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Abstract—Acute toxicity of 10 chlorophenols and 10 nitrophenols with identical substitution patterns is analyzed with the pollen tube
growth (PTG) test. Concentration values of 50% growth inhibition (IC50) between 0.1 and 300 mg/L indicate that the absolute
sensitivity of this alternative biotest is comparable to conventional aquatic test systems. Analysis of quantitative structure–activity
relationships using lipophilicity (log Kow), acidity (pKa), and quantum chemical parameters to model intrinsic acidity, solvation inter-
actions, and nucleophilicity reveals substantial differences between the intraseries trends of log IC50. With chlorophenols, a narcotic-
type relationship is derived, which, however, shows marked differences in slope and intercept when compared to reference regression
equations for polar narcosis. Regression analysis of nitrophenol toxicity suggests interpretation in terms of two modes of action:
oxidative uncoupling activity is associated with a pKa window from 3.8 to 8.5, and more acidic congeners with diortho- substitution
show a transition from uncoupling to a narcotic mode of action with decreasing pKa and log Kow. Model calculations for phenol
nucleophilicity suggest that differences in the phenol readiness for glucuronic acid conjugation as a major phase-II detoxication pathway
have no direct influence on acute PTG toxicity of the compounds.
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INTRODUCTION

Assessment of the environmental hazard potential of xeno-
biotics requires generation and interpretation of ecotoxicologic
data. In addition to detailed experimental studies for individual
compounds, investigation of selected biological endpoints for
series of compounds is particularly helpful in identifying re-
lationships between structural features and biological activity.

With weak organic acids such as phenols, both bioavailability
and toxicity depend on ionization [1–3]. For a certain range of
pKa values, uncoupling of oxidative phosphorylation becomes
the dominating mode of toxic action in aquatic organisms [3].
Uncoupling activity results from increased proton transport
across energy-transducing membranes, where moderately acidic
chemicals may function as particularly efficient carriers [4].
Classic examples of uncoupling agents are pentachlorophenol
and 2,4-dinitrophenol. However, uncoupling activity may be
masked through sufficiently high lipophilicity and correspond-
ingly high nonspecific toxicity contributions, as was observed
for the toxicity pattern of pentachlorophenol (with a log Kow

value ø5) towards nine aquatic organisms [5].
In the present study, acute toxicity of 10 chlorophenols and

10 nitrophenols is examined with the pollen tube growth (PTG)
test and analyzed in terms of narcosis and uncoupling activity.
The PTG test using in vitro growing pollen tubes of tobacco
(Nicotiana sylvestris) has been introduced earlier as an alter-
native test system for assessing cytotoxicity of chemicals [6,7],
and it is currently being evaluated in the American CTFA (Cos-
metic, Toiletry and Fragance Association) Evaluation of Alter-
natives program and in the European MEIC (Multicenter Eval-
uation of In Vitro Cytotoxicity) program for its potential for
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replacing certain animal tests in the notification phase of cos-
metic and pharmaceutical chemicals [8,9]. Due to the lack of
chloroplasts and consequently of photosynthetic activity, the
PTG test is designed to mimic vertebrate toxicity rather than
plant-specific effects of xenobiotics. Furthermore, because of
the high mitochondrial respiration rate of pollen tubes, the test
system response is extremely sensitive to oxidative uncouplers
[10].

Molecular descriptors for the quantitative structure–activity
relationship (QSAR) analysis include lipophilicity (log Kow),
acidity (pKa) and quantum chemical parameters for the intrinsic
molecular acidity and respective solvation effects. In addition,
the potential influence of phase-II O-glucuronide formation as
a major detoxication pathway for phenols is addressed through
computational analysis of a corresponding model reaction,
yielding a parameter for the nucleophilicity of the phenolic
hydroxyl group. The results reveal substantial differences be-
tween PTG toxicity of chlorophenols and nitrophenols, which
can be traced back to corresponding differences in the physi-
cochemical compound properties. In particular, QSAR analysis
leads to the identification of two different modes of toxic action
within the nitrophenol series.

MATERIALS AND METHODS

Acute toxicity of 10 chlorophenols and 10 nitrophenols was
determined with the PTG test as described below. The chemicals
were used as purchased, with purity above 98% in all cases.
Both compound series have the same substitution pattern and
are listed in Table 1.

