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A new approach to understand the increased toxicity of
uncouplers as compared to baseline toxicity (narcosis) is
presented here. The overall uncoupling activity is
quantitatively separated into the contribution of membrane
concentration and speciation and intrinsic activity. This
approach is a further step toward the development of improved
Quantitative Structure—Activity Relationships (QSAR) and
of toxicokinetic models used in risk assessment. The
protonophoric uncoupling activity of seven nitro- and
chlorophenols has been investigated as a function of pH
and concentration using time-resolved spectroscopy

on photosynthetic membranes. The experimental data are
described by a kinetic model that includes a monomeric
and a dimeric protonophoric shuttle mechanisms. Input
parameters of the model are the experimental data

for relaxation of the membrane potential, the biomembrane-
water distribution constants of the phenol and phenoxide
species, and the acidity constant of the phenol. Adjustable
parameters are the translocation rate constants of all phenolic
species and the heterodimer formation constant. These
parameters constitute the intrinsic uncoupling activity.
Hydrophobicity and acidity govern the partitioning of phenols
into the membrane but appear not to be the sole
determining factors for the intrinsic uncoupling activity of
phenolic compounds. Additional factors include steric
effects and charge distribution within the molecule.

Introduction

For the development of predictive toxicity models it is
important to identify and understand the mechanism of
toxicity (1). The toxicity of nonspecifically acting compounds
(narcotics) is a direct function of the amount of chemical
present in the organism (2) and can be predicted from their
hydrophobicity by Quantitative Structure—Activity Relation-
ships (QSAR). Other compounds exhibit toxicity greater than
that predicted from QSARs of narcotic baseline toxicity (3).
For these compounds, predictive models have to account
for the ability of a compound already present at the target
site to act according to a specific mechanism. The toxic
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activity of such a specifically acting compound, normalized
to its concentration at the target site, is referred to as the
“intrinsic toxicity” of the compound.

A large number of phenolic compounds and other
hydrophobic ionogenic organic compounds (HIOCs) act
specifically by interfering with one of the basic cellular
functions, namely, energy transduction. In energy-trans-
ducing membranes, HIOCs may inhibit the electron flow by
binding directly to specific components of the electron-
transfer chain (4), and, even more importantly, they can
destroy the electrochemical proton gradient by transporting
protons across the membrane thereby short-circuiting the
chemiosmotic proton cycle and preventing ATP synthesis
(5, 6). This mechanism is commonly referred to as uncoupling
of oxidative- or photophosphorylation or simply “uncou-
pling”.

In the case of phenolic compounds and other weak organic
acids, the mechanism of uncoupling is viewed as a shuttle
mechanism, in which both the neutral phenol species and
the charged phenoxide act together to transport protons
across the membrane. In addition, a heterodimer composed
of one phenol plus one phenoxide species can participate as
charge carrier in the shuttle mechanism (7). The model of
the protonophoric shuttle mechanism is sketched in Figure
1. The charged species migrate across the membrane driven
by the membrane potential. Protons are then taken up from
the aqueous phase, and the resulting neutral phenols diffuse
back across the membrane driven by the concentration
gradient of phenols that has been built up by the migration
processes. Hence, the overall uncoupling activity of a given
phenol is dependent not only on its total concentration in
the membrane (as is the case for narcotic effects) but also
onitsspeciation inthe membrane (i.e., degree of dissociation
and formation of heterodimers) and the abilities of the various
species to cross the membrane. These transport character-
istics, or the ability of the compound already present in the
membrane to relax the electrochemical proton gradient
across the membrane, corresponds to the intrinsic uncou-
pling activity.

In earlier work, we have shown that time-resolved
spectroscopy can be used to quantify the uncoupling activity
of phenols in photosynthetic membranes of the purple
bacterium Rhodobacter sphaeroides (4). In this test system,
the membrane potential is created by a brief, “single-
turnover” flash of light. The build-up and the subsequent
relaxation of the membrane potential is deduced from the
change in absorbance at 503 nm (8). Uncouplers increase
the relaxation rate. The uncoupling activity can be expressed
as the pseudo-first-order rate constant for the decay of
absorbance (and hence membrane potential).

In a subsequent study we related the first-order decay
constants of a large number of chloro- and nitrophenols to
the concentration of the phenol and phenoxide species
sorbed into the membrane at pH 7 (9) by combining the
results of the earlier study with results of membrane-water
partitioning experiments (10). This first crude analysis of the
dataalready provided some interesting insight into the factors
that determine the overall uncoupling activity of a given
compound and pointed to the fact that there are activity
differences between the different phenols in addition to the
effect of membrane concentration and speciation. However,
the simple model failed to describe adequately the effect of
pH on the uncoupling activity of the compounds.

In the work presented in this paper, we measured the
pH-dependence of the uncoupling activity of seven chloro-
and nitrophenols with the goal of assessing the relative
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FIGURE 1. Model for protonophoric shuttle mechanism of weak
organic acids. Slow equilibrium processes before the experiment
are the distribution of the neutral acid HAY and the charged
conjugated base A" into the polar headgroups of the lipid bilayer
described by Knwpua and Knwa. During the experiment, the
concentrations of HA™, A" and the heterodimer AHA™ in the
membrane are rapidly equilibrated according to the acidity constant
K3 and the heterodimer formation constant Kuy,,. The transloca-
tion processes across the membrane involved are the diffusion of
HAM, J%T and the migration of A™, 19, and of AHA™, Jm9,.

contributions of various factors (i.e., membrane-water
partitioning, speciation inside the membrane, transport rates
of the various species) to the pH-dependent effect of a given
compound. The model described in this paper is an extension
of biophysical models used in the past to describe the kinetics
of the protonophoric shuttle mechanism of weak organic
acids in artificial planar lipid bilayers (11, 12). It is shown
that the experimental data can be adequately described with
this model, and that translocation rate constants can be
deduced for all species involved. The results of this study
demonstrate that for developing improved QSARs for specif-
ically acting chemicals and for assessing possible synergistic
effects of such compounds in mixtures, it is necessary to
separate target site (membrane) concentration from intrinsic
activity.

