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Abstract

Quantitative Structure-Activity Relationships (QSAR) have been successfully applied

for predicting toxicity of simple hydrophobic organic chemicals acting nonspecifically as

narcotic agents. However, the activities of specifically-acting compounds are far more difficult

to describe. This fact is especially true if these compounds are present in the form of different

species and act according to several mechanisms. In these cases, QSARs on acute toxicity data

often contain outliers that cannot be explained. Such QSARs are unreliable for prediction.

Moreover, appropriate descriptors for these QSAR equations are difficult to identify.

Consequently, it is preferable to study the effects of these compounds on a mechanistic level,

and then apply the knowledge gained to the organism- or ecosystem-level.

Substituted phenols fall into the category of specifically-acting compounds. Depending

on the substitution pattern, they interfere with energy transduction according to three

independent mechanisms— uncoupling, inhibition, and narcosis, which may occur

simultaneously. Furthermore, phenols are weak acids that dissociate to variable degrees in the

environment. To date, in many cases, it is not clear to which extent either species contribute to

the toxic effect. In addition to being interesting model compounds, phenols are of

environmental concern. Despite their degradation potential, some phenols are ubiquitous in the

environment where they are directly introduced, e.g., as pesticides, or formed indirectly as by¬

products of anthropogenic processes. The compounds in this study were chosen to study the

influence of substituents with regard to acidity, hydrophobicity, steric effects, and intra- or

intermolecular interactions. The compound set comprised of 10 substituted mono- and

dinitrophenols and 14 chlorophenols.

In this work, we present a new, mechanistically based approach. We have applied time-

resolved spectroscopy on the energy-transducing membranes of the photosynthetic bacterium

Rhodobacter sphaeroides to detect and to quantify the effects of substituted phenols on energy

transduction.

Phenolic compounds can uncouple ATP synthesis from electron transport by

transporting protons across the membrane, and thereby dissipate the electrochemical proton

gradient. The uncoupling activity of substituted phenols was detected by following

spectroscopically the development of the membrane potential after a single turnover of the

photosystem. Uncouplers accelerated the decay of the membrane potential. The decay kinetics

were found to be first-order with respect to the uncoupler concentration when the phenoxide

was the dominant species inside the membrane bilayer, implying that the rate-limiting permeant

species is the phenoxide. When there was an excess of neutral phenol over the phenoxide

species inside the membrane bilayer, the rates were second-order with respect to the total

uncoupler concentration, and the charged permeant species is supposedly a heterodimer formed
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from phenol and phenoxide As pH-dependent experiments showed, there is a continuum

between the two possible mechanisms of proton transfer At pH 7, most of the more acidic

nitrophenols obeyed the first-order rate law, whereas most chlorophenols followed the second-

order rate law A qualitative transport model for the protonophonc activity of phenols in

chromatophores was proposed based on models of protonophonc activity in artificial planar

lipid bilayers

In addition to uncoupling, phenols can interfere with the electron transfer by binding to

quinone binding sites in the electron transfer chain In this work, the inhibition site was

localized, and the activity was quantified with the help of time-resolved spectroscopy on the

redox status of several components of the electron transfer chain Overall, higher total

concentrations of uncoupler were required for inhibition as compared to uncoupling The active

species was found to be the phenoxide, which acted as semiquinone analogue, binding

competitively to the Qc-binding site on the cytochrome bei-complex

The effective concentrations at the target sites were determined with the help of

membrane-water partitioning experiments It was shown that liposomes made of

phosphatidylcholine could be used as simplified model system for biological membranes The

apparent liposome water distribution ratios were measured as a function of pH, phenol and

countenon concentrations In the linear range of the sorption isotherm, which covers the

concentration range relevant for the toxicity, the distribution was desenbed by simple

partitioning of the three species involved phenol, phenoxide and the ion pair Higher

concentrations of phenoxides caused the build-up of a surface potential on the liposomes so

that an electrostatic term had to be included in the model Whereas the partition coefficients of

the phenol species were very similar in both systems, the distribution of the phenoxides were

almost three orders of magnitude higher in the liposome-water system than in the octanol-water

system Hence, the liposome-water distribution ratios proved to desenbe the uptake of

hydrophobic lonogenic compounds into biological membranes more adequately than their

corresponding octanol-water distribution ratios because the bulk solvent octanol is a less

favorable surrounding for the charged species than the anisotropic lipid bilayer

The qualitative relationship between structural properties and activity was discussed

based on the data of presence and speciauon of the phenols at the target sites In addition, initial

QSARs were developed for uncoupling The results presented in this dissertation confirm the

necessity of a mechanistic approach to understand the complicated modes of action of phenols

in energy-transducing systems
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Zusammenfassung

Quantitative Stniktur-Aktivitatsbeziehungen (QSAR) sind ein niitzliches Mittel, um die

Toxizitat von nichtreaktiven hydrophoben organischen Verbindungen vorherzusagen. Viel

schwieriger ist es, die Aktivitat von spezifisch wirkenden Substanzen zu beschreiben,

insbesondere, wenn solche Stoffe in mehreren Spezierungen vorliegen oder nach

verschiedenen Mechanismen wirken. Oft enthalten QSARs, die die akute Toxizitat von

reaktiven Stoffen beschreiben wollen, viele AusreiBer und eignen sich deswegen nicht fur

Vorhersagen der Aktivitat unbekannter Stoffe. Es ist daher notwendig, die Effekte solcher

Verbindungen zunachst auf molekularer Ebene zu untersuchen und die Ergebnisse erst spater

auf die Ebene von Organismen oder gar Okosystemen zu iibertragen.

Substituierte Phenole wirken vor allem auf die energieiibertragenden Membranen in

Mitochondrien, Chloroplasten und Einzellern, wo sie als Entkoppler, Inhibitoren oder als

unspezifische Anaesthetika agieren konnen. Zudem war bisher nicht bekannt, welchen Anteil

die zwei auftretenden Spezies, die Saure Phenol und ihre konjugierte Base Phenolat, am

toxischen Effekt haben. Phenole sind aber nicht allein nur interessante Modellsubstanzen fur

unsere Fragestellung, sondern iiberdies umweltrelevante Schadstoffe. Trotz ihres

Abbaupotentials sind sie ubiquitar in der Umwelt vorhanden, wo sie direkt, z.B. als Pestizide,

eingetragen werden oder indirekt in der Folge von technischen Prozessen gebildet werden. Die

Modellverbindungen umfaBten 10 Nitro- und alkylierte Nitrophenole sowie 14 Chlorphenole,

die einen weiten Bereich von Saurestarke und Hydrophobic abdecken.

In dieser Arbeit schlugen wir einen neuen mechanistischen Ansatz zur Untersuchung

der Toxizitat von Phenolen vor. Mit Hilfe von zeitaufgeloster Spektroskopie an den

energieiibertragenden Membranen des photosynthetischen Bakteriums Rhodobacter

sphaeroides sollten die Effekte von Phenolen auf die Energieubertragung untersucht und

quantifiziert werden.

Phenole konnen die ATP-Synthese vom Elektronentransport abkoppeln indem sie

Protonen iiber die Membran transportieren und so den elektrochemischen Protonengradienten

zerstoren. Zur Bestimmung der Entkopplungsaktivitat der Phenole wurde die Entwicklung des

Membranpotentials nach einem Einzelumsatz des Photosystems spektroskopisch detektiert.

Entkoppler beschleunigen den Abbau des Membranpotentials. Die Abbaukinetik war erster

Ordnung gegeniiber der totalen Entkopplerkonzentration, wenn das Phenolat die dominierende

Spezies in der Lipidmembran war. Wenn ein UberschuB an Phenol in der Membran vorlag und

die Konzentration an Phenolaten im Bereich der Konzentration an Photosystem war, dann

wurden Geschwindigkeitskonstanten zweiter Ordnung gefunden. Im ersten Fall ist die

Diffusion des Phenolats iiber die Membran der geschwindigkeitsbestimmende Schritt, im

zweiten Fall wird vermutlich ein Heterodimer aus Phenol and Phenolat gebildet, dessen
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Diffusion geschwindigkeitsbestimmend ist Wie pH-abhangige Versuche zeigten, gibt es einen

gleitenden Ubergang zwischen diesen beiden protonophoren Mechamsmen Bei pH 7

gehorchten die meisten der Nitrophenole dem Geschwmdigkeitsgesetz erster Ordnung,

wahrend fast alle Chlorphenole gemaB zweiter Ordnung reagierten Ein quahtatives

Transportmodell, das die protonophore Aktivitat von schwachen Sauren in biologischen

Membranen beschreibt, wurde aus diesen Entkopplungsdaten und mit Hilfe von Modellen fur

planare Lipiddoppelschichten abgeleitet

Uberdies konnen Phenole den Elektronentransfer mhibieren, indem sie Chinon-

bindungstellen blockieren Zeitaufgeloste Spektroskopie an verschiedenen Redoxkomponenten

der Elektronentransportkette erlaubte die quantitative Detektierung und raumhche Zuordnung

der Inhibitionsakuvitat der Phenole In der Regel wurden hohere Konzentrationen benotigt, um

Inhibition hervorzurufen, als fur Entkopplung Die aktive Spezies scheint das Phenolat zu seui,

welches als Semichinon-Analogon kompetitiv an die Qc-Bindungstelle an dem Cytochrom bci-

Komplex binden kann

Die effektiven Konzentrationen der Phenole in biologischen Membranen wurden mit

Hilfe von Sorptionsexpenmenten an Membranen von Rhodobacter sphaeroides und

Phosphattdylcholin-Liposomen abgeschatzt Die Liposom-Wasser Verteilungsverhaltmsse als

Funktion von pH und Gegemonenkonzentration konnten im linearen Bereich der Sorptions-

lsothermen durch em einfaches Modell, das die Verteilung von drei Spezies, Phenol, Phenolat

und Ionenpaar, vorsieht, vollstandig beschneben werden Bei hoheren Phenolatkonzen-

trationen muBte m das Modell zusatzhch em elektrostatischer Term eingefuhrt werden, der den

Aufbau eines Oberflachenpotentials durch sorbierte Phenolationen berucksichtigt Fur die

Beschreibung der Aufnahme von hydrophoben lonogenen organischen Verbmdungen in

biologische Membranen eignen sich die Liposom-Wasser Verteilungsverhaltmsse besser als die

entsprechenden Oktanol-Wasser Verteilungkonstanten, denn im Losungsmittel Oktanol wird

der wichtige Beitrag des geladenen Tenches um fast drei GroBenordnungen unterschatzt

Der qualitative Zusammenhang zwischen strukturellen Eigenschaften und Aktivitat der

Phenole wurde anhand der Konzentration und Spezierung der Phenole am Wirkort diskutiert

Zudem wurden erste QSARs fur die Entkopplung entwickelt Die Resultate der vorliegenden

Promotionsarbeit bestatigen die Notwendigkeit eines mechamstischen Ansatzes zur Klarung

der vielfaltigen Wirkungen von Phenolen in energieubertragenden Syslemen
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Glossary

ota fraction of the phenol in non-dissociated form at a given pH

A" phenoxide

AHA" heterodimers of neutral phenol with phenoxide

AM ion pair of alkali ion with phenoxide

ATP adenosine-triphosphate

BChla bacteriochlorophyri a

Bph bacteriopheophytin

cph chromatophore

Ccph total of phenol incorporated in the chromatophore membrane

CioOms total uncoupler concentration inducing decay kinetics with tj/2 = lOOmsec

cyt cytochrome

DCMU (3-(3',4'-dichlorophenyl)l,l-dimethylurea)

Aa polarizability

AAXXX absorbance change at xxx nm

A|i dipole moment

A(1h+ proton motive force

Amw difference between the logarithms of distribution ratios of the neutral and

charged species in a given lipid phase-water system

A\|/ membrane potential

Dmw distribution ratio between a lipid phase and water

ApH proton gradient

Dinoseb 2-i-butyl-4,6-dinitrophenol

Dinoterb 2-?-butyl-4,6-dinitrophenol

DNOC dinitro-ortho-cresol; or 2-methyl-4,6-dinitrophenol

DOPC L-a-dioleyl-phosphatidylchoUne

DPPC L-a-dipalmitoyl-phosphatidylcholine

Eh ambient redox potential

Emj midpoint potential of a redox couple at pH 7

HA nondissociated phenol

Iqc inhibitory activity, given as percentage of complete inhibition of Qc

ICXX total concentration of phenol added to the chromatophore suspension that in¬

duces %AAmax = xx %

ki first order rate constant for the uncoupling activity

k2 second order rate constant for the uncoupling activity

K operational acidity constant in the lipid phase



K acidity constant in the aqueous phase

Ks stability constant of the semiquinones

K, ion pair formation constant in the water phase

Kmw partition coefficient between a lipid phase and water

kobs pseudo first order rate constant for the uncoupling activity

lip liposome

n-side side of the membrane towards which the protons are translocated (neg

Ahh+)

o octanol

P or Pg7o special pair of bactenochlorophylls in the reaction center complex

PCP pentachlorophenol

%AAmax percentage of the maximum effect at 561-569 nm

[phenol]tot total concentration of phenol added to the chromatophore suspension

[PL]cph concentration of phospholipids in chromatophores

[PL]hp concentration of phospholipids in liposomes

p-side side of the membrane towards which the protons are translocated (pos

AM-H+)

Q quinone

Qa>Qb.Qc>Qz> quinone binding sites

QH semiquinone

QH2 quinol or hydroquinone

Rb Rhodobacter

RC reaction center complex

Rps Rhodopseudomonas

UQio ubiquinone 10

x(t) normalized kinetic trace
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1 General Introduction

1.1 Substituted Phenols in the Environment

Chlorinated and nitrated phenols are ubiquitous in the environment. Traces of pen-

tachlorophenol (PCP), for example, were found even in remote areas (WHO, 1987).

Nitrophenols and mono-, di- and trichlorophenols are produced as intermediates in the

synthesis of dyes and pesticides. The alkylated nitrophenols DNOC, Dinoseb, and Dinoterb are

among the oldest synthetic organic pesticides, and are used mostly as contact herbicides

(Tremp, 1992). PCP and, to a minor extent, the tetrachlorophenols are used as fungicides in

wood preservation (WHO, 1987). In Switzerland, pentachlorophenol and tetrachlorophenols

have been banned since 1989 (StoV, 1989), but DNOC and Dinoseb are still in use as

herbicides (FAW, 1994/1995).

Indirect sources of chlorophenols are phenoxyacetic herbicides containing chloro-

phenolic contaminants, and hexachlorobenzene and lindane, which are degraded to PCP and

lower substituted chlorophenols (Ahlborg & Thunberg, 1980). Less chlorinated phenols are

directly used as disinfectants, and the chlorination of water also leads to the production of

chlorophenols (Ahlborg & Thunberg, 1980). Another important indirect source is the

chlorination of lignin in pulp mills during the bleaching process (Leuenberger et al., 1985;

Walden et al., 1986). Finally, nitrophenols may be formed in the atmosphere photochemically,

or may be emitted from car exhaust (Leuenberger et al., 1988; Tremp, 1992).

In the environment, chlorophenols partition preferentially into soil and accumulate in

organisms due to their low volatilities and high hydrophobicities (Shiu et al., 1994). Table 1.1

gives an overview of the environmental concentrations of PCP. Except for occupational

exposure, the main route of uptake of phenols by humans is ingestion because PCP is

accumulated in the food chain (Geyer et al., 1987). In the U.S., the average daily human intake

of PCP is 10 to 20 ng-day1 (Hattemer-Frey & Travis, 1989).

Substituted phenols can be degraded photolytically and by microorganisms. For PCP,

microbial degradation is slow in anaerobic water and in sediments (half-life of several weeks to

years) and fast in soils of high pH and high organic matter (half-life of days to weeks) (WHO,

1987). Similar results were found for the less chlorinated phenols (WHO, 1989). Nitrophenols

can be converted to the corresponding amine derivatives. Despite their degradation potential,

particularly highly substituted phenolic compounds can still be classified as persistent chemi¬

cals. For example, significant levels of PCP were found up to two years after an accidental

release of wood-treating waste in water, fish, and sediments (Ahlborg & Thunberg, 1980).
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From an ecotoxicological point of view, phenolic compounds are of concern because

they are universally toxic to all organisms- microorganisms, plants, and animals

Table 11 Environmental concentrations ofpentachlorophenol

[PCP]fl(ngkg-l)

Air 0 00014 |igm-3

Water 0 0082

Soil 33 3

Sediment 0 80

Suspended Sediment 0 50

Vegetation 50

Whole Milk 15 2

Fish 50

"Experimental data compiled by (Hattemer-Frey & Travis, 1989)

1.2 The Toxicity of Substituted Phenols

Phenols are toxic to all orgamsms, exhibiting their effect at micromolar concentrations

Acute toxicity, expressed as LC50-values for aquatic organisms (LCso(24 or 96h) = concentra¬

tion of a compound in the water phase that is lethal to 50 % of the test organisms within 24 or

96 hours), range from 85 - 170 (XM for 2-chlorophenol (Jorgensen et al, 1991), 46 - 87 jiM

for 2,4-dinitrophenol (Rippen, 1990), 8 - 30 |iM for DNOC (Rippen, 1990) to 0 8 |iM for

PCP (Jorgensen et al, 1991), determined for the test fish fathead minnow

On a molecular level, the most important targets for phenols are the "energy factories"

of organisms, namely, mitochondna, chloroplasts, and bactenal cytoplasmic membranes

Phenols may act as uncouplers, inhibitors or merely as narcotic agents (Hermens, 1989)

Uncouplers destroy the chemiosmotic proton gradient by short-circuiting the electron

transport chain, thereby preventing ATP synthesis without directly affecting the ATPase

(Mitchell, 1961) Typical uncouplers are weak organic acids which are able to transport

protons across the membrane along a concentration and potential gradient (Terada, 1990) This

mode of action has been postulated as a shuttle mechanism The deprotonated form mside the

biological membrane takes up a proton from the adjacent water phase, and forms the acidic

form that can diffuse across die membrane and discard its proton at the opposite side of the

membrane into the water phase (McLaughlin & Dilger, 1980)
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Certain substituted phenols are structurally similar to quinones and quinols. Quinones

and quinols are abundant in the energy producing membrane systems in mitochondria, chloro-

plasts, and bacteria, where they convert the electron gradient into die proton gradient that ulti¬

mately drives the ATP synthesis. Quinone analogues are well known to interfere with the

electron transport chain by binding to the quinone binding sites and thus blocking the electron

flow (Draber et al., 1991). A given phenolic compound may, therefore, act concomitantly as

uncoupler and inhibitor ("inhibitory uncoupler") but most phenols exhibit their uncoupling

activity at lower concentrations than their inhibitory activity (Moreland, 1980).

Narcosis (or anaesthesia) retards the cytoplasmic activity and constitutes the nonspecific

and reversible baseline toxicity of any compound. Almost a century ago, Meyer (Meyer, 1899)

and Overton (Overton, 1901) discovered independently a strong correlation between olive oil-

water partition coefficients and narcotic potency, and they proposed that a general perturbation

of lipoid sites, in particular, lipid membranes, is the molecular basis of this mode of action

(membrane perturbation theory). Besides membranes, proteins may also be the target sites of

narcotic agents (protein receptor theory) (Franks & Lieb, 1990).

Some substances are more toxic than expected from simple narcosis without being

specifically reactive. These compounds contain typically a strong hydrogen bonding group and

are therefore called polar narcotics (Veith & Broderius, 1990).

1.3 Quantitative Structure Toxicity Relationships

The structure of a molecule bears a causal relation to its physico-chemical properties,

e.g., melting point, vapor pressure, or aqueous solubility, as well as to its chemical reactivity

and its biological activity. Quantitative Structure Activity Relationships (QSARs) are

mathematical equations correlating an observed effect with one or more descriptors of

molecular structure or properties. This concept has been well established in pharmacology and

drug design and has been widely used for predicting activities of nontested compounds (Silipo

& Vittoria, 1991). QSARs are based on extra-thermodynamic linear free energy relationships

(LFER) implying that the free energy contribution of hydrophobic, electronic, steric, and other

factors are independent of each other, and can therefore be summed up for a given compound

(Hansch, 1969). In recent years, QSAR analysis has been successfully extended to describe

the fate and effect of chemicals in the environment, e.g., partitioning in the different

environmental compartments, sorption, degradation, uptake by organisms, or toxicity

(Hermens, 1989; Kaiser, 1983).

To date, QSARs in aquatic ecotoxicology have been successfully applied to predict the

acute toxicity, e.g., lethality, particularly of compounds without specific mode of action. The

endpoint lethality is a result of all processes from uptake of the given compound to excretion
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via accumulation, metabolism, degradation, etc
, together with the actual toxic effect The

QSAR equations denved from acute toxicity data generally consist of a single descriptor for the

hydrophobicity, such as log KoW Good correlations have been obtained for nonreactive,

nonspecifically acting chemicals that act solely as narcotic agents The narcotic effect, which is

equivalent to the baseline toxicity of any chemical, is directly related to the ease of uptake of a

given compound by an organism

In contrast, the toxicity of reactive chemicals is strongly dependent on their mode of

toxic action The mode of toxic action cannot be predicted from the chemical structure alone but

is also dependent on the properties of the target organisms Consequently, the toxic effect is

underestimated by log KqW alone, and additional descriptors are needed to describe the activity

of these compounds

Existing QSARs of phenol toxicity can be roughly classified into two groups QSARs

for the prediction of acute toxicity for aquatic organisms, and QSARs describing specific

effects on a molecular level

Most QSAR denved for acute toxicity or cytotoxicity of phenols made use of log Kow

as single descnptor (Ahlers et al, 1991, Babich & Borenfreund, 1987, Schultz et al, 1986,

Shigeoka et al, 1988), or a combination of log KqW with an electronic descnptor, such as the

Hammett constant o (Hansch & Fujita, 1964), the acidity constant pKa (Saito et al, 1991) or a

field parameter F (Schultz et al, 1989) For test sets consisting only of homologous

compounds such as chlorophenols, hydrophobicity and acidity are highly correlated QSARs

denved from such test sets could not be extended to other substituted phenols

Studies that discuss the influence of the pH-dependent speciation of phenols on toxicity

disagree about the contribution of the neutral and charged phenol species It has been suggested

that QSARs of toxicity and bioaccumulation could be improved by applying the pH partition

rule, which implies that only the neutral form of the phenol is physiologically active (van

Gestel et al, 1991) In other studies it was assumed that both species contribute additively to

the toxicity with the neutral species being m general intrinsically more toxic than the phenoxide

(Konemann & Musch, 1981, Saankoski & Viluksela, 1981) Saarikoski and Viluksela

(Saarikoski & Viluksela, 1981) found a good correlation between the acute toxicity of

substituted phenols for guppy fish and two descriptors, log Kow and ApKa (= pKa(phenoi) -

pKa(subsututed phenol)) With an empincally denved correction of the LC50 for the ionization of

the phenols, they were able to predict toxicities at three pH values with one equation The use

of the apparent octanol water distribution ratio logDow(pH) (Scherrer & Howard, 1977), did

not improve the quality of the regression apparently because the effect of the acidity of a phenol

on its uptake is opposite to the effect on the toxicity (Saankoski & Viluksela, 1982)

Some efforts have also been put into a different approach which explains differences in

acute toxicity in terms of specific modes of actton This method rehes upon the assumption that

separate QSARs can be set up for every specific mechanism Schultz et al (Schultz et al,
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1986) found two parallel regression lines when plotting log LC50 versus log K<,w. They

associated the regression line of the more toxic phenols with uncoupling, and the other

regression line with narcosis. Later, they proposed the use of pKa in selecting the mode of

toxic action (Schultz, 1987). Acidic phenols (pKa < 6.5) were classified as uncouplers, and

phenols with pKa > 8 were classified as polar narcotics. QSARs for polar narcotics contained

an electronic parameter in addition to KoW, whereas simple narcosis were modelled with KoW

alone (Schultz et al., 1989; Veith & Broderius, 1990). However, this empirical approach is of

limited usefulness for predicting the toxicity of new compounds because the classification

criteria are not clearly defined.

QSAR analyses of the acute toxicity of phenolic compounds in aquatic systems have

been successful in estimating overall toxic effects and in comparing the toxic response in dif¬

ferent organisms. However, these analyses reach the limit of their usefulness when applied to

distinguish between baseline toxicity, i.e., narcosis, and specific toxicity. In these cases,

QSARs that describe specific modes of toxic action would be a valuable tool.

The uncoupling activity of phenolic compounds has been the focus of most QSARs on

specific mechanisms. In most studies, the increase of the respiration rate in mitochondria was

used to quantify the uncoupling activity. Even for a test set comprised of only chlorophenols,

Kow and pKa alone were found not to be sufficient descriptors but in addition some steric

parameters were required, in particular for the ortho substituents (Ravanel et al., 1989).

Miyoshi et al. showed that the uncoupling activity of a large number of independently

substituted phenols correlated well with their potency to increase the proton permeability across

liposomal membranes (Miyoshi et al., 1987b). Both proton permeability and uncoupling ac¬

tivity could be described with a combination of two descriptors, the apparent liposome-water

distribution ratio at the pH of the experiment together with the pKa of the compounds (Miyoshi

& Fujita, 1988; Miyoshi et al., 1987b). If KqW was used instead of the apparent liposome-

water distribution ratio, again a steric parameter had to be included into the QSAR equation. In

addition, a quadratic pKa term helped also to improve the equations because there is a bell

shaped maximum of the pH-dependent uncoupling near the pKa-value (Miyoshi et al., 1987c).

Still, certain compounds as 2,4,6-trichlorophenol and Dinoseb devalued the quality of these

QSAR equations, which was attributed to concomitant inhibitory activity (Miyoshi et al.,

1990).