Experimental procedure

Pollen of tobacco plants (Nicotiana sylvestris Spegazz and
Comes) were collected during early stages of anthesis and sus-
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Table 1. Compound sets with experimental and calculated dataa

No. Compound CAS RN IC50 (mg/L)
log IC50
(mol/L) log KOW pKa DHAM1

g DDGSM2
s DHAM1

nuc

Chlorophenols
1
2
3
4
5
6
7
8
9

10

2-Cl
3-Cl
4-Cl
2,3-diCl
2,4-diCl
2,5-diCl
2,6-diCl
3,4-diCl
2,3,6-triCl
2,4,6-triCl

95-57-8
108-43-0
106-48-9
576-24-9
120-83-2
583-78-8
87-65-0
95-77-2
933-75-5
88-06-2

184 6 10.5
79.1 6 9.1
41.0 6 6.0
11.9 6 1.6
14.1 6 2.4
23.2 6 0.8
19.4 6 1.4
3.24 6 0.35
0.12 6 0.02
1.25 6 0.26

22.84
23.21
23.50
24.14
24.06
23.85
23.92
24.70
26.22
25.20

2.15
2.50
2.39
2.84
3.06
3.06
2.75
3.33
3.77
3.69

8.40
9.09
9.38
7.58
7.87
7.58
6.89
8.56
6.06
6.35

1,419.3
1,422.6
1,421.2
1,396.0
1,391.2
1,393.2
1,397.7
1,397.7
1,376.0
1,371.5

21,358.6
21,348.9
21,347.2
21,345.5
21,341.2
21,343.0
21,353.6
21,334.9
21,341.7
21,337.6

252.1
278.1
264.2
259.4
245.9
254.8

49.0
271.5

47.8
50.8

Nitrophenols
11
12
13
14

2-NO2

3-NO2

4-NO2

2,3-diNO2

88-75-5
554-84-7
100-02-7
66-56-8

13.8 6 1.9
66.1 6 5.0
17.0 6 0.7
4.82 6 0.98

24.00
23.32
23.91
24.58

1.79
2.00
1.91
1.98b

6.80
8.27
7.15
5.15

1,347.0
1,375.1
1,339.9
1,288.6

21,327.8
21,313.1
21,300.3
21,292.4

236.8
245.2
265.1
218.4

15
16
17
18
19
20

2,4-diNO2

2,5-diNO2

2,6-diNO2

3,4-diNO2

2,3,6-triNO2

2,4,6-triNO2

51-28-5
329-71-5
573-56-8
577-71-9
603-10-1
88-89-1

1.71 6 0.13
6.87 6 1.0
3.12 6 0.49
3.05 6 0.3
17.2 6 3.2
302 6 49.3c

25.03
24.43
24.77
24.78
24.12
22.88

1.67
1.75
1.37
1.80b

1.10b

0.89

4.03
5.15
3.68
5.50
2.03
0.91

1,257.5
1,280.7
1,284.2
1,280.9
1,228.8
1,205.7

21,272.5
21,281.7
21,304.9
21,265.5
21,271.8
21,257.6

233.2
220.6
253.0
244.9
260.7
260.0

a The IC50 is the experimental concentration value of 50% growth inhibition of the PTG test after 18 h of exposure. The purity of the compounds
was above 98% in all cases. Gas-phase dissociation enthalpy DH , difference in solvation free energy DDG , and nucleophilic reaction enthalpyAM1 SM2

g s

DH (see Theory section and references [17,19]) are given in kJ/mol. Acidity constant pKa is calculated according to [16], and log KOW is takenAM1
nuc

from the Starlist of the Daylight databank or calculated with CLOGP-4.34 [15] (see superscript b).
b Log KOW of compounds identified through superscript b is calculated with CLOGP-4.34, where with 3,4-dinitrophenol and 2,3,6-trinitrophenol, the

calculated values have been corrected by the average error of CLOGP-4.34 for the isomeric nitrophenols of the present compound list.
c A second test performed later gave an IC50 of 277 6 49.2 mg/L, based on five replicates.

pended in aqueous culture medium containing 10% sucrose,
0.01% boric acid, and 3 mmol/L Ca(NO3)2. Suspensions of pol-
len, while producing pollen tubes, were incubated with increas-
ing concentrations of the test chemical for 18 h at 278C in the
dark [11]. The Alcian Blue staining method for the photometric
quantification of pollen tube mass production was used as re-
ported previously [12]. Alcian Blue binds to water-insoluble
polysaccharides of the pollen tube walls when added to the
suspension after the 18-h incubation period. After centrifugation
of the pollen tube suspension and washing of the pellet, the dye
was redissolved by acidification with citric acid and quantified
photometrically in the supernatant. The extinction values were
shown to linearly correlate with the amounts of pollen tube
material produced [12].

