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Abstract: Quantitative structure-activity relationships ( Q5ARs ) were developed for 43 aromatic compounds toxicity to Photebactenium
phosphoreum and Daphnic magna based on four methods: octanol/water partition coefficient, linear solvation energy relationship, molecular
connectivity index and group contribution. Through the evaluation of four QSAR methods, 1L.SER was proved 1o be the best. And it applied 1o
the: widest range of chemivals with the greatest accuracy .
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Introduction

Quanltitative structure-aclivity relationships( QSARs)can provide correlations between eco-loxicological
properties and physico-chemical descriptors of a chemical . With the fust development of industry and
agriculture, a huge number of chemicals were discharged into the ecological environment. Most of the
chetnicals present a direct or indirect loxic harm to human and other organisms. It is impossible 1o measure
the toxicities of all the chemicals one by one because time and [und are limited . Therefore, it is especially
important to establish and develop QSAR models of chemicals. We can eslimate the toxicities of chemiculs
with the QSAR models based on their easily measured or calculated characteristics. And the application of
QSAR models can provide scientific basis for the risk assessments of chemucals.

At present, there are four primary QSAR methods in common use(Blum, 1990; 1991; Zhao, 1997;
Lyman, 1982): octanol/water partition coefficient (lgP); linear solvation energy relationship ( 1SER);
molecular connectivity index, and molecular group contribution( Free-Wilson) .

Octanol/waler partition coeflicient is one of the mosl importani physico-chemical descriptors in the
toxicology study. It is equilibrium constani. And it is generally presented in logarithmic form(lg# ) in
QSAR models because the logarithm is linear with the {ree energy. lgP describes the partition of a
chemical between in organic solvent and in water. The lipophilic aptitude of a chemical increased with
increasing lg P . The linear relationship between lg P and the nonreaclive oxicity of an organic chemical is
very salisfactory( Blum, 1990) .

ISER method was developed by Kamlet, Taft, and co-workers. It indicated that many properties of a
chemical are determined by its interaction with diverse solveni, Within this approach there are three
interdependent contributions: cavity, dipolarity/polarizability and hydrogen bonding terms. The model is as
follows( Kamlet, 1987a; 1987h; 1988; James, 1991):

Z = Z,+ mV,/100 + st~ + b3, + ax,.

Where Z,, m, & and a are constants; Z presents some property of a chemical related to its
dissolution and partition; V;/100 is the molccular cavity term. It measures the necessary free energy io
separate the solvent molecules to provide a suitably sized cavity for the solute. 7" is the dipolarity/
polarizability lerm. Tt measures the exoergic effects of solute-solvent dipole-dipole and dipole-induced
dipole interactions. f3, and a, are hydrogen bonding teems. Hydrgen banding term measures the exoergic

effects of complexation between solute and solvent. Tt is described as 8,, when the solute is hydrogen bond
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donor(HBD ), whereas a, when the solute is hydrogen bond acceptor( HBA)

Molecular connectivity index was pused and developed by Kier and Hall ( Kier, 1976). There are
zero-order index, firsi-order index, and so on. Molecular connectivity index is a topological parameter. It
ts a nonempiric value calculated based on molecular structure. So it can be applied to predict the effect of
molecular structare on the toxicity of a chemical. The correlation between molecular structure and toxicity
of an organic chemical is very satisfactory. The shortcoming of this method is that the molecular
connectivity index has no straightforward physical meaning. However, it has been widely applied and
developed in varous study fields recently because of its simplicily, convenience, independence from
experiments, and other merits .

Molecular group contribution method was established by Free and Wilson based on the relationship
between substructure information and activity of a chemical ( Lyman, 1982). The approach indicates that
the toxic effect of a chemical on organism is the toxicity contribution additive of all different substituted
groups, which are specially siled, in the chemical structure. The model is as follows

lglic) = T, + ZN.T,.

Where T is the toxicity of the mother chemical. N, is the number of each substituted group. T, is
the toxicity contribution of each substituted group. This approach is fit for the chemicals that have the same
mother structure . Although this method cannot tell us the activity mechanism directly, it is often used to
assess the toxicity preliminarily because it is so simple., Physico-chemical parameters need nol 1w be
calculaled when the methad is applied.

