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Abstract: 

We present a purely mechanistic model to predict protonophoric uncoupling activity ECw of organic 

acids. All required input information can be derived from their chemical structure. This makes it a 

convenient predictive model to gain valuable information on the toxicity of organic chemicals already 

at an early stage of development of new commercial chemicals (e.g. in agriculture or pharmaceutical 

industries). A critical component of the model is the consideration of the possible formation of 

heterodimers from the neutral and anionic monomer, and its permeation through the membrane. The 

model was tested against literature data measured in chromatophores, submitochondrial particles, 

isolated mitochondria, and intact green algae cells with good success. It was also possible to reproduce 

pH-dependencies in isolated mitochondria and intact cells. Besides the prediction of the ECw, the 
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2

mechanistic nature of the model allows to draw direct conclusions on the impact of single input factors, 

such as pH- and voltage- gradients across the membrane, the anionic and neutral membrane 

permeability, and the heterodimerization constant. These insights are of importance in drug design or 

chemical regulation.

Introduction:

According to Mitchell’s chemiosmotic theory 1, the transmembrane electrochemical proton gradient 

across the inner mitochondrial membrane is essential for the synthesis of ATP. A protonophoric 

uncoupler decreases/dissipates this proton gradient by shuttling protons across the inner membrane 

of the mitochondria, generating heat instead of ATP. The uncoupling process is driven by the 

chemiosmotic gradient itself, and may therefore continue, as long as the gradient exists. Consequently, 

the respiratory chain and ATP synthesis are uncoupled 2, while neither the activities of the respiratory 

chain nor the ATP synthase are inhibited 3. To a certain extent such uncoupling happens naturally by 

uncoupling proteins, which is important for the regulation of the mitochondrial membrane potential 

4. However, any extensive bypass of the ATP synthase through the exposure to chemical uncouplers 

can deprive the cell of energy and thus lead to a toxic effect. While a low uncoupler concentration may 

still be compensated for by an increased respiration rate, higher concentrations will lead to a collapse 

of the membrane potential and thus inhibit ATP synthesis.

Already in the early seventies of the last century, a reasonably good correlation between critical 

uncoupling effects (concentration at which state 4 respiration in rat liver mitochondria was doubled) 

and a specific increase of electrical conductance in black lipid membranes BLM was observed 5. Many 

quantitative structure-activity relationship (QSAR) models (e.g. 6–11) have been developed to predict 

uncoupling toxicity, often based on the octanol/water partition coefficient and the pKa as descriptors. 

More recently, a mechanistically based approach to predict uncoupling activity also identified the 

permeability of the ionic species across the membrane as the most important descriptor in a QSAR 

model 12. However, as this model does not consider other possible limiting effects, like the membrane 
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3

permeability of the neutral chemical species, it tends to overestimate the uncoupling activity for 

compounds with low pKa (<3). For that reason, the applicable pKa range was defined from 3-9 12. Its 

ability to predict uncoupling activity is limited to pH7, because pH- and electrical gradients across the 

membrane are not explicitly considered in the model, but covered by calibrated coefficients.

Already in 1980, McLaughlin and Dilger 13 developed a biophysical model with physiological input data 

(membrane permeability of anionic and neutral species, pKa, transmembrane potential and pH) and 

solved it numerically to predict the flux of protons through the membrane of mitochondria and 

submitochondrial particles for 2,4,6-trinitrophenol. This way, they were able to solve the discrepancy 

as to why 2,4,6-trinitrophenol would uncouple submitochondrial particles (their pH- and electrical 

potential gradient is reversed in comparison to mitochondria), but not mitochondria. Their calculations 

showed that the effect of the uncoupler was limited by the permeability of its neutral species, and thus 

stronger for submitochondrial particles due to the larger neutral fraction inside the particles, where 

the pH is lowered.

Due to the lack of experimental or predicted anionic membrane permeability data though, neither the 

direct correlation between uncoupling and electrical conductance, nor the more elaborate mechanistic 

physiological model of McLaughlin and Dilger found a widespread application. 

Recent advances in the prediction of anionic permeation through lipid bilayers 14,15 should now allow 

the application of a purely mechanistic biophysical prediction model for pH-dependent uncoupling 

toxicity. 

Two important effects are not yet implemented in the biophysical model of McLaughlin and Dilger: 

First, a potential ion-trapping effect 16 that can occur in any organism with a quasi neutral internal pH 

that is living in an acidic or alkaline aqueous environment, and second, the formation and subsequent 

permeation of anionic heterodimers as an additional proton carrier through the membrane. Both 

effects can lead to an underestimation of uncoupling toxicity when missing in the calculations:The 

former effect, ion-trapping, can lead to an up- or down-concentration of the uncoupler inside a cell or 

an organism, and thus to a strong pH-dependence of the uncoupling effect. Yet, for uncoupling activity, 
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4

pH-dependent measurements are rare, and in some cases, at first glance, do not seem to be 

explainable by Mitchell’s chemiosmotic theory 17. The latter effect, the permeation of the heterodimer 

across the membrane, can significantly enhance the uncoupling effect 18. Together with their anion A- 

some acids AH form a heterodimer AHA-  19, whose membrane permeability is typically greater than 

the permeability of the pure anion. 