Dosage range-finding experiments were performed in the as-
say and each test was repeated at least three times. Moreover,
each dosage group was assayed in triplicate. The 50% growth
inhibitory concentrations (IC50s) were extrapolated from con-
centration–effect curves using linear regression analysis. When
the IC50 value was not bracketed in the initial dosage range
used for the test chemical, the experiments were repeated and
the concentrations were adjusted as necessary. Additional test
tubes with nongerminating pollen grains (totally inhibited by
20% ethanol) were processed in parallel as reference blanks.
For a more detailed description of the PTG test the reader is
referred to reference [13].

Molecular descriptors

Octanol/water partition coefficients in logarithmic form (log
Kow), were calculated using the Leo/Hansch scheme [14] in the
Daylight implementation [15]. Solution-phase acidity of phenols

in terms of pKa was calculated by the classical Hammett-type
relationship [16].

Semiempirical quantum chemical schemes AM1 [17], AM1-
COSMO [18], and SM2 [19] as implemented in the packages
MOPAC [20,21] and AMSOL [22] have been used to calculate
gas-phase dissociation enthalpies, DHg, and corresponding dif-
ferences in the free energy of aqueous solvation, DDGs, as out-
lined in the following section. In addition, AM1 reaction en-
thalpies of the nucleophilic attack of phenolic oxygen at 1CH3

to give R–O(H)– were calculated to analyze the possible1CH3

influence of a major phase-II detoxification pathway on the
toxicity of the compounds.

All quantum chemical calculations have been performed on
IBM RISC 6000 workstations and include geometry optimi-
zation under the constraint of transoid configurations of the
hydroxyl group without intramolecular hydrogen bonding to
ortho substituents. This conformation was selected to facilitate
analysis of the electrophilic addition of 1CH3 at the phenolic
oxygen site. For the quantum chemical calculation of acidity,
both cisoid and transoid conformations of phenol derivatives
yield very similar results [23]. The starting geometries have
been generated and preoptimized with the SYBYL modeling
package [24], and AM1-COSMO geometries served as input
for the final solution-phase geometry optimization with SM2.

THEORY

Dissociation of phenols in aqueous solution is governed by
their intrinsic molecular acidity and solvation interactions of
the acid, its conjugate base, and the proton. The former can be
quantified through the dissociation in the gas phase, which may
be written as
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R–OH → R–O2 1 H1 (1)

Equation 1 corresponds to a free energy change, DGg, which
can be decomposed into the heats of formation, Hf , of the rel-
evant molecular species, and the entropic contribution, DSgT, at
temperature T:

DGg 5 Hf (RO2) 1 Hf (H 1 ) 2 Hf (ROH) 1 DSgT (2)

Neglecting the entropy term and introducing Hf (H1) 5 1,530
kJ/mol, according to experimental values for the heat of for-
mation of atomic hydrogen in the gas phase and its ionization
potential [25], leads to the gas-phase dissociation enthalpy in
kJ/mol:

DHg 5 Hf (RO2) 2 Hf (ROH) 1 1,530 (3)

The relevant heats of formation can be calculated with quantum
chemical schemes. With the assumption of a sufficient accuracy
of the semiempirical AM1 scheme it follows that

DGg ø D AM1Hg (4)

Proton transfer in aqueous solution involves water as the re-
action partner,

R–OHaq 1 H2Oaq → R– 1 H3
2 1O Oaq aq (5)

and the respective dissociation free energy can be written as

2 1DG 5 H (RO ) 2 H (ROH ) 1 H (H O )aq f aq f aq f 3 aq

2 H (H O ) 1 DS T (6)f 2 aq aq

Decomposing the solution-phase heat of formation into its gas-
phase counterpart and the respective solvation energy