The purpose of this paper is to estimate lhe toxicities of 43 aromatic chemicals to Photobacterium
phosphoreum and Daphnia magna by using the above four methods, und to compare and evaluate the
aceuracy and feasibility of these four QSAR methods.

1 Materials and methods

43 aromatic chemicals discussed in this paper were chlorobenzenes, toluenes, anilines, and phenols.
Their QSAR descriplors are listed in Table [. The observed toxicily data, presenled as -lgEC,, for
Photobacterium phosphoreum and -1gICg, for Daphnio magna , are listed in Table 3. EC,, {mol/L) is the
conceniration causing a 50% inhibilion of bioluminescence of Photobacterium phosphorewm afier 15 minutes
exposure. /C;, (mol/L)is the immobilization concentration for 50% of bioluminescence of Daphnia magna
after 24 hours exposure .

Using above four QSAR methods (1gP, LSER, molecular connectivity index and molecular group
contribution) , the relationship between the physico-chemical parameters and toxicity was quantified by
multiple linear regression. The relalion equations obtained by the regression analysis are listed in Table 2.
For each regression, the following descriplive information is provided here: number of chservations used in
analysis(n), adjusted correlation coefficient( r*), and root mean square error( s ). The predicted toxicities
from the relation equations are listed in Table 3. All statistical snalysis were performed using the
Statgraphics program.

2 Results and discussion
2.1 Evaluation and comparison of four QSARs
2.1.1 Octanol/water partition

Good all-class chemical correlations were achieved for both organisms using lgP. The QSAR
equations of Daphnia magna were better than that of Photobacterium phosphoreum . The correlations were
significantly better for sub-class chemicals. Bul unsuccessful correlations of toluenes were found for bath
organisms.  And unsuccessful correlation of anilines was oblained for Daphnic magne. The chemical

loxicily increased with increasing lgP .
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Table 1 Chemicals and QSAR parameters

1SER?
Chemical lep! txv
V:/100 x" B L
Hexachlorobenzene 6.53 1.03I 0.74 0.04 0 4.90
1,2,4,5-tetrachlorobenzene 5.05 0.851 0.69 0.04 0 3.92
1,2, 4-inchlorobenzene 4.27 .76l 0.74 0.07 0 3.4
1.2, 3-trichlorobenzene 4.27 .76l 0.84 0.04 0 3.4
1 ,4-dichlorobenzene 3,59 0.671 0.64 0.07 0 2.95
1, 3-dichlorobenzene 3.38 0.671 0.69 0.07 0 2.95
1.2-dichlorobenzene 3.55 0.671 079 0.07 0 2.95
Chlorebenzene 2.81 0.581 ¢.69 0.11 0 2.78
1, 4-dibromobenzene 4.07 0.753 .59 0.00 .20 3.78
1, 3-dibromobenzene 3.95 0.753 (.84 0.06 0.20 3.78
Bromobenzene 2.99 (}.622 0.7% .06 0.12 2.89
1 - ehloro-4-bromobenzene 3.83 ¢.712 0.64 0.07 0.10 3.37
2,4, 5-tnchlorotoluene 4.93 G.459 0.53 0.09 0 3.85
2, 5-dichlorotoluene 4,04 0.769 0.60 0.11 0 3.08
4-chlorotoluene 3.31 0.67% 0.66 0.11 0 2.89
p-xylene 3.09 0.687 0.51 0.17 0 2.82
m-xylene 3.00 0.687 0.51 0.16 0 2.83
o-xylene 3.09 0.687 0.51 0.16 4] z.41
Toluene 2.59 0.589 0.55 0.15 4] 3.30
p-xylene chloride 2.65 0,867 1.25 0.47 0.12 1.54
4-chloro-benzyl chloride 3.07 0.769 1.04 0.26 0.06 2.91
Benzene 213 0.491 0.59 0.14 0 2.00
2,4, 6-trichloroaniline 3.4 0.841 1.08 0.40 0.26 3.64
2, 6-dichloroaniline 2.75 0.751 0.96 0.44 0.26 2.83
2. 4-dichloroaniline 2.75 0.751 0.96 0.44 0.26 3.16
3, 4-dichloroaniline 2.55 0.751 0.96 0.44 0.26 3.16
3-chloro-4-fluoreaniline 2.04 0.791 0.87 0.43 0.34 2.78
4-chloreaniline 1.90 0.661 (.84 (.48 (.26 2.68
4-bromoaniline 2.05 0.702 0.92 0.44 0.36 3.09
2-chloro-4-nitroaniline 1.58 0.801 1.26 0.68 0,42 3.13
2,4-dinitroaniline 2.38 0.851 1,56 0.92 0.58 3.10
4-nitroaniline 1.39 0.711 1.14 0.72 0.42 2.65
3-nitroaniline 1.37 0711 1.14 0.72 0.42 2.65
Diphenylamine 3.9 1.062 1.31 0.58 0.17 4,32
Aniline 0.93 0.571 0.72 0.52 0.26 2.20
Pentachlorophenol 5.04 0.986 0.87 0.23 0.60 3.56
2., 4-dichlorophenol 2.90 0.716 0.9 0.29 0.60 3.09
4-chlorophenol 2.39 0.626 (.84 0.33 0.60 2.61
2-chlarophenol 2.18 0.620 0.84 0.33 0.60 2.62
4-nitrophenol 1.92 0.676 1.21 0.53 0.90 2.58
2-methyphenol 1.37 0.634 0.68 0.38 (.60 2.55
Resoreinol .80 0,581 0.74 0.60 1.20 2.27
Phenol 1.46 0.536 0.72 0.37 (1. 60 2.13