The inhibitory activity of the phenols was determined by the decrease of the respiration

rate in mitochondria that were fully uncoupled with a very potent uncoupler (Miyoshi et al.,

1990). QSARS derived for the inhibitory activity of these types of inhibitors included a term

for the ability to form hydrogen bonds (Miyoshi et al., 1993). However, some phenols did

neither decrease the respiration rate in the fully uncoupled state, nor were they able to com¬

pletely stimulate respiration when added alone (Miyoshi et al., 1990), and others decreased the

fully uncoupled respiration rate either more or less than if they were added alone (Tokutake et
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al, 1991) As in mitochondrial systems only the response of an overall effect is observed, l e
,

the response of the respiration rate to the inhibition of the electron transfer, mechanistic

explanations are quite hypothetical It is difficult to set up rational QSARs on inhibition solely

based on respiration data

In conclusion, the toxicity of substituted phenols has not been adequately described by

QSARs hitherto because of two reasons First, substituted phenols are weak organic acids, and

both the neutral acid and its charged conjugated base may contribute to the toxic effect Second,

depending on the type and number of substituents, a given phenol may act as uncoupler, in¬

hibitor, or simply as narcotic agent These three modes of toxic action are difficult to distin¬

guish because they may all three be effective for a particular phenolic compound, although

typically at different concentrations

1.4 Kinetic Spectroscopy on the Photosystem of

Rhodobacter Sphaeroides as Method to Determine

Toxic Effects of Substituted Phenols

The method typically used to determine uncoupling activities is the measurement of the

respiration rate of mitochondria, which is accelerated by uncouplers An inhibitor of the elec¬

tron transport reduces the respiration rate Since these two effects may partially cancel each

other, the measurement of the respiration rate alone does neither allow one to distinguish

between uncoupling and inhibition nor to quantify the effects Therefore, in this work, time-

resolved rapid flash absorption spectroscopy was used to investigate separately the uncoupling

activity as well as the inhibitory effects of phenols on the photosynthetic membrane of the

purple bacterium Rhodobacter (Rb j sphaeroides The photosynthetic membranes are readily

available and very well characterized

The photosynthetic membrane of Rb sphaeroides (Figure 1 1) contains three main

components the ATPase, the light harvesting complexes (not shown in Fig 1 1), and the

electron transfer chain The electron transfer chain compnses the reaction center complex and

the cytochrome bci-complex, which are both integrated in the membrane, and a cytochrome

which is dissolved in the periplasm (Crofts & Wraight, 1983, Knaff, 1993) Upon photo-

oxidauon of the reaction center, the electrons are transported in a cyclic manner so that no elec¬

tron donor and final electron acceptor are required for the functioning of the electron transfer

As a result of the cyclic electron transfer coupled with electroneutral transfer of proton equi¬

valents, the electrochemical proton gradient, which drives the ATP synthesis, is build up The

net reaction of the electron transfer is

Hn-side >Hp-side 0 * '
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The general principle of action of energy transducing membranes is depicted in Figure 1 1 to¬

gether with the possible impairment of the funcUonmg by phenolic compounds

The kinetics of several components of the electron transfer chain can be observed with

time resolved kinetic spectroscopy (Meinhardt, 1984) Changes of the redox kinetics under the

influence of phenolic compounds give a quantitative esUmate of the inhibitory activity of these

compounds, and even allow to localize the site of inhibiUon

n-side

electron

transfer

chain

p-side

H+

Inhibition

Fig 1 1 General scheme of the photosynthetic electron transport coupled to

ATP synthesis andpossible target sites ofsubstitutedphenols

The uncoupling activity of substituted phenols can be determined concomitantly by ob

serving the membrane potential, which is proportional to an electrochromic band-shift of the

absorption band of the carotenoids in the light-harvesting antennae (Cramer & Crofts, 1982)

In the photosynthetic membranes of Rb sphaeroides, the membrane potential is the major

component of the electrochemical proton gradient that is destroyed by uncouplers

The major advantage of using kinetic spectroscopy on the photosystem of Rb

sphaeroides is the possibility to determine all three possible toxic effects, namely uncouphng,

inhibition, and narcosis, qualitatively in a single experiment or, quantitatively with the same

experimental set up Furthermore, this well characterized model system allows to resolve the

toxic effects on a mechanistic level, l e
,
real effects are determined, not the response of an or¬

ganism to an effect or the combination of effects The mechanistic approach has limitations

with respect to the predictability of ecotoxic effects Effective concentrations in the chro

matophore system cannot easily be extrapolated to effective concentrations in organisms or



8 1 General Introduction

ecosystems However, it became evident from toxicity measurements with whole organisms

that certain phenols are more toxic than expected which led to speculations about the distinction

of the modes of toxic action It follows that it is indeed necessary to examine at first the

mechanistic background of the toxicity of substituted phenols and only afterwards to put the

whole picture together, and predict the effects of a given compound to an organism

1.5 Objectives of this Work

The major goals of this study were

(1) to set up and validate a test system that allows one to determine independently the three

possible modes of toxic action of phenolic compounds on energy transduction (i) uncoupling,

(u) inhibition, and (m) narcosis,

(2) to investigate the partitioning behavior of phenolic compounds between biological

membranes and water to assess the actual concentrations of phenol and phenoxide species in

the membrane at given solution conditions, and

(3) to assess the relative importance of the various toxic effects of phenolic compounds on

membrane systems, and to evaluate the relationship between the toxic effect and the properties

of a given compound, particularly, its membrane water partitioning behavior

The choice of the test set of compounds is crucial The test compounds should cover a

wide range of acidities and hydrophobicities If only a homologous series of substituted

phenols is chosen, the physicochemical parameters are highly correlated and correlations

appear to exist where it is only a result of the collineanty of descriptors As the present study is

the initial phase of the project, it was not possible to investigate too many different compounds

Therefore, certain correlations may be overseen The test set includes 10 nitrophenols and

alkylated nitrophenols and 14 chlorophenols, some of which are important environmental

pollutants

As a method for the quantification of effects of phenolic compounds on a molecular

level we introduced time-resolved spectroscopy on the photosystem of Rb sphaeroides This

method is well-known from basic research on photosynthesis In this dissertation work, a ki¬

netic photospectrometer was built, the test system was set up and validated (Chapters 2 and 4)

With this and other established methods, the following studies were conducted

* Partitioning experiments between membrane vesicles and water were intended to quantify the

effective concentration and the speciation of the phenols inside the lipid bilayer The membrane



1.5 Objectives of this Work 9_

vesicles were generated from artificial phospholipids (liposomes) and from photosynthetic

bacteria (chromatophores) (Chapter 3).

* The uncoupling activity of substituted phenols was quantified, and the kinetics of uncoup¬

ling were studied (Chapter 5).

•k The inhibitory activity of substituted phenols was determined and the inhibitory site was lo¬

calized (Chapter 6).

* The results of the uncoupling and inhibition study were compared with each other, and cor¬

related to the effective concentrations of phenol species inside the lipid bilayer (Chapters 5 - 7).
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2 Experimental Section

2.1 Chemicals

All chemicals were of highest punty available (> 97 %) and were used as received

Methanol was HPLC-grade from Fluka (Buchs, Switzerland), octanol was punssimum grade

from Fluka, and synthetic L-a-dipalmitoyl- and L-cc-dioleyl-phosphatidylcholine (DPPC and

DOPC, respectively) were from Sigma (Buchs, Switzerland)

All biological buffers were purchased from Fluka MES (2-morpholino-ethanesulfomc

acid, pKa= 6 15), PIPES (piperazme 1,4-bis-ethanesulfomc acid, pKa= 6 8), MOPS (J-(N-

morphohno)propanesulfonic acid, pKa= 7 2), HEPPS (N-2-hydroxyethylpiperazine-N'-3-

propanesulfomc acid, pKa = 7 8), CHES (2-(cyclohexylamino)-ethanesulfonic acid, pKa =

9 55), CAPS (3 (cyclohexylamino) propanesulfomc acid, pKa =104)

The following redox mediators were purchased from Fluka DAD (2,3,5,6-tetramethyl-

p-phenylene diamine, Em? = 275 mV), PMS (N-methyl phenazonium methosulfate Em7 = 85

mV), duroquinone (Em7 = 5 mV), 1,2-naphtoquinone (Em7 = 143 mV), 1,4-naphtoquinone

(Em7 = 36 mV), 1,4-benzoquinone (Em7 = 280 mV)

The following lonophores (full names and structures are given in Figure 5 2) and

inhibitors (full names and structures are given in Figure 6 2) were purchased from Sigma

antimycin, mixture of A], A2, and A3 (purum), CCCP, FCCP, gramicidin D from bacillus

brevis, myxothiazol (95 % ), nigencin, vahnomycin

The phenols (full names are given in Table 3 1) were purchased from the following

companies Riedel-de Haen (Seelze, Germany) 2CP, 24DCP, 26DCP, 35DCP, 245TnCP,

246TnCP, 2346TeCP, 2356TeCP, DNOC, Dinoseb, Dmo2terb, Fluka 236TnCP, 345TnCP,

2345TeCP, PCP, 2NP, 4NP, 24DNP, 34DNP, Aldnch (Buchs, Switzerland) 26DNP,

DNPC, Dino4terb, Merck (Zunch, Switzerland) 4CP, 34DCP, Wako (Osaka, Japan)

SF6847 The anisols (4-chloroamsol, 2,6-dichloroanisol, 2,4,6-tnchloroanisol,

pentachloroanisol) were purchased from Fluka

2.2 Culture of Rb. sphaeroides

2.2.1 Rb. sphaeroides

The strain GA, obtained from the laboratory of A Crofts (University of Illinois, 111,

USA), was used throughout this work This strain is a mutant of the wild type of Rb
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sphaeroides that contains a smaller amount and only three types of higher oxidized carotenoids.

This strain is especially well suited for the kinetic measurements because, although the total

amount of carotenoids is smaller than in the wild type, the proportion of carotenoids

responding with a electrochromic shift to the membrane potential (Chapter 4.3.1) is higher, the

absorption background is smaller, and the spectral window for the detection of the

cytochromes (Chapter 4.3.2) is larger.

2.2.2 Cultures for the Chromatophore Preparation

Batch cultures of Rb. Sphaeroides were grown in 1-L-bottles with stoppers or in a

stirred 4-L-bioreactor at 30°C in a medium according to Sistrom (Sistrom, 1960) with succinate

as carbon source, unless otherwise indicated. After inoculation with 2% (v/v) preculture, the

culture was incubated for at least one hour in the dark. The bacteria grew aerobically until the

residual oxygen was depleted and then switched to anaerobic photosynthetic growth.

Afterwards, the cultures were illuminated with several light bulbs (100 W each) or 1 to 4

halogen lamps (500 W each) in a distance of approximately 30 cm. The cells were harvested

after 10 to 24 hours, i.e., at the end of the exponential phase or in the early stationary phase,

and immediately subjected to chromatophore preparation.

Growth curves were determined by drawing samples in regular intervals and testing the

samples for pH and relative biomass, and bacteriochlorophyll content with absorption

spectrophotometry at 550 and 802 nm, respectively.

2.2.3 Maintenance of the Cell Cultures

The bacteria were continuously transfered from batch culture to batch culture (100 mL

each) as soon as the bacterial suspension changed color from greenish to brownish after 3 to 4

days. Each time, the medium described in Chapter 2.2.2 was used, and the bacteria were

grown under the illumination of a single light bulb (100 W) after the suspension had become

anoxic in the dark.

All few months the purity of the culture was checked by plating the bacteria on agar

plates containing the medium described above. The plates were incubated in the darkness in an

anaerobic incubator, and only transfered into the light after oxygen was depleted.

For long-term storage, single colonies from agar plates were introduced into tubes filled

with agar, incubated for several days in the light, and then stored at 5° C in the dark.
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2.3 Chromatophores of Rb. sphaeroides

2.3.1 Preparation of the Chromatophores

The cells were harvested and washed several times After adding a spatula's tip of

DNAse I and MgCl2, the cells were passed through a French Press at 20'000 psi yielding the

crude chromatophore suspension (Bowyer et al, 1979) This suspension was then fractionated

by several centnfugation steps Unbroken cells and large vesicles were removed with the

pellets of two slow centnfugation steps (5 min at 12 000 rpm, and 20 mm at 16 000 rpm)

Then the supernatant containing the chromatophores was ultracentnfuge twice at 55 000 rpm

for 1 h to remove light residues and cyt C2 that was not trapped inside the vesicles dunng

French Press extrusion The resulting pellet of purified chromatophores was lyophihzed

Alternatively, the chromatophores were resuspended in a small volume of buffer, frozen by

pouring the suspension drop by drop into liquid nitrogen, and stored at -80°C Prior to an

experiment, the dry chromatophores or the thawed stock suspension were suspended in the

appropriate buffer, typically 50 mM MOPS buffer plus 100 mM total K+ at pH 7

2.3.2 Characterization of the Chromatophores

The phospholipid content, [PL]cph, of the chromatophore suspension was determined

spectrophotometncally at 623 nm after mmerahzation to inorganic phosphate and formation of a

malachite green/ molybdenum/ phosphate complex according to Petitou (Petitou et al, 1978)

The bactenochlorophyll-a content, [BChla], of the chromatophore suspension was

determined spectrophotometncally at 775 nm and by HPLC-analysis (courtesy of S Meyns,

EAWAG) after extraction with ethanol containing 10 % water, followed by filtration (Oelze,

1985)

The concentrations of the components of the electron transport chain were determined

by time-resolved spectrophotometry as descnbed in section 2 7 3

2.4 Liposomes

2.4.1 Preparation of Liposomes

For the preparation of liposomes, a mixture of L-oc-dipalmitoyl and L-oc-dioleyl-

phosphatidylcholine (DOPC DPPC = 8 2) or pure DOPC was dissolved in CHCI3 (about 20

mg mL_1) ,and dned down to a film on the glass vessel in a rotary evaporator Residual traces
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of solvent were removed under high vacuum. The film was hydrated by hand-shaking with the

aqueous buffer solution under a stream of Argon gas (Bangham et al., 1965). The resulting

suspension of multilamellar liposomes (MLV) was then exposed to ultrasonic irradiation to

form small unilamellar vesicles (SUV) (Huang, 1969). A titanium probe (Branson Ultrasonic

Co., Sonifier 450) was immersed into the lipid suspension, which was cooled in an ice bath to

avoid heating. Argon was bubbled into the suspension to prevent oxidation of the lipids. The

suspension was sonicated 3 to 6 times for 1 min. To remove large lipid vesicles and titanium

residues from the probe, the suspension was then centrifuged at 16'000 rpm for 45 min (New,

1990).

2.4.2 Characterization of Liposomes

The phospholipid content of the liposome suspension, [PL]iip, was determined

spectrophotometrically after mineralization to inorganic phosphate and formation of a malachite

green/ molybdenum/ phosphate complex according to Petitou (Petitou et al., 1978).

The radii of the membrane vesicles were determined with photon correlation

spectroscopy (PCS). The average radii of the liposomes at different pH values and K+

concentrations and of varying age (one to four weeks) were 50 to 60 nm (10 to 30%

polydiversity depending on the age of the preparation) (courtesy of M.Wiirth, University of

Constance, FRG, and N. Perschke, GMP SA, Renens, Switzerland).

2.5 Partition Experiments

2.5.1 Determination of Octanol-Water Distribution Ratios

The apparent octanol-water distribution ratios, Dow> were measured at pH 12 between

buffer solution-saturated 1-octanol and octanol-saturated aqueous buffer solution (K2HPO4

/K3PO4 [K+] = 0.1 M, or Na2HP04 /Na3P04 [Na+] = 0.05 M) according to Schwarzenbach et

al. (Schwarzenbach et al., 1988). Both phases were diluted with methanol, and concentrations

were determined by HPLC (stationary phase: RP-8 (Merck), eluent: methanol-water mixture

containing 10 % 0.01 M phosphate buffer, pH 2.5, for ion suppression) with UV-detection.

2.5.2 Determination of Membrane-Water Distribution Ratios

Sorption isotherms were determined by equilibrium dialysis as shown in Figure 2.1.

The dialysis cells were specifically designed for these experiments. They consisted of two
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glass chambers, each of 1.2 mL volume, separated by a dialysis membrane made of

regenerated cellulose with a cut-off of lO'OOO to 20'000 Da (Thomapor, Reichelt Chemie

Technik, Heidelberg, FRG). A single experiment required two dialysis cells, a reference cell

and a measurement cell. One half-cell of each cell was filled with a phenol solution, the other

one with buffer or a membrane suspension as reference or measurement cell, respectively.

HPLC

reference cell

measurement cell

Fig. 2.1 Determination ofDmw by equilibrium dialysis.

After dialyzing in a rotating tumbler shaker for 12 to 40 h (see below) at 20° C, the phenol

concentrations in all half-cells without membrane suspension were determined by reversed

phase ion suppression HPLC with UV detection (Haderlein & Schwarzenbach, 1993).

For each concentration, the experiment was performed in triplicate. In the linear range

of the sorption isotherms, membrane-water distribution ratios Dmw were calculated by eq. 2.1,

where Cref is the molar concentration of the phenol in the reference cell after the equilibrium

was reached, Cw is the concentration in the membrane-free compartment of the measurement

cell and [m] is the concentration of chromatophores, [cph], or liposomes, [lip], in kg-L"1,
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calculated per total volume of both half-cells together. In most cases, [m] accounted for less

than 1 % of the total volume so that changes of volume did not need to be considered.

The error of Dmw was calculated according to error propagation from partial

differentiation of eq. 2.1 with respect to the variables Cref, Cw, and [m]:

ocref is the standard deviation of the phenol concentration in six reference half cells, ocw is the

standard deviation of the phenol concentration in three measurement half cells, and o[m] is the

standard deviation of the membrane concentration derived from the phospholipid determination

of the membrane preparations. For a given compound under given conditions, Dmw was

measured at three or more concentrations in the linear range of the sorption isotherm. The

errors of Dmw derived from a least-square fit of Cw versus Cm were somewhat smaller than the

errors of a single determination of Dmw.

It was not possible to determine the kinetics of the sorption to the membrane vesicles

because the diffusion of the phenols through the dialysis membrane was rate limiting. This

diffusion was not dependent on pH, and only slightly dependent on the size of the molecules,

but strongly dependent on ionic strength. This suggests that neither the speciation nor the

substitution pattern of the phenol played a significant role in the diffusion process. At high

ionic strengths (100 mM to 1 M), it took 1 to 4 h to reach the dialysis equilibrium compared to

17 to 30 h at low ionic strengths (1 to 5 mM).

Loss of phenols due to sorption to the dialysis membrane was checked by separate

sorption experiments and mass balance calculations in the control cells, and was found to be

within the range of the experimental error (typically less than 5%). For instance, the sorption

coefficient of 2345TeCP to the dialysis membrane was 0.4 Lent"2 which results in

approximately 3 % sorption loss in a dialysis cell of 2.4 mL total volume and 1.9 cm2 dialysis

membrane.

Chromatophore-water distribution ratios Dcphw(pH 7) were determined at pH 7 and 100

mM K+ for a series of chlorinated phenols. Depending on the phenol, 0.5 to 8 mg lyophilized

chromatophores were homogenized in one mL buffer (50 mM MOPS, 100 mM K+, pH 7).

Concentrations of the phenols in the aqueous phase, Cw, were between 2-10-6 and 210"5 M,

and concentrations in the chromatophores, Cq>h, were between 8-10"4 and 2-10-2 mol-kgcptf1-
Liposome-water distribution ratios D]ipw were determined for all model compounds as

a function of pH at 100 mM K+. For each pH-value, a new batch of liposomes was prepared.

A mixture of 3 to 7 different buffers (10 mM each of formate, acetate, MES, PIPES, MOPS,

HEPPS, CHES, and/or CAPS) with a constant K+ concentration of 100 mM (obtained by the

addition of KC1) was used to make sure that the solutions were well-buffered at every pH
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measured and to keep the composition of the solutions as similar as possible over the whole

pH-range It was found that the type of anionic counter ion (CI" or buffer anions) did not affect

the partitioning behavior of the phenol and of the phenoxide Distribution ratios were measured

as described above with the concentration of phenols in the reference cells, Cref, not exceeding

10 5 M and liposome concentrations, [lip], of 0 1 to 5 g L
l

Liposome-water distribution ratios Di,pw of some chloroanisols were determined at

several different pH-values at 100 mM K+ with the buffers descnbed above The concentration

of anisols in the reference cells, Cref, were 10 7 to 5 10 6 M and the liposome concentrations,

[lip], were005to0 1gL]

For some phenols, the effect of the potassium concentration on Dupw was determined

at a high pH where the neutral species can be neglected These experiments were conducted at

a constant pH of 9 5 (1 to 10 mM CHES) with K+ varying from 1 mM to 1 M

Saturation expenments were performed for a few phenols at pH 3 8 in a buffer of 10

mM formate and 100 mM K+, and at pH 9 5 in 2 to 10 mM CHES buffer and variable

potassium concentration Sorption isotherms were measured as descnbed above with the

concentration in the reference cells, Cref, between 10 6 M and 10 3 M and liposome

concentrations, [lip] of 0 1 to 2 g L
1

2.6 The Kinetic Spectrophotometer

2.6.1 Set-Up of the Instrument

The kinetic single beam spectrophotometer used in this study consists of a time resolved

absorption measurement unit and a flash excitation umt (Figure 2 2) The particular features of

the instrument are a high time resolution of 1 (is and the detection of small absorption changes

on a high background absorption (approx 0 1 %) in the visible region of the light This

instrument is not commercially available, but similar systems have been descnbed and used by

several authors (Bowyer et al, 1979, Dutton et al, 1975, Venturoh et al, 1986)

Single turnover of the reaction center complex (RC) of the chromatophores was

activated by a xenon flash with a duration of approximately 2 (xs at half-maximum amplitude

The flash beam was passed through a red filter (>830 nm) placed in front of the cuvette

Minimum time between two flashes was 20 msec to assure reproducible performance of the

flash
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high voltage supply

preamplifier

transient

recorder

blue filter CUVette

\

mono-

\ chromator

shutter

H8>
halogen
lamp

Fig. 2.2 Diagram ofthe kinetic spectrophotometer.

The light path of the measuring beam was orthogonal to that of the flash. The

measuring light was provided by a halogen lamp and passes through a double monochromator

with a resolution of 1-2 nm. The intensity of the measuring light was so low that it caused no

excitation of photosynthesis, i.e., with 12 V power supply: around 1 U.W after the

monochromator. After passing through the measurement cuvette, the light was detected by a

head-on photomultiplier tube (PMT). The photomultiplier was protected from stray actinic light

by a blue glass filter. The signal was amplified in a current amplifier, and digitized in a

transient recorder. The relation between high voltage and log(signal) was linear between 350

and 550 V. Routine measurements were performed with the preamplifier set at the following

values: 5 to 10 u,A offset, 2 uA/V sensitivity, low noise gain mode, 300 Hz to 3 kHz and 6 dB

low pass filter (at a sample rate of 5 to 50 kHz).

Data were read in via a CAMAC and GPIB interface to a computer. Control of the

instrument, data acquisition, and data analysis were performed using Labview, a graphical

programming software.

2.6.2 Components

Cuvette housing and general set-up: custom built (GMP, Renens). Flash tube:

1.5 kV voltage, 80 U.F capacity, FX 249 (EG&G, Salem, Ma). Double monochromator:

H.10 DVIS, spectral range 350-800 nm, grating 1200 grooves/mm. Power supply of light

source and step motor of monochromator controlled by Spektralink (Instruments SA, Jobin

Yvon, Longjumeau, F). PMT: RU 647, 10-stage bialkali photocathode, spectral response

300-650 nm (Hamamatsu). High voltage power supply: PS 310 (Stanford Research
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Systems, Sunnyvale, Ca) Amplifier: SR 570 low noise current preamplifier with two

configurable (low or high pass) signal filters (Stanford Research Systems, Sunnyvale, Ca)

Transient recorder: 4-channel waveform recorder 6810, 12 bit, 5 MHz digitizing and

sample rate, 512 ksample memory, and CAMAC to GPIB interface 8901 a (LeCroy, Meynn,

CH) Computer Olivetti M6/480 Labview Version 2 5 2 to 3 1 (National Instruments,

Austin, Tx)

2.7 Redox-Controlled Spectroscopic Measurements

2.7.1 General

All measurements were performed under anaerobic conditions in the redox cuvette

depicted in Figure 2 3 The redox cuvette consisted of a four-sided visible grade cuvette fused

to an assembly of portals Two ports were for the argon gas, one was for the glass stirrer, one

was septum covered for the addition of chemicals, one was for the platinum wire to the

measuring electrode, and one was the entrance of the salt bndge The measuring electrode was

made of a thin platinum stop connected to a platinum wire The cuvette was connected via a salt

bndge to the reference electrode (Ag/ AgCl/ saturated KC1, Eh = 197 6 mV) The potential was

read by a potentiometer (Metrohm, Hensau, model 654) The platinum electrode was cleaned

with 25 % ammonium solution before each redox titration Occasionally, the cuvette was filled

with nitric acid/sodium nitrite and let stand over night The argon was bubbled through water

so that the suspension did not loose volume during the experiment The Ar contained less than

5 ppm O2 (otherwise O2 had to be removed)

In a typical experiment, a given amount of chromatophore stock solution was diluted in

buffer through which argon had been bubbled for 10 min The concentration of

chromatophores was adjusted so that every flash caused turnover in 95 % of the RC (as

described in 2 7 2) Then the redox mediators were added (10 (iM each of duroquinone, 1,2-

naphtoquinone, 1,4-naphtoquinone, 1,4-benzoquinone, and 20 |iM each of DAD and PMS)

followed by the addition of lonophores or inhibitors if necessary for the respective expenment

The redox potential was poised with sodium dithiomte solution to 120 to 130 mV (unless

otherwise indicated) Throughout the expenment the potential was held constant by adding

small amounts of dithiomte to decrease Eh, and ferncyanide to increase Eh After 30 to 60 min

of equilibration and redox poising in the dark, the expenment was started

One single flash or a train of several flashes spaced 40 msec apart induced cyclic

electron transfer Data (8 K samples) were collected at a sampling rate of 5 to 50 kHz 4 to 8

kinetic traces were typically averaged 1 min was allowed between each train of flashes for

complete recovery of the light-induced redox change After a measurement cycle was finished,
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new phenol, uncoupler or inhibitor was added, and the suspension was again equilibrated for

at least 15 min before the flash experiments were continued

stirrer
mre t0 tnB

Ar Ar I / p°,en,iometer
./add ton of

^( ^ea'V salt bridge
, f/S) /£% to reference

chromatophore
suspension

Fig. 23 Cuvette for redox-controlled spectroscopic measurements.

2.7.2 Concentration of the Chromatophores in Suspension

The concentrations of reaction center complex in the redox cuvette was adjusted for

each chromatophore preparation so that a single flash excited approximately 95 % of RC A

dense chromatophore suspension was prepared in 50 mM MOPS buffer containing 1 mM each

of fern- and ferrocyanide, i.e. in a redox buffer at Eh = 340 mV Photooxidation was induced

with a tiain of 8 flashes, 40 msec apait, and the redox kinetics at 542 nm wcie recorded Then

the suspension was gradually diluted until the absorption change after the first flash was

approximately 95 % of the entire absorption change

2.7.3 Concentration of the Redox Components

The concentrations of RC, cytochrome bci complex and cyt C2 were determined in the

presence of 2 5 \XM vahnomycin, 2 5 p:M mgencin and 10 (J.M antimycin

The concentration of RC, [RC], was determined from the maximum absorption change
at 542 nm after 8 (90 %-) saturating flashes with an extinction coefficient Ae (reduced minus

oxidized species) of 10 300 M-'cm"1 (Dutton et al., 1975).

The concentration of the cyt bci complex is equivalent to the concentration of cyt bs6l,

[cyt b56l], whose absorption was measured at 561 minus 569 nm (Ae = 19 500 M-'cnr1

(Meinhardt, 1984)). Cyt ctot was measured at 551 minus 542 nm (Ae = 19 500 M-'cnr1

(Crofts & Wraight, 1983))and [cyt C2] was calculated by [cyt C2] = [cyt ctot) - [cyt bsgi].
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2.7.4 Uncoupling

The membrane potential, A\|f, was induced with one single-turnover flash, and the

decay kinetics of the membrane potential were recorded at 503 nm The control trace was the

trace without inhibitor added Then, increasing amounts of phenols (up to 1 mM total

concentration) or other uncouplers were added successively In some cases, 10 \iM antimycin

and 4 iiM myxothiazol were added at the end of the experiment to check if there was still a

slow phase of build-up of membrane potential left

For the pH dependent experiments, other buffers were used (MES, MOPS, HEPPS,

CHES, or a mixture thereof) but the total buffer- and K+ concentrations were always kept

constant at 50 mM and 100 mM, respectively In addition, the suspension was incubated for a

longer period of time (> lh) before the experiment started

2.7.5 Inhibition

The redox kinetics of RC, cyt ctot, and cyt b56i were monitored to gain information

about the inhibition of the three different quinone binding sites All experiments were

performed with uncoupled chromatophores (2 5 \}M vahnomycin and 2 5 |J.M nigencin) After

successive addition of phenolic compounds, at last, antimycin was added to get a control

curve Alternatively, antimycin was added at first, followed by the phenols, and finally

myxothiazol as control At each concentration, the absorption at the wavelengths of 542, 551,

561, and 569 nm were monitored Routinely, a train of 8 flashes 40 msec apart was used to

activate photosynthetic electron flow, in certain cases, only one flash was used
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3 The Partitioning Behavior of

Substituted Phenols in

Chromatophore-Water, Liposome-
Water, and Octanol-Water Systems

3.1 Introduction

3.1.1 Motivation

The octanol-water partition coefficient, KoW, is the most widely used molecular

parameter for describing hydrophobic partitioning in Quantitative Structure Activity and

Toxicity Relationships (QSAR and QSTR) of nonreactive nonpolar organic compounds.

Hydrophobicity is of major importance for the uptake of a compound by an organism. Since

die toxicity of non-specifically acting hydrophobic compounds is directly related to the amount

incorporated into an organism, or more precisely into biological membranes, KoW is a valuable

descriptor to express the toxicity of such narcotic agents (Hansch, 1969). Various attempts

have been made to extend the simple octanol-water partitioning model for nonpolar compounds

to weak organic acids and bases either by neglecting the partitioning of the ionic species

(Fujita, 1966) or by applying the apparent octanol water distribution ratios determined at a

given pH and ionic strength (Manners et al., 1988; Scherrer, 1984). All these attempts were,

however, of only limited success. This fact is not surprising when one considers that the target

sites of many toxic compounds are biological membranes that exhibit distinct hydrophilic and

hydrophobic regions where both the neutral as well as the ionic species of a given organic acid

or base may sorb by different sorption mechanisms.

Hence, it is necessary to investigate the partitioning behavior of substituted phenols in

biological membranes or model systems that take account of the ordered structure and

anisotropy of biological membranes. We use liposomes as a model for biological membranes

because chromatophores are not very stable under extreme condition such as high and low pH,

or low ionic strength.