2H (RO ) 2 H (ROH )f aq f aq

2 25 H (RO ) 2 H (ROH) 1 DG (RO ) 2 DG (ROH) (7)f f s s

introducing Hf(H3 ) 2 Hf(H2Oaq) 5 415 kJ/mol [23], and ap-1Oaq

plying Equation 3 as well as neglecting the entropy term DSaqT
leads to the following expression of the solution-phase disso-
ciation enthalpy in kJ/mol:

2DH 5 DH 1 DG (RO ) 2 DG (ROH) 2 1,115aq g s s

5 DH 1 DDG (8)g s

Quantum chemical continuum-solvation models enable approx-
imate calculation of DDGs. The semiempirical SM2 scheme
yields an acceptable level of accuracy if the results are scaled
properly through linear regression [23]:

DGaq ø DHaq 5 a 3 D 1 b 3 DD 1 cAM1 SM2H Gg s (9)

Acidity constant pKa is related to DGaq according to

pKa 5 0.175 DGaq 2 1.74 (10)

(see textbooks and reference [23]). It follows that Equation 9
offers a way to analyze pKa in terms of the intrinsic molecular
acidity and solvation interactions. Furthermore, the influence of
solution-phase acidity on biological effects of the compound
can be studied from a mechanistic basis, which will be helpful
in further elucidating the role of pKa as molecular descriptor in
structure–activity relationships. With the level of computational
accuracy currently available, it will be preferable to derive the
relevant regression parameters of Equation 9 separately for in-
dividual compound classes [23].

After uptake of phenols into organisms, a major detoxication
pathway is given by O-glucuronide formation as part of phase-II

metabolism [26]. The critical step in this conjugation reaction
is the attack of the phenolic hydroxyl group at the relevant ring
carbon of uridine diphosphate glucuronic acid (UDPGA), lead-
ing to a nucleophilic displacement (SN2 reaction) of the uridine
diphosphate (UDP) moiety by the substrate:

R–OH 1 UDP–GA → R–O–GA 1 UDP (11)

It follows that differences in nucleophilic activity of phenols
may contribute to corresponding differences in toxicity. For a
computational analysis of the corresponding SN2 transition state
formation as the critical step, one option is to construct a simple
model reaction that may still reflect differences in nucleophilic
power of the substituted phenols. For convenience, nucleophilic
addition of phenols at a carbonium ion was selected:

R–OH 1 1CH3 → R-O(H) 1CH3 (12)

The corresponding reaction enthalpy, DHnuc, can be calculated
on the AM1 level, referring to optimized geometries of the
nonbonded structure (left) and the adduct (right):

D 5 (RO(H) ) 2 (ROH 1 1CH3) (13)AM1 AM1 1 AM1H H CH Hnuc f 3 f

The potential toxicologic relevance of differences in nucleo-
philic power according to Equation 13 will be evaluated through
multilinear regression of the toxicity data on D in additionAM1H ,nuc

to the other descriptors mentioned above.

RESULTS AND DISCUSSION

The two compound sets are listed in Table 1 together with
experimental toxicity data and calculated molecular parameters
as described above. Chlorophenols are more lipophilic than ni-
trophenols by ø1.3 log Kow units, and within each series vari-
ation in log Kow is relatively small with only 1.6 and 1.1 units
for chloro- and nitrophenols, respectively.

The PTG toxicity spans 3.4 (chlorophenols) and 2.2 (nitro-
phenols) orders of magnitude, which is almost twice the range
of log Kow. Absolute IC50 values are between 0.1 and 300 mg/L,
thus indicating a sensitivity range comparable to aquatic test
systems with this type of chemical.

A pronounced difference between the two compound series
is observed for pKa, which covers 3.3 units for chlorophenols
and 7.4 units for nitrophenols, respectively. Similarly, the range
of calculated gas-phase acidity, D , is much larger for nitro-AM1Hg

phenols (169 kJ/mol) than for chlorophenols (51 kJ/mol).
From the viewpoint of molecular structure, PTG toxicity of

chlorophenols is expected to be associated with polar narcosis
[27], implying a significant correlation with log Kow. With the
nitrophenol series, additional influence of ionization in terms
of the compound pKa is expected, because the PTG test system
shows sufficient specific sensitivity towards uncouplers of ox-
idative phosphorylation, as observed after treatment of pollen
tubes with pentachlorophenol [28]. Furthermore, factorization
of pKa into D and DD may enable differentiation be-AM1 SM2H Gg s

tween intrinsic acidity referring strictly to the pure molecular
structure, and solvation interactions of the compounds and their
deprotonated anions with the aqueous phase.