This implies the need for a more complex biophysical model of uncoupling, but also the additional 

need to predict dimerization constants in water. This is done here in accordance with the method 

described in Ref. 20,21 for the computation of reactions in solution.

The goal of the presented work therefore was to extend the biophysical model of McLaughlin and 

Dilger from isolated mitochondria to intact cells including effects such as ion-trapping and heterodimer 

formation and permeation. Furthermore, we adopted methods that allow the prediction of all needed 

input parameters to the model based on the molecular structure of the chemical. Hence, all input 

parameters, such as anionic permeability or the dimerization constant of the heterodimer in water, 

can now be calculated based on quantum chemical and COSMO-RS (Conductor-like Screening Model 

for Realistic Solvation) 22 calculations. Finally, we tested the model on literature uncoupling data in 

different biological systems, and analyzed the impact of various input parameters. 

Methods:

Monomeric permeation model

Organisms exposed to constant concentrations of a chemical will rather quickly (within hours) arrive 

at steady state conditions concerning the internal concentration of this chemical. Therefore, toxicity 

testing is usually performed for such conditions and a mechanistic model for uncoupling activity should 

also be based on a steady state situation. This means that a model of protonophoric uncoupling (see 

Figure 1) describes a situation where the net flux ΦAH2,1 of the associated form AH of
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5

Figure 1 Model of uncoupling. (Left) Zoom-in on the inner mitochondrial membrane: Driven by a chemical potential and 

electrical potential ΔV, the dissociated species of a weak acid A- traverses the membrane. On the other side of the membrane, 

A- picks up a proton (according to pH), regains its neutral form AH and – following a concentration gradient – diffuses back. 

By this cycle, protons are shuttled across the membrane, dissipating the proton gradient created by the proton pumps of the 

respiratory chain. The proton pumps thus have to increase their pumping rate to sustain the proton gradient. Anionic 

permeation may also be dominated by the permeation of the heterodimer AHA- (see red permeation pathway, heterodimer 

flux ΦAHA-), whose membrane permeability is typically greater than the permeability of the pure anion. (Right) Schematic 

model of a eukaryotic cell (very simplified and not up to scale): (1) mitochondrial matrix, (2) cytosol, (3) extracellular space. 

 the weak acid from the cytosol to the mitochondrial matrix has to equal the opposing net flux ΦA-
1,2 of 

the charged dissociated form A- from the mitochondrial matrix to the cytosol:

𝛷𝐴𝐻2,1 = 𝛷𝐴 ―
1,2

1

Neutral fluxes result from chemical gradients, while ionic fluxes result from both chemical and 

electrical gradients, see Eq. S1-1 and S1-2 respectively for the mathematical expressions. 

For a model that predicts uncoupling activity , we now have to combine this biophysical approach with 

a quantitative information on the extent of proton shuttling. In the steady state situation, the flux of 

shuttled H+ is balanced by a flux of H+ of the same magnitude in opposing direction created by an 

increased activity of the proton pumps:
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6

∆𝛷𝐻 +
1,2 = 𝛷𝐴𝐻2,1

2

where ΔΦH+
1,2 is the additional proton flux pumped from the mitochondrial matrix to the cytosol as a 

response to the uncoupler and ΦAH2,1 is the opposing flux of the associated form AH of the weak acid 

from the cytosol to the mitochondrial matrix.

Uncoupling activity is measured as effective freely dissolved concentration, which signifies the 

concentration of the uncoupler that produces a specific biological response. For uncoupling activity, 

the doubling of the respiration rate in state 4 respiration is regarded as a typical toxic endpoint 8. 

Combining Eq. 1 and 2, the respective freely dissolved uncoupler concentration in the cytosol [A2] can 

be expressed as:

[𝐴2] = ∆𝛷𝐻 +
1,2 ∗

1
𝑓𝐴 ― ,1 ∗  𝑃𝐴 ―

𝑖

∗
1 ― exp ( ―

𝑧𝐹
𝑅𝑇∆𝑉1,2)

𝑧𝐹
𝑅𝑇∆𝑉1,2

+
1

𝑓𝐴𝐻,1 ∗ 𝑃𝐴𝐻

 𝑓𝐴𝐻,2

𝑓𝐴𝐻,1
―

𝑓𝐴 ― ,2

𝑓𝐴 ― ,1
∗ exp ( ―

𝑧𝐹
𝑅𝑇∆𝑉1,2)

3

where PAH and PA-
i
 are the permeabilities of AH and A- across the inner membrane, [A1] and [A2] are the 

freely dissolved concentrations, fAH,1 and fAH,2 the neutral fractions and fA-,1 and fA-,2 the anionic fractions 

of the weak acid in the mitochondrial matrix and the cytosol respectively. ΔV1,2 is the electrical 

potential difference between the mitochondrial matrix and the cytosol (negative if the mitochondrial 

matrix is negatively charged), z the valence of the ion (-1 for anions), F the Faraday constant, R the gas 

constant, and T the temperature. 