1. lgp values is obtained from literature( Zhao, 1995} ; 2. LSER parameters are caloulated on the basis of rules from literature( James, 1991);

3. " X" is calculated on the basis of rules from literature(Kier, 1976)

2.1.2 Linear solvation energy relationship

Satisfactory all-class chemical correlations were achieved for both organisms. Relation equations were
better for sub-class chemicals ( anilines excluded). As the intrinsic molecular volume ( V) increased,
aqueous solubility decreased and loxicity increased. The only parameter which runs counter to the trend

expected on the basic of agueous solubility is the dipolarity/polarizability term(x" ). As 7" increased,
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aqueous solubility and toxicity increased. This is true for the correlations determined here as well as
previous study results { Kamlet, 1987a). Kamlet et af. hypolhesized ihat this effect may relate 1o the

mechanism of nonreactive toxicity. The effects of hydrogen bond terms( e, and 3, )are various for different

m

chemicals(Table 2) . In these as well as previous study LSER toxicity correlations(Blum, 1991), the most

influential terms are intrinsic molecular volume ( V, ) and hydrogen bond acceptor basicity { 2, ), with

dipelarity/ polarizability tlerm{ 7 " Yand hydrogen bond donor acidity( o, ) being relatively less imporiani.

Table 2 Summary of QSAR equations

Method  Chemical class Photobacterium phosphoreum Daphnia magna
LgP All classes (1)2.80+0.471gP, n =43, 5=0.45, /2 =0.62 {(2)2.89+0.51lgp, n=43, s =0.37, #=0.75
Chlorobenzenes (3)1.96+0.66lgp. n=12, s=0.23, *=0.9 (4)2.45+0.62gp, n =12, s=0.17, 7* =0.94
Toluenes Unsuccessful Unsuccessful
Anilines (5)2.91 +0.48lgp, n =13, 5 =0.25, P2 -0.78 Unsuccessful
Phenals (612.82+0.59Igp, n=8, s =0.18, £ =0.9 (7)2.57+0.73lgp, n=8, s=0.22, *=0.96
(8) .91 + 4.13V/100 + L.04x" - 2,213, +  (9}.02+4.00V./100 41,330 - 2828, +0.5%a,.
1SER All classes K
0.28a,, n=43, s=0.37, F~ =0.74 n=43, s=0.37, 11 =0.85
(10) = 0.29 + 6.19V,/100 + 0.15x " +3.898, + (11)1.29 + 5.07V,/100 + 0.03x - 1.4583, -
Chlaorohenzenes N
0.060, n=12s=022 7 =090 0.26e,, n=12, s=0.22, 2 =0.90
T {12)3.39 + 3.21V,/100 - 0.80x" — 9.568, + (13)0.96 + 4.79V,/100 + 0.66x - 4,073, +
alugnes
d0.4de,, n=10, 5=0.19, 2 =0.95 7.85a,, n=9, s=0.07, 7 =0.88
(14) 3.24 - 0.49¥/100 + 3.527 — 3.643,-
Anilines Unsuccessful .
0.9%q,, n=13, s =027, * =0.64