Before proceeding with an analysis of correlations between
PTG toxicity and molecular descriptors for lipophilicity and
acidity, a corresponding mechanistic analysis of pKa will be
performed for both compound series. From a practical point of
view, such an analysis will be particularly useful for future
studies of compounds where substituent constants are not avail-
able or Hammett-type relationships are simply not applicable
[29].
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Table 2. Linear regression relationships for pKa
a

DHAM1
g DDGSM2

s

Con-
stant r2

adj SD
F1,8 or

F2,7 n

Chlorophenols 0.0558
0.0780

—
0.0858

270.2
14.1

0.77
0.97

0.53
0.20

31.1
141.7

10
10

Nitrophenols 0.0417
0.0569

—
0.0413

248.9
215.3

0.92
0.97

0.64
0.41

106.9
137.1

10
10

a Coefficients, constant, and statistical information refer to linear one-
and two-parameter regressions of pKa on DH and DDG in kJ/mol.AM1 SM2

g s

Squared correlations r2 between DH and DDG are (2)0.41 forAM1 SM2
g s

chlorophenols and (2)0.73 for nitrophenols, and between the two
compound series 0.97 for DH , 0.90 for DDG , and 0.86 for pKa,AM1 SM2

g s

respectively.

Fig. 1. Linear and parabolic relationship (broken and solid line, re-
spectively) between PTG toxicity in terms of log IC50 (mol/L) and
log Kow of 10 chlorophenols (Eqns. 14 and 15). Compound numbering
of the experimental data distribution is according to the list in Table 1.

Linear regression of pKa

Regression analysis of pKa on D and DD is sum-AM1 SM2H Gg s

marized in Table 2. With both compound series, two-parameter
relationships according to a combination of Equations 9 and 10
yield highly significant statistics with of 0.97. However,2radj

regression coefficients of D and DD differ both withinAM1 SM2H Gg s

and between the two series, which confirms that calculation
accuracy of current semiempirical methods requires scaling of
dissociation energies through compound class-specific regres-
sion, as suggested earlier [23].

An interesting difference between chloro- and nitrophenols
is observed for the correlation between solution-phase and gas-
phase acidity. With the more hydrophobic chlorophenols, sol-
vation interactions as quantified by DD yield a significantlySM2Gs

larger contribution to pKa than with nitrophenols. It follows that
the suitability of gas-phase calculations for mimicking solution-
phase acidity differs for different classes of compounds. Fur-
thermore, these results of Table 2 seem to indicate that with
increasing hydrophobicity of a compound, differences in aque-
ous solvation between the acidic and anionic form are increas-
ingly important for solution-phase acidity. Note in this context,
that semiempirically calculated solvation energies can also be
used to model log Kow if combined with a term representing
solute–solvent dispersion interactions [30].

From the identical substitution pattern of both compound
series, similar trends for physicochemical properties such as log
Kow and pKa would be expected. However, correlation analysis
reveals interseries r2 of only (2)0.59 for log Kow, 0.86 for pKa,
0.90 for DD , and 0.97 for D (Table 2). These statisticsSM2 AM1G Hs g

suggest again that the above-mentioned differences in solvation
interaction form a major cause for deviations between intraseries
trends of log Kow and pKa. The results further demonstrate that
quantum chemical calculations have a particular merit in elu-
cidating mechanistic causes of compound properties associated
with certain structural features that go beyond the phenome-
nological level of Hammett-type relationships [29].

Linear regression of PTG toxicity

The PTG toxicity shows similar levels for the two series of
chloro- and nitrophenols (Table 1), but the relative trends differ
markedly with almost no interseries correlation (r2 5 (2)0.001).
Similarly, there is no meaningful linear or multilinear corre-
lation between log IC50 and any selection of the molecular
descriptors listed in Table 1. Consequently, the following anal-
ysis will be performed separately for the two compound series.