In case of isolated mitochondria, [A2] corresponds to the effective concentration ECw. If we consider 

intact cells, the net flux of A has to be zero in the steady state at the outer membrane as well:
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7

𝛷𝐴𝐻3,2 = 𝛷𝐴 ―
2,3

 4

where ΦAH3,2 is the net flux of the associated form AH of the weak acid from the extracellular space to 

the cytosol, and ΦA-
2,3 is the opposing net flux of the dissociated form A- from the cytosol to the 

extracellular space.

Inserting the expressions for the neutral and ionic flux in Eq. 4, we get an expression for the freely 

dissolved uncoupler concentration in the extracellular space [A3], which is the critical, freely dissolved 

exposure concentration ECw at which uncoupling activity would be expected:

[𝐴3] = [𝐴2] ∗

𝑃𝐴 ―
𝑜 ∗ 𝑓𝐴 ― ,2 ∗

 
𝑧𝐹
𝑅𝑇∆𝑉2,3

1 ― exp ( ―
𝑧𝐹
𝑅𝑇∆𝑉2,3)

+  𝑓𝐴𝐻,2 ∗ 𝑃𝐴𝐻

𝑃𝐴𝐻 ∗  𝑓𝐴𝐻,3 + 𝑃𝐴 ―
𝑜 ∗ 𝑓𝐴 ― ,3

exp ( ―
𝑧𝐹
𝑅𝑇∆𝑉2,3) ∗

𝑧𝐹
𝑅𝑇∆𝑉2,3

1 ― exp ( ―
𝑧𝐹
𝑅𝑇∆𝑉2,3)

5

where PA-
o is the permeability of A- across the outer membrane of the cell. Anionic permeabilities 

across the inner mitochondrial membrane and across the outer membrane must be kept apart, 

because the ionic permeability through the inner mitochondrial membrane is reported to be orders of 

magnitude higher than those through artificial membranes, which we assume to have similar 

permeabilities as the outer cell membrane. This effect is supposedly caused by an increase of the 

dielectric constant inside the mitochondrial membrane due to the high amount of proteins 23,24. 

Heterodimeric permeation model

The model discussed above can be extended to include heterodimer AHA- permeation (see red 

permeation pathway in Figure 1). When AHA- permeation is considered, again there is no net flux of A 

across the membrane, and Eq. 1 is extended to:
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8

+ 2𝛷𝐴𝐻2,1 = 𝛷𝐴 ―
1,2 𝛷𝐴𝐻𝐴 ―

1,2
6

Note: the factor 2 before the heterodimeric flux ΦAHA-
1,2 from the mitochondrial matrix to the cytosol 

simply arises from the fact that 2 mol of compound A permeate the membrane for each mol of AHA-.

Analogously, to maintain a net proton flux of zero (steady state conditions) across the membrane in 

case of heterodimer permeation, Eq. 2 needs to be expanded to:

∆𝛷𝐻 +
1,2 = 𝛷𝐴𝐻2,1 ― 𝛷𝐴𝐻𝐴 ―

1,2
7

In the case of intact cells, Eq. 4 has to be extended for heterodimer permeation considering that 

there is no net flux of A at the outer membrane in the steady state:

𝛷𝐴𝐻3,2 = 𝛷𝐴 ―
2,3 +  2𝛷𝐴𝐻𝐴 ―

2,3
 8

This system of equations including heterodimeric permeation can only be solved numerically. We 

implemented the equations in an Igor Pro (WaveMetrics, Lake Oswego, OR) script that can be found 

in the Supporting Information SI-3. See Sections S1-2 and S1-3 for a detailed derivation of the model.

Input parameters

Important input factors of our model can be categorized into compound specific and system specific 

parameters. Compound specific paramters, namely pKa, dimerization constant KD,W, neutral and 

anionic permeability are reported in a common database for all 164 investigated compounds in Table 

S2-1. In contrast, pH- and electrical potential gradients across the membrane and the increase in 

proton pumping rate (ΔΦH+
1,2) at critical effect concentrations depend on the system and experimental 

setting at which the uncoupling activity was measured. 
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9

The following paragraphs deal with the individual parameters and their origin or calculation.

Compound specific parameters

Experimental input data were always preferred, but if none were available, predictive methods were 

used to generate the compound specific parameters. We used the software COSMOtherm 22,25 to 

predict membrane permeability P for both the neutral and the anionic species. COSMOtherm is an ab 

initio approach based on the COSMO-RS (Conductor-like Screening Model for Realistic Solvation) 

theory. Quantum chemical calculations (Turbomole 26) are used to generate the surface charge 

densities of energetically optimized structures, so called COSMOfiles. Using COSMOconf 27, several 

conformers of the compounds can be created, which account for the fact that different conformers 

may be energetically more favorable in different solvents. Interactions (e.g. electrostatic, hydrogen 

bonding and van der Waals interactions) with other molecules are quantified as local interactions of 

these charge density surfaces, and pairwise interactions are averaged thermodynamically. Electronic 

group effects such as mesomeric or inductive effects are automatically considered, as are 

intramolecular interactions such as hydrogen bonding. See Ref. 22 for details. While the quantum 

chemical calculations may take hours to days on a standard computer, depending on compound size 

and flexibility, the COSMOtherm calculations based on the COSMOfiles will only take minutes. 