henal €15)2.51 + 3.050,/100 + L.02x" — 3,324, - (16) 0,41 + 5.37V,/100 + 0.99x - 3.1183, +
Phenols
0.03e,, n=8, s =124, s’ =0.91 0.76a,, a=R, s=0.09, r* =0.99
XY All classes (70.9+1.05' X", n=43, s=0.39, 2 =0.72 (18)1.25+1.03 ' X¥, a=43, s=0.39, =072
Chlorobenzenes  (1931.15+ 1.02' XY, =12, s =0.21, 72 =0.88 (2001.77+0.93 ' X", n=10, s =0.24, 7 =(.87
Toluenes (2130.39+1.26'X¥, n=10, 5=0.45, £ =0.71 (2)1.47+0.9'X", r=10, s=0.31, 7 =0.74
Anilines (23)1.58+0.79'X", n=13, s =0.20, F* =042 (2H1LP+0M XY, r=13, 5 =0.28, /* =0.66
Phenols {25)-0.04+1.57'X", n= 8, =036, =082 (26)-1.30+2.06'X",n=8, s=0.28, / =0.93
{27)3.26 + 0.50C1 + 0.73Br + 0.33ClL, + (28)3.54 + 0.50C1 + 0.77Br + 0.21Cll4
F .
Te Al classes 0.38M0, - 0.42F - 0.06NH; + 0.060H, +0. 64N, — 0.05F — 0.31NH; - (.020H,
wilson

n=42, s=0.33, #=0.79

n=42, 5=0.24, # =0.89

2.1.3 Molecular connectivity index

First-order index(' X" ) was used in QSAR equations in this paper. It mainly presented the branch
gituation of intrinsic molecular. The all-class chemical correlations were better than those of lgP, whereas
worse than these of LSER. The sub-class correlations of chlorobenzenes and phenols were improved for both
organisms. But the anilines equation for Daphnia magne was still unsatisfactory. As for toluenes, the sub-
class correlations were nel improved al all. The toxicily increased with inereasing ' X* .
2.1.4 Molecular group contribution

Two satisfactory equations( Eqs. (27)-(28) ) were oblained by this methed . Benzene was considered as
mother structure here. The toxicity sequence of different groups for Photobacterium phosphoreum was: -Br
» -Cl»> -NO,> -CH,»> -0H> -NH, > -NO,> -Cl» -CH, >
~-0OH> —-F> - NH, for Daphnia magna . This result may relate to the different mechanisms of diverse
Organisms(laworska, 1994) .

Comparing above four QSAR methods, LSER method is more relatively satisfactory. The QSAR

- F, whereas - Br >
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correlations with different methods are various for different chemicals and different organisms . So applicable

(QSAR equations should be identified from Table 2 when the toxicity of some specilic chemical is to he

estimated. And Lhe estimation result will be more reliable.

Table 3 Moeasured and predicted toxicity values

—lgECs - l1giCs
Chemical
Obs " lg P L3ER "X" Free-wilson Obs” lg P [SER 'xY Free-wilson