With log IC50 of the 10 chlorophenols, multilinear regression
analysis including all molecular descriptors from Table 1 reveals
log Kow as the only significant parameter:

log IC50 5 21.74 (60.22) log K 1 0.98 (60.65)ow

2 2r 5 0.87, r 5 0.89,adj

SD 5 0.35, F 5 63.9, n 5 10 (14)1,8

The corresponding data distribution is shown in Figure 1. The
two largest deviations are observed for 2,3,6-trichlorophenol
(No. 9) and 2,5-dichlorophenol (No. 6) with regression errors
of 0.63 and 20.50 log units, respectively. When introducing
log Kow in quadratic form, the linear term becomes insignificant,
resulting in

2log IC50 5 20.29 (60.03) (log K ) 2 1.53 (60.31)ow

2 2r 5 0.90, r 5 0.91,adj

SD 5 0.32, F 5 79.1, n 5 10 (15)1,8

Equation 15 is statistically superior to Equation 14, but the data
set is probably too small to allow a definite decision between
the linear and parabolic relationship. However, other aquatic
test systems often show a clearly linear dependence, with polar
narcotics in the log Kow range of 2 to 3.5.

Further inspection of Equation 14 reveals quite unusual values
for slope and intercept as compared to typical regression rela-
tionships between toxicity and lipophilicity for narcotic chem-
icals, which (to the authors’ knowledge) have not been observed
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Table 3. Linear regression of logarithmic acute toxicity on log KOW for narcotic modes of toxic actiona

Mode of
action Organism

Endpoint
log (mol/L)

log KOW

coeffi-
cient

Con-
stant

CBR
(mmol/

kg)
log KOW

range n r2 SD

Literature
reference of
regression
equation

Nonpolar narcotic Guppy

Daphnia magna
Tetrahymena

pyriformis
Vibrio fisheri

14-d LC50

48-h IC50
48-h IC50

5-min
EC50

20.87

20.91
20.80

21.17

21.13

21.28
20.83

20.52

3.7

2.6
7.4

15

21.3–5.7

21.3–5.7
20.8–5.7

20.8–4.2

50

19
20

12

0.98

0.98
0.99

0.97

0.24

0.24
0.14

0.38

Könemann and
Musch [1]

Hermens et al. [34]
Schultz et al. [35]

Schultz et al. [35]

Ethoxylate narcotic Crustacean 48-h LC50 20.74 22.01 0.48 0.8–5.1 8 0.98 0.18 Schüürmann [36]

Polar narcotic Fathead minnow 96-h LC50 20.65 22.29 0.26 1.3–6.4 39 0.90 n.d. Veith and Broderius [27]
Tetrahymena

pyriformis
48-h IC50 20.63 21.95 0.56 0.5–5.3 36 0.91 0.24 Schultz et al. [37]

Polar narcotic-type Pollen tube 18-h IC50 21.74 0.98 480 2.2–3.8 10 0.89 0.35 Present work

a The general form of the regression equation is given in Equation 16, and the critical body residue referring to wet weight (CBR) is calculated
from the respective QSARs according to Equation 18, as described in the text.

before with any aquatic test system. However, this finding may
be considered somewhat preliminary due to the rather narrow
log Kow range. In Table 3, reference QSARs for nonpolar nar-
cosis, ethoxylate narcosis, and polar narcosis according to the
general regression equation

log Tox 5 a 3 log Kow 1 c (16)

where Tox is the toxic exposure concentration, are compared
with the present result of Equation 14. The slope of 21.74 is
steeper than typical polar narcosis slopes by a factor of three,
indicating a correspondingly enhanced sensitivity of the PTG
test to log Kow differences in the (small) range analyzed here.
On the other hand, the intercept of 0.98 (referring to concen-
tration values in mol/L) is three orders of magnitude greater
than with other polar narcosis QSARs. This would imply a
correspondingly decreased sensitivity for hydrophilic com-
pounds.

The latter is seen more clearly when converting the exposure-
related toxicity concentrations to dose-related concentration val-
ues in terms of critical body residues (CBRs). As shown by
McCarty [31], toxicant concentrations in aquatic organisms can
be estimated from corresponding exposure concentrations in the
water through multiplication by the bioconcentration factor
(BCF), assuming steady-state conditions. In the (familiar) ex-
posure scale, toxicant potency may vary by up to five or more
orders of magnitude, whereas corresponding lethal body burdens
show much less variation and can be regarded approximately
constant for unspecific modes of toxic action such as nonpolar
and polar narcosis [31–33].