According to the solubility diffusion model, the permeability depends on the partitioning into and the 

diffusion through the membrane 28. Assuming that the nonpolar, aliphatic membrane core constitutes 

the main resistance for the permeation, hexadecane can be used as a surrogate to represent the inner 

part of the membrane. The calculation of the permeability can then be based on the partitioning from 

water into hexadecane. This may be done by simple correlations 14,29 or mechanistic models 30. Here, 

hexadecane was used as a surrogate for the membrane core to predict anionic permeability of the 

outer cell membrane, while chlorodecane was used to predict anionic permeability of the 

mitochondrial membrane, because chlorodecane containing bilayers were shown to have 
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10

permeabilities similar to those of the inner mitochondrial membrane 24. Chlorodecane has a larger 

dielectric constant than hexadecane and thus simulates the increased dielectric constant inside the 

mitochondrial membrane better than hexadecane. We assume no difference in permeability between 

artificial membranes and the inner mitochondrial membrane for neutral compounds. Neutral 

permeabilities through artificial membranes containing decane or chlorodecane as a solvent were 

shown to be similar within a factor of 2, and did not differ by more than a factor of 3 from mitochondrial 

membranes 31, because the change of dielectric constant inside the membrane does not seriously 

affect neutral compounds. It is unclear how well the permeabilities across artificial planar bilayers 

represent the membrane permeability of the outer cell membrane. Nevertheless, for simplification we 

will assume the permeability in the outer cell membrane as equal to the one in artificial systems. 

Different characteristics such as membrane lipid composition (cholesterol, sphingomyelin content,…), 

protein content, membrane asymmetry or the formation of lipid rafts could influence membrane 

permeability. But this uncertainty will only affect the calculations of the ion-trapping effect across the 

outer cell membrane for intact cells, not the calculations in the mitochondria themselves. 

If not available in literature, pKa values were predicted by the software COSMOtherm, because it 

performed better than JChem for Office (Excel) 32 in a validation with literature data, see Figure S1-2. 

The fractionation into neutral and anionic species was calculated using the Henderson-Hasselbalch 

equation.

The dimerization constant KD,W in water (unit: 1/M) is predicted using the software Turbomole and 

COSMOtherm, in accordance with a COSMO-RS approach for reactions in solution published in Ref. 

20,21. To this end, gas phase energies at zero Kelvin, being the Single Point Energies ESPE (electronic 

energy) and the Zero Point Energy EZPE (vibrational correction), and the chemical potential at finite 

temperatures ΔGTHERM (due to rotational, translational, and vibrational degrees of freedom) are 

calculated in vacuum for all species using Turbomole. Vacuum was chosen as a reference system, to 

avoid disturbing effects due to the interaction with the solvent, e.g. water. Because we are finally 
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11

interested in the dimerization constant in water, transition from the gas phase to solution is described 

by the free energy of solvation ΔGSOLV calculated with COSMOtherm. The dimerization constant is then 

calculated from the energy difference between the heterodimer and the combined energy of the two 

monomers. See Figure S1-1 for a detailed workflow on how to calculate the heterodimerization 

constant. 

The uncoupler circles inside the membrane, shuttling protons across it without the need to actually 

leave the membrane. Thus, it may seem counter-intuitive to use the aqueous compound 

concentrations in the calculations. Yet, this is a consequence of water being our reference system, also 

in regard of membrane permeability. Choosing any other membrane layer as reference, considering 

the respective (different) compound concentrations in that layer and the respective (different) height 

of energy barriers for permeation, would lead to identical results.

System specific parameters 

Information on externally applied pH must be taken from the respective literature. Typical pH- and 

potential- differences across the membrane of the tested biological systems have been extracted from 

literature, and are listed in Table S1-1. While Figure 1 depicts a typical constellation of gradients for 

mitochondria (negative electrical potential inside), pH- and potential- gradients are reversed in other 

scenarios, like submitochondrial particles or chromatophores (positive inside). 

The second system specific input parameter is the proton flux across the mitochondrial membrane 

ΔΦH+ due to uncoupling activity that would lead to the effect described by the toxic endpoint specified 

in the experiment. We estimated the critical proton flux ΔΦH+ across the inner mitochondrial 

membrane due to the effective concentration of an uncoupler to be about 3*10-11 mol/(cm2*s). Basis 

of the estimation was the empirical correlation found by Skulachev 5 between the concentration of a 

compound needed to double the State 4 respiration rate and the concentration needed to induce an 

increase in electrical conductivity in BLM. For confirmation, we also estimated the proton flux based 
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12

on measured respiration rates and found reasonable agreement between both estimates (see Sections 

S1-7 and S1-8 in the Supporting Information for details). 

The ΔΦH+  of 3*10-11 mol/(cm2*s) was not only used for the toxic endpoint of the doubling of the 

respiration rate, but also for various other toxic endpoints such as reproduction inhibition and growth 

inhibition, because all these toxic endpoints are established indicators of uncoupling activity. A direct 

calibration for each specific endpoint might increase the accuracy of the prediction, because some 

endpoints might be more or less sensitive for uncoupling activity, but this was not done for reasons of 

simplicity and generality. The rate was only adapted in case of isolated mitochondria, to account for 

toxic endpoints of 50% or 100% (maximum) stimulation of the respiration rate instead of the doubling. 