Hexacblorobenzene 6.31 6.27 6.36 6.15 6.26 \ 6.50 6.48 6.33 6.54
1,2,4, 5 tetrachlorohenzene 5.5 5.29 5.24 5.18 5.26 A 5.58 5.57 5.42 5.54
1,2, 4-trichlorobenzene 4.50 4.78 4,80 4.66 4,76 4.70 5.10 5.07 4.97 5.04
1,2,3-trichlorubenzene 4.53 4.78 4.70 4.66 4.76 5.13 5.10 5.12 4.97 5.04
1 ,4-dichlorohenzene 4.30 4,33 4.23 4.16 4.26 4.58 4.68 4.68 4.51 4.54
1, 3-dichlorohenzene 4.24 4.19 4.24 4_16 4.26 4.41 4.55 4.61 4,51 4.54
|, 2-dichlorahenzene 4.38 4.30 4.25 4.17 4.26 4.83 4.65 4.68 4.52 4.54
Ghlorobenzene 3.86 3.8 3.84 31.68 3.76 4.26 4.19 4. 10 4.08 4.04
1 ,4-dibromobenzene 4.54 4,65 4.74 5.01 4.72 5.00 4.97 4.99 5.29 5.08
1, 3-dibromobenzene 4.99 4.44 4.74 5.0 4.72 4.94 4.78 5.00 5.29 5.08
Bromubenzens: 3.78 3.93 3.92 4.10 3.99 4.40 4,30 4.35 4.46 4.31
I-chloto-4-bromobenzene 4.50 4.49 4.49 4.59 4.49 4.86 4.82 4.79 4.90 4.81
2,4, S-trichlorotoluene 4.86 5.12 4.86 5.03 5.00 4,99 5.40 5.05 5.09 5.25
2., 5-dichloratoluene 4.38 4.70 4,33 4.22 4.59 4.7 4.95 4.78 4.37 4.73
4-chlorotoluene: 3.88 4.36 3.99 4.02 4.09 i 4.58 4.20 4,19 4.25
p-aylene 3.68 4,25 3.54 3.95 3.9 .79 4.47 3.84 4.12 3.96
m-xylene 3.65 4.25 3.53 3.96 3.92 3.74 4.47 .73 4,13 3.96
o-xylene \ 4.25 3.53 3.52 3.92 4.08 4.47 3.75 3.74 3.96
Toluene 3.08 4.02 3.4] 4,46 3.59 3.57 4.21 3.68 4.57 3.75
p-xylene chloride 5.50 4.05 5.53 4.7 4.92 5.05 4.24 4.94 4.80 4.96
4-chloro-henzyl chivride 5.01 4.24 4.97 4.05 4.59 4.36 4,20 4.75 4.21 4.75
Benzene 3.3 3.80 3.16 3.09 3.26 3.54 3.98 3.44 3.35 3.54
2,4, 6-trichloroaniline 4.5t 4.37 4.61 4.46 4.70 4.20 4.44 4.45 5.00 4.73
2, 6-dichloroaniline 4.16 4.23 4.11 3.8 4.20 \ 4.29 4.48 4.16 4,23
2. 4-dichloroaniline 4.0 4.23 4.1 4.08 4.20 \ 4.29 4,40 4.50 4.23
3.4-dichlorcaniline 4.20 4.13 411 4,08 4.20 4.26 4.19 440 4.50 4.23
3-chloro-4-fluaroaniline 3.2% 3.89 5.0 3.78 3.28 3.49 3.93 3.57 4.11 3.68
4-chloroaniline 3.57 3.85 3.53 3.70 3.70 3.85 3,86 3.88 4.01 3.45
4-bromoaniline 3.9 3.89 3.89 4.02 3.93 4.35 394 4.19 4.43 4.00
2-chlore-4-nitroaniline 3.99 3.67 4.14 4.05 4.08 4.37 3.70 4.40 4,47 4.37
2.4-dinitroaniline 4.16 4.05 4.17 4.03 3.96 4.72 4.10 4.41 4.44 4.51
4-nitroaniline 3.70 3.58 3.56 3.67 3.58 3.40 3.60 3.88 3.98 3.47
3-nitroaniline 3.77 3.57 3.56 3.67 3.58 3.83 3.59 3.88 3.98 3.87
Diphenylamine 4.88 4.79 5.42 4.99 A \ 4.89 4.3 5.70 \

Aniline 3.28 3.36 2.94 3.32 3.20 3.58 3.36 3.35 3.52 i
Pentachlorophensd 5.69 5.79 5.67 5.55 5.82 6.33 6.25 6.31 6.03 6.02
2, 4-dichlotophenol 4.45 4.53 4.74 4.81 4.32 4.70 4.69 4.7 5.07 4.52
4-chlorophenol 4.48 4.23 4.05 4.06 3.82 4.13 4,31 4.03 4.08 4.02
2-chlotophenol 4.14 4.11 4.05 4.07 3.82 3.95 4.16 4.03 4.10 4.02
4-mitrophenol 4.05 3.95 4.06 4.01 3.70 4.28 3.97 4.27 4,01 4.16
2-methyphenio! 3.7 3.63 3.9 3.56 3.70 3.7 3.57 3.76 3.95 3.73
Resorcinol 3.0 3.29 3.06 3.52 3.38 3.30 3.15 3 3.38 3.50
Phenol 3.64 3.68 3.30 3.68 3.32 3.36 3.64 3 3.09 3.52