Uncoupling Model

Description of the Protonophoric Uncoupling Process. The
observed rate constant of the exponential decay in absor-
bance at 503 nm, Kops, is the experimental measure of the
uncoupling activity. To explain the dependence of kops ON
pH and total concentration of phenol in the aqueous phase,
we present a new kinetic model of a protonophoric shuttle
mechanism of uncoupling. This model was adapted from
the kinetic transport model of acidic uncouplers in artificial
planar lipid bilayer membranes used by McLaughlin and
co-workers (11—14). Our model relies on a number of
assumptions introduced by McLaughlin et al. (11-14),
extends that work closer to a real biological system, and
accounts for possible heterodimer formation. In this section,
the assumptions and the essential features of the model are
described for weak organic acids. A general derivation is
presented in the Appendix.

Figure 1 gives an overview of the relevant processes
considered in the kinetic uncoupling model. The neutral acid
HA and the charged conjugate base A are in equilibrium
between the aqueous phase and the surface layers on both
sides of the chromatophore membrane. At equilibrium, the
concentrations in the aqueous phases adjacent to the '-side

and the " -side of the membrane are equal, as they are in the
membrane phase at’ and . During a typical experiment (<1
s) the membrane can be considered to be temporarily isolated
from the aqueous solution, because the permeability of the
membrane (thickness approximately 5 nm) to all organic
molecules is at least 3 orders of magnitude greater than the
permeability of the unstirred aqueous boundary layer
adjacent to the membrane (thickness 100 um) (6). The proton
is assumed to be the only species that moves between the
bulk aqueous phases supposedly by a “buffer shuttle”
mechanism through the unstirred aqueous layer (11).

In the excitation phase of the experiment, the flash of
light causes rapid transport of electrons from the "-side to
the '-side of the membrane through a series of oxidation—
reduction reactions followed by a slower transfer of protons
from the '-side to the "-side thereby building up a surface
charge and the membrane potential, A¢. Because the
concentrations of all uncoupler species, both in the mem-
brane and in solution, are small compared to the concentra-
tions of buffer ions in solution, and the buffer capacity in the
aqueous phase is high, the charge created by the transport
of protons across the membrane is presumed to be accom-
modated by slight shifts in the buffer speciation, while the
pH remains constant.

During the relaxation phase, only the processes occurring
within the membrane have to be considered. The charged
species, phenoxide A™ and heterodimer AHA™ (where the
superscript m represents the membrane), migrate along the
membrane potential from the '-side to the "-side of the
membrane. At the membrane-water interfaces, the acid—
base equilibrium is maintained, and protons are exchanged
with the buffer or water in the aqueous boundary layer (14).
The acid—base and heterodimer formation reactions are fast
compared to the diffusion of the molecules across the
membrane (11). Therefore, it can be assumed that these
reactions are in equilibrium at any time during the experi-
ment. Then, the neutral species HA™ diffuses back across
the membrane from the "-side to the ’'-side along the
concentration gradient that is built up as a result of the
migration processes. Ultimately the initial equilibrium state
is regained.

Speciation in the Aqueous Phase (w). The organic acid
dissociates in the aqueous phase according to the reaction

HAY = H + A" N

where HAY represents the neutral protonated form, A" the
acid anion, and H the aqueous hydrogen ion, and K} is the
equilibrium constant. Representations of positive charge of
proton and negative charge of phenoxide are omitted for
brevity. The mass law expression for this reaction is

W
a

Chay,
=—0 2
Cha
where C, and C}, (mol-L~%) represent the concentrations of
A and HA in the aqueous phase and ay the hydrogen activity
(pH = —log an), and the total concentration in the aqueous

W

phase Cy, is defined by
Ciot = Chia + Ci ©)

Concentration and Speciation in the Membrane (m).
Both the species HA and A partition between the aqueous
phase and membrane phase according to reactions of the
type
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HAY = HA™ ()
AV =AM (5)

where HA™ and A™ refer to the species in the membrane. The
mass law equations for these reactions are

cp.
KmW,HA =~ (6)
HA
Cx
Kiwa = o ™

where Cy' and CJ}, are the effective concentrations in the
membrane phase in units of mol of HA or A per kg of
phospholipid in the membrane.
Furthermore, HA and A are postulated to react in the
membrane to form the negatively charged heterodimer, AHA,
HA™ + AT = AHA™ 8)
for which the mass law expression is
C,rAnHA

ChaCR

©)

m —
KAHA -

The total concentration of uncoupler in the membrane,
Ciw is the sum of the concentrations of all these species

C{gt = CEA + C,T + 2C/THA (10)

and the total concentration of uncoupler in the system, Ciot,
is

Ciot = Cltrgt'[m] + C\tA(l)t (11)

where [m] is the ratio of membrane lipid to aqueous phase
expressed in units of kg phospholipid per liter.

It is convenient to define the fractions of the different
phenolic species present in the aqueous phase and inside
the membrane, o' and of" , respectively, at a given pH

cw

of = — (12)
Ctot
cm

o= (13)
Ctot

Substitution of eqs 3 and 10 in eq 11 yields a complete mass
balance. All species concentrations are then reexpressed in
terms of C}}, and the relevant mass law equations.

K K
Ciot = Cia t+ CVA’Aa_: + C‘},-ivAKmW,HA[m] + CLVAKmW,Aa_:[m] +

K
ZCmAme,HACaAa_:KLnHA[m] (14)

The resulting quadratic equation is solved for CJ},, from
which the concentrations of all species and the values of o}’
and oj" can be calculated. The values of ay’, oy}, and aa
so calculated are exact for the initial equilibrium condition,
and are a very good approximation of the speciation during
excitation and relaxation if the Cy},, term is negligible in eq
10 or the relative changes in total concentration of phenol
at both sides of the membrane are small following a flash.
As will be shown, these conditions are generally met. There
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is evidence that the Cj,, term is negligible compared to the
sum of CJj, and Cy. Barstad et al. (15) detected AHA
heterodimers in non-hydrogen-bonding solvents but were
unable to detect AHA in lipid bilayers in aqueous solution.
They estimated Kj,,, for pentachlorophenol to lie between
0.005 kg-mol™ and 0.5 kg-mol~! from a combination of
membrane conductivity measurements and the surface
density of adsorbed PCP. Since the heterodimer can migrate
more easily across the membrane than the anionic monomer,
it may contribute significantly to the overall process despite
its low concentration (7).