The goal of this part of the dissertation was threefold: Firstly, by comparing the

liposome water partition experiments to experiments with chromatophores of Rb. Sphaeroides,

we wanted to clarify whether liposomes are indeed appropriate model systems for the study of

the sorption of hydrophobic dissociable compounds to biological membranes. Secondly, by

studying the sorption behavior of phenolic compounds to lipid bilayers we wanted to obtain

more meaningful descriptors for QSARs describing the uncoupling activity of phenols than the
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typically used combination of several partially collinear descriptors Thirdly, we wanted to

contnbute to the general understandmg of the interaction of hydrophobic lonizable compounds

with biological membranes

3.1.2 Biological Membranes

Biological membranes account for up to 90% of the dry weight of biological cells

Membranes are not only the envelope of all cells and of subcellular organelles but they are also

the site of important reactions such as protein synthesis in the endoplasmatic reticulum or

energy transformation in mitochondna (for reviews see (Gennis, 1989)) In view of the

toxicity of xenobiohcs, biological membranes play an important role as permeability barriers

and as actual target sites of toxic action

Three types of molecules make up biomembranes Amphiphatic lipid molecules form a

bilayer, the structural backbone of the membrane, into which a variety of different proteins are

intercalated The latter provide the enzymatic activity for all the different functions of

biomembranes Carbohydrates can be attached both to the lipids and to the proteins and serve

for communication and cell recogruuon

Singer and Nicolson (Singer & Nicolson, 1972) proposed a structural model, which is

now widely accepted, the Fluid Mosaic model depicted in Figure 3 1 Amphiphatic lipid

molecules spontaneously form bilayer aggregations so that only the hydrophilic part of the

molecule is in contact with the water phase and the hydrophobic moiety constitutes the

hydrophobic core of the lipid bilayer The lipid bilayer behaves like a two-dimensional liquid as

lateral diffusion of the components is easily possible whereas flip-flop is less likely to occur

The proteins can be imagined as floating in and on this lake of lipids The whole structure is

like a tightly packed mosaic of different types of molecules, which excludes water in its inner

core Energetically, the membrane components glue together with the help of the hydrophobic

effect, which is the energy gain of removing a non-polar molecule from the water phase and

putting it into a non-polar environment

3.1.3 Models for Biological Membranes

As early as 1899, Meyer (Lipnick, 1989, Meyer, 1899) and Overton (Overton, 1899,

Overton, 1901) independently descnbed the first model of biological membranes, even though

they were still ignorant of the nature and mere existence of membranes, when they used ohve

oil water partition coefficients to prove the lipoid theory of narcosis Nowadays, the octanol-

water partition coefficient Kow is typically used as a reference for the ability of an organic

molecule to partition into an organism (Hansch, 1969, Schwarzenbach et al, 1993)
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Fig 3 1 Fluid mosaic model of biological membranes according to Singer and
Nicholson (adaptedfrom (Singer & Nicolson 1972))

The Kow appears to correlate better with biological activity than the partition coefficients in

other solvent-water mixtures as hexane water because it is an amphiphihc molecule just like

the membrane lipids and capable of accommodating a greater variety of more or less

hydrophobic molecules However, the determining factor for the partitioning ot a hydrophobic

molecule in any solvent water mixture is the non compatibility with water, and the affinity to

the solvent plays a minor role Chiou (Chiou, 1985) chose triolein (glyceryl trioleate) as model

lipid because of its similarity to triglycerides which are abundant in organisms Tnolein is a

bulk liquid as is octanol, and very good correlations with the corresponding KqW data and with

bioconcentration factors log BCF were found except for very hydrophobic molecules (log Kow

>5)

All the model systems mentioned above have the disadvantage ol being bulk phases

This is not a problem for nonpolar molecules, but polar or charged hydrophobic compounds

may interact specifically with the two- or three dimensional structures of biomembranes and

their partition behavior may not be adequately described by any bulk solvent water partition

coefficient Therefore, there is a need to set up a model system that takes account of the ordered

structure and anisotropy of biological membranes The most simple model to satisfy these

requirements are liposomes, artificial lipid bilayer vesicles, of known composition and

controlled size, which were introduced by Bangham (Bangham et al, 1965) and since then

have been used for several applications, amongst others as a model for distribution of non

electrolytes (Katz & Diamond, 1974)
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3.1.4 Liposomes

Amphiphatic lipids dispersed in aqueous media spontaneously torm aggregates, and

yield a milky colloidal suspension (for extensive reviews see (Ostro, 1983, Szoka &

Papahadjopoulos, 1980, Yeagle, 1993) Depending upon the properties, shape, and concen¬

tration ot the molecules, lipids may torm micelles, hexagonal structures (inverted micelles), or

bilayers Most of the naturally occurring phospholipids form vesicles consisting of several

concentric shells of bilayers, which are called multilamellar vesicles (MLV) Some aqueous

volume is contained between each bilayer The number of shells varies significantly within a

preparation, typically five and more lamellae, resulting in a size distribution of 100 nm to 1 p:m

diameter

1 evaporate to a thin film

2 add aqueous buffer and shake

1 probe sonication

2 centnfugation

Fig 3 2 Preparation and structural features of small unilamellar vesicles

(SUV)

MLV arc not very well suited toi sorption expenments because it takes too long to establish the

distribution equilibrium between every compartment More homogeneous and better defined
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size distribution can be achieved by sonication, French Press extrusion, or membrane extrusion

of MLV followed by centrifugation or gel chromatography (New, 1990). These procedures

yield a uniform population of small unilamellar vesicles (SUV) of minimum 25 nm diameter.

Figure 3.2 depicts the protocol of liposome preparation that we have chosen. A disadvantage of

SUV for the sorption experiments is the packing constraint due to the strong curvature of the

bilayer but this disadvantage is fully compensated by the advantages of this model system: easy

and reproducible to prepare, well defined and homogeneous size distribution, small inner

volume and high surface area.

The choice of lipids for our liposome preparation was restricted by the need of fulfilling

two conditions: the membrane vesicles have to be stable towards the variable conditions of the

experiments, and they should be similar in composition and property to naturally occurring

membranes, specifically in our case to the chromatophore vesicles.

The chromatophore membrane of Rb. sphaeroides contains about 60 % (dry weight)

proteins, 4 to 8 % pigments (mainly bacteriochlorophyll and carotenoids), 15 to 35 %

phospholipids, and very small quantities of other lipids and carbohydrates (Niedermann &

Gibson, 1978). The major phospholipid components are phosphatidylethanolamine (35 %),

phosphatidylglycerol (34 %), and phosphatidylcholine (23 %). The fatty acid composition of

these phospholipids is 77 % oleic acid (cis -9-octadecenoic acid), 10 % stearic acid

(octadecanoic acid), and some palmitic and palmitoleic acid (hexadecanoic and cis -9-

hexadecenoic acid). Figure 3.3 shows some examples of these phospholipids.

Phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) change their speciation

upon variation of pH so that the sorption matrix can be charged and uncharged depending on

pH. Consequently, these compounds were not suitable for our experiments. Totally uncharged

lipids are neither a good choice because the lipid bilayer should contain charged moieties as in

biological membranes in case of electrostatic interactions or complex formation being important

in the overall sorption process. Phosphatidylcholine (PC) is zwitterionic at every pH because

the acidity constant pKaof the phosphate group is <1, and the quaternary ammonium function

is blocked by alkyl groups. The overall charge of zero and its chemical inertness made PC the

ideal choice for the preparation of our liposomes.

Another factor that had to be taken into account is the fluidity of the membrane. To

mimic a biological membrane, our liposomes should be in the liquid-crystal state, not in the gel

state. The tightly ordered structure of the gel state makes it more difficult for xenobiotics to

intercalate. Therefore, the partition coefficients of hydrophobic compounds are smaller when

measured below the phase transition temperature Tc than when measured above this

temperature (Betageri & Rogers, 1988). Initially, we chose a mixture of (18:l)-(A9cis)-dioleyl-

L-a-phosphatidylcholine (DOPC) and (16:0)-dipalmitoyl-L-a-phosphatidylcholine (DPPC) in

the ratio of 8:2, the phase transition temperature of which is well below 15°C (March, 1990).

Although this fatty acid composition closely resembles the composition in chromatophores, we
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finally used pure DOPC (Tc = -21°C) for almost all measurements because the liposomes of the

mixture had to be prepared at an elevated temperature, which may lead to degradation

Additionally, there is also the possibility of lateral segregation of the two components (Szoka &

Papahadjopoulos, 1980)
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Fig 3 3 The composition of a selection of phospholipids abundant in the

membranes ofRb sphaeroides

3.1.5 Sorption of Xenobiotics to Liposomes: Literature Overview

The results of the studies on the sorption of dissociable hydrophobic compounds to

lipid bilayers are discordant about the extent of the contribution of the ionic species to the

overall partitioning Korten et al. (Korten et al, 1980) claimed that the partitioning of

thiopental was solely due to the neutral species as no significant partitioning was observed at

high pH values A different conclusion was drawn by Betagen and Rogers (Betagen &

Rogers, 1988) who correlated liposome-water partition coefficients of B-blocker drugs in

different liposomal systems with pharmacokinetic properties Better correlations were found

with the liposome-water partition coefficients than by using KqW They emphasized that in both

cases the apparent partition coefficient at a given pH showed better results than the so called

"ion-corrected" partition coefficients which assume that solely the neutral species is

partitioning. In a study of fish toxicity induced by sodium dodecylsulfate, liposomes were also

used as a model (Kalmanzon et al, 1992), and it was found that in addition to mixed micelle
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formation, partition of the charged surfactant into the lipid bilayer occurred. De la Maza et al.

(De la Maza et al, 1991) showed a strong correlation between the partition coefficient and the

permeability of liposomes induced by surfactants.

The results of the few studies using phenolic compounds have already provided some

valuable general insights into the membrane-water partitioning of this important class of

compounds. Some studies assumed that only the neutral species is relevant for the partitioning

process (Fujita, 1966; Hemker, 1962), others showed that the apparent distribution ratios

measured are only slightly dependent on pH (Albertin et al., 1991; Miyoshi et al., 1986;

Miyoshi et al., 1987b). Partitioning experiments with para-alkylated or para-halogenated

phenols revealed that the partition coefficients in DMPC liposomes are dependent upon the size

of the substituent as well as upon the temperature and physical state of the lipid bilayer, yet all

phenols used in this study (Rogers & Davis, 1980) were nondissociated at the pH of the

experiment. Apparent and ion-corrected partition coefficients of more acidic nitrophenols were

measured by Miyoshi et al. (Miyoshi et al., 1986; Miyoshi et al., 1987b). They confirmed that

the pH-dependence does not follow the pH partition rule (Fujita, 1966) and showed that the

partition coefficients of the deprotonated species are only slightly smaller than those of the

corresponding neutral species. Furthermore, they compared the apparent partition coefficient in

several liposomal systems made up of lecithin with varying quantities of cholesterol,

cardiolipin or stearylamin (Miyoshi et al., 1987a). From correlation of these data with KoW.

pKa and an additional steric parameter together with relative polarity measurements, they

deduced a partition model for the nondissociated phenols. Only recently more attention has

been paid to the partitioning behavior of the phenoxides. Smejtek and Wang (Smejtek & Wang,

1993) measured the distribution of pentachlorophenol and pentachlorophenoxide and were able

to fit their distribution isotherms into the Langmuir-Stern-Graham model that was introduced

by McLaughlin et al. (McLaughlin & Harary, 1976) to describe the sorption of organic ions to

lipid membranes. However, because of the very limited experimental data they were unable to

elucidate fully the mechanism of anion sorption. Obviously, more systematic work is required

to improve our understanding of how phenolic compounds partition into biological

membranes, in order to allow a better qualitative assessment of their toxicity, namely of their

uncoupling activity.
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3.2 Partitioning Model

3.2.1 The pH-Dependence of the Distribution Ratio.

For describing the lipid phase-water equilibrium partitioning of the phenols at constant

ionic strength, and at conditions under which electrostatic interactions between the sorbed

phenoxides can be neglected, a simplified version of the model proposed by Jafvert et al.

(Jafvert et al., 1990) for the octanol-water system is used. The species and processes included

are shown in Figure 3.4. The (model) lipid phase (m) can be octanol (o), liposomes (lip), or

chromatophores (cph). Since all the experiments were conducted in electrolyte solution

containing only monovalent cations (M+), in most cases potassium (K+), the relevant species

are the non-dissociated phenol (HA), the phenoxide (A"), and the ion pair (AM). The formation

of heterodimers (AHA-) in the lipid phase (McLaughlin & Dilger, 1980) is not considered

because it has been shown that such species are present only in non-hydrogen bonding

solvents, but not in octanol and lipid bilayers (Barstad et al., 1993). Furthermore, the

partitioning of the electrolyte species (M+, CI", MCI) is neglected because the binding of these

species to phospholipids is very weak (Gennis, 1989) and because no change (± 5%) of the

alkali ion concentration in the aqueous phase could be detected.

lipid bilayer

HA,
m v

>» A-m/AMm

Dmw(A;AK)

Kmw(HA)

\

K w

HAW.
a

* H+w+A-w+M+w
wTnwTmw

aqueous phase

Fig. 3.4 Simple model to describe the equilibrium partitioning of phenols
between a lipid (m) and the water (w) phase as a function ofpH and at

constant ionic strength at conditions under which electrostatic

interactions in the lipid phase can be neglected.
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With the model shown in Figure 3.4, the overall distribution ratio, Dmw(pH), at a given

counterion concentration (e.g., [M+] = 100 mM), can be described by:

Dmw(pH) =i^±^_l^k
, (3.1}

[HA]W+[A ]w

which can be rewritten in terms of the distribution ratios of neutral and charged species:

Dmw(pH) = a1-Kmw(HA) + (l-a.)-Dmw(A-,AM) (3.2)

Dmw(pH) is a function of the distribution ratios of the phenol and phenoxide species and the

fraction of species present. Oa is the fraction of the phenol in non-dissociated form present at a

given pH, and K* is the acidity constant of the phenol:

"•"[HA^+IA-lw'i + iod*-!*.")
'

KniW(HA) is the partition constant of the neutral species:

Kmw(HA)=
[HA]m

,
(3.4)mw'

[HA]W

and Dmw(A",AM) is the apparent distribution ratio of the combined phenoxide and ion pair at a

given M+-concentration:

Dmw(A-,AM)= [A~+_^]m • (3.5)
lA Jw

Theoretically, Kmw(HA) and Dmw(A",AM) could be directly determined at very low and very

high pH, respectively. However, in the case of liposomes and biological membranes, the

stability of the organic phase cannot be assured at extreme pH-values because the

phospholipids may hydrolyze. Therefore, these parameters can be derived from measurements

of Dmw(pH) at various pH values by a linear regression of Dmw(pH) versus aa at a constant

[M+]:

Dmw(pH)= aa{Kmw(HA)-Dmw(A-,AM)} + Dmw(A-,AM) (3.6)

The intercept of the regression line (cca = 0) yields Dmw(A",AM), and Kmw(HA) can be

calculated from the slope, which is the difference between Kmw(HA) and Dmw(A",AM).

The difference of the logarithms of the distribution ratios of the neutral and charged

species, Amw, is an interesting parameter for the comparison of the different lipid-water

systems:

Amw = log Kmw(HA) - log Dmw(A-, AM). (3.7)

In order to understand the uncoupling activity of phenolic compounds, it is crucial to

know how much of either species, protonated and deprotonated, is incorporated into the

membrane. The shuttle mechanism of uncoupling supposedly works best if both species are

inside the membrane in comparable quantities. To quantify the ratio of neutral to deprotonated

phenol, we define an operational acidity constant, K'J, in the lipid phase. K" is not

thermodynamically properly defined but can be visualized as the pH of the adjacent water phase

at which the ratio of protonated to deprotonated species in the lipid phase equals one.
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Km_[H+]w ([A-+AM]m)

[HA]m

K can be denved from the acidity constant m the water phase K under the assumption of the

simple equilibrium cycle depicted in Figure 3 4

Dmw(A~,AM)
_

K."

Kmw(HA) K:
(i»>

This expression is equivalent to

pK = pK" + Amw (3 10)

Note that pK is dependent on [M+]

3.2.2 Dependence of the Distribution Ratio on the M+-

Concentration

For phenols with low pKa values, the role of possible ion pair formation can be studied

by varying the M+-concentration at high pH, at which only the phenoxide and the ion pair

species are present The following discussion is restricted to the liposome water system

because the assumptions would be different in the octanol-water system The loganthms of the

measured distnbution ratios, DhpW (A",AM), appear to be a sigmoid function of the countenon

concentration, [M+]w

The overall distnbution seems to be dominated by the free phenoxide species at low [M+]w,

and by an ion pair formation in the lipid phase at high [M+]w Since there is no quantitative

information on the partitioning of the countenon M+ (and the other electrolyte species)

available, it is impossible to set up a full thermodynamic equihbnum model Instead, the

scheme depicted in Figure 3 5 is defined in analogy to the protonation model (Fig 3 4) Di!PW

(A",AM) can be expressed by the following concentration ratios

Dhpw(A-)= ^J,""
, (3 111

1A Jw

Phpw(AM)= J1"
, (3 12)

v
[AM]W

KapP= [AMk
lp

[A"]w [M*]w

KaPp is needed as a fitting parameter to model the experimental curves although it is not

probable that a large amount of ion pair is formed m the aqueous phase.

Dhpw (A~,AM) can be expressed and evaluated as a function of [M+] by eq 3 14, with

Dupw(A") = DjipW(A", AM) at low M+-concentrations (l e ,
1 mM), and Dhpw(AM) =Diipw(A~,

AM) at high M+-concentrations (i e ,
1 M), and the apparent ion pair formation constant K**p

as fitting parameter
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Dhpw(A-,AM):
Dhpw(A-) + [M+]w Dhpw(AM) Kfpp

app

1 + K^P [M+]
(3 14)

lipid bilayer

A"np + AMhp

W

Dlipw^
(h

w

w

>.
\Dhpw(AM)

plipw(A ;AM) \

KIDaPP >^
M+w+A-w^ AM„

aqueous phase

Fig 3 5 Model to describe the liposome water partitioning ofphenoxides as a

junction ofcountenon concentration [M+J Formation of ion pair MCI

and distributions ofH+ M+CI and HCl are omitted in this scheme

for simplification andfor lack of experimental data

3.2.3 Modeling of the Sorption Isotherm of Phenoxides

The model piescnted above is valid only if electrostatic interactions between the sorbed

phenoxides do not play a significant role, in particular in the linear range of the isotherm or if

ion pair is the dominant species inside the bilayer At higher concentrations of sorbed

phenoxide, the charging of the membrane must be considered (McLaughlin, 1989) The uptake

of a negative charge into the hydrophobic-hydrophilic interface of the lipid bilayer builds up a

surface potential Yo which, in turn, causes a decrease of the aqueous phenoxide concentration

close to the membrane-water interlace due to the electrostatic repulsion High electrolyte

concentration reduces the surface potential and reduces its effect on the interfacial aqueous

concentration The interfacial aqueous concentraUon of a monovalent anionic species (CjJ) is

related to the bulk aqueous concentration (Cw) by the Boltzmann relation

C^ = Cw exp(—?) (3 15)
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CjJ can be estimated from the surface charge density and the electrolyte concentration with help

of the Gouy-Chapman diffuse double layer model of a symmetric electrolyte (McLaughlin &

Harary, 1976)

C* = Cw exp(2 arcsinhC^^y1^ «))
, (3 16)

VI

with N = Avogadro's number, er = dielectric constant, eo = permittivity of the free space, k =

Boltzmann constant, T = temperature, and a = surface charge density (C m-2), I =

concentration of monovalent electrolyte in the aqueous bulk phase (M+) The surface charge

density is calculated from the concentration of sorbed phenoxide, Qip (in mol kgllp), the

specific surface area of the liposomes, s = 540 m2 gllp (Stein, 1986), and the Faraday

constant, F

o =
^-^

(3 17)
s

Thus, sorption isotherms at elevated concentrations of phenoxide can then be modeled

with eq 3 18 assuming that the concentration of the ion pair in the water phase is negligibly

small ([A-]w = Cbf)

Chp=Ci Dhpw(A-) + C^ulk Dhpw(AM) KW [M+]w (3 18)

Note that eq 3 18 has to be solved iteratively since C^ depends on [A"]hp which contributes to

Chp, and [M+]w = [M+]total - [AM]hp

3.3 Results and Discussion

3.3.1 Partitioning of Substituted Phenols in the Octanol-Water

System

Table 3 1 summarizes the K0W(HA) and D0W(A", AM) values of a large number of

chloro- and nitrophenols covenng a wide range of hydrophobiciUes and acidities In the series

of chlorophenols the octanol-water constant K0W(HA) rises upon the introduction of a

hydrophobic chlonne substituent whereas the acidity constant pKa drops significantly due to

the stabilization of the charged conjugated base by the electronegative chlonne substituent In

contrast, in the series of nitrophenols the effects on K0W(HA) and pKa are parallel but of

different extent Introducing a nitro group lowers the KoW(HA) only slightly, but reduces the

acidity constant substantially because the nitro groups are strong electron withdrawing

subsutuents Alkyl groups increase the hydrophobicity and make the phenol less acidic
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Table 3.1 Acidity constants and octanol-water distribution ratios of the model

compounds

compound abbrevialion pKa logKow
log Dow
(A.AM)

log Dow
(A.AM)

Aow4

(HA) 50mMM+ 100mMM+
100mMM+

2-Chlorophenol 2CP 8.56* 2.15* -1.67c 3.82

4-Chlorophenol 4CP 9.386 2.39* -0.39c 2.78

2,4-Dichlorophenol 24DCP 7.85d 3.23d -0.46c 3.69

2,6-Dichlorophenol 26DCP 6.97fe 2.64* -1.30c 3.94

3,4-Dichlorophenol 34DCP 8.59* 3.05* -0.20c 3.25

3,5-Dichlorophenol 35DCP 8.26e 2.87/ -0.30c 3.17

2,3,6-Trichlorophenol 236TnCP 5.80* 3.69S -0.31c 4.00

2,4,5-Tnchlorophenol 245TriCP 6.94<* 4.19** 0.09c 4.10

2,4,6-Trichlorophenol 246TriCP 6.15d 3.72d 0.00c 3.72

3,4,5-Trichlorophenol 345TriCP 7.73d 4.41d 0.59c 3.82

2,3,4,5-Tetrachlorophenol 2345TeCP 6.35d 4.87d 0.97c 3.90

2,3,4,6-Tetrachlorophenol 2346TeCP 5.40* 4.42rf 0.75c 3.67

2,3,5,6-Tetrachlorophenol 2356TeCP 5.03* 4.42S 0.97c 3.45

Pentachlorophenol PCP 4.75d 5.24d 1.59c 3.65

2-Nitrophenol 2NP 7.23* 1.89* -1.77* -1.47' 3.36

4-Nitrophenol 4NP 7.08* 2.04* -1.76* -1.46' 3.50

2,4-Dinitrophenol 24DNP 3.94* 1.67* -1.18* -0.88' 2.55

2,6-Dinitrophenol 26DNP 3.70' 1.22/ -1.66* -1.36' 2.58

3,4-Dinitrophenol 34DNP 5.48e 1.79/ -1.10* -0.80' 2.59

2-Methyl-4,6-dirutrophenol DNOC 4.31* 2.12* -0.81* -0.51' 2.63

4-Methyl-2,6-dinitrophenol DNPC 4.06m 1.88/ -0.90* -0.60' 2.48

2-s -butyl-4,6-dimtrophenol Dinoseb 4.62* 3.56" 0.33* 0.63' 2.93

2-t -Butyl-4,6-dtnttrophenol Dino2terb 4.80° 3.54/ 0.35* 0.65' 2.89

4-J -Butyl-2,6-dmitrophenol Dino4terb 4.11m 3.36/ 0.09* 0.39' 2.97

Calculated according to eq 3 7 "Values from (Lipnick et al, 1985) CMeasured in the presence of

lOOmM K+, pH 12, or extrapolated from measurements at several pH values "Values from

(Schellenberg et al, 1984) ^Estimation based on Hammett relation (Schwarzenbach et al, 1993) /

Estimation based on fragment method (Hansen & Leo, 1979) ^Values from (Konemann & Musch,

1981) *Values from Schwarzenbach et al (Schwarzenbach et al, 1988) 'Calculated by equation log

Dow(A-,ANa,100mM Na+) = 0 3 + log Dow(A-,ANa,50mM Na+) JValues from (Leo et al, 1971)

*Measured in the presence of 50mM Na+ 'Values from (Serjeant & Dempsey, 1979) ""Estimation

based on Hammett relation with susceptibility factors from (Schwarzenbach et al, 1988) "Values from

(Miyoshi et al, 1986) °Values from (Miyoshi et al, 1987b)
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Some of the data are from earlier work (Jafvert et al, 1990, Schwarzenbach et al,

1988) in which the effects of pH and ionic strength on the octanol-water partitioning of some

weak organic acids have been extensively investigated Except for the phenols exhibiting a high

pKa (i e ,
2CP, 4CP, 34DCP), the D0W(A", AM) values were determined directly at pH 12 and

100 mM K+ (chlorinated phenols) or 50 mM Na+ (nitrophenols), respectively The D0W(A",

AM) for 2CP, 4CP, and 34DCP were extrapolated to aa = 0 from measurements of Dow(pH

12) and Kow by eq 3 6 Note that for consistency with the literature data, the D0W(A", AM)-

values of the nitrophenols were all measured at 50 mM Na+ Nevertheless, as demonstrated in

earlier work (Jafvert et al, 1990) and when considenng that, at these high ionic strengths, the

phenoxide species are present in the octanol phase primarily as ion pairs, the latter D0W(A",

AM)-values can be extrapolated to 100 mM Na+ simply by multiplying by two Furthermore,

as shown for PCP (Jafvert et al, 1990), it is reasonable to assume that Na+ and K+ exhibit

very similar ion pair formation constants with phenoxides, which is also corroborated by the

very similar constants reported for NaCl and KC1 in octanol (Westall et al, 1990) Thus, the

Dow(A", AM)-values listed for 100 mM K+ in Table 3 1 can be used for comparison of the

various compounds within the octanol-water system, as well as for comparison of the octanol-

water partition ratios with the liposome water partition ratios which, for all compounds, were

determined at 100 mM K+

Figure 3 6 shows the octanol-water distribution ratios as a function of pH of two

representative compounds, a chlorophenol, 245TnCP (this study), and a mtrophenol, DNOC

(Schwarzenbach et al, 1988, Jafvert et al 1990) The overall octanol-water distribution ratio is

dominated by the partitioning of the neutral species up to several pH-units above the pKa of a

given phenol A difference of several orders of magnitude was found between the distribution

ratios of the neutral (log K0W(HA)) and the ionized (log D0W(A~, AM)) species This

difference, Aow, may vary significantly depending on the phenol considered In particular, the

dmitrophenols exhibit much smaller Aow values as compared to most chlorinated phenols

Various electronic and stenc factors may be responsible for the differences found in Aow On

the one hand, strong electron-withdrawing substituents that are in resonance with the

phenoxide group (e g , mtro-groups in 2- and 4-position) allow a derealization of the charge

thus rendering the charged species more lipophilic (see also (Schwarzenbach et al, 1988))

This leads to a decrease in Aow On the other hand, electron donating substituents, such as a s-

or a r-butyl group, have the opposite effect This may explain the larger Aow-values found for

Dinoseb, Dmo2terb, and Dino4terb as compared to 24DNP and 26DNP Furthermore, stenc

effects of substituents in the ortfto-position to each other may influence Aow Another factor is

the tendency of the phenoxide species to form an ion pair with K+ or Na+, respectively

Unfortunately, from the available data, it is impossible to quantify all these electronic and stenc

effects on Dow, and, consequently, it is very difficult to denve any meaningful structure-Aow

relationship
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Fig. 3.6 Effect ofpH on the octanol-water distribution ratio Dow of245TriCP at

100 mM K+ (solid line) and DNOC at 50 mM Na+ ( ) and

lOOmM Na+ ( ) calculated using the program Mac|lQL (Muller,

1993; Westall, 1979) with the equilibrium constants ofTable 3.1 under

the assumption of the simplified partition model as described in Figure
3.4.