Note: * The abserved values are obtained from

the literature( Zhae, 1995)
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2.2 Comparison of QSARs of chemical class

The results in Table 2 and Table 3 clearly show that the eorrelations for chlovobenzenes and phenols
with the first three methods are all relatively satisfactory ( r* = 0.82—0.99) , whereas relatively worse for
anilines and toluenes. No correlations are obtained for tolucnes for both organisms by using lgP. The

reason may be that chlorine atoms, which existed in given chemicals, affect the toxicity mechanisms

fee mm = ~ - ;— P S P Y ~ -

VOIICIALLy 1F A0 DU allTLIansd CUYUAQUDID Y YD - L LTV L/ RNULIU UG apPPLIGU WY LPLUGHSD |

3 Conclusions

Quantitative structure-activity relationships were developed for 43 aromatic compounds toxicities to
Photabacterium phosphorenm and Daphnia magna based on four methods: lgP, ISER, 'X" and Free-
wilson. And the sub-class chemicals were studied respectively. LSER QSAR was proved to be the best.
And it applied to the widest runge of chemicals with the preatest accuracy. LgP and ¥Free-wilson methods

are olten used to estimate the toxicity preliminarily because they are both simple and feasible.

References:

Blum D J W, Speece R E, 1990, Determining chemical loxicily 10 aquatic speeies| ). Environ Sei Technol, 24:284—3293,

Blum D ] W, $peece R E, 1991. Quantitative structure-activity relationships for chemicals toxicily to environmental bacteria[J]. Feotoxicol
Environ $af, 22:198—224,

James P H, Dora R P K. 1991, Linear solvation energy relationships: “Rules of Thumh” for estimation of variable values| JJ. Environ Sci
Technok, 25:1753—1760.

Jaworska J 8, Schultz T, 1994, Ecotoxicology and Envirenmental Safely[_lj , 29 200—213.

Kamlet M J, Doherty R, Taft R W ot af., 1987a. Salubility properties in polymers biolagical media, 8, an analysis of the factors that
influence toxicities of organic nonelectrolytes 1o the golden ore fish{J]. Environ Sci Technol, 21:149—155.

Kamlet M J, Doherty R M, 1987h. [inesr solvation energy relationships, 41, imperant differences hetween aquecus salubility relationships for
aliphatic and aromatic solutes( )] Phys Chem, 91;1996—2004.

Kamlet M J, Doherty R M, Weith G D et ol ., 1988. Linear solvation energy relationships, 44, parameter estimation rules that allow accurate
prediction of ectanol/water partition cosfficients and other solubility and toxicity properties of polychlorinated biphenyls and polyeyelic
aromatic hydrocarbons[ J1. Environ Sei Technol, 22:503—3509.,

Kier T B, Hall T, H, 1976. Molecular connectivity in chemistry and drug research[ M]. New York: Academic Press.210—265.

Lyman W J, Reehl W F, 1982, Handbook of chemical property estimation methads| M]. New York: McGraw-Hill Press, 1982.130—170.

Stefan S. Joachin A, 1995. Quantitative siructure activity relationships for 80 chlorinated campounds using quantum chemical descriptors [J].
Chemosphere, 30(12):2397—2414,

Zhao Y H, He Y B, Wang L. 5, 1995. Predicting toxicities of substituted aromatic hydrocarbons to fish by toxicities to [aphnia magna or
Photobacterium phosphoreum[ 3. Toxicol Faviron Chem, 51:191—195.

Zhao Y H, Wang Y, Lang P 7, 1997. Application and parameter estimation of linear solvation energy relationships| J]. Advances in Environ
$ei, 5(2):1—12

{ Received for review July 23, 2001. Accepted January 10, 2002 )