Finally, the acid—base reaction in the membrane is defined
by the reaction

HA™ = H + AT (15)

for which the mass law expression is

m
Km — CA ay — KW KmW,A

a a
EA me, HA

(16)

Note that the acidity constant in the membrane phase K’
is operationally defined in terms of the proton activity in the
aqueous phase, because we assume that there are no free
protons in the membrane and that the protons of the acid—
base reaction in the membrane are directly exchanged with
the adjacent aqueous solution.

The equations above refer to the bulk partitioning and
speciation of the acid in the solution and in the membrane.
However, both neutral and charged species are assumed to
be located primarily near the surface of the membrane, at
the interface between polar headgroups and hydrophobic
membrane core (16, 17). Therefore, the bulk membrane
concentrations of a species i can be converted to surface-
normalized concentrations on each side of the membrane,
i (mol-m~2), by dividing C" by the specific surface area, s,
of the phospholipids in the chromatophore membrane

cm

h=— (17)
N, A

§=—" (18)
Mp

where the average molecular weight of the phospholipids in
chromatophores mp is 760 g-mol~* (18), N4 is the Avogadro
number, and the average surface area A of one phospholipid
in a membrane is approximately 5to 6 x 107*° m? (19). The
resulting specific surface area s is 4.4 x 10° m? kg™,

General Membrane Transport. The flux of species i, J;
[mol-m?s~1], from ' across the membrane to " is defined by
the first-order translocation expression

; —dIy dry” 19
=Tt T dt (19)

The driving force of the flux of species i is on one hand
the concentration gradient that causes the diffusional flux
J?'ﬁ (translocation independent of electric field) and on the
other hand the membrane potential that causes the migra-
tional flux J™ (translocation of charged species in an
electric field)

M=~k + KTy (20)
_ I+
Jmie = —kizi(%)Au (21)

where kjisahomogeneous translocation coefficient expressed



in units of s72, z; is the charge of species i, (I + I/")/2 =T°
corresponds to the total surface concentration of species i,
and Au is the dimensionless membrane potential defined by

_FA¢

AU="Tor

(22)

where A¢ is the membrane potential (¢" — ¢")[V], F is the
Faraday constant, R is the gas constant, and T is the
temperature. The sum of the diffusional and the migrational
flux constitutes the total flux J;

i i " Au . Au_\ _
3= 39 gmio — (1 + 7zi) + KT (1 - 7zi) =

—2KAT; — kz[YAu (23)

where AT = (IV' — T'¥')/2.

It remains to relate the membrane potential to surface
concentrations. The membrane potential is related to the
surface charge, o, as in a parallel plate capacitor

Ap=Clo (24)

where C is the capacitance of the chromatophore membrane
of approximately 5.5:107° F m~2 (19). The change in surface
charge o is a function of the flux of the charged species.

do
—=FYzy 25
gt Z (25)

Equations 1—25 define the uncoupling model. As shown
in the Appendix, rearrangement of eqs 1—25 yields two
coupled differential equations (eqgs 41 and 43), for which the
eigenvalues 1; and A, (eq 47) are the characteristic times to
be compared to koss. The rate constants of decay are a function
of the experimental conditions (total organic acid concen-
tration, total concentration of phospholipid, pH), three
independently determined parameters describing membrane
concentration and speciation (Kmw,na, Kmw,a, and pKa?), and
the adjustable parameters describing the intrinsic activity
(kHAn Ka, Kana, and KI’AT]HA).

The model described above predicts a biphasic decay in
membrane potential with characteristic times corresponding
to the values of 1; and A,. This biphasic decay could be
observed in charge-pulse experiments on artificial lipid
membranes (11). For the movement of tetraphenylborate
ions across black lipid membranes under charge-pulse
conditions, the fast phase A, was attributed to the displace-
ment of lipophilic ions as a consequence of the suddenly
applied voltage, whereas the second slow voltage relaxation
A1 represents the slow discharge of the membrane through
the external resistor and the redistribution of charges within
the membrane (13).

However, the faster phase of the decay, which is described
by the greater eigenvalue 4,, was too fast to be detected with
the experimental system described here. Since the build-up
of the membrane potential is polyphasic with half-times of
the spatial electron-transfer reactions from picoseconds to
milliseconds (20), decay rate constants > 70 s~ cannot be
resolved. Consequently, the values of the adjustable param-
eters were derived from a nonlinear fit of the observed
monophasic decay rate constants (Kops) to the calculated
values of 11 (eq 47), for sets of experiments in which both the
pH value and the total concentration of organic acid were
varied.

Transport Processes for Acidic Uncouplers. From the
general equations given above, the equations for acidic
uncouplers that can additionally form heterodimers can be

set up. The diffusional flux of the neutral species, J% is

JiA = —2K AT (26)

The diffusional fluxes of the phenoxide, J{", and of the
heterodimer, Jﬁ\"ﬂA, are defined analogously and are imple-
mented as well in the uncoupling model. The modeling results
show, however, that these latter fluxes are rather small under
most experimental conditions. The migrational fluxes of the

charged species, Ji" and 19, are defined according to
I = —k,I%Au 27)
T = ~KauaTanalu (28)

If the back-diffusion of the neutral species did not influence
the overall uncoupling mechanism, the uncoupling model
could be simplified to the migration of the charged species,
and kons Would be a linear combination of the contribution
from phenoxide and heterodimer:

Kobs = kAr/E-)\ + kAHArgHA (29)

In this case, the experimental data, Kons, can be related to the
total concentration of phenol added to the system, Cqqt, from
the quadratic equation

kobs = a'ctot + b'Cfot (30)

This simple equation was used in a previous study (9) to
describe the concentration dependence of kqps at constant
pH and is still applied in the present study to identify the
relevant charged species of a given compound. Note,
however, that for all data presented here, the back-diffusion
of HA had a significant contribution to the overall uncoupling
process and could not be set to indefinite.

