YOIr=YmAx
WRITF(61,525)

525 F0R1AT(* PLTLt)
X=C,
Y=0,
WPTTR(A1 r)x.Y



530 5cRmAT(1),F4.011x,F, .c)
7=2.r
In 531 I=1,M
In 533 J=1,5
Y=Yf7
YL=ALCG1C(Y)/FLOAT( ) X9999.
WPITF(61,530)X.71
X=1H.
WPITE461,530)X.YL
X=0.0

533 WRITE(61.530)X,YL
Y=0.17:

531 Z =7* 10.
WRITE(611532)

532 FOR1AT(* PLTTt)
GO TO 550

575 X=Y=C.0
YMAX=TELI0(8HYMAX= 00)
YMIN=TELIO(8WIMIN= 00)
YINC=TELIO(8HYINC= GO)
YOIF=YMAXYMIN
WRITE(61.5?5)
WRITE(61.530)X.Y
Y=YMIN+YINC

536 YL=(YYMIN)/YDIF79999.
WRITE (61,530) A,YL
X=11)0.
WPITF(61.570)X,YL
X=0.
WRITE(61.530)X.YL
y=Y+YINC
IFtY.LE.XMAX)G0 TO 536
YL=9999.
WPITE(61.530)X01
WRITE(61.532)

55G XMAX=TELIO(8HXMAY= 00)
XMIN=TELIO(8HXMIN= 00)
XDIF=XMAXXMIt
XINC=TELI0181-01INO= 00)
WRITE(61,525)
X =YL =C.
WPITE(61.570)X.YL
X=XMIM-XINC

560 XL=(XXMIN)/XDIF*9999.
W9ITE(61.530)XL,YL
11,L=lro.
WRITE(61.530)XL,YL
Y1 =1.0
WPITE(61.530)XL,YL
X =X +X INC
IF(X.LE.XMAX)GO TO 560
XL=9999.
WRITE(61.530)XLIYL
WRITE(61,532)
IF(TELIO(8H3ORDEPS ).EQ.2.)G0 TO 571
WRITE(61.5?5)
x=o.r
Y=9 c99.
WPITE(61.530)X,Y
X=999P.
WPITE(61,530)X.Y
Y=0.0
WPITE(61,530)A.Y
WRITE(61.530)X.Y
WRITE (61, 532)

570 RFTUFN
END
SOROUTINE REGRESS(N1,N2.M.YTIT)
DIMENSION IXE(50),YT(500),T1500)0(20).1(20).TEST(500)
DIMENSION TTE(500),YTF(50C)
COMMON A(20),E(20)
DATA t( TEST(I),1=1.500)=12.71,4.303.3.182,2.776.2.571.2.447.2.365,
2.336,2.262
,.2.22e.2.231,2.179.2.160,2.145.2.131.2.120,2.110.2.101.2.093,
T2.036.10(2.06).10(2.03).20(2.01).440(2.00))

C LIMITS Of POINTS ENTERED AS NI , N2
C POINT DELET ON FOLLOWS. AS KS FOR INDEX OF POINT. IF ZERO
C ENTEPED TH7N STOPS COUNTING
C

IF(TE1IO(8HOO YOU W,8HANT TO O,BHELETE POt8HINTS a 0).E0.2.)GO
0 861
WRITE(610!.10)

BOA FOR1A7(t ENTER INDFXFS OF -POINTS (0=FINISHEO)(53 TS MAX)) t
1=1



820 I=I+1
IYE(I)=EFIN(6C)
NIN=I
IF(IXE(I).E0.7)G0 TO 831
IF(I.E0.50)G0 TO R4^
GO TO 820

830 NIN=NIM-1
140 IY=T=t+1

NT=N2
841 DO 345 J=1,50

IF(IY.E14IXE(J)) GO TO 850
845 CONTTNUE

GO TO 855
850 IY=IY41"