3.3.2 Liposomes as Model Systems for Biological Membranes

Apparent distribution ratios were measured at pH 7 and 100 mM K+ in both the

liposome-water and the chromatophore-water system for a series of chlorinated phenols (Table

3.2). Figure 3.7 illustrates that the distribution ratios in the two different membrane water

systems agree very well if both are expressed in the same units of liter per kg phospholipid.

The phospholipid content of the chromatophore preparation was 15.5 % (w/w).

The phospholipid normalized chromatophore-water (Dcphw(pH 7)) and liposome-water

(Dlipw(pH 7)) distribution ratios are very similar for all chlorinated phenols investigated,

despite the fact that some of the compounds were present primarily in the non-dissociated form

(e.g., 2CP, 4CP, 34DCP) while others were almost fully ionized (e.g., 2346TeCP, PCP) at

the given pH.
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Table 3 2 Comparison of chromatophore water and liposome water distribution

ratios atpH 7 and 100 mM K+ ofa series ofchlorinatedphenols

compound"
fraction non-

dissociated

species (xab
,

Dcrjhw(pH7)c
g

(Lka.pl)
Dhpw(pH7)

S
(Lkghpl)

2CP 0 97 2 98 (41)^ 2 79(8 0)d«

4CP 100 2 87 (4 3) 2 94/

24DCP 0 88 3 39 (2 6) 3 49/

26DCP 0 48 2 33 (6 0) 2 47(3 l)de

34DCP 0 97 3 68 (2 0) 3 84(9 1)de

245TnCP 0 47 3 84 (1 5) 4 03/

246TnCP 0 12 2 98 (4 7) 3 22f

345TnCP 0 84 4 38 (4 3) 4 69(4 9)d«

2345TeCP 0 18 4 14 (1 5) 4 25f

2346TeCP 0 02 3 27 (3 8) 3 49/

PCP 0 01 3 80 (2 4) 3 84/

flFor compound names see Table 3 1 "See Table 3 1 for pKa values Measured value normalized to

kgi,p using a phospholipid content of the chromatophores of 15 5% (w/w) Percent standar deviation in

parentheses ^Measured value /Calculated according to eq 3 6 with the equilibrium constants given m

Table 3 3

1 5 25 35

log(D||pw(pH7)/(LkgF 1»
45

Fig 3 7 Comparison of the apparent distribution ratios ofseveral chlorophenols into

chromatophores, DCphW and into liposomes, Di,pw at pH 7 and 100 mM

K+ A log DCpftw in units ofL (kg chromatophore) l, andM log DCphw '"

units of L (kg phospholipid) 1 The line represents the line of unit slope,
intercept = 0 not a regression line
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partitioning of the same compounds in the octanol-water system (see above) Secondly, in

analogy to the octanol-water system, the phenoxide sorption depends significantly on the

concentration of the counterion (1 e , K+) Thirdly, at low concentrations, isotherms are nearly

linear (log-log slope = 1) Lastly, at high phenol concentrations, all isotherms show a trend to

saturation For the neutral species, deviation from linearity was observed only at very high

phenol concentrations in the lipid phase (see also Figure 3 9) For the phenoxides, nonlineanty

was already found at much lower concentrations, particularly, at low ionic strengths Note that

because of the limited aqueous solubilities of the phenols, even of the phenoxides, it was

impossible to reach full saturation

10"8 107 10"6 10s 104

c (molL1)

Fig 3 9 Sorption isotherms ofsome neutral chlorophenols atpH 3 8, 100 mM

K+, showing a slight saturation tendency at very high coverage

Symbols represent experimental data points PCP, 2346TeCP,
246TnCP The lines are linear sorption isotherms calculated according
to eq 3 3 with the liposome water partition coefficients log Ki,pw(HA)
given in Table 3 3

The nonlineanty of the sorption isotherm of the phenoxides may be explained by a

decrease in ion pair formation due to the decrease in the concentration of countenons in the



3 3 Results and Discussion 39

aqueous phase and by the build-up of a negative surface potential upon sorption of an

increasing number of anions leading to the rejection of other amons This phenomenon, which

has also been observed by Jafvert et al for the sorption of phenols and phenoxides to organic

carbon-nch natural sediments (Jafvert et al, 1990), is illustrated by Figure 3 10 As can be

seen, at pH 9 5 and 100 mM K+, the liposome-water distribution behavior of anionic

2346TeCP is strongly affected by a competing phenoxide (PCP), while a neutral phenol such

as 4-f-butylphenol has virtually no effect on the Dupw Note that under the given conditions,

PCP and 4-r-butylphenol exhibit very similar DijpW values

-5 5 -5 -4 5 -4 -3 5

log([competitor]/(mol L1))
-3

Fig 3 10 The presence of ionic PCP reduces D[ipw of the ionic 2346TeCP (Q),
while the presence of non-dissociated 4-t-butylphenol has no

significant effect on Di,pw(2346TeCP) (U) atpH 9 5 and 100mMK+

Some comments on the modeling of the entire sorption isotherm are given below

However, the focus of the discussion is on the partitioning behavior of the phenols m the hnear

region of the isotherm, where at the given phenol and K+-concentrations, electrostatic

interactions due to sorbed negative species may be neglected, and where the simple partitioning

model may be applied Note that the hnear part of the isotherm covers the concentration range

that is most relevant from an ecotoxicological point of view
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3.3.4 Effect of pH and K+-Concentration on the Liposome-Water
Distribution Ratio D|ipw

Apparent distribution ratios, Di,pWi were measured at several different pH values at a

constant cation concentration of 100 mM K+ The distnbution coefficients of the neutral

species KhpW(HA) and the combined distnbution ratios of the ionic species Di,pw(A", AK) are

derived by linear regression of Dilpw versus aa (eq 3 6), as shown for 245TnCP in Figure

3 11, and are summanzed for all compounds in Table 3 3

Table 3 3 Liposome-water distribution ratios ofthe phenols andphenoxides

Kupw(HA)fr logKhpw Dbpw(A-,AK)fc logDhpw
compound"

,
Ahpw^

(Lkgnp-1) (HA) (Lkghpl) (A-.AK)

2CP (6 56±0 58 102 2 82 (3 70±2 60) 101 157 1 25

4CP (8 66±1 25 102 2 94 (2 68±0 58) 102 2 43 051

24DCP (3 51±0 17 ) 103 3 55 (2 5810 71) 102 2 41 1 14

26DCP (6 59±0 65 ) 102 2 82 (1 20±2 30) 101 109 1 73

34DCP (6 68+0 72 103 3 82 (6 34±3 15) 102 2 80 1 02

245TnCP (2 25±0 28 104 4 35 (6 36+1 02) 102 2 80 1 55

246TnCP (1 06+0 12 104 4 03 (3 93+5 01) 102 2 59 143

345TnCP (5 24+0 63 104 4 72 (1 5012 43) 103 3 18 1 54

2345TeCP (7 88±0 39 104 4 88 (4 2310 99) 103 3 63 1 25

2346TeCP (2 9010 41 104 4 46 (2 4411 69) 103 3 39 1 08

PCP (1 49±0 11 105 5 17 (6 1413 16) 103 3 79 1 38

2NP (1 24±0 25 102 2 09 (0 511 1) 101 0 70 1 39

4NP (5 30±0 95 102 2 72 (0 9+3 9) 101 0 95 1 77

24DNP (5 82±0 21 102 2 76 (8 7+0 5) 101 194 0 82

26DNP (0 88±0 08 102 194 (6 9+2 0) 101 1 84 on

34DNP (2 49±0 12 103 3 39 (1 1110 44) 102 2 05 134

DNOC (5 15±0 33 102 271 (2 8610 11) 102 2 46 0 26

DNPC (2 19+0 21 )102 2 34 (1 8010 06) 102 2 26 0 09

Dmoseb (9 45±1 64 ) 103 3 98 (2 1610 59) 103 3 33 0 64

Dino2terb (1 25±0 32 104 4 10 (3 46+1 22) 103 3 54 0 56

Dino4terb (6 20+0 45 ) 103 3 79 (1 6310 14) 103 3 21 0 58

flFor compound names see Table 3 1 "Determined from experimental data with the lineanzauon

procedure described by eq 3 6 Calculated according to eq 3 7
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From these values, the pH dependent speciation and apparent distribution ratios were

calculated, and some typical examples are presented in Figure 3 12 A detailed discussion of

Kupw(HA) and Dilpw(A~, AK) will follow below together with a comparison to the

corresponding K<jW(HA) and D0W(A~, AK)

For four chlorophenols the hposome-water distribution ratios of their corresponding

methylethers were determined (Table 3 4) The Kupw of the anisols are in the same order of

magnitude as the corresponding Kupw(HA) and significandy smaller than their corresponding

KoW(anisol) The selection of anisols is too small, however, to derive any general statements

The measurements are included in this study for two purposes First, anisols are an interesting

tool in the study of the uncoupling and inhibitory activity of phenols (see chapters 5 and 6)

because the methyl group blocks the acidic function of the phenol without much affecting other

properties of the phenol, such as hydrophobicity and geometry Second, the Ki,pw of the

anisols were independent of pH value, which confirms that the pH and buffer composition

have no influence on the property of the liposomes as sorption matrix
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Fig. 3.12 Liposome-water distribution ratios of some chlorophenols as a

function of aqueous pH with 100 mM K+: PCP, T 34DiCP, •

2CP, 0- 26DNP, DNOC, O Dino4terb; lines were calculated

according to eq. 3.6 with the equilibrium constants in Table 3.3 using
the program Macp.QL(Muller, 1993; Westall, 1979).

Table 3.4 Octanol- and liposome-water distribution ratios ofsome chloroanisols

compound abbreviation loglW Kiipw (L-kgup-1) log KUpw

4-chloroanisol 4CPOMe 3.11 (8.29±0.58)-102 2.92

2,6-dichloroanisol 26DiCPOMe 3.36 (1.98±0.08)-103 3.30

2,4,6-trichloroanisol 246TriCPOMe 4.44 (8.58±0.67)103 3.93

pentachloroanisol PCPQMe 5.96 (7.16+0.08)-104 4.85

"Estimation based on fragment method (Hansch & Leo, 1979), log Kow(anisol) = log KoW(phenol) +

0.72.

Miyoshi et al. measured Knpw(HA) (Miyoshi et al., 1986) and the apparent distribution

ratios at pH 7.2 (Miyoshi et al., 1987b) using liposomes made from egg yolk lecithin. The data
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for most of the seven compounds overlapping with our test set (2CP, 4CP, 26DCP,

246TnCP, 24DNP, and Dinoseb) agree very well with our data (Table 3 5) Only the

Kiipw(HA) values of the more acidic phenols are several times smaller in the literature data,

which is probably due to insufficient correction for the ionic species in Miyoshi's earlier study

Table 3 5 Comparison of liposome-water distribution ratios ofsome chlorinated

and nitratedphenols measured with phosphatidylcholine liposomes
(this study) and egg yolk lecithin liposomes (Miyoshi et al, 1986,

Miyoshietal, 1987b)

compound"
Khpw(HA) KUpw(HA) DUpw(pH7) Dlmw(pH7)

l0g(Lkglipl) i0g(Lkgllp-l) 10g(Lkghp-l) l0g(Lkgllpl)

100 mM K+ 50mMNa+ 100mMK+ >540mMNa+

phosphatidyl¬
choline1'

egg yolk
lecithin0

phosphatidyl¬
choline'1

egg yolk
lecithine

2CP 2 82 2 47

4CP 2 94 2 80 2 94 2 86

24DCP 3 55 3 42 3 49 3 11

26DCP 2 82 2 80

246TnCP 4 03 3 75 3 22 3 31

24DNP 2 85 2 42 199 2 12

DNOC 2 46 2 49

Dinoseb 3 98 3 33 3 34 3 42

Drno2terb 3 55 3 26

aFor compound names see Table 3 1 *From Table 3 3 '^Measured value from (Miyoshi et al, 1986)

"Calculated with eq 3 6 using the equilibrium constants given in Table 3 3 eMeasured value from

(Miyoshi et al, 1987b), Na+ as countenon, concentrauon not specified exactly (> 0 54 M)

The sorption behavior of the phenoxide species was studied separately with a selection

of the model compounds that are fully ionized at high pH Under these conditions the sorption

isotherms are dependent on the [K+]-concentration, as is evident from Figure 3 8 for

pentachlorophenoxide at pH 9 5 The dependence of the linear sorption isotherms upon the

total potassium concentration suggests the formation of ion pairs between K+ and the

phenoxide at or inside the lipid membrane The second species involved in the sorption process

is the free phenoxide Since only the combined distribution ratio, Dilpw(A-, AK) (eq 3 5), is

available from the experiments, one cannot a priori distinguish between the phenoxide that

contributes to the charging of the membrane and the phenoxide that forms ion pairs To avoid

ambiguities, the distribution ratios, Dilpw(A_, AK), were therefore deduced from experiments
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at concentrations of cjf > 0 95 c^, calculated under the assumption that all sorbed phenoxides

contribute to the surface charge a of the membrane (eqs 3 16-3 17) Only for PCP this was

not possible and Dilpw(A-, AK) was simply deduced from the linear part of the isotherm

Figure 3 13 shows Dilpw(A", AK) as a function of the K+ concentration for three mtro-

and three chlorophenols The corresponding fitting parameters are summarized in Table 3 6

As is evident from these examples, the countenon K+ does not have a very large influence on

the overall distribution of the phenoxide species Dj,pw(A", AK) Although Dilpw(A-, AK) at

high ionic strength is always larger than Di,pw(A", AK) at low ionic strength, the differences

are less than one order of magnitude (factor 1 5 to 5) depending on the compound This is in

contrast to the octanol-water system, where, even at low K+-concentrations, i e
,

1 mM K+,

the D0W(A% AK) is always dominated by the ion pair formed in the octanol phase as can be

calculated for PCP, 2345TeCP, and DNOC with the distnbution coefficients given by Jafvert

et al (Jafvert et al, 1990) In other words, the free phenoxide partitions relatively easily into

the lipid bilayer despite its charge, which is in pronounced contrast to the octanol-water system

where the concentration of the free phenoxide in the octanol phase is negligible (Jafvert et al,

1990)

Table 3 6 Liposome-water distribution ratios of the phenoxide DltpW(A~) and

ion pair DUpW(AK), and apparent ion pairformation constant K°PP

compound" Dhpw(A )* Dupw(AK)c Kappd

(Lkgup-l) (LkgUpl)

24DNP (0 74±0 05) 102 (1 27±0 09) 102 32±17

DNOC (1 73±0 07) 102 (3 40±0 02) 102 34±16

Dinoseb (9 74±0 21) 102 (4 65+0 10) 103 24+9

246TnCP (2 40±0 02) 102 (7 68±0 17) 102 5±1

2346TeCP (1 73±0 07) 103 (7 02±0 12) 103 8+3

PCP (100±0 45)104 (4 20±0 84) 104 11±4

aFor compound names see Table 3 1 ^Measured at 1 mM K+ c Measured at 1 M K+ "^Dilpw(A ) and

Dhpw(AK) experimentally determined and K^f fitted from experimental data with eq 3 14

The values of the apparent ion pair formation constant, K, obtained from the fit of

the data shown in Figure 3 13 (eq 3 14) are unrealistically high, and, as already pointed out

above, they probably do not reflect the actual ion pair formation in the aqueous phase

Nevertheless, they can be taken as a measure for the tendency of the vanous phenoxides to

form an ion pair in the hpid phase Furthermore, as is demonstrated below, the fitting
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parameters derived from this simple model for the linear part of the isotherm (Fig. 3.4) are

sufficient for describing the entire isotherm.
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Fig. 3.13 Liposome-water distribution ratios ofsome chloro- and nitrophenols as

a function of total potassium concentration at pH 9.5: + PCP, M

2346TeCP, A 246THCP, O Dinoseb, a DNOC, 0- 24DNP; lines

were calculated according to eq. 3.14 with the fitting parameters in

Table 3.5 using the program Mac^QL (Mttller, 1993; Westall, 1979).

3.3.5 Modeling of the Sorption Isotherms in the Liposome-Water

System

As already pointed out above (Figs. 3.8 and 3.9), for the neutral phenol species,

deviation from the linear isotherm is only observed at very high concentrations in the lipid

phase of 6% to 20% phenol per phosphatidylcholine molecule. Because it is very likely that all

phenol species intercalate into the membrane (Smejtek & Wang, 1990), it has to be expected

that the membrane expands with increasing phenol sorption. Smejtek and Wang (Smejtek &

Wang, 1993) estimated the cross sectional area of intercalated PCP to 34 A2 which is about

half of the surface area of a phosphatidylcholine molecule of 70 A2. Hence, deviation from
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lineanty is observed at a estimated membrane expansion of 3% to 10% The expanded surface

area and the changing composition of the membrane in the course of the sorption experiment

make it, therefore, impossible to denve a continuous sorption model for describing the

nonlinear part of the isotherm

In contrast to the neutral phenols, the sorption isotherm of the phenoxides deviates from

linearity even at concentrations at which the membrane is not expanded (Fig 3 8) It is, in

pnnciple, also possible to model our saturation sorption isotherms with the Stern-Langmuir

model as proposed by McLaughlin and Harary (McLaughlin & Harary, 1976) for the

adsorption of charged molecules to bilayer membranes

c, -

L w ''p
n 19)

C" is the maximum concentration of phenoxide inside the lipid bilayer, and Kl is the Stem-

Langmuir association constant Smejtek and Wang (Smejtek & Wang, 1993) have applied this

model for PCP

However, the fit constants obtained from this model do not seem physicochemically

reasonable with CfipX approaching 1 molA rnolup (value extrapolated) Furthermore, these

constants are not in accordance with the constants denved from the potassium concentration

dependence of the linear sorption isotherms (Table 3 6) The main assumption underlying the

Langmuir equation is a finite number of equal sorption sites This assumption is rather

questionable for biological membranes because membranes change structure and composition

upon the uptake of other amphiphiles At phenol concentrations inside the membrane which

cause significant membrane expansion, the isotherms show a deviation from lineanty, but this

can by no means be attributed to a real saturation of sorption sites Besides, domains of higher

and smaller phenol concentration may be formed within the membrane This possibility is

supported by findings of Smejtek et al (Smejtek & Wang, 1991) who showed that

pentachlorophenoxide preferentially absorbs into disordered regions of the membrane

The constants obtained from the partition model descnbed in chapter 3 2 2 are fully

sufficient to descnbe the saturation isotherms at high a ionic strength Under these experimental

conditions the distnbution of the charged species is dominated by the distnbution of the ion

pair, as shown in Figure 3 14A for PCP at 100 mM K+, and electrostatic effects can be

neglected At low ionic strength (e g ,
246TnCP at 2 5 mM K+, in Figure 3 14B) the

phenoxide species dommates the distribution process and electrostatic effects have to be taken

into account The broken line in Figure 3 14B shows the isotherm modeled with the simple

partition model (eq 3 14) The solid line results from the inclusion of an electrostatic

correction of the [A'lhp-concentration (eq 3 18)
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Fig. 3.14 A. Saturation isotherm ofPCP at 100 mM K+, pH 9.5. cup = [A-]np

+[AK]upfor the experimental data (,) and fitted isotherm (drawn

line), cup - [A'Jiipfor the lower broken line and cup = [AKJupfor the

upper broken line. The curves were fitted with the model described by
eq. 3.13 and 3.14, and the fitting constantsfrom Table 3.6 using the

program Mac^QL (Miiller, 1993; Westall, 1979). B. Saturation

isotherm of 246THCP at 2.5 mM K+, pH 9.5. The points (+)

represent the experimental data, the broken line the model describedby
eq. 3.14 and the fitting constants from Table 3.6, and the drawn line

the model correctedfor electrostatic shielding ofthe charged surface as

given by eq. 3.15 to 3.18.

3.3.6 Comparison of Octanol- and Liposome-Water Distribution

Ratios

Figure 3.15 shows a comparison of the calculated apparent distribution ratios as a

function of pH in the liposome- and the octanol-water system for two of the model

compounds, 245TriCP and DNOC. At pH < pKa, where sorption of the neutral species

dominates, the liposome-water and octanol-water distribution ratios are in the same order of

magnitude. With increasing pH, however, due to the much more favorable partitioning of the

phenoxide species into the liposomes as compared to octanol, the difference between Dnpw and

Dow increases dramatically. Thus, for example, at pH 7, Diipw of DNOC is almost one-

thousand times higher than Dow. This clearly demonstrates that at pH > pKa, octanol is a rather

poor model phase for simulating the membrane-water partitioning of phenolic compounds.
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Kom(HA) of the chlorophenols (Schellenberg et al., 1984) are significantly smaller than their

Kiipw(HA).
The distribution ratios of the anionic species Dmw(A~, AK) differ about three orders of

magnitude between the two lipid phase-water systems (see Figure 3.16). The phenoxides

partition more easily into the liposomes than expected from their partition behavior in the

octanol-water system because the asymmetrically structured lipid bilayer membrane constitutes

a thermodynamically more favorable surrounding for the charged phenoxide and the ion pair

than the bulk phase octanol.
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Fig. 3.16 Comparison of the octanol- and liposome-water distribution

coefficients of the neutral phenols , log(Kow((HA)/(L-kg~l)) and

log(Ki,pw(HA)/(L-kg'1)), and of the phenoxides , log(D0W(A~,

AK)/(L-kg-])) and log(Dhpw(A-,AK)/(Lkg-l)), at 100 mM AT+. Note

that for easier comparison, K0W(HA)- and D0W(A~, AK)-values are

expressed in L-kg'1. The drawn line represents the line of unit slope
and is not a regression line.

The above findings are also reflected in the operational acidity constants in the lipid

phases, pK° and pK'f. PK° and pK'f are both linearly correlated with pK":

r2 = 0.97pKa = pK +3.39 (3.20)



50 3 The Partitioning Behavior of Substituted Phenols

pK*p = pK"+102 r2 = 0 97 (3 21)

Both regression lines (see Figure 3 17) have a slope of one which indicates that the difference

between pK and pK is not dependent on the substitution pattern of the phenols, but they

differ substantially in their intercepts which indicates that there is a intrinsic difference due to

the matrices The pK1* values are especially important with regard to the quantification of the

uncoupling activity Miyoshi (Miyoshi et al, 1987b) used proton permeabilities in liposomes

as a measure of protonophonc activity and found that the proton flux induced by phenolic

uncouplers strongly depends on pH reaching a maximum at pH = pK" + 1 15, which

corresponds to approximately the pKjP as indicated by eq 3 21 This finding suggests that the

protonophonc activity is optimal at a balanced ratio of phenol to phenoxide inside the

membrane

I i I i i i I i i i I i i . i i i i I i I

4 6 8 10 12

pKw
a

Fig 3 17 Acidity constant in the aqueous phase, pK"a, plotted versus the

operational acidity constants in octanol, pK?a A, and liposomes pK^'a
;atl00mMK+

Figure 3 18 shows a plot of Alipw versus Aow for all compounds investigated

Although there is a considerable scatter in the data, a certain correlation between the A-values
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can be observed, suggesting that similar properties of the phenolic species (i.e.,

hydrophobicity, charge delocalization, tendency to form ion pairs (see above)) are determining

the relative magnitude of Kmw(HA) and Dmw(A", AK) values in each of the two systems.

Hence, as already indicated in Figure 3.15 for DNOC and 245TriCP, Figure 3.18 shows that

the dinitrophenols exhibit, in general, much smaller Alipw values than the chlorinated phenols.
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Fig. 3.18 Plot of Aow versus Alipw for all compounds investigated (A

nitrophenols, • chlorophenols), at lOOmM K+; datafrom Tables 3.1

and 3.3.

3.3.7 Mechanistic Model of the Sorption of Phenols to Lipid

Bilayers

The distribution of all phenol species obeys a simple partition model. The uncharged

ion pair is nearly five times more easily sorbed to the membrane than the charged phenoxide,

and the neutral phenol is three times more easily incorporated than the ion pair, but the range of

the apparent distribution ratios of the different chloro- and nitrophenols covers more than two

orders of magnitude. This finding suggests that the substituted benzene rings of either species,

protonated phenol, ion, and ion pair, are intercalated in a similar way and in a similar depth into
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the lipid bilayer, and that the charged or polar part of the molecule is stabilized in the polar

region of the membrane

Yeagle et al (Yeagle et al, 1975) studied the association of cholesterol with

phospholipids and detected an interaction of the hydroxy group of the cholesterol with the

carbonyl group of the ester of the fatty acid Miyoshi (Miyoshi et al, 1987b) proposed that

neutral phenols are also capable of forming this hydrogen bndge The hydrophobic-hydrophilic

interface between the polar head groups and the non-polar hydrocarbon tails of a phospholipid

is thought to be situated at the level of the first CH2 group in the hydrocarbon tail (Scherer,

1989) Water penetrates the lipid bilayer up to this interface Other studies gave evidence that

hydrophobic molecules and ions are located directly underneath the hydrophobic-hydrophilic

interface, where they interact mainly with the hydrocarbon tail of the phospholipid (Bauerle &

Seehg, 1991, Ellena et al, 1987, Seelig & Ganz, 1991, Smejtek & Wang, 1990) The sorption

site seems to be the same for neutral compounds and for hydrophobic ions, for anions and for

cations, for bulky non-polar ions and for amphiphihc ions One study even included

pentachlorophenoxide (Smejtek & Wang, 1990) Our data are consistent with the proposed

sorption site because the ratios of the distnbution coefficients would not be constant for every

compound if neutral, charged, and ion-paired phenols were not to sorb in the same region of

the phospholipid bilayer

The partition coefficient of the ion pair is intrinsically lower than that of the

corresponding neutral molecule, because the interaction of the ion pair 0"K+, with the carbonyl

oxygen is less favorable than the interaction of a polar molecule with the carbonyl group where

a hydrogen bndge can be formed The bigger radius of K+, as compared to H+, is in addition

stencally unfavorable The partition coefficient of the anion is even smaller, because it takes

more energy to introduce a charge into the membrane However, these differences are small

compared to the range of partition coefficients due to changes in the substituents on the benzene

ring, which again points to the importance of the interactions of the substituted phenyl nng of

the phenol molecule with the phospholipid hydrocarbons

Another explication for the astonishingly small differences between the partition

coefficients of the neutral, charged, and ion-paired species is the so-called non-classical

hydrophobic effect The distnbution of organic molecules between a bulk organic phase and

water is typically driven by entropy, and the reaction enthalpy is close to zero This classical

hydrophobic effect (Tanford, 1980) is attributed to the suspension of the ordering of water

molecules around the organic compound upon transfer into the organic phase The enthalpic

effect of the loss of water-solute interaction is compensated by the van der Waals energy of the

organic phase-solute interaction In the non-classical hydrophobic effect, the distnbution of

hydrophobic molecules, whether they are positively charged, negatively charged, or

uncharged, is enthalpy dnven (Bauerle & Seehg, 1991, Seehg & Ganz, 1991) The entropy

win by the loss of the hydration entropy in the water phase is compensated by expansion and
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restructuring of the water layer at the membrane surface and the resulting reaction entropy is

close to zero or even a little negative. The binding enthalpy is negative essentially due to the

van der Waals interactions between the solute and the hydrocarbon tail of the phospholipids.

Seelig and Ganz (Seelig & Ganz, 1991) found similar binding energies for positively and

negatively charged amphiphiles (tetraphenylborate, 2-(p -toluidinyl)naphtalene-6-sulfonate,

amplodipine, and dibucaine). Therefore, electrostatic interactions between the charge of the

solute and some charged or polar group in the phospholipid seems to be of smaller importance

for the energy of the binding process but cannot be excluded as such. The partition coefficients

of the different species of one phenolic compound vary within one order of magnitude, but the

variation between phenols of different substitution pattern covers more than two orders of

magnitude. This result agrees well with the importance of the van der Waals interactions of the

substituted benzene ring with the hydrophobic core of the lipid membrane.

3.4 Conclusions

The effect of pH, ionic strength, and compound concentration on the liposome-water

distribution ratio has been investigated for 20 chloro- and nitrophenols covering a wide range

of acidities and hydrophobicities. A comparison with membrane vesicles from Rhodobacter

sphaeroides shows that liposomes composed of zwitterionic phosphatidylcholine are

appropriate model systems for mimicking the biomembrane-water partitioning behavior of all

phenol species.