In case of lacking BCF data, an alternative way of estimating
CBRs from narcosis-type QSARs (Eqn. 16) can be derived as
follows. If Kow 5 1 and thus log Kow 5 0 in Equation 16, the
compound concentration in water (cw) equals the compound
concentration in octanol (co) and, following narcosis theory, also
the compound concentration in the lipid fraction of the organism
(cL), which is related to the total internal concentration based
on wet weight (CBR) through the lipid fraction (fL) of the or-
ganism:

1
c 5 c 5 c 5 3 CBR (17)w o L f L

As cw is known as the toxic exposure concentration (Tox in Eqn.

16), it follows that the critical body residue (referring to wet weight)
can be estimated from narcosis-type QSARs according to

CBR 5 fL 3 10c (18)

with c representing the regression constant of Equation 16 (or
any corresponding regression equation with a power function
of log Kow). Assuming fL 5 5% and a density of the organism
of 1, application of Equation 18 leads to the CBR values in
mmol/kg wet weight as listed in Table 3. With nonpolar and
polar narcotics, these calculated CBRs agree quite well with the
experimentally determined ranges of 2 to 8 mmol/kg [32] and
0.4 to 1.0 mmol/kg [33], respectively. In contrast, the CBR of
480 mmol/kg for the pollen tube estimated from the linear
QSAR seems unrealistically high, corresponding to an extraor-
dinary insensitivity of the PTG test for hydrophilic compounds.

Recall that the underlying assumption with this estimated
CBR for the PTG test is linear extrapolation outside the log Kow

range analyzed here, which would (of course) not be justified
statistically and need not be the case. For example, a sigmoid
dependence of lipophilicity-driven PTG toxicity for relatively
unreactive compounds would bring the absolute sensitivity of
this test system more in line with conventional aquatic test
systems at the high and low end of log Kow. This is illustrated
by calculating CBR from parabolic Equation 15 in the corre-
sponding manner, yielding a value of 1.5 mmol/kg, which is
much closer to expectation, and between the above-mentioned
experimental ranges for nonpolar and polar narcosis. At present,
additional experimental work is needed to assess the response
characteristic of the PTG test in a more general way. For this
purpose, selection of nonpolar or polar narcotics in the low and
high log Kow range can be recommended from the present find-
ings.

With the 10 nitrophenols, regression of log IC50 on log Kow

gives no meaningful correlation (r2 5 0.08, 5 0). Inspection2radj

of the data distribution (Table 1) reveals the following pattern:
diortho-substituted nitrophenols (having log Kow below 1.55)
show a sharp increase in toxicity with an only small increase
in log Kow, and an opposite trend is observed for the other mono-
and dinitrophenols (having log Kow above 1.55).

As can be seen from Table 1, the three diortho congeners are
the most acidic compounds of the present test set, with pKa

values below 3.8. The plot of log IC50 against pKa in Figure 2
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Fig. 2. Relationship between PTG toxicity in terms of log IC50
(mol/L) of 10 nitrophenols and pKa (compound numbering according
to Table 1). The solid line represents the linear regression relationship
for the subset of seven nitrophenols without diortho substitution (Eqn.
19).

reveals two distinct regions. Moderate acidity with pKa above
3.8 apparently leads to oxidative uncoupling activity, which
increases with decreasing acidity (i.e., increasing pKa). For
stronger acidic nitrophenols with pKa below 3.8, the data dis-
tribution suggests a transition between polar narcosis and un-
coupling of oxidative phosphorylation as dominant modes of
toxic action. In this high-acidity range, increase in acidity makes
the compounds less effective as uncouplers due to the instability
of the protonated species in solution. In other words, the narcosis
contribution to overall toxicity probably increases with decreas-
ing pKa for sufficiently acidic compounds.

Linear regression of PTG toxicity for the subset of seven
nitrophenols without diortho substitution (i.e., without com-
pound Nos. 17, 19, and 20) gives the following result:

log IC50 5 0.39 (60.05) pK 2 6.63 (60.29)a

2 2r 5 0.92, r 5 0.93,adj

SD 5 0.17, F 5 69.5, n 5 7 (19)1,5

Equation 19 strongly supports the hypothesis that with this sub-
set of nitrophenols, uncoupling of oxidative phosphorylation is
the dominating mode of toxic action. Equation 19 also implies
that the PTG test is indeed well suited to detecting uncoupling
activity of chemicals, due to its sufficient specific sensitivity
[5,10].