Material and Methods

Chemicals. The phenols (full names and abbreviations are
given in Table 1) were purchased from the following
companies: Riedel-de Haen (Seelze, Germany): 245TCP,
DINOSEB, DINOTERB; Fluka (Buchs, Switzerland): 345TCP,
2345TeCP, PCP, 34DNP. The following biological buffers were
used: MES (2-morpholino-ethanesulfonic acid, pK, = 6.15);
MOPS (3-(N-morpholino)propanesulfonic acid, pK, = 7.2);
HEPPS (N-2-hydroxyethylpiperazine-N'-3-propanesulfonic
acid, pK, = 7.8); CHES (2-(cyclohexylamino)ethanesulfonic
acid, pK, = 9.55), all of which were from Fluka (Buchs,
Switzerland). Chemicals used for time-resolved spectroscopy
are described in ref 4.

Determination of the Uncoupling Activity. Membrane
vesicles (chromatophores) of the purple bacterium Rhodo-
bacter sphaeroides were prepared and characterized as
described previously (4, 21). The single-beam spectropho-
tometer equipped with a flash excitation unit and kinetic
data acquisition capabilities is described elsewhere (4). The
measurements were performed in an anaerobic cuvette at
a redox potential adjusted to 120—130 mV with redox
mediators (2,3,5,6-tetramethyl-phenylene diamine, N-methyl
phenazonium methosulfate, duroquinone, 1,2-naphtho-
quinone, 1,4-naphthoquinone) and ferricyanide/dithionite
in a buffer composed of a mixture of MES, MOPS, HEPPS,
and CHES, adjusted to a total buffer- and K* concentration
(KCI/KOH) of 50 mM and 100 mM, respectively. Since the
buffer mixture did not buffer equally well at every point and
the stock suspension of chromatophores was prepared in a
buffer of pH 7, the pH was measured at the end of each series
directly in the cuvette. Deviation from the initial value was
never larger than £ 0.2 pH-units. At each pH-value, several
measurement cycles with different total concentrations of
phenol were performed. During one measurement cycle, four
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TABLE 1. Summary of All Parameters That Determine the Uncoupling Model

Konw, a2 ) range of
compound abbreviation (L-kg™)  pKY Kinwa- (L*kg™?) Kin (74 Ka (s7Y) Kapa' (7)) Ciot (uM)* 1
3,4-dinitrophenol 34DNP 1.47-10% 5.380 (7.51 +£2.287)-1029 82423 0.07+0.01 53+ 10 5-100 102
2-sec-butyl-4,6-dinitrophenol DINOSEB 9.45-10° 4.62°¢ 2.16-10°2 1005 + 151 0.48 +0.03 o 2—-10 36
2-tert-butyl-4,6-dinitrophenol DINOTER 1.26-10* 4.809 3.89-10%2 6006 +£ 697 1.45+0.11 o 0.1-40 78
B
2,4,5-trichlorophenol 245TCP 2.18-10* 6.94¢ (1.05+0.13)-10*¢9 142 +816 0.014 +0.001 10.0+09 2-70 50
3,4,5-trichlorophenol 345TCP 5.13-10* 7.73¢ (2.46 +0.36)-10*9 150" 0.09 £0.01 216+26 2-30 43
2,3,4,5-tetrachlorophenol 2345TeCP 7.80-10% 6.35¢ (3.44 +£0.59)-10*9 108 +£29 0.19 +0.02 157 + 20 1-8 52
pentachlorophenol PCP 1.23-10° 4.75¢ 3.09-10%2 346 £24 0.17+£0.09 o 1-50 101

2 Data from ref 10. » Experimentally determined. ¢/ = 50 mM (25). ¢ | = 250 mM, 1% methanol mM (27). ¢ I = 10 and 50 mM (26). f Standard
error. 9 Fitted. " pK{' is at the limit of acceptable range that there is no convergence of fit unless ki is fixed to an estimated value (approximately
equal to the value of 245TCP). / Value refers to kaua if Kiya is setto 1 kg L7, i.e., more precisely, the values in this column correspond to the product
of kAHA-K,THA. I Fixed to zero because of linear dependence of ko,s from Cy. ¥ Concentration range of experimental measurements; membrane lipid
concentration in the assay varied between 7.5 and 8.1:10~% kg-L~t. ' Number of measurements.

kinetic traces were averaged, each of which consisted of the
relative absorption change at 503 nm over a 150 ms intervall,
beginning 2 us after the xenon flash, followed by 1 min of
reequilibration. The absorbance change at 503 nm is
proportional to the membrane potential (22). The membrane
potential accounts for the majority of the electrochemical
proton gradient in chromatophores (after single-turnover
flash ApH =~ 0.003, A¢ ~ 70 mV) (23).

The “uncoupling activity” was quantified as the pseudo-
first-order decay rate constant, kops, Of the absorbance at 503
nm and hence of the membrane potential. The value of Kops
is normalized via a control for the properties of a particular
chromatophore preparation. For more details see refs 4 and
9. No second faster phase of decay could be resolved despite
the model predictions due to interference with the build-up
of the membrane potential and large scattering of the kinetic
traces.

Determination of Acidity Constants. In the uncoupling
model, the acid—base equilibrium in the aqueous phase is
defined by the mixed acidity constant at an ionic strength
of 100 mM (eq 2). The mixed acidity constant of 34 DNP was
determined with a potentiometric titrator (PCA 101, Sirius
Analytical Intruments, Riverside, UK) (24). The other pK}'
values were taken from literature (25—27). In all references,
the values refer to mixed acidity constants. Since the exact
ionic strength was not given in all cases, and since the
estimated error due to differences in ionic strength are
estimated to be smaller than 1%, the values given in refs
25—27 were directly used.

Determination of Membrane-Water Distribution Ratios.
Liposomes prepared from phosphatidylcholine were used
as model systems for the determination of the chromato-
phore-water distribution ratios. Substituted phenols were
found to partition nearly quantitatively into the lipid moiety
of the chromatophore membrane and uptake into the protein
moiety was negligible (10). Liposome-water distribution ratios
of 34DNP were measured as described in (10) as a function
of concentration, pH and ionic strength. All other experi-
mental data were taken from ref 10. The membrane-water
distribution coefficients of the neutral phenol, Kmw,na, and
of the phenoxide, Kmwa, Were calculated from the experi-
mental values with an improved membrane-water partition-
ing model (28). The improved model is superior to the
previously published version (10), which was just an extension
of the octanol—water partitioning model. In the improved
version, the membrane-water distribution is treated as a
surface sorption process and not as a bulk partitioning process
and therefore does not include ion-pair formation in the
lipid bilayer. The resulting distribution ratios for an ionic
strength of 100 mM are listed in Table 1.