NT=NT-1
GO TO 141

855 TTE(I)=T(IY)
YTE(I)=YT( )Y)
IF(IY.EO.N2IGO TO 560
IY=IY+1
1 =I +1
GO TO 841

160 NR=NTN1+1
GO TO 163

861 CO 962 I=N1,N2
TTE(I)=T(I)

862 YTE(II=YT(I)
NT=N2
NR =N2 N1 +1

C REGRESSION ANALYSIS POINTS APE YTE AND TTE
C

863 ANT=FLOAT(NR)
ST=SY=ST2=SY2=STY=0.0
00 865 I=N11NT
ST=ST.TTE(I)
SY=SY+YTE(I)
ST2=ST24TTE(I)*TTE(I)
SY2=SY2*-YTE(I)*YTE(I)
STY=STY+TTE(I)4YTE(I)

865 CONTINUE
SSTY=STYST*SY/ANT
SST2=ST2(ST4ST)/ANT
T1AR=ST/ANT
Y9AR=SY/ANT
9(M)= SSTY/SST2
A(M)=Y1AR-3(M)4TRAR
PMS=(SSTY*SSTY)/SST2
TOTSS=SY2(SYcSY)/ANT
ESS=TCTSS...4MS
OFE=ANTi
OFT=ANT-2.
EMS=ESS/OF
TOT1S=TOTSS/OFT
F=R1S/EMS
SERO=SORT(FMS/SST2)
PSO=RVS/TOTSS
SSY2=SY2(SY*SY)/ANT
SERA=SORT(EMS/SSY2)
ADIF=TEST(NR)*SEPCA
9DIF=TEST(NR)*SEPC
ALL =A (M) -AOIF
AUL=A(M)+ADIF
EXPA=EXP(A(M))
EXPALL=EXP(ALL)
EXPAUt= EXP(AUL)
RLL=8(4)..19IF
9UL=9 (M)330IF
HLIFF=a693/94M)
HLIFE1=.693/311
HLIFF2=.693/9LL
WRITE(61,870)

870 FORMAT(t PARAMETER VALUES FOR THE EQUATIONt/t Y=A*EXP(3'T)*12X.
1(95 PERCENT CONFIDENCE LEVELS)t//)
WRITE(61,875)M,EXPA,EXPALL'EXPAUL

875 FORMAT( t A(tI3t) = 1E10.315X,t(tE10,3i TO tE10.3,t)t)
HRITE(61,810)M,8(M)930IF

180 FORM-AT(t 9(113t) = -1E1114345X14fi- Ir14143)
WRITE(61,815)HLIFE,HLIFF2IHLIFE1

885 FORMAT(t HALFIFE = tE10.315Xft( tE10.3t TO tE10.3t)t/)
W9ITE(61,39)RSO,F

890 FORIAT(t RS0 = tE10.3/t F = tE10.3)
RFTUFN
END



SU3;.OLTINE LINEPLOT(IRLOT)
C.

C PLOTS LINE AS EITHER SINGLE EXP OR sum OF TWO
C

DIMENSION A(2),9(2C),T(500).X(51),Y(5!7)
COMMON A(21),3(20),T(50),XMAX,.1MAX
COMMON XMIN,XCIF,YMIN,YDIF

611 WRITF(611610)
610 FCRMtT(t ONE OR TWO EXPS.t)

RFA9(60,615)NUM
615 FORMAT(A3)

IF(NUM.E0.3HTWO)GO TO 650
IF(NUM.NE.3HCINE)G0 TO 611
LINE1=TEtI0J8HENTER IN, 8 1OEX OF P 8HARAMETE OHS t 0)
XL=TELIO(8HF;CM X=0)
XU=TFLI0(8HTO X= 1)
X9F=XU-XL
DO 62C 1=1,22
X(I) =X1F*FLOAT(I-11/21.+XL

620 Y(I)=EXP(A(LINE11)*EX019(LINE1)*X(I))
621 IF(TELIC(8HPLOT Y T).E0.2.)G0 TO 630

"WRITF(61-.62)
622 FORMAT(t PLTL1)

00 625 1=1,21
X0=(X(I)-XIIN)/XDIF*9999.
YP=(Y(I)-YMIN)/YOIF*9999.