Comparison between the physicochemical profiles of chloro-
phenols and nitrophenols (Table 1) leads to a further observation:
in the present set of compounds, oxidative uncoupling activity
of nitrophenols is associated with log Kow below 2 and pKa be-
tween 3.8 and 8.5. Eight of the 10 chlorophenols also have pKa

values within that range, but have log Kow values above 2, re-
sulting in a narcotic-type mode of action. It follows that oxidative
uncoupling occurs only for proper combinations of lipophilicity
and acidity, which themselves vary with the individual property
values. With increasing lipophilicity, increasing acidity is re-
quired to exert uncoupling activity, with an upper pKa limit due
to the increasing degree of ionization. In other words, from the
chemical viewpoint, moderate acidity (in this case with pKa be-
tween 3.8 and 8.5) is a necessary but not sufficient condition for
uncoupling oxidative phosphorylation. Within a given acidity
window, only selected ranges of lipophilicity will lead to the
activation of this mode of toxic action.

As outlined above, solution-phase acidity can be factorized
into intrinsic (gas-phase) acidity and solvation interactions of
the relevant chemical species with the aqueous phase. Multi-
linear regression analysis of log IC50 on D and DDAM1 SM2H Gg s

reveals that only D gives a significant relationship withAM1Hg

PTG toxicity:

AM1log IC50 5 0.0130 (60.0015) DH 2 21.3 (61.9)g

2 2r 5 0.93, r 5 0.94,adj

SD 5 0.16, F 5 76.9, n 5 7 (20)1,5

In connection with the pKa modeling results of Table 2, it follows
that with this series of nitrophenols, the component of macro-
scopic pKa relevant for uncoupling activity is the molecular
intrinsic acidity as quantified through D . Further investi-AM1Hg

gations of the two-dimensional uncoupling window of pKa and
log Kow may reveal whether the dependence of uncoupling ac-
tivity on solution-phase acidity can be traced back to suitable
proportions of D and DD .AM1 SM2H Gg s

Finally, the potential role of molecular nucleophilicity on
PTG toxicity will be discussed. As noted above, O-glucuronide
formation represents a major phase-II detoxication pathway of
phenolic xenobiotics, implying that increasing SN2 nucleophil-
icity as modeled through D may contribute to decreasingAM1Hnuc

acute toxicity of the compounds. Comparison between D AM1Hnuc

and pKa in Table 1 shows that the information encoded in
D (representing the ability of phenolic OH to add at elec-AM1Hnuc

trophilic carbon sites) is indeed significantly different from so-
lution-phase acidity (representing the ability of phenolically
bound hydrogen to leave as proton). A major difference between
the two compound sets is observed for the diortho congeners,
where strong inhibition of SN2 reactivity through chlorine sub-
stituents (compound Nos. 7, 9, and 10) contrasts with strong
enhancement through nitro substituents (compound Nos. 17, 19,
and 20).

Multilinear regression of log IC50 including all descriptors listed
in Table 1 reveals that D shows no significant relationshipAM1Hnuc

with PTG toxicity for both chloro- and nitrophenols. In particular,
the only moderate narcotic-type relationship with chlorophenols
cannot be improved through inclusion of molecular nucleophilicity.
It follows that despite the well-known involvement of UDP con-
jugation in the phase-II detoxication of phenols, a direct impact
on acute toxicity cannot be seen with the present test design and
the model parameter for nucleophilicity.
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CONCLUSIONS

The PTG toxicity of chlorophenols shows a narcotic-type re-
lationship with log Kow. However, slope and intercept indicate
marked differences to corresponding QSARs with conventional
aquatic test systems: the steeper slope reveals a substantially greater
relative sensitivity in the (small) log Kow tested, and the greater
intercept suggests a significantly reduced sensitivity for hydrophilic
compounds as well as a correspondingly greater CBR. Further
testing of selected narcotic-type chemicals at the low and high log
Kow end will be required to further characterize the response char-
acteristic of the alternative PTG test.

Moderately acidic nitrophenols with pKa between 3.8 and 8.5
exert uncoupling of oxidative phosphorylation, as indicated by
a significant relationship of PTG toxicity with molecular acidity.
This relationship further implies that the PTG system is partic-
ularly suited for detecting this mode of toxic action. For higher
acidic congeners, data analysis suggests a shift from uncoupling
to a narcotic mode of action. Comparison with the property
profile of chlorophenols reveals that a distinct two-dimensional
property window of pKa and log Kow is required for substantial
oxidative uncoupling activity.
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