A simple partitioning model was set up for the linear range of the sorption isotherm. It

includes the distribution of three species, neutral phenol, charged phenoxide, ion pairs. At high

phenoxide concentrations, the partitioning model includes an electrostatic term for the build up

of a surface potential on the liposomes due to sorbed phenoxide. The distribution ratios of the

neutral phenol species are very similar in the octanol- and the liposome-water system but the

charged phenol species partition significantly better into the anisotropic lipid bilayer than into

the bulk phase octanol. The membrane-water partitioning at ambient pH-values is significantly

influenced by the sorption of the phenoxide, and not, as often assumed, by the partitioning of

the neutral species.

In contrast to the octanol-water distribution ratios, the liposome-water distribution ratios

provide a realistic estimate of the effective total phenol concentration in a membrane,

particularly, at pH > pKa. These distribution ratios allow to assess the relative abundance of the

phenol versus the phenoxide species present. Thus, when generating, interpreting, or

comparing bioaccumulation and/or toxicity data of phenolic compounds, and most likely of

other weak acids and bases, the strong influence of ionic strength and compound concentration
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(nonlinear isotherms) on the uptake of the compound by a given biological system has to be

taken into account.
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4 The Photosystem of Rhodobacter

Sphaeroides as Model System for

Determining Toxic Effects of

Substituted Phenols

4.1 Chromatophores from Rhodobacter Sphaeroides

4.1.1 Introduction

.

Rb. sphaeroides is a gram-negative, facultatively anaerobic, photoheterotrophic, non-

sulphur purple bacterium (Clayton & Sistrom, 1978; Gregory, 1989). Purple bacteria are

coloured reddish to brownish from their high carotenoid content. Rb. sphaeroides GA is a

green mutant with a reduced carotenoid content. Rb. sphaeroides thrives in habitats of variable

oxygen tension. If the bacteria are grown aerobically, they do not develop photosystems and

carry out respiration in analogy to eukaryontic mitochondria. When grown at a partial pressure

of lower than 2.5-103 Pa O2 both with light or in the dark, the pigmented photosynthetic

proteins are produced in the intracytoplasmic membrane. Upon cell breakage, e.g., by French

Press extrusion, the intracytoplasmic membrane forms into closed vesicles, so-called

chromatophores (Figure 4.1). Chromatophores are inside-out vesicles with a diameter of 50 ±

25 nm (Casadio et al., 1988) that retain their capacity for photosynthetic energy transduction.

n-phase

cell s*^*
breakage^

* [p-phasa*

,
inner chromatophore

outer
"""* *~~

cytosplasmic
membrane membrane

purple bacterium

Fig. 4.1 Chromatophore preparation (1 = ATP-synthetase).

It has been reported for Rhodopseudomonas capsulata that in bacteria grown at high

light intensities, the cychc electron transfer chain works at a higher rate as compared to bacteria

grown at low light intensities because the concentrations of the secondary components of the

electron transfer chain (ubiquinone, cyt bci-complex, and cytochrome C2) were increased
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relative to the concentration of reaction center (RC) (Garcia et al, 1987) even though the yield

of chromatophores and the relative amount of photosynthetic pigments is lower

Part of the cyt C2 is lost dunng the preparation of the chromatophores If the cyt C2

content is too low, the cyclic electron transfer does not function properly because the

rereductions of cyt ci and P are slowed down Snozzi and Crofts (Snozzi & Crofts, 1985)

found that using a dense suspension of cells for the passage through the French Press

increased the relative concentration of active cyt C2, and cells harvested at the early logarithmic

phase of growth had a lower cyt C2-content than cells harvested later

For the uncoupling and inhibition experiments, chromatophores with a constant and

high electron transport efficiency are required The scope of the following part of the study was

to adapt and improve the growth conditions to our needs To that end, we performed

experiments varying the medium composition and the light intensity

Since we measured the kinetics of the electron transfer after one or several single

turnover flashes, the concentration in the measurement cell was adjusted so that 95 % of the

RC were oxidized by the first flash Under these conditions, optimizing the electron transport

efficiency means increasing the ratios of cyt bci complex to RC and cyt C2 to RC

4.1.2 Improvement of the Quality of the Chromatophores

At first, overall growth conditions were investigated Limitation analysis of the medium

composition suggested possible C and N limitations No succinate limitation was found but

doubling the amount of ammonium caused an increase of the biomass yield of 25 % The pH

increases 1 to 2 units during the course of the experiment Control of pH or a pulse of acid

when reaching the stationary phase did not have any influence on the yield

The light intensities were found not to be growth-limiting down to 500 W illumination

However, with one single 500 W halogen lamp, the growth curve deviated earlier from the

exponential curve and took longer to reach the stationary phase than with four 500 W lamps A

more detailed discussion and the original data of the growth experiments are given in the

diploma work of Haberli (Haberh, 1994) The total biomass yield is 350 + 90 mg L * for

bacteria grown in the biorector under high-light conditions, harvested at the end of the

exponential phase, i e after approximately 10 h, and 110 ± 60 mg L 1 for bactena grown in

bottles under high-light conditions When grown under low light conditions and for a longer

time in the biorector, the total biomass yield was not significant higher (390 ± 100 mg L l)

Table 4 1 shows the stoichiometrics of the redox components of the photosynthetic

electron transfer chain in chromatophores from cells grown under different light regimes and,

for comparison, the data for Rps capsulata from (Garcia et al, 1987) Under low-light

conditions, the relative concentrations are very similar m Rb sphaeroides and Rps capsulata

We could not reproduce, however, the high relative concentration of cyt bci complex, i e
,
of
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cyt b56i, that was found in high-hght-grown cells of Rps capsulata It is possible that Rb

sphaeroides reacts in a different way to changes in the light regime than Rps capsulata The

possibility that the illumination was not strong enough in our experimental set-up can be ruled

out because the ratios of [BChla] to [RC] found in our high-light chromatophores are

comparable to the corresponding ratios m Rps capsulata

Table 41 Stoichiometries of the redox components of the photosynthetic electron

transfer chains grown under different light regimes in Rb

sphaeroides (this study) and Rps capsulata (Garcia et al, 1987)

%PL [BChla] [cyt ctot] [cyt b56i] [cyt c2]
(w/w) [RC] [RC] [RC] [RC]

Rb. sphaeroides

low-light" 15 5 132 ±44 0 9010 05 0 35 0 63«

high-light (bottles)6 66 ±11 11610 71 0 491013 0661022*

high-light (bioreactor)c 30 4 4312 1431036 0581017 0851040*

Rps. capsulata^

low-light 121 109 0 62 0 69

high-light 42 442! 2_28 251

aWell-stured biorector, illumination with five light bulbs a 100 W, harvested after 12-15 h %ive
1-L-botUes in water bath, stirred, but not as efficiently as m bioreactor, three to four halogen

lamps a 500 W, harvested after 12-15 h ^^Well-stirred biorector, batch experiments, illumination

with three to four halogen lamps a 500 W, harvested after 10 h ^Jata from (Garcia et al, 1987)

^Calculated under the assumption [cyt ci] = [cyt bs^i]

In conclusion, the bacteria grown under high-light conditions in the bioreactor proved

to be of best quality so that all chromatophores used for uncoupling and inhibitory experiments

were taken from these preparations

4.2 The Photosystem of Rhodobacter Sphaeroides

4.2.1 The Electron Transfer Chain

The photosystem of Rb sphaeroides is a versatile and well characterized experimental

system (for reviews see (Crofts & Wraight, 1983, Knaff, 1993)) It is simpler than the

photosystem of higher organisms and plants because the electrons are transported in a cycle so

that no substrate has to be oxidized or reduced The electron transfer chain is composed of the

photosynthetic reaction center (RC), which is associated with pigment antennae complexes,
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and an electron transfer complex, the cyt bci-complex (or ubiquinol-cytochrome C2

oxidoreductase) (Figure 4 2) These two large protein complexes are present in variable

stoichiometrics (Garcia et al, 1987), typically around 2 1, and act as independent enzyme

systems (Crofts, 1986) They are connected to each other via the quinone pool mside the

membrane and a soluble cytochrome, cyt C2 The RC has been crystallized and its three-

dimensional structure was determined by x-ray crystallography (Yeates et al, 1988) Although

the bci-complex has not been crystallized yet, structural models were deduced from

spectroscopic and kinetic measurements, protein mapping, photoaffinity labeling, and site

directed mutagenesis (Crofts et al, 1992, Genms et al, 1993, Knaff, 1993)

reaction center complex cyt bq-complex

Fig 4 2 The electron transfer chain ofRb sphaeroides (Crofts et al 1983) P,

primary electron donor, BPhe, bacteriopheophytin, Qa, Qb, Qc, and

Qz, quinone binding sites, FeS, Rieske iron-sulfur cluster, cyt,
cytochromes, the numbers indicate the half-lives of the forward
reactions

The primary electron donor, P, is a bactcnochlorophyll dimer with an absorption

maximum of 870 nm Light of shorter wavelengths is absorbed by the chlorophylls and

carotenoids of the light harvesting antennae and passed down an energy gradient to

photooxidi/e P (not shown in Fig 4 2) The electron is transfered via a bacteriopheophytin to

the primary quinone acceptor at the quinone binding site Qa, and then to the secondary

acceptor at Qb The semiquinone formed at Qb is stable for a prolonged time In the

meanwhile, P+ is reduced by the soluble and diffusablc cytochrome C2 in the periplasm A

second photon oxidizes P and as result the semiquinone at Qb becomes fully reduced, takes up
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two protons from the cytoplasm and dissociates from the On-site. Hence, Qb is a two electron

gate.

At the opposite side of the membrane at the quinone binding site Qz on the cyt bcj-

complex, a quinol from the pool is oxidized and releases the protons in the periplasmic space

so that the initial electron gradient is transformed into in the electrochemical proton gradient that

drives the ATP synthetase. The quinones/quinols are present in a large excess, typically around

30 Q/QH2 per RC. Depletion of this quinone pool results in a slowing down of the turnover of

the bci-complex (Snozzi & Crofts, 1984; Venturoli et al., 1988).

The first electron of QzH2 is passed on to a Riske iron-sulfur cluster followed by

transfer to cyt ci and then cyt C2 (Snozzi & Crofts, 1985) (high potential chain). The transient

semiquinone at Qz has a very low potential and is able to reduce cyt b566 (Meinhardt & Crofts,

1983), which in turn reduces cyt b56i (high potential chain). This second electron finally

reduces a quinone at Qc, the quinone binding site of the cyt bci-complex that acts as two

electron gate just like Qb. Hence, the electrons perform an extra loop to use the potential energy

most efficiently (modified Q-cycle (Crofts et al., 1983)). Figure 4.3 illustrates the electron

transfer cycle in terms of thermodynamics.

p+/p*
Em

(mV)
-500 --

-250 --

0 --

250 --

500 --

QA/QA^QB-7QBH2
QB/QB-^

Qz/Qz'-^cytbsee

pv
\ cytb56f

• Qc/Qc-

/
P+/P

cytc2
cytc^ -FeS

„QZ-7QZH2 •

^t?c7QcrT2

Fig. 4.3 The midpoint potentials of the components of the electron transfer
chain o/Rb. sphaeroides. P/P* primary electron donor (*excited); Qx~
/Qxfy semiquinone/quinol redox couple; QJQx' quinone/semiquinone
redox couple; FeS Rieske iron-sulfur cluster; cyt cytochromes (^—&•
redox couples, ^-electron flow, > diffusion).

A number of inhibitors have been used in biophysical studies to simplify the picture by

excluding certain events. Here, we use antimycin (Crofts & Wraight, 1983) to block the

oxidation of cyt b56i, and myxothiazol (Meinhardt & Crofts, 1982) to block reduction of cyt
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b566 and of the Rieske FeS-center as depicted schematically in Figure 4.4. A more detailed

discussion of inhibitors of the electron transfer chain is given in Chapter 6.1.

2H+
n-side

QH2^
Q Q

quinone
pool

QH2

_ > antimycin
Uc

QH!2
Q-

p-side

Fig. 4.4 Active site of antimycin and myxothiazol, inhibitors of the cyt bcj
complex o/Rb. sphaeroides. Qc, and Qz quinone binding sites; FeS

Rieske iron-sulfur cluster, cyt cytochromes.

4.2.2 The Electrochemical Proton Gradient

The alternating electron- and proton-transfer across the photosynthetic membrane

generates an electrochemical potential difference of protons, A|1h+> between the two bulk

aqueous phases (n- and p-side). This proton gradient is the driving force for the ATP synthesis

(for a review see (Ort & Melandri, 1982)) as was first postulated by Mitchell in his formulation

of the chemi-osmotic hypothesis (Mitchell, 1961).

The mathematical expression of the potential energy A|!h+ includes an electrical term,

the transmembrane electric potential difference, Ay, and a concentration-dependent term, the

proton gradient, ApH.

M
AiiH+=F-A¥ + RTln.

P"51"6
(4.1)

1 -»n-side

A|Ih+ is typically expressed in units of J-mol"1. Alternatively, the electrochemical proton

gradient can also be expressed in potential units (V) as the proton motive force Ap.

Ap =
-3i- (4.2)
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R = Gas constant = 8.31 J-moH-K-1, T = absolute temperature, F = Faraday constant = 96.5

kJmoH-V-1.

At 298 K, the combination of eq. 4.1 and 4.2 simplifies to:

Ap = Ay- 0.059 ApH (4.3)

Depending on the type of cell or cellular subunit, Av|/ and ApH have different

contributions to the total proton motive force. In chromatophores of Rb. sphaeroides, Ay is the

major component of Ap.

4.3 The Photosystem as Toxicity-Meter

4.3.1 The Carotenoid Band-Shift

The carotenoid band-shift serves as an indicator of both uncoupling and inhibitory

activities. In this chapter, we present the theoretical and practical background of the carotenoid

band-shift measurements. The application of the carotenoid band-shift for the determination of

the toxicity of phenolic compounds is presented in chapters 5 and 6.

The light induced electron transfer produces a transmembrane electrical field on the

order of 2-105 V cm-1 (Cramer & Crofts, 1982) which is strong enough to change the energy

levels of the intrinsic pigments in the photosynthetic membrane. Molecules with permanent or

inducible dipole moments respond to an electrical field with a change in the energy level of the

excited state, whereas the ground state is not influenced (Stark effect or electrochromic effect).

Consequently, the energy difference between ground and excited state is changed, resulting in

a shift of the absorption spectrum. The change in peak wavelength, AXmax, and the electrical

field, E, are linearly related for molecules with a permanent dipole moment |i, and quadratically

for nonpolar molecules with the polarizability a:

A2
^mM = ^s.(An + 0.5Aa • E)E (4.4)

he

with h = Planck's constant, c = speed of light, A|i = |ig -(i^ (g = ground state, e = excited

state), and Act = ag -ote.

The carotenoids of the light-harvesting antennae in the photosynthetic membrane of Rb.

sphaeroides manifest an electrochromic shift with the following peculiar features:

The carotenoid molecules do not have a significant permanent dipole moment (A|X = 0).

There are two spectrally different carotenoid pools. The larger pool is associated with die light

harvesting complex Bg7o and shows only a negligibly small blue shift. In contrast, the smaller

carotenoid pool of the Bgoo/850 complex (7 - 11 % of total carotenoid (Holmes & Crofts,

1977)) has a significant red shift of « 7 nm, which is much larger than what could be explained
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by a simple electrochromic effect (Holmes et al, 1980) The carotenoid molecules in the

Bgoo/850 complex have a fixed onentation inside me membrane and sense a local permanent

electrical field Eo caused by asymmetrical complex formation with chlorophylls in Bgoo/850

(Cnelaard et al, 1992, de Grooth & Amesz, 1977) in addition to the membrane potential

Consequently, the relationship between AXmax and E, which is expected to be quadratic for the

nonpolar carotenoids, becomes pseudohnear because the permanent local field Eo is

significantly larger than the delocahzed electrical field E from the electrogemc events of the

photosynthesis

5,2
A>tmax = -j^O 5Aa(E0 + E)E (4 5)

The use of the carotenoid bandshift as indicator of the membrane potential, Av|/, is

limited to short periods of illumination because, during continuous illumination, other

unknown parameters interfere with the carotenoid shift (Cnelaard et al, 1988) The

carotenoids sense any electrical field so that lateral non-uniformities of the field and surface

potentials are also detected which makes the method inappropnate at very low ionic strength

(Matsuura et al, 1979)

In practical terms, the carotenoid band-shift in Rb sphaeroides is measured as the

absorbance change, AA, at a fixed wavelength, typically 503 nm, where the effect of the

carotenoid band-shift is maximal and where electrochromic events of other pigments do not

interfere Under these conditions, the relationship between AA and AX is approximately linear

(Junge & Jackson, 1982) The linear relationship between AA and Ay can be calibrated with

artificial ion diffusion potentials, typically with pulses of K+ in the presence of vahnomycin in

the dark (Baccanm-Melandn et al, 1977, Jackson & Crofts, 1969, Symons et al, 1979)

A kinetic trace of the light-induced absorbance change, AA503nm. after a single-turnover

flash is shown in Figure 4 5 (see also (Jackson & Crofts, 1971))

The trace without addition of inhibitor or uncoupler (trace A) reflects the three-step build-up of

the membrane potential The kinetics directly correspond to the kinetics of the electrogemc

events because the response time of the carotenoid band-shift is shorter than 1 nsec The fast

change of the absorbance (AA = 65 % of total AA) corresponds to the photooxidation of P

(phase 1) and rereduction of P+ by cyt C2 (phase 2) We cannot further resolve these two

reactions because they occur faster than the response time of the photospectrometer (the slight

slope in the trace is caused by the electronic filter) The slower phase (phase 3) corresponds to

the electrogemc events in the cyt bci- complex In the presented example, these reactions

account for 35 % of the total AA which corresponds to a stoichiometry of approximately 2 1 of

RC to cyt bci complex

As expected, the slower phase can be completely abolished by adding antimycm and

myxothiazol (trace C) If only antimycm is added (trace B), still approximately 40 % of the
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slow phase can be detected which corresponds to the reactions of the high potential chain (see

also Fig. 4.4).

High concentrations of ionophores, as the combination of valinomycin with nigericin,

cause the membrane potential to degrade almost as fast as it is produced (trace D). Lower

concentrations of ionophores and uncouplers cause an acceleration of the decay kinetics (see

chapter 5).

0.012

0.01

0.008

S 0.006

<

0.004

0.002

0

0 0.002 0.004 0.006 0.008 0.01

t (sec)

Fig. 4.5 Kinetic trace at 503 nm, sample rate 50 kHz; 3K low pass filter; one

single turnoverflash att= 0; chromatophores (150nMRC) suspended
in 50 mMMOPS, JOOmM K+, pH 7; (A) without addition, (B) plus

10 \iM antimycin, (C) plus 4 fiM myxothiazol, (D) plus 2.5 fiM

valinomycin and 2.5 }iM nigericin.

4.3.2 The Kinetics of the Redox Components

The kinetics of the redox components of the cyclic electron transfer chain are used in

this study to determine the inhibitory activity of the phenols (chapter 6). In the present chapter,

the application of flash kinetics to study the electron transfer reactions are introduced, and

control experiments are shown.

The absorption spectrum of a reduced cytochrome differs from the spectrum of the

corresponding oxidized species. The redox status can be monitored as a function of time after a
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pulse of light by measuring a particular wavelength at or near the absorption maximum of the

respective compound We are able to follow the redox kinetics of P (RC complex), cyt ctot (the

sum of cyt ci and cyt C2), and cyt bs6i With the limited spectral resolution of our kinetic

photospectrometer, we cannot distinguish cyt ci from cyt C2, and we cannot measure cyt b566

The absorbance of the RC is measured at 542 nm The absorbance of the cytochromes

is measured at their absorption maxima, and the values are corrected for interference of the RC

by subtracting the absorbance at an appropnate wavelength (542 or 569 nm) Table 4 2 gives a

list of wavelengths and wavelength pairs, and the relative extinction coefficients Ae

Ae = |£ox-ered| (4 6)

Table 4 2 Extinction coefficients ofRC and the cytochromes

X Ae (M-W1)

RCa 542 nm 10 300

cyt ctot'' 551-542 nm 19 500

cytb56ic 561-569 nm 19 500

"(Dutton et al 1975) fccyt ctot = cyt ci + cyt c2 (Meinhardt, 1984) c(Crofts & Wraight, 1983)

The absorbance change of the RC and the cytochromes overlap with the electrochromic

signals of carotenoids and bactenochlorophyll Therefore, all measurements of redox kinetics

were performed under uncoupled conditions in the presence of 2 5 (iM valinomycin and 2 5

|iM nigencin

A correction for the electrochromic effects m coupled chromatophores was proposed by

Venturoli et al (Venturoh et al, 1987) This method relies upon a set of empirically derived

polynomial functions We were not able to reproduce this method As it is only a

phenomenological description without physicochemical basis, and as the fitting functions have

to be determined for every set of expenmental conditions, we performed the measurements of

the redox kinetics under uncoupled conditions However, the possibility of measunng the

uncoupling and inhibitory activity of a given compound in a single expenment is rather

attractive so that the correction method should be reconsidered if any progress is reported in the

literature

All measurements, unless otherwise indicated, were performed at an ambient redox

potential of 120 to 130 mV, 1 e
,
P and the c-cytochromes were reduced pnor to the first flash,

the b-cytochromes were almost completely oxidized, and the qumone pool was partially

reduced so that the diffusion of qumols was not rate limiting A tram of several flashes was

shot with the flashes being typically 40 msec apart
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Under uncoupled conditions, the first and subsequent single turnover flashes produce a

rapid oxidation of P, followed by a somewhat slower rereduction by cyt C2, as shown in

Figure 4.6. The c-cytochromes are rapidly oxidized and more slowly rereduced (Figures 4.7 A

and 4.8 A), and the kinetic trace of cyt b56i does not show any absorption change (Figure 4.9

A) because reduction and oxidation of cyt b56i occur at similar rates.

0.001

0.0008

1

542nm
0.0006

< 0.0004

0.0002 H

0.05 0.1 0.15

t (sec)

0.2

Fig. 4.6 Kinetic trace ofthe RC at 542 run, sample rate 10 kHz; train of5 single
turnover flashes, 40 msec apart, first flash at t = 0; chromatophores
(150 nM RC) suspended in 50 mM MOPS, WOmM K+, pH 7;

uncoupled with 2.5 \JM valinomycin and 2.5 jiM nigericin.

After the addition of antimycin, the reoxidation of cyt bs6i is blocked, and the kinetic

trace reflects the reduction kinetics of cyt b56i (Figure 4.9 B). For the c-cytochromes, no

change should be observed after the first flash. However, the rereduction of cyt ctot after the

first flash is somewhat slowed down in the presence of antimycin (Figure 4.7 B and Figure 4.8

B). This is probably caused by the relative low cyt ctot content of our chromatophore

preparation. After the second and subsequent flashes, ctot cannot be reduced any more because

electrons cannot be delivered from quinol with the low potential chain being blocked. A very

slow back reaction can still be seen in the cyt ctot trace after the second and subsequent flashes

which is probably caused by electron donation from the redox mediators of the bulk solution.
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Finally, if both antimycin and myxothiazol are present, the entire cyt bci complex is

blocked, i.e., the b-cytochromes remain unchanged (Figure 4.9 C), and the c-cytochromes are

only oxidized by the RC and cannot be rereduced (Figure 4.7 C and Figure 4.8 C).
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Fig. 4.7 Kinetic trace of cyt ctot at 551 -542 nm, sample rate 10 kHz; train of 8

single turnover flashes, 40 msec apart, first flash at t = 0;

chromatophores (150 nM RC) suspended in 50 mM MOPS, lOOmM

K+, pH 7; uncoupled with 2.5 /JM valinomycin and 2.5 fiM nigericin

prior to experiment; (A) without addition, (B) plus 10 fjM antimycin,

(C) plus 4 \iM myxothiazol.
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Fig. 4.8 Kinetic trace ofcyt Ctot at 551-542 nm, sample rate 10 kHz;

one single-turnover flash at t = 0; chromatophores (150 nM RC)

suspended in 50 mM MOPS, lOOmM K+, pH 7; uncoupled with 2.5

fjM valinomycin and 2.5 \iM nigericin prior to experiment; (A) without

addition, (B) plus 10 \lM antimycin, (C) plus 4 \lM myxothiazol.
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Fig 4 9 Kinetic trace ofcyt b%i at 561-569 nm, sample rate 10 kHz, tram of 8
single turnover flashes, 40 msec apart, first flash at t = 0,

chromatophores (150 nM RC) suspended in 50 mM MOPS, lOOmM

K+, pH 7, uncoupled with 2 5 flM vahnomycin and 2 5 yM nigencin

prior to experiment, (A) without addition, (B) plus 10 [lM antimycin,

(C) plus 4 jiM myxothiazol

4.4 Conclusions

In this chapter, we have presented all background information pertinent for the

measurements of the biochemical effects of substituted phenols The established method of

time-resolved spectroscopy on the photosystem of Rb sphaeroides has been applied for the

first time in our laboratory Therefore, it was necessary to adapt the methods of bacteria growth

and chromatophore preparation to our situation Bacteria grown under high-light conditions in

a well-stirred bioreactor proved to yield chromatophores of the appropnate quality The

stoichiometnes in the photosynthetic unit were 0 58 cyt bci-complex and 0 85 cyt C2 per RC

mmwmm.
|jM<ij N'mpi || <<"\y
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5 Uncoupling of Electron Transport
from ATP Synthesis

5.1 Introduction

5.1.1 Uncouplers and Their Mode of Action

It follows from the chemiosmotic theory that any compound that can either dissipate the

membrane potential, A\|/, or the proton gradient, ApH, or the electrochemical proton gradient,

A|j,h+, altogether, decreases the ATP synthesis without directly affecting the electron transport

chain and the ATPase. This mode of action is called uncoupling. Two classes of compounds

cause uncoupling by passive transport: compounds that form ion channels, such as gramicidin,

and mobile carriers, such as valinomycin, nigencin, or weak hydrophobic acids (Figure 5.1).
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H+

2

HA
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A"

M (aq)>^ (aq)

n

H+ M+ K+M
(aq)'* (aq)

H+(aq) K+(aq)

weak acid gramicidin valinomycin

protonophore protonoVionophore ionophore

uniport uniport uniport

mobile carter ion channel mobile caner

H+(aq) K+(aq)

nigencin

ionophore

antiport

mobile caner

Fig. 5.1 Possible mechanisms of uncoupling the ATP synthesis from the

electron transport: exemplified for weak hydrophobic acids,

gramicidin, valinomycin, and nigericin.
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Gramicidin (for a review see (Gomez Puyou & Gomez-Lojero, 1977)) is a linear

polypeptide antibiotic that forms transient conducting dimers in the bilayer that can serve as

transmembrane ion channels Protons and other small ions diffuse passively through these

channels The natural antibiotic valinomycin (for a review see (Ohkouchi et al, 1991)) is a

small neutral cyclic peptide that forms a strong complex with K+ The charged hydrophobic

K+-valmomycin complex diffuses across the membrane thereby dissipating A"? without

affecting ApH Other than the two electrical uniport systems mentioned above, which transport

ions only in one direction along the electrochemical proton gradient, Nigencin (for a review see

(Gomez-Puyou & Gomez-Lojero, 1977)) acts as an electroneutral antiport exchanging H+ for

K+ thereby only dissipating ApH The species present in the membrane are the neutral

carboxyhc acid and the K+-carboxylate complex, so that no net charge is transfered across the

membrane Nigencin is an open chain macrotetrahde with a pKa of 8 45 of the carboxyhc acid

group These are only three examples of the wide variety of compounds typically used in

bioenergetics studies In our experiments, we have used these lonophores as reference

substances and to destroy Ahh+ if needed as a prerequisite for an experiment

5.1.2 Acidic Protonophores

Weak hydrophobic acids and bases are able to transport protons across biological
membranes thereby dissipating both components of A(Xh+ A selection of widely used

protonophonc acids is shown in Figure 5 2 All these protonophores contain Tt-orbital systems

and/or strong electron-withdrawing substituents that assure good derealization of the negative

charge, thus enhancing the membrane permeability of the deprotonated species

The mechanism of action of these protonophores has been extensively studied on

artificial planar lipid bilayers (Benz & McLaughlin, 1983, McLaughlin, 1972) Weak acids

increase the proton conductance of artificial bilayers by two to three orders of magnitude For a

wide variety of structurally different weak acids, the increase of conductance correlates well

with the ability to uncouple oxidative phosphorylation in mitochondria as measured by the

stimulation of respiration (McLaughlin & Dilger, 1980, Skulachev, 1971)

Weak acidic uncouplers were found to be most effective at pH values near their

respective pKa values (Hopfer et al, 1968) This observation suggests that both protonated

and deprotonated species are involved in carrying protons across the lipid bilayer A molecular

model with two different conductive species have been proposed to explain the uncoupler

mediated proton conductance The conductance was found to be a linear function o) the

protonophore concentration for, e g , carbonyl cyanide hydrazones or salicylanilides, and a

quadratic function of protonophore concentration for, e g ,
some substituted phenols and

benzimidazoles The linear relationship between concentration and conductivity is consistent

with a monomolecular model where the phenoxide is the charged permeant species
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(McLaughlin & Dilger, 1980) as shown in Figure 5.3.a. The rate limiting step of the

monomeric shuttle mechanism is the diffusion of the phenoxide across the membrane (Benz &

McLaughlin, 1983). Some compounds appear to form dimers of one phenol with one

phenoxide species to make the charged species more hydrophobic (McLaughlin, 1972). For

these compounds the conductance is a quadratic function of the concentration. This dimeric

shuttle mechanism is depicted in Figure 5.3.b. AHA" heterodimers were detected

spectroscopically in non-hydrogen-bonding solvents, but they were not found in hydrogen-

bonding solvents and in liposomes (Barstad et al., 1993). In principle, however, it should be

possible that the dimers are formed in the hydrophobic core of a lipid bilayer as transient

intermediates. Alternatively, there is the possibility that a hydrogen-bond network of phenol

and phenoxide molecules exists, along which the protons move across the membrane (Barstad

et al., 1993).
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Fig. 5.2 Weak hydrophobic acids that are known as uncoupling agents: 3,5-
di(tert-butyl)-4-hydroxybenzylidenemalononitrile, SF 6847 (Terada et

al, 1988); pentachlorophenol, PCP; 4,5,6,7-tetrachloro-V-
trifluoromethylbenzimidazole, TTFB (Dilger & McLaughlin, 1979;
Heytler, 1979); 3-chloro-N-(3-chloro-2,6-dinitro-4-trifluoromethyl-
phenyl)-5-trifluoromethyl-2-pyridinamine, Fluzinam (Guo et al.,
1991); carbonyl cyanide p-trifluoromethoxy-phenylhydrazone, FCCP
(Benz & McLaughlin, 1983); carbonyl cyanide m-chlorophenyl-
hydrazone, CCCP (Kasianowicz etal., 1984).
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Some phenols are rather weak uncouplers requiring high concentrations to fully

uncouple the energy production. These phenols act as protonophores only at low

concentrations but alter the structure of the biological membranes at high concentrations so that

the membrane becomes permeable to protons and other small molecules (Moreland, 1980).
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Fig. 5.3. Molecular modelsfor the dissipation ofAflf]+ by weak organic acids, a:

monomolecular mechanism, b: bimolecular mechanism (adaptedfrom
(McLaughlin & Dilger, 1980)).