For some compounds (34DNP, 245TCP, 345TCP, and
2345TeCP), the experimentally determined Kmnwa led to an
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FIGURE 2. Plot of kqs versus the total concentration of uncoupler
34DNP, Gy, at different pH-values, @ pH 5.3, v pH 5.6, A pH 6.05,
© pH 6.18, ¢ pH 6.33, @ pH 6.42, O pH 6.5, O pH 6.89, @ pH 6.90, W
pH 6.94, N pH 7.31, ¢ pH 7.35, A pH 7.82, ¥ pH 8.25. Solid lines are
best fits to the simplified quadratic model (eq 30).

0 210°

underestimation of the contribution of the charged species
in the uncoupling model. Therefore, Kmwa Was also used as
an adjustable parameter, and the Kmw A determined from the
relaxation experiment turned out to be somewhat higher
than the experimentally determined Kmy 4. It is possible that
the experimentally determined Kmw,a, which were measured
with pure phosphatidylcholine membranes, underestimate
the true uptake of charged species in the chromatophore
membrane, 30% of which consists of various different
phospholipids (23% phosphatidylcholine, 35% phosphati-
dylethanolamine, 34% phosphatidylglycerol, 4% cardiolipin,
and 3% phosphatidic acid (18)) and 70% of which are integral
membrane proteins (9).

An attempt was made to determine distribution ratios
directly with chromatophore membranes (unpublished
results), but the pH range of the experiments was too limited
to allow the extrapolation of the distribution ratios of the
species HA and A.

Results and Discussion

Determination of the Adjustable Model Parameters. The
experimental data consisted of a set of observed rate
constants, Ko, determined as a function of total concentra-
tion of phenol in the chromatophore suspension, Cie, and
of pH, as illustrated for 34DNP in Figure 2 (see Table 1 for
abbreviations of compound names). The lines in Figure 2
are the fits of the quadratic model (eq 30). This simplified
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for 34DNP; A, were calculated with eq 47 using the parameters
listed in Table 1, ® pH 5.3, v pH 5.6, A pH 6.05, © pH 6.18, ¢ pH
6.33, 1 pH 6.42, 0 pH 6.5, O pH 6.89, @ pH 6.90, M pH 6.94, N pH 7.31,
4 pH 7.35, A pH 7.82, v pH 8.25.

model was used to obtain preliminary information on the
relevant charged species. A linear dependence of Kqps from
Ciot indicates that the monomer is the dominant charged
species, and a purely quadratic dependence of Kgps 0N Ciot
indicates that the heterodimer is the dominant charged
species. If both linear and quadratic term are significant, as
is the case for 34DNP, both monomer and heterodimer are
assumed to contribute significantly to the protonophoric
shuttle mechanism.

Three compounds, DINOSEB, DINOTERB, and PCP,
showed a linear dependence of kops 0N Ciot OVer the entire
pH range investigated, indicating that the heterodimer was
insignificant. For these compounds Kj},, was set to zero.
Four compounds, 34DNP, 245TCP, 345TCP, and 2345TeCP,
had a contribution from the monomer and heterodimer in
the second-order polynomial model. These data sets were
fitted with the complete model by assuming a heterodimer
formation constant Kj},, of 1 kg-mol~%, which is greater than
the heterodimer formation constant of PCP estimated by
Barstad et al. (15), and which is low enough that the
assumptions for eqs 12 to 14 are justified (o, < 1%).
Alternatively, one could have modeled the term K}, ,-Kana
together, which yields the same result.

The translocation rate constants Kua, ka, and kana were
determined from the experimental data by a nonlinear fit of
eq 47 with the statistics function “Nonlinear Regress” in
Mathematica (29). They are summarized in Table 1. The initial
total surface concentrations I'® (eq 36) were calculated from
the total concentration of uncoupler and the pH, with the
membrane-water distribution ratios Kmy,na and Kmwa, and
acidity constants K3 given in Table 1. The fractions of the
different species in the membrane were calculated from pH
and the acidity constants with eqs 12—14.

A typical plot illustrating the quality of fit is shown in
Figure 3, in which the membrane potential decay rate
constants, A1, which were calculated from the model, are
plotted against the experimentally determined Kqps for 34DNP.
Despite scatter in the data, there is no systematic deviation
from the line of unit slope.

Figure 4 illustrates the ability of the model to capture
variations in Kops as a function of pH at a given value of Cyot.
Each of the experimental values in Figure 4 represents one
data series at a given pH as shown in Figure 2. The pH-
dependent curves pass through a maximum. For compounds
whose overall activity is dominated by the heterodimer, as
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FIGURE 4. Plot of kops versus pH for (A) 34DNP at it = 5:1075 M,
(B) PCP at Ciot = 107° M, and (C) 2345TeCP at Ciot = 4:1075 M. The
solid line corresponds to the model described by eq 47 and the
parameters from Table 1. The broken line and the dotted line
represent the contribution of the heterodimer and the phenoxide
species, respectively, to the overall activity. The symbols correspond
to the experimental values at the given Cy; each pointis intrapolated
from the simplified quadratic model described by eq 30. The different
symbols for the experimental data of 34DNP correspond to
experiments with different batches of chromatophores.

is the case for 34DNP (Figure 4A), the maximum of activity
is at a pH that corresponds to the pK]' in the membrane.
Compounds that show only little or no heterodimer forma-
tion, e.g. PCP (Figure 4B), has a maximum of activity that is
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FIGURE 5. Migrational and diffusive fluxes as a function of time
for 34DNP at (A) pH 6 and (B) pH 8 calculated for a total concentration
of uncoupler Gt = 15 uM and a membrane lipid-to-water ratio [m]
of 8.1-107* kgL~

shifted to the alkaline side of the pK}'. The maximum is
broadened by high kuya values. If phenoxide and heterodimer
are equally important, the pH range below pK}' is domi-
nated by the flux of the heterodimer, and the pH range above
pKY' is dominated by the flux of the phenoxide ion, and the
maximum of activity is between these two maxima as in the
case of 2345TeCP (Figure 4C).