Typical values of liver mitochondria oxidizing succinate in state 4 are about 15nmol O/min/mgprotein and 

amount to about 100 nmol O/min/mgprotein at maximum respiration33. The doubling would therefore 

correspond to an increase of about 15 nmol O/min/mgprotein, 50% respiration to an increase of about 

45 nmol O/min/mgprotein and 100%respiration to an increase of about 85 nmol O/min/mgprotein. The 

proton flux estimated for the doubling of the respiration rate was thus increased in the calculations by 

a factor of 45 divided by 15 to account for 50% respiration, and a factor of 85 divided by 15 to account 

for 100% respiration. The toxic endpoint ‘maximum ATPase activity’ was treated the same as maximum 

uncoupling activity, because maximum ATPase activity seems to correspond to maximum respiration 

rates at physiologic pH 34. All gradients and ΔΦH+ used in the respective calculations are stated in Table 

S2-2.

Literature data

Uncoupling activity data were collected from literature for validation of our predicted uncoupling 

activities. The collection of ECw values (see Table S2-2) is by no means exhaustive. Values were selected 

for the following criteria: (i) It had to be stated by the authors that uncoupling activity was measured, 

because our model is designed to only predict protonophoric uncoupling activity. Data dominated by 

other toxic effects such as narcosis or any specific toxicity are therefore not appropriate to test the 
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performance of the model. If the authors listed additional ECw values and assumed another toxic mode 

of action (e.g. Ref. 7), or if only maximum ECw were stated, our predictions only served to confirm their 

hypotheses, but were not used to evaluate the quantitative performance of the model. (ii) The pH at 

which the experiment was conducted had to be stated. The pH is a critical input parameter to our 

model, because uncoupling activity is a pH-dependent effect. Uncoupling activity data measured over 

a broad pH-range was especially searched for. (iii) We narrowed down the data to simple biological 

systems, such as chromatophores, isolated mitochondria, submitochondrial particles, or intact algae 

cells. These are all well established in vitro toxicity test methods, yet an extrapolation from in vitro to 

in vivo is needed. The same is true for our model, as bloodflow, metabolism or similar effects are not 

considered therein. A comparison to more complex systems was therefore not in the scope of this 

paper. 

The test systems were selected for specific reasons: The dataset measured in chromatophores 

comprises 35 known protonophoric uncouplers and stands out for its chemical diversity 12.  Although 

the Kinspec method itself represents no steady-state measurement, it was shown that the ECw 

correlate well with ECw obtained in submitochondrial particles 35, which are very similar to 

chromatophores with respect to the pH and voltage gradients (positive potential inside, pH lower 

inside). As long as the uncoupling process is not limited by the back diffusion of the neutral species, 

Kinspec should be well suited to predict ECw in submitochondrial particles, and we will treat Kinspec 

values as such in our calculations. Submitochondrial particles 7,36,37 were selected for their similarity to 

chromatophores concerning the pH and voltage gradients. Due to these reversed gradients as 

compared to mitochondria, they are less sensitive to the limiting effects of the neutral permeability. 

Isolated mitochondria 8,9,13,17,34,38–43 are a very direct test system for measuring uncoupling activity, 

because in the absence of inhibiting effects the change in respiration rate is a direct indicator for 

uncoupling activity. Additionally, intact algae cells 10,11,44 were included to show the impact of the ion-

trapping effect on uncoupling activity, which leads to a pH-dependence of uncoupling. Concerning pH-

dependence, there is a major difference between intact cells, or isolated particles, like 

Page 13 of 28

ACS Paragon Plus Environment

Chemical Research in Toxicology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

submitochondrial particles, isolated mitochondria, and chromatophores. The change in external pH 

has a direct influence on uncoupling in isolated systems, because the pH-gradients across the inner 

membrane change directly. By this, parameters such as fractionation are affected, and thus the 

concentration equilibrium across the inner membrane changes. Yet, for intact cells, the pH in the 

cytosol stays relatively stable, and gradients across the inner mitochondrial membrane do not 

significantly change when the external pH changes. Thus, any pH-dependence does only occur due to 

de- or increase of the uncoupler concentration across the outer membrane in the cytosol.

Overestimation of uncoupling activity by our model might also result from the fact that with the 

exception of Ref. 12, literature data did not specifically discern between the total concentration added 

and the effective freely dissolved concentration in water. The latter is often lower than the former 

because of sorption to the measurement equipment, partitioning of the compound into the membrane 

itself or accumulation of the compound inside the cells/particles. These effects can lead to an 

underestimation of experimental uncoupling activity if the nominal instead of the actual freely 

dissolved concentration is used. We corrected the ECw values for the partitioning into the membrane, 

according to the method provided in Spycher et al. 12. If no experimental values were available, the 

membrane/water partition coefficients for both the anionic and neutral species were predicted using 

COSMOmic 45. When more detailed information was given, such as the relation between initial and 

freely dissolved concentration 43, this was used for the correction. If not stated otherwise, corrected 

values were depicted and used for the calculations.

Results:

We predicted uncoupling activity for 164 compounds, in the four different systems: chromatophores, 

submitochondrial particles, isolated mitochondria, and intact algae cells. In Figure 2 the experimental 

effective concentrations ECw from literature are plotted against the predicted ECw for all four systems. 