5.1.3 Determination of Uncoupling Activity

The uncoupling activity can be quantified either directly by measuring the

electrochemical proton gradient, A(Xh+, or indirectly by determining a secondary metabolic

response to uncoupling, such as the respiration rate in mitochondria. The respiration rate in

mitochondria is typically determined by measuring the reduction rate of oxygen with the Clark

oxygen electrode (Nicholls & Ferguson, 1991). Mitochondria that are in a state of high Ap

(state 4) and low respiration rate, i.e., with substrate succinate but no ADP added, increase

oxygen reduction if either ADP or uncoupler is added. The uncoupling activity of a given

compound is typically referred to as the concentration at which the respiration rate is twice that

of state-4 respiration (Miyoshi et al., 1987d).

The indirect approach is less appropriate for substituted phenols due to their possible

additional inhibitory activity which may alter the secondary response. Therefore, this work

focuses on direct methods. Since weak acidic uncouplers destroy both components of A|j.h+

namely, the membrane potential, A\)/, and the proton gradient, ApH, concomitantly, a full

quantification of the uncoupling activity should include the determination of both components

(for reviews see (Azzone et al., 1985; Baccarini-Melandri et al., 1981; Rottenberg, 1979)).

However, in chromatophores, ApH is negligibly small, in particular after a single-turnover
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flash: ApH = 0.003 which is equivalent to a contribution of 0.18 mV of a total Ap of

approximately 70 mV (Melandri et al., 1984). This phenomenon is caused by the high buffer

capacity of the aqueous phases. As a consequence, it is sufficient to measure the membrane

potential, A\|/.

In principle, there are two methods for the determination of A\|r: one method is based on

the distribution of membrane-permeable marker ions, e.g., tetraphenylborate, which equilibrate

electrochemically under steady state conditions. This method cannot be used for the

quantification of uncoupling because the marker ions themselves exert some uncoupling

activity. The other method relies on absorbance or fluorescence changes of exogenous or

endogenous dyes. The dye molecules respond to a change in the transmembrane voltage with a

shift of their absorption or emission maximum. Oxanol and cyanide dyes are used as

exogenous dyes. Their major disadvantage is their slow response time and their membrane-

perturbing and uncoupling activity. Carotenoids are examples of endogenous dyes. Details of

the carotenoid band-shift are discussed in Chapter 4.3.1. A drawback of this method is that it

cannot distinguish between transmembrane and surface potentials, so measurements at low

ionic strength are unreliable. Nevertheless, the carotenoid band-shift is the best method for the

determination of the uncoupling activity in our experimental system because it is fast,

reproducible, and can be measured with the same set-up with which inhibition is measured.

5.2 Results and Discussion

5.2.1 Data Analysis

The uncoupling activity of all model compounds was determined at pH 7 and 100 mM

K+ by measuring the carotenoid band-shift (Chapter 4.3.1) after a single-turnover flash. The

absorbance change at 503 nm, AA503nm> is directly proportional to the membrane potential A\|/

across the chromatophore membrane (Junge & Jackson, 1982). Each experiment was

performed at several different total concentrations of phenol, [uncoupler]tot- [Uncoupler]t0t

refers to total amount of phenol (or a reference uncoupler) added to the chromatophore

suspension per volume unit without correction for uptake by the membrane.

Phenols, as shown in Figure 5.4 for Dinoseb, affect the membrane potential after a

single saturating flash in two ways: the maximum extent of Ay is reduced, and the decay of A\j/

after the maximum is accelerated. The acceleration of the decay of A\|/ is caused by the

protonophoric activity of phenols, and the decrease of A\|rmax may be caused by inhibition or

extremely fast uncoupling (faster than the build-up of Ay). As the third phase of the build-up

of Ay is rather slow (ti/2 = 2-10 msec), it is difficult to judge if a compound prevented the

build-up of Ay partially by inhibiting certain components of the electron transport chain, or if it
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uncoupled so fast that as a net result no full build-up of A\|/ can be seen A significant decrease

of AA503nm points to a concomitant inhibition, which will be discussed in detail in Chapter

6 2 1 As long as the inhibition is not as strong as to abolish the driving force for uncoupling,

Ahh+. the inhibition does not interfere with the decay kinetics of Ay
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Fig 5 4 Absorption change at 503 nm after a single turnoverflash (at t = 0),

chromatophores (165 nM RC) suspended in 50 mM MOPS, 100 mM

K+, pH 7, control no addition, followed by the addition of 1 pM to

500/jM Dinoseb

The uncoupling efficiency is strongly dependent on the number and types of

substituents on the benzene ring SF 6847 accelerates the decay of A\|/ significantly at

concentrations in the nanomolar range whereas 2NP and 4CP do not show any effect up to a

total concentration of ImM If the acidic function of a phenol is blocked, e g , by methylation,

the compound cannot act as proton earner, and the decay kinetics are not affected by adding

even high concentrations of methyl ether (data shown in Chapter 6 2 1)

The membrane potential \p decays exponentially with time both in the control curve and

in the curves with uncoupler added A simple model for the exponential decay of the membrane

potential would be the discharging of a parallel plate condenser with the capacitance C by a

resistor R
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Integration yields:

\|/(t) = Vo-eUc; (5.2)

In terms of the simple model of an electric circuit, the membrane is represented by a resistor

with resistance Rm, and increase in conductance by a given amount of uncoupler is represented

by a resistor Ru. The two resistors are connected in parallel so that:

1--U-L-
, (5.3)

R Rm Ru

and

¥(t) = VuW-Vm(t) (5-4>

Vm(t) is proportional to die kinetic trace of the control, AA503,control(t), and y(t) is proportional

to the kinetic trace with uncoupler added, AAso3(t) (see Chapter 4.3.1). By normalizing each

trace to its control trace, \|/u(t) can be separated. At each point in time, the measured value at a

given phenol concentration was divided by its corresponding value from the control trace:

_

AA503(t)
_

y(t)

(5.5)"^503,controlW Vcontrol (0

The points before the flash and the first 5 to 20 msec after die flash were typically left out

because the latter are often influenced by inhibitory phenomena. Note diat this normalization

procedure allows one to skip the tedious calibration of the membrane potential (Symons et al,

1979) because only relative values are considered.

The signal x(t) decays exponentially with time. Hence, die decay curve can be described

by the following first-order rate law:

x(t) = x0-e~k<>bst . (5.6)

The observed rate constant, kobs. is equivalent to 1/RUC. Kobs can be determined by plotting

me natural logarithm of x(t) versus time, t:

lnx(t) = lnx0-kol>!-t . (5.7)

The half-decay time of uncoupling, ti/2, is related to kobs by:

^n-~ (5-8)

For strong uncouplers and/or high concentrations of uncoupler, the membrane potential

is reduced to zero widiin 10 to 500 msec. In these cases only the initial part of the trace was

used to determine kobs because the driving force for the uncoupling is too small when the

membrane potential comes too close to zero, and the plotted line of In x(t) versus time deviates

from linearity. The concentration range for subsequent experiments was typically chosen so

fliat the reaction half-decay times were between 100 msec and 5 sec. If die half-decay times

were shorter, the time segment for the data analysis was too small so diat die resulting kobswas

unreliable. It was not possible to determine longer half-lives because of die instability of the

original kinetic traces after several seconds. Figure 5.5 illustrates how kobs is determined.
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Toxicity of a compound in aquatic environments is generally expressed in terms of the

total concentration of toxicant dissolved in water that evokes a certain effect, e.g., a certain

percentage of the maximum response or of a control value. Here, the uncoupler concentrations

needed to induce decay kinetics with ti/2 = 100msec, Ciooms. was chosen as toxicity endpoint.

ClOOms will be used in the following when comparing the data of this study with published

data, or when comparing the activity of uncouplers having different reaction orders.
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0 0.2 0.4 0.6
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Fig. 5.5 Original kinetic traces and time window usedfor the determination of
k0bs- Inlay: Linear regression of x(t) versus time <eq. 5.7). The

negative slope of the line is the observed rate constant k0bs.
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5.2.2 Classification of Uncouplers

The logarithms of the observed rate constants, log kobs. were plotted versus the

logarithms of the total concentrations of phenol added to the chromatophore suspension, log

[uncoupler]tot, to determine the reaction order of the uncoupling process. This step is

necessary because the published reaction orders vary from one experimental system to another.

Early studies found that the electrical conductivity induced by PCP in lipid bilayer membranes

(Smejtek et al., 1976) or 24DNP (Finkelstein, 1970; McLaughlin, 1972) was a quadratic

function of concentration, which is consistent with the dimeric proton shuttle mechanism

depicted in Figure 5.3.b. In contrast, the apparent proton permeability coefficients through

liposomal membranes were found to be a linear function of the concentration for a series of

chlorinated, nitrated, and methylated phenols (Miyoshi et al., 1987a). This discrepancy could

be explained in terms of differences in the experimental set-up (conductivity- versus ApH-

measurements) or intrinsic differences between the model membranes, but a more convincing

explanation has still to be found.
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Fig. 5.6 log k0bs versus log [uncoupler]totft>r three representative examples at

pH 7. The slope n of the regression line gives the reaction order.

DNOC, n = 0.97 ± 0.02; U 345THCP, n = 2.12 ± 0.12; and O

2346TeCP, n = 1.63 + 0.03.
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Plotting log k0bs versus log [uncoupler]tot, as depicted in Figure 5 6 for some

representative examples, yields no universal reaction order for all phenols However, the

reaction order seems to be related to the ratio of neutral-to charged species mside the membrane

which can be derived from pK1^ Phenols that are fully dissociated mside the lipid bilayer at

pH 7, such as DNOC, exhibited reaction orders around one, predominantly neutral phenols,

such as 345TnCP showed reaction orders around two, and partially dissociated phenols, such

as 2346TeCP, had reaction orders between one and two

The comparison of the observed rate constants, k0bs> of two compounds with virtually

the same apparent hposome-water distribution ratios at pH 7, Dhpw(pH7), indicates that the

first-order uncouplers are significantly more active than the second-order uncouplers (Figure

5 7) Two such sets of first- and second-order uncouplers can be found in the test set, DNOC

and 26DCP (as given in Figure 5 7) and Dino2terb and 34DCP (data not shown, but the same

effect)

5
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0UJ>+n-rrv
0 210"4 410"4 610"4 810" 103

[uncoupler] (M)

Fig 5 7 k0bs versus [uncoupler]lot for two phenols with similar Dit„w(pH 7)
but with different reaction orders first order uncoupler DNOC (A),
log Diipw(pH 7) = 2 46 and second-order uncoupler 26DCP (Q), log
DupwfpH 7) = 2 51

Experiments with variation of pH should help to clanfy if the reaction order of

uncoupling activity is indeed caused by the speciation of the phenols inside the membrane or by
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some other properties of the molecule that are incidentally also related to pKjP. An extensive

discussion of the pH-dependent behavior of one representative example, 2345TeCP, is given

below (Chapter 5.2.6). Here, only the relationship between pH, speciation inside the

membrane, and reaction order is presented. For 2345TeCP, the concentration dependence of

kobs is consistent with a second-order rate law from pH 5 to pH 8. Only for pH 8.5 and 9, the

reaction orders are lower than two (n = 1.7 + 0.1 and 1.8 ± 0.1, respectively). At these pH-

values, the concentration of the phenoxide ion in the lipid bilayer is higher than the

concentration of the neutral species.

Figure 5.8 reveals that there is a certain, but rather weak, correlation between the

reaction orders, n, and the ratio of phenol to phenoxide species inside the lipid bilayer,

[HA]q)h/[A",AK]q,j]. The reaction order n increases with increasing [HA]cph/[A~,AK]Cp|1. This

trend is evident both for 2345TeCP measured at different pH values and for the entire

compound set measured at pH 7. Note that for the compound set, this correlation might also be

due to the strong covariance with the acidity constants.
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Fig. 5.8 Plot of the ratio ofphenol-to-phenoxide species inside the lipid bilayer,
[HAJcpi/lA'.AKJcpit, versus the reaction orders n, for 2345TeCP at

different pH values, and O for the entire compound set at pH 7

(26DNP, DNPC, 24DCP, 26DCP were omitted because they are

outliers -see textfor explanation)
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It appears that the reaction order of uncoupling, 1 e the type of protonophoric

mechanism, is not compound-specific as it was supposed in earlier studies but a result of the

speciation of the weak acids inside the lipid bilayer Note, however, that the least active

compounds (26DNP, DNPC, 24DCP, 26DCP) had to be omitted from Figure 5 8 because

they are outliers These compounds are active only at very high concentrations of

[uncouplerJtot. so that these data have large errors Consequently, these compounds were

classified accordmg to their speciation and not according to their fitted reaction order

As can be seen from Figure 5 8, the correlation between the speciation, expressed as

[HA]Cph/[A",AK]cpii, and the reaction order, n, is not very strong because, in addition to the

speciation, the total amount of each species present inside the membrane may also be

important, which is reflected in the liposome water distribution ratios

In the following, first- and second-order uncoupling conditions are discussed

separately It should be emphasized again that the classification is not compound-specific but

rather dependent on the pKa or, with other words, the speciation At pH 7, however, the

classification criteria for the uncoupling kinetics incidentally overlap almost with the two sub¬

sets of the model compounds If [HA]cph/[A",AK]q,i] < 0 02, then the kinetics are first-order

with respect to the uncoupler concentration At pH 7, all nitrophenols, except the mono-

nitrophenols and 34DNP are primarily first-order uncouplers For 0 02 < [HA]cph/[A",AK]cph
< 1, the reaction order is not clear, and it is most likely that both the mono and the bimolecular

mechanism of uncoupling contribute to the overall activity At pH 7, 34DNP, 2346TeCP, and

PCP show mixed-order kinetics All other chlorophenols have [HA]Cph/[A",AK]cph > 1 at pH

7, and, consequently, act primarily as second-order uncouplers

5.2.4 First-Order Uncouplers

Whenever the phenoxides are the dominant species in the lipid bilayer at pH 7, the

uncoupling process was found to have a first-order reaction rate The first-order rate constants

ki can be denved by plotting kobs versus [uncoupler]tot

kobs=ki [uncoupler]tot (5 9)

The resulting rate constants are shown in Table 5 1 together with the experimental reaction

orders, n, and the ratio of phenoxide to phenol species (calculated from the liposome-water

distribution data) Although the slope of the log-log plot was rarely exactly one, the quality of

the linear regression with eq 5 9 was very good and comparable to the quality of the log log

regression For comparison, the well known uncouplers FCCP, CCCP, and SF 6847 were

also included m Table 5 1 These three compounds show also first-order kinetics although their

high pK values suggest that the phenoxide species are not in excess over the neutral species

According to equation 3 18, the operational acidity constant in the membrane phase, pK f, is

about one unit higher than pK If this equation is also valid for SF 6847, significant amounts
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of the neutral species is present inside the membrane However, the anion of SF 6847 is

probably more membrane permeable than the phenoxides of our compound set because the

charge seems to be much better delocalized due to strong electron-withdrawing substituents It

was found for FCCP and CCCP that pK and pK* are very similar in planar lipid bilayers

made of phosphatidyl ethanolamme (Benz & McLaughlin, 1983, Kasianowicz et al, 1984) If

this equation is also valid for chromatophore membranes, there would exist a small surplus of

phenoxide inside the membrane

All the nitrophenols in our test set (see Table 3 1 for full set, pK- and Kow-values)

showed first order kinetics, except for 4NP which followed second order rate law, 2NP which

was not active up to 1 mM total concentration, and 34DNP which could not be classified

unambiguously All of these compounds were less active than the three reference compounds

with concentrations in the micromolar range as compared to the nanomolar range for the

reference compounds The introduction of an alkyl-substituent made a dimtrophenol more

active, and the 2,4-dinitrophenols were always better uncouplers than the corresponding 2,6-

dmitrophenols

Table 51 Rate constants of the first order uncouplers and their relation to the

speciatton inside the lipid bilayer

compound0
reaction

order n

ki

(L mol 1
sec l)

logki

(L mol * sec1)
[A7AKlc„h

IHAIcph

24DNP 1 32 (6 83±0 18) 103 3 83 172

26DNP 1 816 (5 78±0 61) 102 2 76 1564

DNOC 0 97 (2 27+0 05) 104 4 36 272

DNPC 149* (1 13±005)103 3 05 716

Dinoseb 0 98 (4 34±0 10) 105 5 64 55

Dino2terb 0 83 (1 17±0 06)106 6 07 44

Dino4terb 0 63 (3 98±0 28) 103 3 60 204

SF6847 0 69 (1 83±0 22) 108 8 18 0 14c

FCCP 128 (2 70±0 11)107 7 43 7 3d

CCCP 103 (9 49iO 19) 106 6 97 I22d

"For compound names see Table 3 1 and Figure 5 2 ''Very high concentrations needed to elicit a small

effect possible artefacts due to dilution, or due to very low kobs 'Estimated with eq 3 21 "pK = pK*
(Benz & McLaughlin, 1983, Kasianowicz et al, 1984)

The high surplus of the ionic species might suggest that only the phenoxide plays a role

in the uncoupling process However, the first-order uncouplers with higher pK^ and pK1^,
i e

,
with comparably more neutral species present inside the membrane, are the better
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uncouplers within the series of first-order uncouplers In fact, the pK of the nitrophenols

correlate linearly with their uncoupling activity, log ki (Figure 5 9) The three other acidic

uncouplers, FCCP, CCCP, and SF 6847, do not fit exactly in the linear regression but show

the same trend as the nitrophenols Two interpretations for this finding are possible On the one

hand, the back-diffusion of the neutral phenol could be the rate limiting step of the overall

process, or, on the other hand, the pK could only reflect the ability of the anion to recombine

with the proton, i e the basicity of the phenoxide Hence, the more weakly acidic the

nitrophenols are, the larger is their uncoupling activity In contrast, log k\ exhibits neither a

direct relationship with the apparent hposome-water distnbution ratios at pH 7, Dupw(pH7),

nor with the distribution coefficients of either species, neutral or charged Only if the group of

nitrophenols is further split up into two sub-groups, the 2,4-dinitrophenols and the 2,6

dinitrophenols, the uncoupling activity of each sub-group is linearly correlated with their

distnbution ratio at pH 7 (Fig 5 10) and the distribution coefficients of the single species (data

not shown)

-~ 8 r

o
®

7

O 6

E

=d 5

o

L / +1

/ * :

r / + -.

35 45 5 55

PKW
65

Fig 5 9 The relationship between the first-order rate constants, log k\ and the acidity
constants pK"a of all first order uncouplers, nitrophenols, FCCP, CCCP,

and SF 6847 The line is the least square regression line for the nitrophenols
with the equation logki = 312 plCa -8 97, r2 = 0 913
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log(D|ipw(pH7)/Lkg-1)
Fig. 5.10 Plot of the logarithms of the first order rate constants, log ki versus the

liposome-water distribution ratios at pH 7, log Di,pW(pH7), calculated by eq.
3.6 with the data from Table 3.3, of the 2,6-dinitrophenols (), and the 2,4-

dinitrophenols (). The lines are the least square regression lines with the

equations log ki = 0.6 log Diipw(pH7) + 1.66, r2 = 0.998 (2,6-dinitrophenols)
and log ki = 1.39 log Dupw(pH7) + 1.05, r2 = 0.991 (2,4-dinitrophenols).

The uncoupling activity of each 2,4-dinitrophenol is significantly higher than the

uncoupling activity of its corresponding 2,6-dinitrophenol. The para-nitro group of the 2,4-

dinitrophenols allows a much better charge delocalization over the entire molecule than the

ortho-nitro groups in the 2,6-dinitrophenols. The effect of charge delocalization is also

reflected in the Dow- and Diipw-values but obviously to a smaller extent than in case of the

uncoupling activity. A good delocalization of charges is believed to play a vital role for the

uncoupling activity of weak hydrophobic acids (Terada, 1990). The charged species can more

easily cross the membrane interior if the charge is delocalized over the entire molecule or if the

molecule is rather large.

To get an idea of the concentrations of nitrophenols inside the membrane under

uncoupling condition, we estimated the relative amounts of uncoupler molecules per

photosynthetic unit at Ciooms (Table 5.2). The concentrations of the neutral species, [HA]cph,
are in the order of magnitude of the number of reaction centers (RC) whereas the

concentrations of the charged species, [A",AK]cph, have a high surplus over the RC. Note,

however, that the phenol and phenoxide concentrations do not necessarily have to be in the

same order of magnitude as the RC content because the uncouplers are recycled. SF 6847,

e.g., completely uncouples mitochondria at 0.05 molecules per respiratory chain (Terada & van

Dam, 1975).
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Table 5 2 Concentrations of phenol and phenoxide species inside the

chromatophore membrane at the total concentration ofa compound
in the suspension, Ciooms, that induces decay kinetics with ti/2 =

100msec

compound0 _,0
Cioftm*

°g(molL-l)
log

^cp^
(mol kgcph-l)

.loe[A-/AK]cphrf
s(molkgcph-l)

[HA]cph*

(Phenol/RC)

[A-AKlcph*

(Phenoxide/RC)

24DNP 3 01 3 84 161 145 249

26DNP 2 06/ 3 95/ 0 76/ 1 12/ 1758/

DNOC 3 49 4 06 1 63 0 88 238

DNPC 2 27/ 3 43/ 0 58/ 3 72/ 2663/

Dmoseb 4 78 4 07 2 33 0 86 47

Dino2terb 5 16 4 28 2 64 0 53 23

Dino4terb 2 68/ 2 59/ 0 28/ 25 8/ 5255/

flFor compound names see Table 3 1 "Extrapolated with eq 5 9 "Calculated from the liposome-water
distribution ratios given in Table 3 3 with a phospholipid content of the chromatophores of 30 4 %

(w/w) and a chromatophore concentration of 2 g L
l ^Calculated with a chromatophore concentration of

2 g L
1 and a RC content of 200 nM /These values are hypothetical because the actual concentrations of

phenol that would have to been added to the chromatophores suspension exceed the solubility limit

In terms of the mechanistic model of proton transfer, these stoichiometnes imply that

even if the charged phenoxide species would diffuse more slowly across the membrane than

the neutral species, it is not the rate limiting species due to its high abundance Here, the low

concentration of the neutral species rather seems to be rate-hmiting In this case, it is unlikely

that the phenoxide pairs with a neutral molecule to form the better membrane-permeable

heterodimer AHA" Consequently, the only charged species that crosses the membrane is the

free phenoxide which is in accordance with the monomolecular mechanism of proton transfer

(see Fig 5 3 a) and with first-order kinetics

5.2.5 Second-Order Uncouplers

Most of the chlorinated phenols and 4NP showed unambiguously second-order reaction

rates at pH 7 (Table 5 3) Only 2346TeCP and PCP could not easily be classified, and seem to

have mixed-order kmetics 2CP and 4CP were not active up to concentrations of 1 mM For all

these second-order uncouplers, the neutral phenol is the dominant species inside the

photosynthetic membrane

The second-order rate constants, k2, were denved by plotting the observed rate constants,

kobs. versus the squares of the concentration The slope of the linear regression gives k2
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kobs=k2 [uncouple^, (5 10)

In general, with increasing numbers of chlorine atoms, the chlorophenols become more active

2345TeCP > 245TnCP > 24DCP > 2CP

In addition, the position of the substituent is very important ortho-C\ are not as favourable as

meta- or para-Cl The relative activity of the tnchlorophenols increases in the order

246TnCP < 245TnCP < 345TnCP,

and 24DiCP and 246TnCP have very similar activities

In contrast to the first-order uncouplers, the rate constants of the second-order

uncouplers, k2, do not at all correlate with the acidity constants, pK* and pK'aP (r2 = 0 04 and

0 09, respectively) but they correlate with the liposome water partition coefficients of the

neutral species, log KhpW(HA) (Figure 5 11), and somewhat less good with the liposome

water partition ratios of the phenoxide species, log Dupw(A~,AK) (r2 = 0 64)

Table 5 3 Rate constants of the second order uncouplers and their relation to the

speciatton inside the lipid bilayer atpH 7

compound0
reaction

order n

k2

(L2 mol 2
sec J)

logk2

/(L2 mol 2
sec !)