The fluxes of all phenolic species can be calculated with
eqs 23 and 26—28 with the parameters listed in Table 1 and
the appropriate values of pH, Ci, and [m]. These fluxes are
depicted in Figure 5 for 34DNP at pH 6 and 8. Positive values
of flux correspond to a translocation from surface ' to surface
", and negative fluxes to the opposite way. Note that the time
scale is logarithmic and that the overall process has a neutral
mass balance. Initially, the charged species migrate across
the membrane, driven by the membrane potential. At pH 6,
the heterodimer is the dominant charged species, and, at pH
8, the monomer dominates the overall migration. At the
beginning of the experiment, when the membrane potential
isthe only driving force and no phenolic species have moved
across the membrane, the maximum of loss rate of phenol
migrating from one surface to the other is small enough that
the concentrations of phenolic species at one surface do not
get depleted before back-diffusion starts to occur. The back-
diffusion of the neutral phenol and, to a very small extent,
phenoxide and heterodimer sets in after 1-10 ms. The
potential gradient is destroyed, and the concentrations are
reequilibrated within 1—10 s. From Figure 5 it is evident that
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FIGURE 6. The relationship between the translocation rate constants
ki (0), ka (), and kaua (M) for the compounds investigated.

the simple quadratic model of uncoupling that is based on
the flux of the anions as rate-limiting step of the overall
process cannot fully explain the protonophoric shuttle
mechanism, because the back-diffusion of phenol contributes
significantly to the overall process. Note also that at the higher
pH values, typically above pH 8, there is a significant
theoretical contribution of 4, to the overall process which is
taken into accountin Figure 5B, although it was not possible
to resolve the fast decay phase experimentally.

Despite structure-dependent variability of the k; values
of the different compounds investigated, which is discussed
in more detail below, there are two distinct ranges of
translocation rate constants as shown in Figure 6. The values
of kua are more than 3 orders of magnitude greater than the
corresponding ka, but only about 1 order of magnitude higher
than kaua. Since Kj,, was set to 1, in fact the product of Kj},,
and kana was modeled. The values themselves vary within 1
order of magnitude between the compounds. If a heterodimer
is formed at all, the values of kana are almost 3 orders of
magnitude greater than the values of ka, which is consistent
with the expectation that the dimer has a larger translocation
rate constant than the anion because the solubility of an ion
increases strongly with size in a medium of low dielectric
constant, i.e., in the interior of the lipid membrane. It is
difficult to discuss quantitatively this ratio, because the
heterodimer formation constant Ky}, is not known. Al-
though the value of Kj},, was set to 1 for simplicity of the
modeling, one would expect that it is not the same for the
different substituted phenols, butitis influenced by geometric
parameters. Itis more likely that kana/Kka is constant because
it should depend only on the effective size of the ions.
Independent measurements of heterodimer formation con-
stants are required for a more detailed interpretation of this
issue. The ratio of kua to ka varies much more than the ratio
of Kana to ka. This result indicates that different factors
influence the translocation rates of the neutral and charged
species of the same compound. Note that the set of
compounds is far too small to allow any definitive conclusions
to be reached.

Asshown in Figure 6, itis evident that the type and position
of the substituents strongly influence the translocation rate
constants. The effect of a given substituent on the translo-
cation rate constants is different from its effect on the
membrane-water distribution ratio. The most hydrophobic
compounds have not necessarily the highest ka and kapa. For
instance, DINOSEB and DINOTERB have smaller Ky na and
Kmw,a than all chlorophenols but exhibit the highest ka and



kua. The charge of DINOSEB and DINOTERB appears to be
most effectively distributed over the entire molecule, and
the sec- and the tert-butyl groups shield the hydroxy function
sterically. 34DNP has a very low kax and a significant Kapa,
which points to a good delocalization of the charge and a
good ability to form heterodimers, but both A and AHA are
only slightly membrane permeable because they are rather
hydrophilic.

The formation of heterodimers is highly unfavorable for
DINOSEB, DINOTERB, and PCP due to the two bulky ortho
substituents. Only compounds with either no or just one
ortho substituent (i.e., 34DNP, 245TCP, 345TCP, and
2345TeCP) appear to to form heterodimers. The heterodimer
increases the overall activity of these compounds, but they
still are not as strong uncouplers as the diortho substituted
phenols investigated here despite their generally higher
hydrophobicity. Phenols without ortho substituents appear
to have significantly lower ky and kana, even if the charge can
be very well delocalized over the entire molecule as is the
case for 34DNP. It can be hypothesized that steric shielding
of the charge plays a more important role than charge
delocalization for the translocation rates of hydrophobic ions.
This view is consistent with the extraordinarily high trans-
location rates of tetraphenylborate analogues (13).

Critical Evaluation of the Uncoupling Model. When one
considers that the kinetic uncoupling model was initially
developed from charge pulse and voltage-clamp measure-
ments on black lipid bilayer membranes (11), it is quite
impressive that the model can be applied and extended to
a subcellular biological system. However, as expected, the
model is less well defined for the biological system than for
the planar lipid membrane. A single set of kops data measured
as a function of pH and Ciy has to be fit by the complete
uncoupling model with two to four adjustable parameters.
It is straightforward to derive from this observation that the
experimental data need to cover both flanks of the peak-
shaped pH-dependent curve to yield good results. Since the
experimental pH range is limited to pH 5.2—9.0 due to
denaturation of proteins at low pH and fusion of chromato-
phores at high pH, good fitting results, in particular good
estimates of both ka and kaua can be obtained only with
compounds with a pK} between approximately 5.5 and 7.5,
such as 2345TeCP (Figure 4C); exceptions are cases in which
there is a structural preference for either species, as is the
case for the good heterodimer former 34DNP (Figure 4A)
and the preferentially monomeric PCP (Figure 4B). For the
purely monomeric uncouplers, compounds with pK? values
as low as 4 still yield good modeling results.