For the calculations, no specific fit was required, and compound or system specific input parameters 
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(pKa, KD,W, PA-
i
, PA-

o
, PAH) were acquired either from experimental values (preferred) or predicted as 

stated in the Methods section.

Figure 2 Experimental ECw from literature in different biological systems plotted against the predictions with the biophysical 

model (including heterodimer permeation). Experimental data measured for chromatophores (A), submitochondrial particles 

(B), isolated mitochondria (C) and intact algae cells (D) are listed in Table S2-2 as well as the toxic endpoints. The solid line 

shows the identity line (1:1); deviations of ±1 log unit are indicated as dashed lines.

Despite the absence of any fit to the specific compound classes or to the toxic endpoints, the root-

mean-squared logarithmic error logRMSE of the predictions is below 1 for most datasets (see Table S1-
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2), with experimental data spanning about 7 orders of magnitude. The increased logRMSE (0.99) for 

the prediction of substituted phenols in isolated mitochondria measured by Miyoshi et al. 8,46 could be 

the consequence of inhibiting effects on respiration. These might lead to an underestimation of the 

actual experimental uncoupling activity by the chosen toxic endpoint, and thus an overestimation in 

our model. 

In addition to the ECw value, the output of the model also includes the steady-state fluxes of the 

respective neutral, anionic, or heterodimeric species across the membrane. This allows us to quantify 

the influence of heterodimeric permeation, which we will discuss in the following paragraph.

Importance of heterodimer permeation

To implement the permeation of the heterodimer into our model, it was necessary to determine 

dimerization constants for heterodimers in water. We validated the prediction of heterodimer 

dimerization constants by comparing the importance of predicted heterodimeric fluxes to that 

reported in chromatophores in literature (see Section S1-10). The deviations in relative importance of 

the heterodimer permeation were well below 1.8 orders of magnitude, which would correspond to 

the expected error range of 10 kJ/mol 20 for the Gibbs free energy of reaction (dimerization) in solution. 

Yet, predictions for compounds with an intramolecular hydrogen-bond in the neutral monomer seem 

to be orders of magnitude underestimated. Choosing monomer conformers without this inner bond 

did improve the prediction, but did not entirely solve the issue. This is not a weakness of the model 

per se, but of the input parameter, so improvement of the input parameter, be it by experimental 

value or improved prediction, should increase model performance in the future. 

By considering the heterodimeric permeation, the predictions for compounds dominated by 

monomeric permeation were not affected, while the prediction improved significantly for all 

compounds dominated by heterodimer permeation. If heterodimer permeation was not considered, 

uncoupling activity for these compounds was underestimated by up to several orders of magnitude, 

as can be seen in Figure 3. Here, the monomeric permeation model was used to predict uncoupling 
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Figure 3 Experimental ECw from literature in different biological systems plotted against the predictions with the monomeric 

biophysical model (excluding heterodimer permeation). Experimental data measured for chromatophores (A), 

submitochondrial particles (B) isolated mitochondria (C) and intact algae cells (D) are listed in Table S2-2, as well as the 

respective toxic endpoints. The solid line shows the identity line (1:1); deviations of ±1 log unit are indicated as dashed lines. 

The significance of heterodimer permeation is indicated by the white to dark grey shades of the respective datapoints.

activity. The data points dominated by heterodimer permeation are marked in Figure 3. It is noticeable 

that the permeation of the heterodimer seems to be dominating especially for those compounds with 

lower uncoupling activity, where a high compound concentration is needed to reach a critical effect. 

This promotes a high heterodimer concentration, because the concentration of the heterodimer 

increases quadratically with the total concentration. The heterodimer concentration is also maximum 

Page 17 of 28

ACS Paragon Plus Environment

Chemical Research in Toxicology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18

at a pH near the pKa, which explains why the same compound may be dominated by heterodimer 

permeation in chromatophores, but dominated by monomeric permeation in isolated mitochondria 

(due to the higher pH), as is the case for 2,4,6-trichlorophenol. For the same reason, namely that the 

heterodimer concentration is maximum when neutral and anionic fraction are equally high, dominant 

permeation by the heterodimer and limitation by the neutral permeation seldom coincide. We will 

discuss in the next paragraph in which cases neutral permeation becomes limiting.

Importance of neutral permeation

Although neutral permeability is usually orders of magnitude higher than ionic permeability of the 

same molecule, the permeation of the neutral species might become the bottleneck of the uncoupling 

process if the fraction of neutral species is low. This may be the case for compounds with very low pKa 

value, such as 2,4,6-trinitrophenol, or at high pH values. For this reason, uncoupling in chromatophores 

or submitochondrial particles tends to be less limited by neutral permeation than in mitochondria, 

because the pH is lower in the inverted systems than in mitochondria (at similar external pH). Using 

our model with an extremely exaggerated neutral permeability set to 106 cm/s, we could calculate the 

uncoupling activity without limitation by the neutral species. Comparing this value to the actual 

predicted value allows asserting possible limitations by neutral permeation. Of the compounds 

analyzed in mitochondria, more than half were limited by the neutral permeation according to our 

prediction, while for chromatophores only 2,4,6,-trinitrophenol and 3,4-dinitrophenol showed a 

limitation by neutral permeation. 2,4-dinitrophenol or 2,6-dinitrophenol for example were only limited 

by the neutral species in mitochondria, but not in chromatophores. This limitation has direct 

consequences: If neutral permeation dominates the uncoupling process, an increase in pH will 

decrease the neutral fraction, increase the limiting effect, and therefore decrease uncoupling activity. 