[HA]c„h

[A-/AK]ch

4NP 2 27 (2 86±0 09) 107 7 46 71

24DCP 174 (2 05±0 06) 107 731 96

26DCP 128* (8 22+0 52) 1056 5 916 51

34DCP 2 13 (4 56+0 09) 107 7 66 410

245TnCP 195 (5 21+0 23) 109 9 72 31

246TnCP 2 07 (3 35±0 05) 107 7 53 4

345TnCP 2 28 (7 84±0 49) 109 9 89 188

2345TeCP 2 38 (1 24±0 10) 1011 1109 4

"For compound names see Table 3 1 and Figure 5 2 "Not a very acUve compound only three data

points at high concentrauons therefore not very reliable
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Fig 511 Plot of the second order rate constants, log k.2, versus the liposome
water partition coefficients of the neutral species log Kiipw(HA) The

equation of the regression line is log £2 = 1 07 + 1 87 log

KUpw(HA), r2 = 0 78

A look at the stoichiometrics in the photosynthetic membrane under the same conditions

as previously estimated for the first-order uncouplers shows that, here, the concentration ratios

are just inverted (Table 5 4) The concentration of phenoxide is in the order of magmtude of the

number of photosynthetic units or only slightly higher, but the concentration of the neutral

species is very much higher For the second-order uncouplers, the charged permeant species is

believed to be the heterodimer AHA" (McLaughlin & Dilger, 1980) Although no significant

concentration of AHA" could be detected in the membrane (Barstad et al, 1993) very minute

amounts or just a transient formation could be sufficient to dnve the bimolecular shuttle

mechanism The high surplus of HA assures that the dimer-formation equilibrium is shifted as

far as possible to the product side, AHA" Still, the bottle-neck of the shuttle mechanism is the

relatively small concentration of A" present in the membrane As a consequence, a compound

that acts as second-order uncoupler is intrinsically less active than a compound that obeys the

first-order rate law (see also Fig 5 7)
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Table 5 4 Concentrations of phenol and phenoxide species inside the

chromatophore membrane at the total concentration ofa compound,
Ciooms, that induces decay kinetics with tyi = 100msec

compound"
-logCl00m»f

fe(molL-!)
-log

m]^d
(molkgcph'1)

,

a-akW

-log,L
Jvp"

c(mol kgcph"1)
[HAJqrf

(Phenol/RC)

[A-.AKJcpj,*

(Phenoxide/RC)

4NP 3 31 143 3 28 533 8

24DCP 3 24 0 73 2 71 2727 28

26DCP 2 54/ 0 63/ 2 34/ 3408/ 66f

34DCP 3 41 081 3 42 2251 5

245TnCP 4 44 181 3 30 222 7

246TnCP 3 34 104 163 1312 343

345TnCP 4 50 182 4 10 219 1

2345TeCP 5 13 2 56 3 18 40 10

"For compound names see Table 3 1 ^Extrapolated with eq 5 10 ^Calculated from the hposome-water
distribution ratios given in Table 3 3, with a phospholipid content of the chromatophores of 30 4 %

(w/w) and a chromatophore concentration of 2 g L
l 'Calculated with a chromatophore concentration of

2 g L
! and a RC content of 200 nM /These values are hypothetical because the actual concentrations of

phenol that would have to been added to the chromatophores suspension exceed 10 3 M

5.2.6 pH-Dependence of the Uncoupling Activity

The pH-dependence of the uncoupling activity was determined for one representative

example, 2345TeCP The experiments were restricted to a relatively small pH range because of

conformational changes in the folding of the proteins (denaturation) and in the structure of the

membrane at low pH as well as because of the fusion of the chromatophores at high pH The

allowed pH range is between pH 5 and 9 5 according to (Baccanni-Melandn et al, 1981)

which was not further checked

As discussed above (Chapter 5 2 3), the concentration dependence of the observed rate

constants of 2345TeCP is consistent with a second-order rate law from pH 5 to pH 8 The

contribution of the monomolecular shuttle mechanism is still very small at pH 8 5 and 9, so

that the experimental data was treated as if it were second-order over the entire pH range

The second-order rate constants, k2, of 2345TeCP plotted versus the pH present a

curve with a maximum at pH 7 25, hence at the alkaline side of the pK*, but still slightly at the

acidic side of die pK^p (Figure 5 12) The uncoupling activity expressed by k2 of 2345TeCP

vanes less than one order of magnitude between pH 5 and pH 9, whereas the second-order

uncouplers of the entire test set at pH 7 cover more than 5 orders of magnitude in k2
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Fig 512 The second-order rate constant, log k.2, as a function of pH for
2345TeCP The drawn line marks pJC^, and the broken lines mark the

pKI determined with two different methods pK^'J =7 62 ifcalculated

from the experimental values of Kiipw(HA), DitpW(A',AK) and plCa
with eq 3 10, and plC'£ =7 62 ifestimated by eq 3 21 from the entire

set of model compounds

With respect to the relative amounts of the phenol species inside the lipid bilayer, the

maximum of the uncoupling activity is near [HA]cph = [A",AK]Cph As only the pH-

dependence of a single compound was studied, it is impossible to say if this is a general feature

of all phenolic uncouplers, although a comparison with newly interpreted data from literature

supports this view Miyoshi et al determined the uncoupling activity of some phenolic

compounds at three different pH-values (6 4, 7 4, and 8 4) in rat liver mitochondna (Miyoshi

et al, 1987a) The uncouplmg activity was expressed as the concentration needed to double the

respiration rate in state 4, C200 A plot of the values from literature and our measured data for

2345TeCP versus [HA]cph/[A",AK]cph (Fig 5 13) confirms that the uncoupling activity of

different compounds is in a similar way dependent on the ratio [HA]cph/[A~,AK]cph with a

maximum near 1
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Fig. 5.13 Uncoupling activity as a function of the ratio ofphenol to phenoxide
inside the lipid bilayer, [HA]cph/[A",AK]Cph: • 2345TeCP (CioOms>
this study), &24DNP, W24DCP, O 246TriCP (C200, (Miyoshi et al,
1987a))

Attempts to model the experimental data with the simple model described by eq. 5.11 as

suggested by McLaughlin and Dilger (McLaughlin & Dilger, 1980) for second-order

uncouplers failed because the maximum of the pH-dependent curve is not at pK, and the

curve is significantly broader than that which would be expected from this relationship. This

model assumes that the formation of the heterodimer in the aqueous phase and its movement

across the membrane are limiting the overall rate of the uncoupling process.

[H+]
proton flux «[AHA ] (5.11)

(K:+[H+]f
Later, Benz and McLaughlin proposed a kinetic model that explains the pH-dependence

of the steady state proton flux induced by the first-order uncoupler FCCP. This model was

derived on the basis of charge-pulse and voltage-clamp experiments in planar bilayer

membranes (Benz & McLaughlin, 1983). According to this model, the proton flux is

proportional to a function of the proton concentration, [H+], the acidity constants in the bulk

phase and at the surface, K" and KJ, respectively, and the first-order rate constants for the

diffusion of the neutral and the charged species, kHA and kA-, respectively:



90 5 Uncoupling of Electron Transport from ATP Synthesis

[H+]
proton flux < (5 12)

! ,
2 [H+] kHA

v - A a A ,

Benz and McLaughlin assumed that the membrane permeability of the neutral species is much

larger than the permeability of the phenoxide species, that ApH = 0 across the membrane, and

that pK « pKjj In contrast, we found for the substituted phenols that K1^, which should be

equivalent to K^, is approximately ten times higher than K

The ratio kjjA/kA- was found to depend on the type of membrane for chlorodecane

containing membranes both rate constants were in the same order of magnitude, and foi the

decane-containing membranes, kfjA » kA- In the latter case, the pH-dependence has a broad

maximum at pH > pK, whereas in the former case, the maximum is narrower and around pH

= pK Experimentally determined uncoupling activities of FCCP in rat liver mitochondria

(Wilson et al, 1971) could be fitted better with the model from the chlorodecane-containmg

bilayer, 1 e
,
in mitochondnal membranes knA = kA This result seems reasonable because the

effective dielectnc constant, eo, the determining parameter for kA- (knA should be independent

of eo), is higher in mitochondria than in simple artificial bilayers, and therefore the

mitochondnal membrane seems to be modeled best with a chlorodecane-containmg bilayer

membrane

This model has also been applied by Miyoshi et al to estimate the proton flux induced

by SF 6847 and its derivatives (Miyoshi et al, 1987b) The calculated values were used as a

basis for the companson of respiration data from mitochondna with protonophonc activity in

lecithin liposomes

Eq 5 12 was denved for first-order uncouplers It should also be valid for second-

order uncouplers if A" reacts fast (faster than the diffusion of any species across the membrane)

and quantitatively to the heterodimer AHA- In this case, the ratio kfjA/kAHA- has to be inserted

in eq 5 12 instead of kHA^A- The best fit of the experimental data as shown in Figure 5 14

can be obtained with kjjA = 2 kAHA- This is a physically probable ratio when compared to

the finding that in mitochondria kHA *= kA- Note that virtually identical fits result from

inserting the pK^-value which was calculated from the expenmental values of Kiipw(HA),
D[,pw(A-, AK) and pK with eq 3 10, or the pK'^-value which was estimated by eq 1 21

(not shown in Figure 5 14)
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Fig. 5.14 The second-order rate constant, log k2, as a function of pH for
2345TeCP. The line represents the fit by eq. 5.12 with kn\ = 2-

kAHA-

5.2.7 Initial Development of a Qualitative Transport Model for the

Uncoupling Activity of Phenolic Compounds in

Chromatophores

In this section, a qualitative transport model of the uncoupling process in

chromatophores is developed. The model sums up die experimental results of this chapter. The

conceptual framework relies strongly upon the excellent quantitative model of the first-order

protonophoric activity of phenylhydrazones in artificial planar lipid bilayers proposed by

McLaughlin and co-workers (Benz & McLaughlin, 1983; Kasianowicz et al., 1984).

The following equilibria and processes have to be considered, which are depicted

schematically in Figure 5.15:

(1) Membrane-water partitioning ofHA andA' (or AK) as discussed thoroughly in Chapter 3.

All phenol species are located near the hydrophobic-hydrophilic interface in the membrane.

Before the start of the flash experiment, the concentrations of all species are equilibrated

between the membrane and the bulk water phase. After disturbance of the equilibria at each

interface, for example, by the flux of protons across the membrane caused by the flash, the

distributions relax to their original state through a number of different processes.
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Fig 5 15 Mechanistic model of the protonophoric activity of phenolic
compounds in chromatophore membranes

(2) Formation of the heterodimer AHA

[AHA ]m
K
AHA (5 13)

[HA]m [A Jm

Although this molecule could not be detected by spectroscopic methods in hydrogen bonding

solvents and liposomes (Barstad et al 1993) i c Kaha is small AHA could nevertheless

play a significant role undet conditions ot very low A concentration in the membrane

(3) Diffusion of HAm Am or AHAm across the membrane driven by an electrical and/or

chemical gradient Fick s first law defines the flux J of molecules along a concentration

gradient

J = -D

dx

dC

dx'
(5 14)

with diffusion coefficient D For the movement of charged molecules along an electrochemical

gradient equation 5 14 can extended to

dC RTd\|/N
D

dx nF dx
(5 15)
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d\|/
with membrane potential gradient —, gas constant R, temperature T, number of elementary

charges n and Faraday constant F However, this description is in the strict sense only valid

for a continuous distribution of charges and potentials across the membrane Considering the

size of the membrane and the fact that all phenolic species are located at the hydrophobic

hydrophilic interface under equilibrium conditions, an alternative model based on the energy

barriers might be more appropriate The relative ease of movement of a species across the lipid

bilayer can be estimated from the qualitaUve free energy diagrams of HAm, A^,, or AHA,^

HA

AHA"

Fig 5 16 Qualitative profile offree energy G ofHAm, Am ot AHAm in a bilayer

membrane (profiles ofHA andA adaptedfrom (Benz & McLaughlin,
1983 Kasianowicz et al 1984))

The energy wells at the interface depend primarily on the distribution coefficients, and are

probably similar for all species of a given compound The energy barriers at the hydrophobic

intenor of the lipid bilayer are significantly larger for the charged species than for the neutral

species AHA should be somewhere in between because the charge is delocahzed over a more

extensive 7T-system

(4) Acid base reaction of Am or AHAm with a proton from the unstirred layer The H+

probably originates from buffer molecules, which are more abundant in the unstirred layer than

free H+ The operational acidity constant K is defined by equations 3 8 to 3 10 This reaction

should be fast compared to the diffusion of either species across the membrane or across the

stagnant boundary layer

With these processes, we can describe the probable course of events in the

chromatophores of Rb sphaeroides after a single turnover flash in the presence of phenolic

compounds The solid arrows in Figure 5 15 depict these events

The electrochemical proton gradient An.h+, which is built up by coupled electron and

proton transfer after the photooxidation of the RC, practically consists only of Aw because

ApH is negligibly small as most H+ are caught by the buffer in the aqueous solution (Melandn

et al, 1984) The A^, and AHAm, which are ennched at the hydrophobic hydrophilic interlace

of the membrane, react to the build-up of a membrane potential with diffusion across the
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membrane so that A\|/ is destroyed This process is what we see with our "glasses", 1 e
,
to

what the carotenoid molecules respond with an electrochromic shift

We have no direct mean to observe directly what is happening consequently, but we can

nevertheless discuss how the system relaxes back to equilibrium In principle, there are two

possibilities

(a) A^, and AHA,^ leave the membrane, diffuse across the stagnant boundary layer, and

equilibrates with the bulk solution

(b) A^, and AHA,^ take up a proton from the aqueous phase forming HA HA diffuses back

across the membrane driven by the concentration gradient and completes the shuttle

mechanism

Process (a) is less likely to occur than process (b) because the diffusion over

the stagnant boundary layer is significantly slower than flux over the membrane In addition,

process (a) would lead to an accumulation of A" and AHA" in the interior of the

chromatophores, whose volume is extreme small (in the order of lO20 L) causing the rate of

uncoupling to slow down after successive flashes Consequently, the shuttle mechanism

should be the dominant process The back-diffusion of HA should not affect the rate of the

overall uncoupling unless only minute amounts of A" would be present inside the lipid bilayer

so that recycling of this species would be required immediately. Since phenolic compounds

uncouple efficiently only at superstoichiometnc quantities of phenols as compared to

photosynthetic umts, back-diffusion of HA should not be rate limiting

In this model, both A" and AHA" are the primary "uncoupling" species The relative

amounts of HA and A" mside the membrane decide which diffusion process is dominant

If Kaha- [HA] « 1, then [AHA"] « [A-], and A" is the permeant species despite its smaller

diffusion coefficient If Kaha- [HA] > 1, then [AHA"] £ [A"], and die diffusion of AHA" is

favored due to its higher diffusion coefficient

The qualitative transport model described here is consistent with our experimental data,

and it should form die basis for the envisaged development of a quantitative model

5.2.8 Comparison with Data from Literature

To validate our newly developed determination method for uncoupling activity, the

results were compared with data from literature Miyoshi et al determined the uncoupling

activity of substituted phenols widi rat liver mitochondria (Miyoshi et al, 1987a), flight muscle

mitochondna from house flies (Miyoshi & Fujita, 1988), and spinach chloroplasts (Miyoshi et

al, 1987b) The uncoupling activities were expressed as the concentrations of test compound,

C200> that doubled the state-4 respiration rate in mitochondna or the rate of electron transport in

chloroplasts The uncoupler concentrations needed to induce decay kinetics with t[/2 =

100msec, CioOms. correlate well with the published data, as shown for the data from rat liver



5.2 Results and Discussion 95

mitochondria in Figure 5.17. Note that both first- and second-order uncouplers were included

in the comparison.

-^O*'61-1))7

Fig. 5.17 Comparison of the concentrations required to double the state-4

respiration rate, C200> '" r<lt liver mitochondria (Miyoshi & Fujita,
1988; Miyoshi et al., 1990), and to accelerate the decay of the

membrane potential with the half-decay time of ti/2 = 100msec,

CioOms- The drawn line represents the equation -log C200 - 0.76 (-

log Ciooms) + 2.76, r2 = 0.961.

Unfortunately, no larger test set of compounds could be found in the literature that

included more second-order uncouplers, but there are many publications dealing only with

chlorinated phenols. Argese et al. studied the effect of chlorophenols on the energy-coupled

reverse electron transfer in submitochondrial particles (Argese et al., 1995). The concentrations

causing 50% inhibition of the NAD+ reduction rate, EC50, correlate well with uncoupler

concentrations inducing decay kinetics with ti/2 = 100msec, Ciooms. except for 245TriCP (see

Figure 5.18). At this point, we cannot explain this discrepancy. Our value for 245TriCP is

reproducible and the substance was found to be pure by HPLC.

Decent correlations were also found with data on algae growth inhibition (Shigeoka et

al., 1988), (5 compounds overlapping with our test set, r2 = 0.88); cytotoxicity to goldfish

scale cells (Saito et al., 1991), (6 compounds, r2 = 0.79); and uncoupling activity, i.e., effect

on oxygen consumption, on Acer cell suspensions (Ravanel et al., 1989), (5 compounds, r2 =

0.92) (data not shown). The correlation with data of fish toxicity (Saarikoski & Viluksela,
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1982), (5 compounds, r2 = 0.65) was less good than the correlations with cytotoxicity or data

from biochemical studies.

Note also the non-unit slope of the line in Figure 5.17 as compared to the almost unit

slope of the line in Figure 5.18. This finding indicates that the uncoupling activity measured

with our method is not directly proportional to the uncoupling activity determined by the

respiration rate in mitochondria, which could be due either to the difference between bacterial

photosystem and mitochondria, or due to the problems with simultaneous inhibition in

measurements of the respiration rate. The latter point is more likely because the correlation with

EC50 in submitochondrial particles (Argese et al., 1995) indicates proportionality between the

two systems.
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Fig. 5.18 Comparison of the concentrations required to inhibit the NAD+

reduction rate by 50% , EC50 (Argese et al, 1995), and to accelerate

the decay ofthe membrane potential with the half-decay time ofty2 =

100msec, Cjooms- The line is the linear least square regression without

245TriCP yielding the equation -log EC50 = 1.1- (-logCioOms) - 0.71,
r2 = 0.983.

From these comparisons with acute toxicity data and uncoupling data from literature it

can be concluded that the photosystem of Rb. sphaeroides is well suited as a model system for

detecting uncoupling activity, although the measurements are based on a single flash event, and



5.2 Results and Discussion 97

not on steady state conditions. In addition, evidence was collected that this holds both for first-

and second-order uncouplers.

5.3 Conclusions and Development of QSARs

Two molecular mechanisms of uncoupling have been proposed in the literature, but it

was still undecided according to which mechanism substituted phenols act, because the

determined reaction orders varied from publication to publication. The present study shows

clearly that the uncoupling mechanism is primarily dependent on the speciation of the phenols

inside the lipid bilayer. In both cases, the diffusion of the charged species across the membrane

is the rate-limiting step of uncoupling, and the non-charged permeant species is the neutral

phenol. If there is a high surplus of phenoxide species present inside the membrane ([A",

AK]Cph S 50-[HA]cph), the free phenoxide is the charged permeant species, and the rate

constants of uncoupling are first-order with respect to the total uncoupler concentration. If the

phenoxide concentration is smaller than the phenol concentration ([A",AK]Cpji < [HA]Cph),
heterodimers formed from phenoxide plus phenol seem to be the charged permeant species. In

this case, the kinetics are second-order with respect to the total uncoupler concentration. There

is a continuum between the two possible mechanisms with both A" and AHA" as charged

permeant species. At this point, it is not possible to quantify these mixed-order kinetics.

Since we are interested in the toxic effect of substituted phenols at ambient pH, the

model compounds were classified according to their reaction order at pH 7, although all

compounds should be able to function according to both mechanisms depending on the pH. At

pH 7, most of the nitrophenols were found to be first-order uncouplers, and most of the

chlorophenols were found to be second-order uncouplers. In terms of total concentration of

uncoupler added to the chromatophore suspension, the first-order uncouplers appear to be

generally more active than the second-order uncouplers. This difference shrinks significandy if

only the phenoxide concentration inside the membrane is considered. Nevertheless, even if the

uncoupling data is interpreted in terms of actual concentrations of phenols and phenoxides

inside the membrane, there still remains an intrinsic difference between the different substituted

phenols.

From the mechanistic study we have learned which parameters are decisive for the

uncoupling potency of phenolic compounds so that it should be possible to set up meaningful

QSAR equations. At least, three parameters are required:

1. One parameter representing the uptake of the phenols into the target site, the membrane,

e.g., the octanol- or the liposome-water distribution ratio of either species.

2. One parameter describing the speciation of phenols inside the membrane such as pK* or
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3 One parameter for the particular effect of the ortho substituents The nitro- and the chloro-

group in ortho position appear to be unfavorable, but even bulky alkyl groups as f-butyl are

favorable Consequently, the effect of the ortho-substituent is certainly not a stenc effect, but

rather a polar or resonance effect Electronegative and/or electron-withdrawing substituents in

ortho position make the whole molecule more polar and less membrane permeable Hence, the

descnptor could either be an index of the number of unfavourable o-substituents or a polar

descriptor such as Grab's O? constants (Grob, 1976)

For statistical reasons, a QSAR equation with 3 descriptors is problematic because only

18 compounds of our test set were active as protonophores A larger set of independent data

should be measured before QSARs can be set up for the entire test set In the meanwhile, the

two sub-sets, classified roughly into chloro- and mtrophenols, have to be discussed separately

The compounds of the two sub-sets act according to different mechanisms For each

mechanism, mono- or bimolecular, different parameters are determinative so that the number of

descriptors can be reduced to two for each sub-set

For the first-order mtrophenols, the best fit is obtained with log Dhpw(A~,AK) together

with an index for the number of o nitro-substituents, #On02 Alternatively, pK can be used as

single descnptor as was already shown in Fig 5 9

-logC100ms = (-1 38±0 30) logDUpw(A-,AK) + (1 02±0 23)#0NO2 + (2 62±0 84)

r2 = 0 94 (5 16)

If 34DNP is included, the correlation is almost equally good although 34DNP is a mixed-order

uncoupler at pH 7

-logC100ms =(-114±0 20) logDllpw(A-,AK) + (l 13±0 21)#0N02 +(1 94 + 0 61)

r2 = 0 92 (5 17)

For the chlorophenols (including the mixed-order chlorophenols), the best QSAR

equation includes log Kow aid pK or an index for the number of o-chloro-substituents, #Oq

Log Kow proved to yield better correlations than log K]lpw which is probably caused by the

larger experimental error of the measurements in the hposome-water system Equally good

correlations are obtained with pK" and #Oci as second descnptor

-logC100ms = (0 34 ± 0 09) logKow - (114 ± 0 13) pK^ +(2 93 + 101)

r2=0 94 (5 18)

The results presented in this chapter are a significant contnbution to the mechanistic

understanding of the uncoupling potency of substituted phenols Nevertheless, more work is

required to fill in certain gaps First, a larger test set of compounds should allow one to set up

QSAR equations for the entire set Second, more pH-dependent expenments should be

conducted to find out, whether the maximum effect is always observed at a certain ratio of

[HAlcph/jA'^Klcph (near 1) If it turns out that there is such a maximum, it would be best to
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compare the activities of the phenols at their respective maxima. Third, the qualitative transport

model needs refinements in order to ultimately develop a quantitative model of the

protonophoric activity of phenolic compounds.
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6 Inhibition of the Electron

Transport

6.1 Introduction

6.1.1 Quinones and Quinone-Analogue Inhibitors

Quinones with long isoprenoid-chains, in Rb Sphaeroides ubiquinone UQio (Figure

6 1), act as mobile proton- plus electron-carriers in energy transducing membranes where they

exist as a large pool of 20 to 60 UQio per RC (Garcia et al, 1987) They are oxidized and

reduced at three distinct quinone-binding sites, Qb, Qc, and Qz, in the electron transfer chain

(see Chapter 4 2) Any compound that can bind competitively to these quinone-binding sites

blocks the electron transfer and inhibits the formation of the electrochemical proton gradient,

A|ih+ Figure 6 2 shows a few representative examples of inhibitors They are typically

selective for one of the quinone-binding sites because the binding sites vary in their three-

dimensional structure according to specific requirements for the reactivity

ubiquinone semiubiquinone ubiquinol

Fig 6 1 Structure of ubiquinone-10, the most abundant ubiquinone in Rb

Sphaeroides and its two step reduction to quinol

Each redox reaction in the electron transfer chain involving quinone species requires a

particular redox potential that can be modulated by the stabilization of the respective species, in

particular of the semiqumone While the sermquinone is only a transient species in the quinone

pool and at the Qz-site, it is several orders of magnitude more stable at the two-electron-gates

Qb and Qc (see Table 6 1) Accordingly, the binding sites differ substantially in their

properties and dimensions
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H3CO OCH3 myxothiazol

H

vt-Bu ^T FCH3

CH3

terbutryn

h3c oJ> r
c|CH3

CH3

HN1
o

R = n-hexyl for A1
R = n-butyl for A3

antimycin

Fig 62 A selection of quinone-analogue inhibitors of the electron transport

chain, Qs-inhibitors o-phenanthrohne and terbutryn, Qz-inhibitor
myxothiazol, Qc-inhibitor antimycin

Table 61 Midpoint potentials, £jn,7, of the qmnone/sermquinone-, sermquinone/
quinol-, and qmnone/quinol-redox couples, and stability constants

of the semiqmnone, Ks

E,„7(Q/QH)a E,„7(QH/QH2)a Sf1!111110"6 En^Q/Qr^)"

quinone
^m.'^-* "umvx x l,

stablhty constant
~m>'^v;

(mV) (mV) Ks» (mV)

in solution 60

quinone pool -205c 385c 10-lOd 90*

Qa -45/ very stable

Qb 40/.S -40* 20 0

Qc 30/ 140/ 10-2/ 85

Qz -100* 280* 10-7 90

"Midpoint potentials at pH7, Em 7(Q/QH2) = ((Em 7(Q/QH ) + Em 7(QH /QH2)) / 2 (symmetric

sphtnng)
b Ks= [QH ]2/([Q][QH2]), calculated by log K5 = (Em,7(Q/QH ) - Em 7(QH /QH2» /

59 mV), unless otherwise indicated Calculated from the sermquinone stability constant, Ks

dData from (Mitchell, 1976) "Data from (Cramer & Knaff, 1990) /Data from (Robertson et al,

1984) SData from (Rutherford & Evans, 1980) ^Data from (Qofts, 1985)
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6.1.2 Inhibitors of the Reaction Center Complex

In the RC, two sites could possibly be inhibited, Qa and Qb Qa cannot be replaced by

qumone analogues, because in the Qa binding site the quinone is bound tightly and does not

exchange with the qumone pool as it is the case for Qb, Qc and Qz

Typical RC-inhibitors prevent the reoxidation of the semiquinone at Qa by competitive

displacement of the quinone at Qb The photosystem II of higher plants and algae is remarkably

homologous to the L-subunit in the bactenal RC which hosts the quinone-bindmg site Qb

(Stein et al, 1984) As the X-ray structure of PS II is not yet available, the well-characterized

bactenal RC has been widely used for inhibitor binding studies (Oettmeier & PreuUe, 1987,

Stein et al, 1984) Based on the crystal structure of the RC of Rb sphaeroides and on amino

acids mutation sites in herbicide resistant RC, a binding model of the Qb- site occupied by

UQio and the inhibitors terbutryn and o-phenanthroline was developed (see p 234 in (Cramer

& Knaff, 1990)) A histidine and a senne residue on opposite sides of the binding niche bind

to the two oxygen atoms of UQio via hydrogen bridges O-phenanthrohne binds via a chelate-

type hydrogen bond to the histidine, terbutryn to the senne

Ioxyml, Dinoseb and Dmo2terb were found not to bind to isolated reaction centers of

Rb sphaeroides but the binding affinity of 2 iodo-4-mtro-6-isobutylphenol was in the same

range as the binding affinity of the herbicide DCMU (3-(3',4'-dichlorophenyl)l,l-

dimethylurea) (Oettmeier & PreuBe, 1987) These results do not agree well with the results of

Stein et al (Stein et al, 1984) who found that only a selection of PS II-inhibitors was also

active in bacterial RC, namely s-tnazines and benzonitnles, but that DCMU had no effect on

RC but rather on the cyt bci-complex Some phenolic compounds were active (Ioxyml,

Bromoxynil, and Dinoseb), others were not active (24DNP and 26DNP)

In summary, it is not clear from the literature if chloro- and mtrophenols act as Qb-

mhibitors, and it is necessary to check this possibility Note, however, that the binding

constants of QB-mhibitors are in the nanomolar range in PS II and in the micromolar range in

bactenal photosystems, but follow the same order of activity for a homologous senes of

herbicides (Wraight & Shopes, 1988) As the binding of inhibitors is competitive with

qmnone-binding, the intnnsic differences in activity may be attnbuted to the size of the quinone

pool which is significantly larger in bactena than in chloroplasts (Stein et al, 1984)

6.1.3 Inhibitors of the Cyt bci-Complex

The cyt bci-complex and related complexes are ubiquitous in photosynthetic and

respiratory electron transport systems Their structure and functionality has been well

conserved dunng evolution (Frank & Trebst, 1995, Trumpower, 1990) Chapter 4 2 gives an
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overview about the present knowledge of the electron transfer reactions and the Q-cycle in the

cyt bci-complex. The cyt bci-complex (a preliminary structural model is given in (Crofts et al.,

1992)) has not been crystallized yet but two putative quinone binding sites, Qc and Qz, on

opposite sides of the membrane have been identified from amino acid substitutions in inhibitor-

resistant mutants and by photoaffinity labeling with radioactive azido-derivatives of inhibitors

(Yu & Yu, 1993).