The experimental data of the more acidic 2,4-dinitro-
phenol (pKY of 3.94) (data not shown) could not be fit to the
model for three reasons. First, the experimental values cover
only the far right flank of the pH-dependent activity curve.
Second, both monomeric and dimeric shuttle mechanism
contribute to the overall effect. Third, the overall activity in
the experimentally available pH range is influenced by
baseline toxicity as described below. The k, of the less acidic
compounds, 245TCP and 345TCP, exhibited large errors
because no data at pH-values higher than pH 9 could be
measured and because both presumably form heterodimers
easily.

The model was not very sensitive to changes in values of
kua, although the fitted values of kua were significantly
different for the different compounds and the values did
have to be greater than zero and not too high (otherwise the
model would have been reduced to the earlier quadratic
model of eq 30).

Finally, a good fit of the adjustable parameters can be
obtained only for rather strong uncouplers, whose activity
is not disturbed by the narcotic effect that constitutes the
baseline toxicity of any hydrophobic compound. The activity

of two weaker uncouplers, 4-nitrophenol and 3,4-dichlo-
rophenol (data not shown) as well as the activity of 2,4-
dinitrophenol could not be modeled satisfactorily because
the effective concentrations in the membrane were in the
range of critical membrane burdens of the narcotic chemicals
(2) or slightly below. Even the activities of stronger uncouplers
were often underestimated by the model in the outer pH
region, indicating a significant contribution of the underlying
baseline toxicity. One focus of research presently conducted
in our group is to incorporate the contribution of baseline
toxicity into the kinetic uncoupling model.

Comparison of Translocation Rate Constants with
Membrane Permeabilities from the Literature. The overall
membrane permeability of species i, P;, is defined by Fick’s
Law

L=P(C" - &)

that is, the rate constant for transport of a species from the
aqueous phase on one side of the membrane, through the
membrane, to the aqueous phase on the other side. Since
it can be assumed that transport through the membrane
itself is the rate-limiting step (12), the translocation rate
constants k; can be transformed into membrane perme-
abilities P;

Pi — mw,i i (32)

where s, the specific surface area of the membrane, is 4.4 x
10° m? kg™*. This transformation allows comparison of k;
values with P; values in the literature.

In Table 2 membrane permeabilities calculated from the
ki values given in Table 1 are compared to literature data
from various sources and from different types of measure-
ments. In most cases, the membrane permeabilities for the
neutral acids are 3—4 orders of magnitude greater than the
permeabilities of the corresponding charged bases.

The calculated membrane permeabilities Pya of the
neutral species of substituted phenols are only slightly smaller
than the ones deduced for carbonylcyanide p-trifluo-
romethoxyphenylhydrazone (FCCP) by Benz et al. (11) from
charge-pulse experiments. They are also in the same order
of magnitude as the permeabilities of the entire membrane
to FCCP and other weak acidic uncouplers that were
determined with an alternative method based on pH-
dependent membrane potential measurements on planar
bilayer membranes (30—33). The differences between the
values from various studies appear to be caused by the
structure of the molecules and not by the type of the
membrane, because the permeability of neutral species is
assumed to be independent of the dielectric constant of the
membrane (11).

The membrane permeabilities of the neutral species
obtained in this study agree not only with the data from
biophysical studies on planar lipid bilayers but also with
data from biological experiments. The reported diffusion
coefficient of ubiquinone between two specific quinone
binding sites located on opposite sides on the reaction center
complexand the cytochrome bc; complex in chromatophores
(34) is in the same order of magnitude as the diffusion
coefficient of DINOSEB and DINOTERB.

In contrast to the membrane permeability of neutral
molecules, the permeability of an anion is strongly dependent
on the dielectric constant e. It is not clear whether there is
an interfacial barrier to Aand AHA, so calculations of P have
to be treated with caution. Nevertheless, our average values
of ka agree well with direct measurements of the membrane
permeability of hydrophobic anions in decane-containing
planar lipid bilayers from different phospholipids membranes
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TABLE 2. Membrane Permeabilities Py, of Substituted Phenols and Other Weakly Acidic Uncouplers

Pya (cm-s™) Pia (cmes™) Pa (cmes™) Pa (cm-s™)
compound between sorption sites? entire membrane’ between sorption sites? entire membrane’
34DNP 3-1072¢ 1075¢
DINOSEB 2¢ 2:1074¢
DINOTERB 17e 10°3e
245TCP 1e 3:10°5¢
345TCP 2¢ 5-1074¢
2345TeCP 2¢ 2:10°3¢
PCP 10¢ 1-1073%¢
FCCpa 30-607 50f 2fm
CCcCpb 179 119/ 0.29m 2:10738J
DTFB® 4h
picric acid 0.4 7-1076 K
salicylic acid 0.7/ <1077/

a Carbonycyanide p-trifluoromethoxyphenylhydrazone. ? Carbonycyanide m-chlorophenylhydrazone. ¢ 5,6-Dichloro-2-trifluoromethylbenzimi-
dazole. ¢ From kinetic measurements of uncoupling. € This work; in biological membranes; calculated from data in Table 1 with eq 32. fValues
from Benz and McLaughlin (11). 9 Values from Kasianowicz et al. (12). " Values from Cohen et al. (31).  From membrane potential measurements
using the method described by LeBlanc(30). / Phosphatidylcholine/phosphatidylethanolamine/cardiolipin/decane bilayers (30). ¥ Lecithin/cholesterol/

decane bilayers (32). ! Lecithin/decane bilayers (33). ™ Chlorodecane-containing planar phosphatidycholine membrane.

(30, 32) (Table 2). The permeability of the FCCP anion, Pa,
is 2 orders of magnitude greater in achlorodecane containing
planar lipid membrane (¢ = 4.5) compared to a decane
containingmembrane (e =2.1) (6, 35). The dielectric constant
of chromatophore membranes is about 3.8 (36). Conse-
quently, permeabilities similar to chlorodecane-containing
membranes should be expected for P, in our system. In
contrast to expectation, P, of the phenoxides are much
smaller than P of FCCP in chlorodecane-membranes.

Benz (13) showed for tetraphenylborate and analogues
that the structure of lipophilic ions has a strong influence on
their translocation rate constants but only a small influence
on their membrane-water distribution ratio. We also find
increasing translocation rate constants with increasing size
of the ion. The effect is not as large as expected from the
example of the tetraphenylborate analogues; tetraphenylbo-
rate ions are much larger and spherical, and their charge is
presumably much better shielded from the surroundings than
it is the case for the phenoxides.