Observed pH-dependence of uncoupling activities17,42,47 might thus be explained by the limitation by 

the neutral permeation. See Figure S1-5 for pH-dependent uncoupling activities due to limitations by 

the neutral permeation that are also reflected by our model. 
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Besides low pKa values, our model also identified very strong uncouplers (-log (ECw /M) > 6) to be prone 

to limitation by the neutral permeability. At very high permeabilities, the differences between neutral 

and ionic permeability may become smaller, because the main resistance of membrane permeation 

may no more reside in the membrane core, but in the membrane headgroup region. Unfortunately, 

the prediction of the neutral permeability from the hexadecane/water partition coefficient does not 

account for this possible limiting effect by the membrane headgroups, and may thus lead to an 

overestimation of neutral permeability and thus uncoupling activity for very strong uncouplers. 

The difference between ionic and neutral permeability is much more pronounced at the outer cell 

membrane, where ionic permeability is not as high as in the inner mitochondrial membrane. The model 

was expanded to intact cells by including the permeation balance across this outer cell membrane. The 

pH-dependent increase or decrease of compound concentration inside the cell due to the ion-trapping 

effect is well captured by the model, see Figure S1-6. Yet, for the examined compounds in intact algae 

cells it made no difference if ionic permeation was considered or not.

Despite the influence of heterodimer and neutral permeation, anionic permeability is still the most 

important input parameter of the model, as will be shown in the next paragraph.

Importance of anionic monomer permeation

To be a potent uncoupler, a compound must have a high anionic membrane permeability. None of the 

examined uncouplers had a PA-
i
 below 10-9cm/s. As long as neither the heterodimer dominates the 

anionic permeation, nor neutral permeation limits the uncoupling process, the anionic monomer 

permeation is the key input. One would expect a direct correlation between the uncoupling activity 

and the anionic membrane permeability of organic chemicals if it is assumed that the limiting process 

in protonophoric uncoupling lies in the permeability of the anionic species through the hydrocarbon 

core of the mitochondrial membrane. For these compounds, a simple correlation between uncoupling 

activity and anionic permeability (times anionic fraction) should already work well. And indeed a 
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reasonable correlation (r2=0.84) is found for the dataset measured in chromatophores (see Section S1-

13). 

Discussion:

The goal of this study was to develop a purely mechanistic model to predict uncoupling activity that 

explicitly considers potential- or pH- gradients across the membrane. The mechanistic nature of the 

model provides several advantages: The set of biophysical input parameters (pH, voltage, neutral and 

anionic permeability, pKa) can be composed either of experimental or predicted data, as available. For 

a screening of large datasets which may even be done before any experimental data is available, the 

model can be used to predict uncoupling activity without any experimental input data, just from the 

chemical structure of the compound, based on quantum chemical and COSMO-RS calculations for the 

input parameters. Yet, using experimental input parameters instead of the predicted ones will increase 

accuracy. If prediction methods or experimental data on single input parameters improve, this will also 

result in a better performance of the model. We expect the model to have a wide applicability domain 

because it is not calibrated to any specific dataset. In principle, it should work both for acids and bases. 

The mechanistic nature of the model also allows drawing direct conclusions on the impact of single 

input factors. We were thus able to explain the pH-dependent uncoupling activity of 2,4-DNP and 2,6-

DNP, for which the uncoupling activity is not limited by the permeation of the anionic species but by 

that of the neutral species. The pH-dependence is therefore explainable in agreement with Mitchell’s 

chemiosmotic theory, contrary to the statement of Nath 17. 

Comparison to QSARs

In a direct comparison of our model’s logRMSE to the standard deviation in typical QSAR studies, our 

deviations are higher. For example, Miyoshi et al. 8 (QSAR: 0.27 ;our model: 0.76;N=22 (datasubset 13, 

see Table S2-2);regression coefficients: 5), Argese et al. 7 (QSAR: 0.15 ;our model: 0.63;N=7 (datasubset 

14);regression coefficients: 2), Terada et al. 9 (QSAR: 0.37 ;our model: 0.61;N=25 (dataset 9);regression 
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coefficients: 3) all showed lower standard deviations. This is to be expected, because these authors 

used regressions, often with multiple regression coefficients, and did not discern between training and 

testing data. Their fits are specific to the examined compound class and experimental setup, and often 

vary widely if compared to each other. In contrast, our model is completely mechanistic with a wide 

applicability domain. 