625 WRITf(619627)XP,YP
627 FORMAT(1X1F4.011X,F(.0)

WRITE (61,628)
628 FORMAT(t PLTTti

RETURN
630 IF(TELIO(8HLCG Y 4'0).E(1.2.)G0 TO 621

WRITE(61.622)
DO 635 I=1.21.4
XP=IX(T)-XMIN1/XDIF49999.
YP=(ALOG(Y(I))-YMIN)/YDIF49999.

635 WRITE(61,627)XPIYP
WRITE1611628)
RETURN

650 WQITE(61,655)
655 FCRMAT(t ENTER THE INDICES OF THE PARAMETERSt)

LINE2=FFIN(60)
LINE3=FEIN(60)
XL=TELIO(8HFROM X =3)
XU=TELIO(8HTO X= 0)
XCF=XtaXL
DC 66C T=1.22
X(I)=XDF*FLOAT(T-1)/21..+Xt

660 Y(I)=EXP(A(LINE2))*EXP(9(LINE2)*X(I))4
EXP(A(LINE3))4EXP(I(LINE3)*X(I))

662 IF(TELIO(8HLCG Y fl.E0.1.)G0 TO 670
IF(TFLIO(8HPLOT Y .E0.2.)G0 TO 662
WPITE(61.622)
DO 665 I=14.21
XF=(X(I)-XIIN)/X0IF*9999.
Y0=(Y(I)-YMIN)/YDIF*9999.

665 WRITE(61.627)XPIYP
WPITF (61, 628)
RETURN

670 WRITE(61,622)
00 675 1=1,21
XP=(X(T1-XMIN) /XDIF4'99994
YP=(ALOG(Y(I))-YMIN)/YDIF49999.

675 WRITE(61,6 ?7)XP,YP
WRITE (61,628)
RETURN
END
SUBROUTINE PMS(Y,T,A,31

C CALCULATES TH7 RESIDUALS AND SETS THE RMS EQUAL TO
C THE .SOJAPE P017 OF THE SQUARES OF THE RESIDUALS !TI-
C VICIED BY THE NUM3ER OF POINTS MINUS THE NUM9ER OF
C COMPONENTS

DIMENSION Y(1C00),T(1000),A(20),3(20)
DIMENSION YHAT(1C00)

30 PRINT 10
10 FCRIAT(t ONE CR TWO EXPSt)

READ(60.20)IRNS
20 FCRMAT(A3)

IF(IRMS.E0,3HTWO)00 TO 100
IF(IRNS.NE.3HONE)G0 TO 30
PRINT 35

35 FORMAT(t ENTER N1,N12.INDEX.t)
N1=FFIN(60)
N2 =FFTN(6))



IN=PPINtr,)
PmSS=C.'1
7)r) 4C I=N1,N2
YHAT(I)=EXD(A(IN))*EXP(9(IN)*T(I))
R=A3SAY(T)-YHAT(I))
RMSS=PMSS+R"2

41 CONTItAJE
R4SS=SORT(PMSS/(N2-N1))
WPITF(61,45)Rt,S'3
FORMAT (# R4S = t710.3)
RFTUFN

100 POINT lir
110 FCP1ATit ENTER N1yN2,INOEXn,INOEX>2t)

N1=FFIN(60)
N2=FFIN(6C1
IN1=FFIN(6q
IN2=FFIN(61)
RuSS=C.0
DO 12C I=N11N2
YHAT(I)=EXP(A(IN1))*EXP(3(IN1)*T(I))+
1FYP(A (IN2))*EXP(3(IN2)*T(I))
P=A3S(Y(I)-YHAT(I))
RMSS=FMSS+R**2

120 CONTIt,U7
RmSS=SrFtT(RMSS/(N2-N1-1))
WPITE(61,45)RmSS
RFTUFN
ENO