Practical Implications. The results presented here show
clearly the relevance of mechanistically based toxicity studies.
The combination of uncoupling experiments and membrane-
water partitioning experiments together with modeling of
the uncoupling mechanism allows one to separate the overall
uncoupling effect into various factors that can be related to
specific properties of the compound investigated. These
factors are on one hand related to the concentration and
speciation of the substituted phenols at the target site, the
membrane, and, on the other hand, to the intrinsic uncou-
pling parameters, i.e., translocation constants of all species
across the membrane and heterodimer formation constant.

These parameters are the basis for the development of
meaningful QSAR equations for uncouplers. Saarikoski et al.
(37, 38) developed an empirical model to predict the pH-
dependence of the toxicity of substituted phenols toward
fish and derived QSARs with the octanol—water partitioning
constant Koy, the pH, and the acidity constant pK, as
descriptors. QSARs of the in vitro uncoupling activity of
substituted phenols are usually based on one hydrophobicity
descriptor (e.g., log Kow), one descriptor for the speciation
e.g., pKa), and one descriptor for the steric effect of ortho
substituents (21, 39). The results of the present study
rationalize the choice of these descriptors since the intrinsic
toxicity is strongly dependent on the presence of shielding
ortho substituents for higher translocation rate constants or
the absence of ortho substituents for good heterodimer
formation. o-alkylnitrophenols exhibited the highest intrinsic
toxicity of all phenols investigated presumably due to steric
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shielding of the hydroxy group by the bulky alkyl substituents.
Phenols without ortho substituents have smaller transloca-
tion rates among phenol and phenoxide species, but their
overall intrinsic toxicity is high due to their ability to form
heterodimers, whose translocation rate constants are almost
3 orders of magnitude greater than those of the phenoxides.
Although the small data set of seven compounds presented
here does not allow to deduce any quantitative equations,
the generalization deduced above are an important basis for
future developments of QSARs.

The quantitative differentiation of uptake and speciation
from the intrinsic toxicity is in addition a prerequisite for the
development of toxicokinetic models. Toxicokinetic models
are a valuable tool for the prediction of the pH-dependent
activity of HIOCs (40). In a more general sense, toxicokinetic
models have been applied in aquatic toxicology to link in
vitro responses to effects on whole organisms (41). They may
find in the future an application in the risk assessment of
HIOCs including the extrapolation from one organism to
another.

The mechanistic approach presented here should be well
suited to investigate the joint effect of mixtures of uncouplers
and mixtures of baseline toxicants and uncouplers and to
test the hypothesis that synergistic effects could occur if
heterodimers are formed by the phenoxide species of astrong
acid and the neutral species from another compound.

Finally, the approach presented here allows one to deduce
clear classification criteria for the uncoupling potency of any
weak organic acids. These criteria include not only hydro-
phobicity and acidity of a given compound but also additional
electronic and steric factors. Further investigations are
presently being undertaken in our laboratory to extend the
range of tested compounds and to realize the envisaged
applications.
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Appendix: Mathematical Derivation of the Uncoupling
Model

The following derivation of the uncoupling model is in
principle applicable to organic acids and bases and may
account for heterodimer formation and formation of other
complexes. For the organic acids described in this paper,
species i refers to HA, A, and AHA.

The total concentration of uncoupler molecules in the
membrane, I'° (mol-m~2), during the course of the experiment
is assumed to be constant

. Znir; + Zniri”

2

r (33)

where n; refers to the stoichiometric coefficient (i.e., Npa =
1, na =1, and naua = 2). At any time during the experiment,
the surface concentration of asingle species, I'y', isa function
of the fraction of this species, o", in the membrane and the
total concentration at the given side of the membrane,

Iy =am (34)

and the total concentration, I'", is the sum of the concentra-
tions of all species.

= Zniri' (35)

Before the build-up of the membrane potential, the initial
surface concentration, I'°, is equal on both sides of the
membrane and is the sum of the surface concentration of
all species.

r'=S$nrl=3$nry (36)
M=
The function AT, the difference in surface concentrations,

is defined by
Znil“i” - Znil“i’
1" _ I 1

2

A 37)

To make the concentration term AI' dimensionless, the
function A® is introduced, which corresponds to the
fractional coverage of the surface:

_Ar

a0 =5 (38)

With a combination of eqgs 33 and 38, the flux equation
(eq 23) can be rewritten as

= ~2KaT80 ~ ko T'ZAu (39

and the differential equation for A® is derived from egs 23,
37, and 38 and amounts to

1
i lfozniji (40)
[

or upon substitution of eq 39 for J;

dA® m m
- —Z(Znikiai )A® — (Zniki(xi z)Au  (41)

Conversion of the differential equation for the change in
surface charge (eq 25) to the dimensionless membrane
potential Au (eqgs 22 and 24) yields the following differential
equation

dAu F2

ot cRTS “)

which can be rearranged, upon substitution of eq 39 for Jj,
to

dAu
o —ZB(Zkiaimzi)FoA@) - B(Zkiaimziz)FOAu
(43)
where
_F
B=CrT (“44)

The solution of the linear nonhomogeneous differential

equation system that consists of eqs 41 and 43 is of the
following form:

AO(t) = b,e™" + b,e™ (45)

Au(t) = bu,e™ + b,ue™t (46)

The eigenvalues 1, and A, correspond to the two expected
rate constants of decay of membrane potential.

A, =05 —Z(Znikiaim) - B(zkiar‘zf)r‘) +

\

(=23 mkiod™) + B(Y kiog"z)I")* +

(47)
8B(S nkial"z) (Y kiaf"z)I°
Z [ R | ] Z Lt} 1
The initial conditions are Au(t=0) = uo and AG(t=0) =
0, i.e., no reaction before the potential build-up induced by
the flash. The relaxation amplitudes are then given by

Ay +2(5 nikia")
U= (48)
znikiaimzi
7o+ 2(5 nikia")
D (49)

zniki“imzi
]

_znikiaimzi
]
b,=—u 50
=W (50)

Since the membrane is isolated toward the aqueous phase,
it follows that b, = —b;.
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