A more sophisticated QSAR was presented by Spycher et al. 12, who sought to extend the applicability 

domain of their model across several compound classes using a diverse dataset. To validate their 

model, they divided their dataset in test and training data, or did a cross validation to assess the 

predictive power for the training set. Using our model to predict the values in the training set (N=17; 

datasubset 15) or test set (N=8; datasubset 16), we get logRMSE values (test: 0.79; training: 0.57) 

comparable to their standard deviations for their best regression depending on experimental liposome 

/water partition coefficients (test: 0.61; training: 0.56) or depending on predicted liposome/water 

partition coefficients (test: 0.86; training: 0.99). But in contrast to our model, it will overestimate 

uncoupling activity for those compounds limited by the neutral permeability, and the prediction is 

limited to pH7 in chromatophores, because neither the possible limiting effect of the permeation of 

the neutral species, nor pH- and electrical gradients across the membrane are considered in their 

model.

Current reliability of input parameters

The performance of the model itself strongly depends on the availability of reliable experimental or 

predicted input parameters. While prediction of the pKa is quite reliable (logRMSE for compounds 

examined here: 0.86), prediction of the neutral permeability seems to be less reliable. Overestimations 

of the charge separation in DFT (density functional theory) calculations for compounds containing 

−NO2 and −C≡N groups 48 may lead to an underestimation of the partition coefficient calculated with 

COSMOtherm and thus of the neutral permeability. It is also important to consider different tautomers, 

because their predicted partition coefficients can differ by several orders of magnitude (up to 4 orders 

of magnitude deviations, see Table S2-1). The neutral permeability may also be overestimated, as is 
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the case for 3-tert-butyl-5-chloro-N-(2-chloro-4-nitrophenyl)-2-hydroxybenzamide (S-13; 3 orders of 

magnitude). It was already speculated in the past that for very hydrophobic compounds, the main 

resistance for membrane permeation might no longer reside in the membrane core, but in the 

membrane headgroup region 49. Also, a linear relationship with the hexadecane/water partition 

coefficient has only been shown up to about P=10 cm/s 30. This would lead to an overestimation of 

membrane permeability if only the membrane core is considered in the calculation, as is the case for 

the correlation based on the chlorodecane/water partition coefficient. A method to predict 

permeabilities that considers the anisotropy along the membrane normal might thus in the future 

improve the performance of the model. COSMOperm 15 might be a promising prediction method in 

this respect. Testing different prediction methods was not in the scope of this manuscript, as it focused 

on the model itself, but a performance optimization based on an improved prediction of the input 

parameters is a goal for the near future.

Also for charged compounds, the linear relationship between the ionic permeability and the 

hexadecane/water partition coefficient has only been shown up to about P = 10 cm/s 14. Thus, also 

there it seems possible that the headgroup regions of the membrane might represent the main 

resistance for ionic permeation for very hydrophobic compounds (see Figure S1-7), an assumption that 

would explain the large overestimation in uncoupling activity for the compound fluazinam in 

chromatophores. 

The prediction of dimerization constants gave mostly reliable results, with the exceptions of 

compounds containing nitro-groups that formed intramolecular hydrogen bonds in the neutral 

monomer. In their case, the dimerization constant was underestimated by several orders of 

magnitude. This possible error has to be kept in mind when predicting dimerization constants and 

should be addressed in the future. Yet, it did not have a significant effect on the prediction of 

uncoupling toxicity itself, as for none of the concerned compounds tested here heterodimer 

permeation strongly dominated. 

Conclusion:
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The validation datasets were mostly composed of rather similar structures, such as phenols, 

trifluoromethylbenzimidazoles, hydrazones and salicylanilides, as these are typical protonophoric 

uncouplers. Nevertheless, our mechanistic model should allow screening of diverse datasets for 

possible uncoupling activity. The ab initio approach to predict our input parameters 

(COSMOtherm/Turbomole) should even allow identifying new uncouplers that would not be triggered 

by conventional structure alert approaches (such as Ref. 50). 

One of the key features of our model, the formation and diffusion of heterodimers through the 

membrane, has already been observed by a quadratic dependence of electrical conductivity on 

uncoupler concentration in black lipid membrane systems (e.g.  31,51,52) and in chromatophores 18. While 

it has been speculated about heterodimer permeation in submitochondrial particles 53, we could not 

find evidence in literature for heterodimer permeation in mitochondria. Nevertheless, the better 

match of our calculations to the experimental ECw if heterodimer permeation is considered suggests 

that this phenomenon may also be relevant in mitochondria.

The model on its own only predicts the uncoupling activity of a chemical. Here we have assumed that 

this uncoupling activity generally leads to a toxic effect when the respiration rate is doubled. This 

general threshold could be replaced by a more specific threshold for specific toxic endpoints. This 

would lead to better results in the specific case, but limit its application to that domain. Also, the user 

will have to check whether the predicted uncoupling activity lies within the range of compound 

solubility, or if other toxic effects such as baseline toxicity or any specific toxicity will dominate the 

toxic effect. This could be an advantage: In combination with a model for baseline toxicity, the model 

may be used to detect specific toxic effects by comparing predicted to overall experimental toxicity.

We expect the performance of the model to improve with the accuracy of the predicted input 

parameters. Recent developments in predicting cationic membrane permeability 15 might in the future 

allow to extend the model to basic uncouplers. While uncoupling due to weak bases is rare and 

expected to be rather mild, and thus most weak base uncouplers should have negligible toxic effects, 

this makes them interesting candidates for therapeutic use 54.
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