The thermodynamically stable semiqinone at Qc (see Table 6.1 above) is located in a

distance of 6 to 10 A from the protein surface on the negative side of the membrane (Meinhardt

& Ohnishi, 1992) in close proximity to the heme of cyt bsgi. Antimycin (see Figure 6.2) is a

competitive inhibitor of the oxidation of cyt b56i through binding to the Qc-site, inducing in

addition a red shift of cyt bs6i. The binding niche must preferentially accommodate the anion

form of the semiquinone species and possibly include amino acids that bind to the substituents

of the quinone ring in such a way that they enhance a more planar geometry which is

favourable for the stability of the radical (Trumpower, 1990). Antimycin resistant mutants

showed often amino acid changes of hydrophobic amino acids (alanine, leucine) or of H-bond

acceptors (lysine, aspartate), and a tyrosine and a tryptophan were photoaffinity labeled (Frank

& Trebst, 1995). Despite these advances, no final structural model of the Qc-site is available at

this time.

Myxothiazol (see Figure 6.2) and stigmatellin are well known inhibitors of Qz, the site

where quinol is oxidized to quinone. At this site, the semiquinone does not have to be

particularly stable (see also Table 6.1) because the two electrons are passed on directly to two

different oxidizing compounds, cytbs66 and the Rieske FeS protein. The oxidation of quinol is

facilitated by prior ionization to QH", a reaction that requires an amino acid that can serve as

proton acceptor. Indeed, mutants, on which a negatively charged glutamate was replaced by the

polar but uncharged asparagine at the Qz-site, suffered from a 50-fold decrease of the rate of

quinol oxidation (Gennis et al., 1993).

Link et al. (Link et al., 1993) proposed the possibility that inhibitors of Qz do not bind

directly at the redox reaction site, but rather to a primary binding site at the lipid-protein

interface. This hypothesis is supported by the fact that inhibitors can competitively displace

quinols but quinols cannot displace bound inhibitor.

Studies on the inhibitory activity of phenolic compounds on the cyt bci-complex of

mitochondria could not distinguish between the two quinone-binding sites but nevertheless

provide some very important general insights. First, most phenols exhibit inhibitory activity

only at higher concentrations than are required for uncoupling, but for certain compounds, as

e.g., 246TriCP and Dinoseb, both effects were observed in almost the same concentration

range (Miyoshi et al., 1990). Second, there are three types of phenolic inhibitors. They are

classified according to their effect on the respiration rate with and without concomitant

uncoupling by SF6847, which does not inhibit at concentrations that cause complete
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uncoupling (Tokutake et al, 1991) Type I inhibitors do not cause any conformational change

of the binding niche as the maximum respiration rate is unchanged by addition of SF 6847

Type II and type HI inhibitors increase and decrease, respectively, the maximum respiration

rate after addition of SF6847 This is explained in terms of conformational changes of the

binding niche in the cyt bci-complex in the electrical field of the transmembrane potential

(Tokutake et al, 1992) Third, the methoxy-denvatives did not have any inhibitory activity at

all (Saitoh et al, 1992) Fourth, Saitoh et al (Saitoh et al, 1992) tentatively assigned the

phenol inhibitor site to Oz although the inhibition was not completely analogous to the effect of

myxothiazol Finally, evidence was collected that the phenoxide ion is the active species for

inhibition (Miyoshi et al, 1993, Saitoh et al, 1992)

6.2 Results and Discussion

6.2.1 Non-specific Indications for Inhibition

The analysis of the initial part of the 503 nm-trace allows a first crude estimate of the

inhibitory activity of substituted phenols Compounds that do not uncouple at all, as the

amsols, reduce the amplitude of the third phase of the electrochromic signal (see Chapter 4 3 1)

measured at 503 nm without interfering with the decay kinetics (Figure 6 3)

For compounds which act concomitantly as uncouplers, the x0 determined from the first

order decay curves as described by eq 5 3 are indicators of inhibition However, x0 is a

reliable indicator only if the inhibition sets in at lower concentrations than the uncoupling This

is not the case for the chloro- and nitrophenols Here, analysis of x0 will probably overestimate

the inhibitory activity, in particular, as x0 is not reliably reproducible and very sensitive to the

choice of the time window

In conclusion, inhibition can be quantified by following the development of the

membrane potential at 503 nm providing no uncoupling activity is observed simultaneously
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Fig. 6.3 Absorption change at 503 nm after a single-turnoverflash (at t = 0);

chromatophores (145 nM RC) suspended in 50 mM MOPS, 100 mM

K+, pH7; control: no addition, followed by the addition of100 \iM to

500 fJM 2,4,6-trichloroanisol.

6.2.2 Qb-Inhibition

In isolated RC, in the absence of an electron donor to the RC, or in chromatophores at

Eh > 400 mV, when cyt C2 is fully oxidized, P+ can be rereduced via recombination of P+Qjj.

This recombination reaction is slow with a time constant of about 1 sec (see Figure 6.4). If the

reduction of Qb is blocked, P+ can be rereduced only by the recombination of P+Qa so that the

overall rereduction is accelerated (Stein et al., 1984; Wraight & Shopes, 1988). The time

constant for the recombination of P+QA is dependent on pH, for the protonated HQA it is 100

msec but for the QA only 1 msec (Crofts & Wraight, 1983).

In our experiments, the electron donor cyt C2 is present, and electron delivery to the

oxidized cyt C2 comes from the electron donors in the bulk solution because the cytochrome bci

complex is fully inhibited. After the first flash, about two thirds of the P+ formed by

photooxidation are rapidly rereduced with a time constant of 5 (Xsec. The oxidation and

rereduction of P cannot be resolved because the time constants are faster than the time scale of

our measurements. Consequently, the trace in Figure 6.5.A depicts only the turnover of those

0.01

0.008

E 0.006

<
< 0.004

0.002
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P that cannot be rereduced rapidly because there is not enough reduced cyt C2 present These

P+ are rereduced with a time constant ti/2 of approximately 50 msec directly by electron donors

from the redox buffer or by cyt C2 that is only slowly reduced by electron donors from the bulk

solution After 8 - 10 flashes the concentration of reduced cyt C2 becomes so small that the full

extent of P oxidation can be seen

(p'BQaQb)s^
(p+B-QaQb)-^?**

hv / (p+BQa-Qb)^,**;
.ISnsec - ^^.

(PBQAQB)

/
_*- "^100 msec (P+BQAQB-)

*r-

Fig 6 4 Primary electron transfer reactions after the photooxidation of the

special pair of bactenochlorophylls in the reaction center complex,
P/P+, special pair, B, bactenochlorophyll-pheophytin complex, Qa and

Qb, primary and secondary quinone, respectively Adapted from
(Parson & Bacon, 1982)

If the QB-site is blocked by the inhibitor terbutryn (Figure 6 5 C), the first flash

produces P+Qa One part of P+Qa is reduced by cyt C2 to PQA, and another part of P+Qa

relaxes directly PQA can be oxidized only chemically with electrons donated from the redox

mediators This process is very slow as compared to all other processes, in particular, because

the QA-site is not easily accessible Consequently, after the second and subsequent flashes, P

from PQA donates an electron to the bactenopheophytin upon photooxidation, but this state

relaxes in a few nsec, which is too fast to be detected The trace that is detected comes from the

P-centers, which were not rereduced by cyt C2, but were rereduced by relaxation of P+QA This

relaxation of P+QA has a time constant of approximately 55 msec, which is consistent with the

data from literature of 1 to 100 msec (depending on pH) (Crofts & Wraight, 1983)

None of the phenols and anisols were found to be active as shown for the example of

Dinoseb in Figure 6 5 B The trace of Dinoseb (Figure 6 5 B) is virtually identical with the

control trace (Figure 6 5 A) Hence, none of our model compounds acted as QB-inhibitor
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Fig. 6.5

uncoupled,
cyt bci inhibited

uncoupled,
cyt bci inhibited

+ 500 uM

Dinoseb

o
o

uncoupled,
cyt bci inhibited

+ 500 uM
terbutryn

Kinetic trace of the RC, 542 nm, train of 14 or 15flashes, *
,
40 msec

apart; chromatophores (170 nM RC) suspended in 50 mM MOPS,

lOOmM K+, pH 7; (A) uncoupled with 2.5 \iM valinomycin, 2.5 fiM

nigericin, and cyt bci complex inhibited with 10 pM antimycin and 4

liM myxothiazol, (B) uncoupled and cyt bci complex inhibited plus

500 \iM Dinoseb, (C) uncoupled and cyt bci complex inhibited plus

500 piM terbutryn.
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6.2.3 Qc-Inhibition

Inhibition of the Qc-site can be detected by observing the influence of the respective

inhibitor on the kinetics of cyt bsgi and cyt ctot after a train of flashes At an ambient redox

potential of 120-130 mV, both b-cytochromes are oxidized and both c-cytochromes are reduced

in the darkness Cyt b56i is reduced and oxidized after each flash Since the time constants of

the reduction and the oxidation of cyt bs6i are both in the order of magnitude of the resolution

of our instrument (with 300 usee and 1 5 msec, respectively), the kinetic trace of 561-569 nm

stays almost flat (Figure 6 6 A) If Qc is blocked after the addition of antimycin, cyt bsei

cannot be reoxidized, and the kinetic trace (Figure 6 6 E) reflects the reduction of cyt b56i after

the first flash, and subsequent flashes have no effect Addition of Dinoseb causes the

reoxidation to slow down (Figure 6 6 B-D) but the initial oxidized state is reached 200 msec

after the last flash in the presence of 1 mM Dinoseb, and even earlier with lower

concentrations

Cyt cj and cyt C2 are rapidly oxidized by the RC after a flash The rereduction is also

very fast in the uncoupled state (Figure 6 7 A) Blocking Qc by the addition of antimycin

should have no influence on the oxidation and rereduction of cyt ctot after the first flash Note,

however, that the reduction of cyt Ct0t is somewhat slowed down after the first flash as

compared to the uninhibited state This phenomenon has already been observed in the control

curves discussed in chapter 4 3 2, and we concluded that the rereduction kinetics of cyt ctot

after the first flash are not a reliable indicator of inhibition After subsequent flashes, the

turnover of the cyt be i-complex stops so that no more electrons can be delivered to the c

cytochromes which consequently stay oxidized (Figure 6 7 E) Dinoseb causes the rereduction

of the cytochromes c to slow down but two thirds of the oxidized species are rereduced within

40 msec after each flash (Figure 6 7 B-D) The kinetic trace of cyt ctot is difficult to analyze

because it is composed of four reactions so we restrict the following discussion to the effect on

cyt b56i Nevertheless, it should be emphasized that in all cases both the kinetics of cyt b56l

and of cyt ctot indicate that phenolic compounds are able to slow down the turnover of the cyt

bci-complex by binding to Qc

The concentration dependent curve of the maximum absorbance change at 561-569 nm,

AAmax, shows a strong saturation effect and reaches a maximum around Ctot = 500 nM for

Dinoseb (see Figure 6 8) With Dinoseb present, AAmax cannot reach more than 60 % of the

maximum
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mum

uncoupled

At = 200 msec

Fig 6 6 Kinetic trace ofcytbs6b 561-569 nm, train of 8flashes, ', 40 msec apart, chromatophores (165

nM RC) suspended in 50 mM MOPS, 100 mM K+, pH 7, (A) uncoupled with 2 5 pM

valmomycin, 2 5 pM nigencin, (B) uncoupled plus 10 pM Dinoseb, (C) uncoupled plus 100 pM
Dinoseb, (D) uncoupled plus 1 mM Dinoseb, (E) uncoupled plus 1 mM Dinoseb plus 10 pM

antimycin
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I i |
'

Dinoseb

At = 200 msec
< >

Fig. 6.7 Kinetic trace o/cyt ctot, 551-542 nm, train of 8 flashes, *
,
40 msec

apart; chromatophores (165 nM RC) suspended in 50 mM MOPS,
lOOmM K+, pH7; (A) uncoupled with 2.5 \lM valinomycin, 2.5 \lM
nigericin, (B) uncoupled plus 10 pM Dinoseb, (C) uncoupledplus 100

jjM Dinoseb, (D) uncoupled plus 1 mM Dinoseb, (E) uncoupledplus 1

mMDinoseb plus 10 flM antimycin.
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Fig 6 8 Concentration dependence ofthe maximum absorbance change at 561

569 nm, AAmax, induced by Dinoseb (,), broken line indicates AAmax
of anttmycin

For all other model compounds, the effects descnbed above for Dinoseb are

quahtatively similar, but even smaller A quantitative analysis of the inhibitory activity is very

difficult The effects are so small that they are only observed at very high concentrations

Moreover, it is difficult to find a quantitative measure of the effects as they are reversible and

only observed in transition

A quantitative measure is Iqc, the ratio of the maximum effect under influence of a

phenol to the maximum effect of complete inhibition of Qc

AAmM (phenol)
Qc-

AAm„(AA)
(6 1)

Experimentally, the maximum effect, AAmax(AA), is determined in every expenments by the

final addition of 10 \)M anumycin Alternatively, the inhibitory activity can be expressed as the

total concentration of phenol added to the chromatophore suspension that induces 50 % of

AAmaxCAA), IC50

In general, the inhibition sets in at much higher concentrations than uncoupling, e g ,

10 \iM Dinoseb would have virtually no effect on Qc (see Figure 6 7 B) but produce a

significant uncoupling effect (k0bs = 4 14 sec *) Table 6 2 lists the uncoupling activities,

expressed as concentrations that induce decay kinetics with a half-life of 100 msec, Ciooms.

and the inhibitory activities, IC50, and, if not available, IC30 The companson has to be

somewhat arbitrary as the concentrations have different scales It can be deduced from this
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comparison that there is no direct correlation between the uncoupling and the inhibitory

activity In terms of total concentration added to the chromatophore suspension, the

chlorophenols appear to be less active than the nitrophenols

Table 6 2 Comparison between uncoupling and inhibitory activity

compound"
_l0

ClQQmZ.
6(mol L 1) -l0g^ofh

-log-^-
fe(mol L"1)

DNOC 3 56 3 1

DNPC 2 31 >3 >3

Dinoseb 5 15 3 74

Dino2terb 5 66 3 43

Dino4terb 2 97 3 03

24DCP 3 70 33

34DCP 4 11 34

245TnCP 5 32 37

246TnCP 3 65 3 6«

345TnCP 5 95 3 62

2346TeCP 3 90 3 82«

PCP 4 41 5 00«

aNames and abbreviations are given in Table 3 1 "Total phenol concentrauon inducing decay

kinetics with ti/2 = 100msec cTotal phenol concentration inducing Iqc = 50 % ^Total phenol

concentrauon inducing Iqc = 30 % eAAmax in the presence of anumycin was reduced

As the phenols compete with the quinones for binding at the Qc-site, it is necessary to

look at the relative concentrations of phenols and quinones inside the membrane (Table 6 3)

Three groups of compounds can be distinguished Group 1, composed of all nitrophenols

investigated, represents the most active compounds with respect to inhibition The nitrophenols

exist predominantly in the form of phenoxide species in the chromatophore membrane Group

2 includes the less chlorinated phenols which are less active (IC50 could not be determined

because the concentrations required were too high, so only IC30 is available) These

compounds are present predominantly in the neutral form in the chromatophore membrane The

activity of the compounds in group 3, which contains the higher chlorinated phenols and the

anisols, seems to be somewhere between group 1 and 2

Group 3 is a special case because AAmax(AA) does not reach the expected level in the

presence of antimycin Note that this affects also Iqc so that these values are probably not very

precise The possibility that this effect is caused by concomitant Qz-inhibition could be

disproved (see chapter 6 2 4) This effect was only observed for the more hydrophobic higher
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chlorophenols and the anisols, which cause a membrane expansion of 2-4 % just by

partitioning into the membrane (at Ctot of up to ImM) So we conjecture that the attenuation of

the control curve is due to conformational changes in the protein folding leading to a non¬

specific decrease in the activity of the cyt bci-complex, which would be non-competitive

inhibition As it is impossible to distinguish quantitatively between specific and non-specific

Qc-inhibition if both mechanisms act concomitantly, we have to omit these compounds from a

quantitative discussion

Table 6 3 Relative concentrations ofphenol species inside the membranefor Iqc=
x %

, ICX

compound*1
Ccnhfe

[UQiolcph
fHAlcph*
[UQiolcph

[Alcph*
[UQiolcph

group 1

DNOC ICso 18 4 01 18 3

DNPC ICso > 15 8 >00 > 15 8

Dinoseb ICso 13 7 02 13 5

Dino2terb ICso 32 4 07 31 6

Dino4terb iCso 63 4 03 63 1

group 2

24DCP ic3o 83 6 82 8 09

34DCP 1C30 77 8 77 6 02

245TnCP 1C30 413 40 0 1 3

345TnCP 1C30 53 4 53 1 03

group 3

246TnCP ic30c 33 9 26 9 70

2346TeCP IC30C 25 0 58 19 3

PCP ic30c 19 6 24 17 3

246TnCPOMed IC40C 60 4 - -

PCPOMe« IC20C 22 5 - -

"Names and abbreviations are given m Table 3 1 and 3 4 "Calculated from the liposome water

distribution ratios given in Table 3 3, with a phospholipid content of the chromatophores of 30 4

% (w/w), a RC content of 165 nM (mtrophenols) or 146 nM (chlorophenols), 30 UQ10 per RC,

and a chromatophore concentration of 1 7 g L
1
(mtrophenols) or 2 9 g L

' (chlorophenols)

cAAmax(AA) m the presence of anumycin was reduced, consequently data should not be compared

to the other data d IC40 = 3 10 4 mol L • eIC20 = 10 4 mol L ! PCPOMe precipitated in the

measurement cell at approximately 250 uM

The high relative anion concentrations of the most active compounds (group 1) suggests

that the phenoxide ion is the only or, at least, the more important active species for inhibition



114 6 Inhibition of the Electron Transport

This idea seems reasonable because a Qc-inhibitor must be a semiquinone analogue It was

also reported in the literature that the anionic species could be the active species in the inhibition

of the mitochondrial cyt bcj-complex (Miyoshi et al, 1993) However, the amsols also show

some inhibitory activity which is in contrast to the findings of Tokutake et al (Tokutake et al,

1992) who determined that the methoxy derivatives of 2,6-disubstituted 4-(2,2'-

dicyanovinyl)phenols did not have any inhibitory activity

Under the assumption that the phenoxide is the active species, a plot of the inhibitory

effect, Iqc, versus the phenoxide-to-UQio ratio in the chromatophores gives some information

about the relative activity of the substituted phenols (Figure 6 9) However, the chlorophenols

are more active than one would expect if the phenoxide were the only active species, which

indicates that the neutral species also plays a certain, yet undefined, role In case of the

mtrophenols, the 2,4-dimtrophenols are more active than the 2,6-dimtrophenols, and the alkyl-

substituent has hardly an influence on the activity

I i i i i | i i i M

06

05

04

03

02 &

01

i .... i i
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Fig 6 9 Inhibitory effect, Iqc versus the phenoxide-to-UQio ratio for group 1-

and group 2-mhibitors chlorophenols, DNOC, O DNPC,
Dinoseb, • Dino2terb, O Dino4terb

Since we cannot distinguish between specific and non-specific inhibition of Qc at this

point, we can only put forward the following hypothesis that is consistent with our
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experimental data: The phenoxide species act as site-specific Qc-inhibitors by reversible and

competitive binding to the Qc-site. The neutral species and the methoxy-derivatives of the

phenols are less active as site-specific inhibitors. They bind noncompetitively to the quinone

binding site but cause nevertheless some inhibitor-like effects in that they disturb the turnover

of the cyt bci-complex because they are present in high concentrations inside the

photosynthetic membrane (narcotic effect).

6.2.4 Qz-Inhibition

As was pointed out in chapter 6.2.3, the estimated maximum of absorbance change at

561 - 569 nm after addition of antimycin was not reached in the presence of certain higher

chlorinated phenols and anisols. This could also indicate a possible inhibition of the Qz-site.

If antimycin was added to the chromatophore suspension prior to the addition of

phenolic compounds, the kinetic trace of cyt bsei did not change at all upon the addition of up

to 750 |xM 2,4,6-trichloroanisol or 250 (J.M PCP (data not shown). Hence, our model

compounds do not inhibit the Qz-site.

The absence of activity of phenols at Qz is in pronounced contrast to the findings of

Saitoh et al. (Saitoh et al., 1992). They assigned the inhibitory site of 2,4-dinitro-6-

isopentylphenol in the mitochondrial cyt bci-complex to a site in the proximity to the

myxothiazol-sensitive site at Qo (which is equivalent to Qz in chromatophores) by examining

the effect of this compound on the redox status of cyt b. The experimental evidence for their

conclusion was not completely indisputable because the effect of the phenol was neither the

same as myxothiazol nor the same as antimycin. In the light of the peculiar kinetics of cyt D56I-

reoxidation in the presence of phenolic Qc-inhibitors (see chapter 6.2.3) their data has to be

reinterpreted.

Phenolic electron transport inhibitors are semiquinone analogues. As the semiquinone is

not especially stable at the Qz-site, it makes sense that phenols do not bind tightly to Qz.

Furthermore, the quinol itself neither seems to have a strong affinity to Qz considering that the

kinetics of the cyt bci-complex can be satisfactorily described by the reaction of the cyt bet-

complex with quinol by collisional interactions (Crofts et al., 1983).

6.3 Conclusions

Substituted phenols act as inhibitors of the electron transfer chain by binding to the

quinone binding site, Qc. The other quinone binding sites, Qb and Qz are not affected by

phenols. The phenoxide seems to be the active species. In contrast to antimycin which binds

irreversibly to Qc, the phenoxides compete with the quinones for the binding sites so that the
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electron transfer to Qc is not completely blocked but only slowed down. The effect only sets in

when the amount of phenoxide inside the membrane equals approximately the size of the

quinone pool and saturates at concentrations of several tenfold surplus of phenol over UQio.

More work would be required to fully unravel the role of the neutral species and the

methoxy-derivatives of the phenols in the inhibition of Qc- It is very likely that the neutral

compounds act only as narcotic agent because the concentrations required to elicit a significant

effect are close to the concentrations that cause membrane expansion. In the present study,

however, we are not interested in treating this aspect in more detail since the overall inhibitory

effect of the phenols is small compared to their uncoupling activity.

Despite the fact that the inhibition is a smaller effect than uncoupling, inhibition must

not be neglected because the two effects may interfere with each other. This is particularly true

in experimental systems as mitochondria where the effect of uncoupling and inhibition on the

respiration rate runs countercurrent.
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7 Summary and Outlook

An important goal of the initial phase of this dissertation work was to find, set up and

validate a reliable method to determine uncoupling and inhibition quantitatively and with a

single method. Kinetic measurements of single-turnover events in die photosystem of Rb.

sphaeroides have proven to be an appropriate and very reliable method. The measurements are

fast, simple, and well reproducible so that the method should be ultimately suitable for the

screening of a large number of compounds suspected to interfere with energy transduction. A

disadvantage of our experimental system is the rather specialized and expensive kinetic

photospectrometer that is not commercially available. In principle, die results of the single

electron transfer events are transferable to steady state conditions as we were able to show by

comparing our results with data from literature. However, die concentrations required to elicit a

significant response are consistendy higher widi our mediod. Widi odier words, single electron

turnover events are more robust towards perturbations man steady state conditions. This fact

may cause problems when dealing widi compounds of low activity.

The first results obtained with this mediod confirm die necessity of the molecular

approach chosen for mis project. A detailed analysis of the uncouphng and inhibitory activity,

taking die effective concentrations into account, gave a conclusive picture of die mode of toxic

action of a variety of substituted phenols.

The effective concentrations of die phenols inside die biological membrane were derived

from die liposome-water and die chromatophore-water distribution ratios. These partitioning

experiments demonstrate die crucial role of die charged species for uncoupling and inhibition.

The phenoxide species partition significandy better into die lipid bilayer membrane than one

would have expected from dieir octanol-water partitioning behavior. These results are not only

important widi regard to die toxicity of phenolic compounds but also contribute to die general

understanding of the fate of hydrophobic ionogenic organic compounds (HIOC) in the

environment.

All substituted phenols in our test set exerted their uncoupling activity at lower

concentrations tiian dieir inhibitory activity. Nevertheless, it was indispensable to investigate

both effects widi a common model system because most other methods cannot differentiate

quantitatively between die two modes of action, and die determination of one effect can be

distorted by die otiier effect. The uncoupling activities of the substituted phenols do not

correlate direcdy widi their inhibitory activities because different properties of a given molecule

are determinative for each of die modes of toxic action. For botii modes of action not only the

total amount of phenol present inside die membrane but also the phenol-to-phenoxide ratio

determines the activity. Moreover, die association widi the two possible protonophoric shutfle
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mechanisms is not compound-specific, as was believed up to now, but is decided by the

speciation of a given compound inside the membrane

If the concentration of the neutral form is in the order of the numbers of photosynthetic

units, and if the phenoxides are present in large excess, the uncoupling is very fast, and the

monomolecular mechanism of proton transfer dominates If the relative concentrations are

inversed, a bimolecular mechanism seems to be the predominant protonophonc mechanism,

and the overall effect is slower At pH 7, most of the nitrophenols were found to be first-order

uncouplers, and most chlorophenols were second-order uncouplers A given compound acts

according to both mechanisms as a function of pH As demonstrated by pH dependent

expenments with 2345TeCP, the maximum effect was observed if both species were present in

almost equal amounts inside the membrane It is very hkely that this is a common feature of all

uncouplers However, more pH-dependent expenments have to be conducted to confirm this

observation To compare the intnnsic uncoupling activities of different compounds it would

then be best to analyze the activities at the pH of maximum effect

The expenments on the inhibition of the electron transport showed that the phenolic

compounds compete pnmanly with ubiquinone for the qumone-binding site Qc, which is part

of cytochrome bci-complex The inhibitory activity only sets in if the concentrations of phenol

species inside the membrane is in the order of the quinone pool, and the effect saturates at a

several ten fold surplus of phenol over quinone The phenoxide species seems to be more

active than the phenol species and the methyl ethers In case of the phenol species and the

methyl ethers, it was difficult to decide if the effect is really caused by a specific interaction

with the quinone binding site Qc, or if just a non-specific narcotic effect was observed because

the concentrations needed to elicit a significant effect were extremely high

The ultimate goal of the project, to which this dissertation is the first contnbution is to

denve Quantitative Structure-Activity Relationships for specifically acting lonogenic organic

compounds We have shown how to differentiate the biochemical mechanisms based on the

presence and speciation of these compounds at the target site Furthermore, we have set up

initial QSAR-equations for subsets of compounds with a common mechanism At this point, it

is not possible to denve any meaningful QSAR equations for the entire test set

In the future, it is therefore indispensable to further increase the number of compounds

to be tested As we have gained knowledge on what are possible interesting substituents, the

choice of the molecules can be more specific Certain molecules will have to be synthesized

specifically according to the needs The effect of bulky substituents in ortho- as compared to in

para-position should be investigated in more detail Other electron-withdrawing or polar

substituents should be introduced in ortho position to help better understand the effects that

were observed with the nitro- and chloro-substituent
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Parallel to further experiments on the toxic effects with new compounds, the partition

ratios in the membrane-water system will have to be determined. Since these are tedious and

time-consuming experiments, it is planned to test if HPLC columns with stationary phases

containing phosphatidylcholine (Ong et al., 1995) can be used for a faster and more efficient

determination of the membrane-water distribution ratios of the phenol and the phenoxide

species.

Besides comparing the activity of substituted phenols at ambient conditions, i.e. at pH

7, the intrinsic activities should also be determined because we have shown that the differences

in activity are not only determined by the availability at the target site. We propose to use the

uncoupling activity at pH = pK^ as intrinsic uncoupling activity, and the inhibitory activity of

the completely deprotonated phenol as intrinsic inhibitory activity. QSARs describing the

intrinsic activities should help to understand to which extent the structure of a molecule actually

determines the biochemical reactivity and how much is just an effect of the ease of uptake by

the target site.

Moreover, these efforts should ultimately lead to the development of a more

comprehensive transport model of the protonophoric activity of weak organic acids in

biological membranes than the models that are available in the literature up to now.
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