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Polycyclic aromatic hydrocarbons (PAHs), produced mainly by incomplete
combustion of fossil fuels and natural materials (i.e., forest fires, prairie fires, or
agricultural burning), are ubiquitous pollutants with high toxicity (Chen et al.
2000 and 2001; Niu et al. 2003). The US-EPA has included 16 PAHs on the list of
priority pollutants. Generally, most PAHs occurred in nature are exposed to the
irradiation of sunlight. In addition to the photolysis of PAHs under sunlight
irradiation (Niu et al. 2003), some studies in recent years showed that quite a few
PAHs have photocytotoxicity upon absorbing UV radiation (Schirmer et al. 1997;
Schirmer et al. 1998a). The photocytotoxicity of PAHs has been studied in a
number of aquatic organisms (Oris and Giesy 1986; Kagan et al. 1987). However,
because of large expenditures of money and time, it is difficult to determine the
photocytotoxicity for all PAHs. Thus the development of quantitative
structure-activity relationship (QSAR) for photocytotoxicity is of great
importance for the purpose of risk assessment of these widespread pollutants.

Various molecular structural descriptors, like constitutional descriptors,
electrostatic descriptors, topological descriptors, geometrical descriptors and
quantum chemical descriptors (Chen et al. 2000; McClelland and Jurs 2000; Yaffe
and Cohen 2001; Hu and Aizawa 2003), have been used to develop QSARs or
quantitative structure-property relationships (QSPRs). As quantum chemical
descriptors can be easily obtained by computation, can clearly describe defined
molecular properties, and are not restricted to closely related compounds, the
development of QSAR models in which quantum chemical descriptors are used is
of great importance. As partial least squares (PLS) regression can analyze data
with strongly collinear, noisy and numerous X variables (Wold et al. 2001), it was
used for model development in the present study. PLS finds the relationship
between a matrix Y (containing dependent variables) and a matrix X (containing
predictor variables) by reducing the dimension of the matrix X while concurrently
maximizing the correlation between them (Chen et al. 2003).

MATERIALS AND METHODS

Schirmer et al. (1998a) investigated the ability of 16 priority PAHs to be
photocytotoxic to a cell line from the rainbow trout (Oncorhynchus mykiss) gill,
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RTgill-W1. They found that 13 priority PAHs were photocytotoxic and three
PAHs showed no photocytotoxicity. For the PAHs that were identified as
photocytotoxic to RTgill-W1 cells, relative photocytotoxic potencies of PAHs
were calculated relative to fluoranthene (Schirmer et al. 1998a). Calculations were
based on the mean of the photocytotoxic ability (ECs) values for the three assays,
i.e., alamar Blue (metabolic activity), 5-carboxyfluorescein diacetate
acetoxymethyl ester (CFDA-AM; cell membrane integrity), and neutral red
(lysosomal membrane integrity), at 24 h after UV irradiation. The results of ECs
values to the PAHs are reproduced in Table 1. The 13 PAHs with ECsy values
determined constitute the training set of the study. Three PAHs for which show no
photocytotoxicity constitute the prediction set.

Table 1. The PAHs under study and their photocytotoxicity .
No. Compounds ECsy(nM) log(1/ECs0) log(1/ECs)

(Obs)  (Obs)  (Pred)y PW SE
1  Naphthalene -4.282 +0.380
2 Acenaphthylene 24000 -4.380 -3.746  -0.634 +0.301
3 Acenaphthene 26000 -4.415 -4.403  -0.012 +0.399
4 Fluorene -4.546 +0.421
5 Phenanthrene 54000 -4.732 -3.669  -1.063 +0.290
6  Anthracene 49 -1.690 -2.290  0.600 +0.186
7  Fluoranthene 93 -1.968 -2.949  0.981 +0.209
8 Pyrene 55 -1.740 -2.086  0.346 +0.193
9 Benzo[a]anthracene 28 -1.447 -2.188  0.741 +0.189
10 Chrysene -2.629 +0.190
11 Benzo[b]fluoranthene 111 -2.045 -2.561 0516 +0.187
12 Benzo[k]fluoranthene 184 -2.265 -2.144  -0.121 +0.190
13 Benzo[a]pyrene 11 -1.041 -0.410  -0.631 +0.536
14 Dibenz[a,h]anthracene 132 -2.121 -1.967  -0.154 +0.200
15 Benzo[g,h,i]perylene 12 -1.079 -1.307  0.228 +0.267
16 Indeno[1,2,3-cd]pyrene 176 -2.246 -1.517  -0.729 +0.241

* Obs.: Observed values determined by Schirmer et al. (1998a), ECs, values were
calculated as the mean of the mean ECs, values obtained for each fluorescent
indicator dye 24 h after irradiation; Diff:: difference between observed and
predicted log(1/ECso) values; SE: Standard errors for the predicted log(1/ECs)
values.

The computational time for semi-empirical molecular orbital methods is much
shorter than needed by ab initio methods. Recently Seward et al. (2002) studied
the effect of precision of molecular orbital descriptors on toxicity modeling of
selected pyridines. They found instances where calculated quantum chemical
descriptors, for example, the energy of the highest occupied molecular orbital
(Enomo), energy of the lowest unoccupied molecular orbital (Eyymo), varied both
between different Hamiltonian versions and other similar software packages.
However, Seward et al. (2002) found the variability in no way affects the
statistical significance of models. For the current study, PM3 (Stewart 1989a,b)
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Hamiltonian was applied for computing the quantum chemical descriptors.

MOPAC (2000) contained in the CS Chem3D Ultra (Ver. 6.0) was used to
compute quantum chemical descriptors. The molecular structures were optimized
using eigenvector following (Baker 1986), a geometry optimization procedure
within MOPAC 2000. The geometry optimization criteria GNORM was set at 0.1.
A total of 11 MOPAC derived descriptors reflecting the overall character of the
PAH molecules were used in this study. These are molecular weight (Mw), final
heat of formation (HOF), total energy (TE), electronic energy (EE), core-core
repulsion energy (CCR, CCR = TE —EE), average molecular polarizability (a),
dipole moment (u), Euomo, Erumo, most positive net atomic charges on a
hydrogen atom (gg'), and largest negative atomic charge on a carbon atom (gc).
The values of the molecular descriptors are listed in Table 2. The compound
numbers in Table 2 correspond to those in Table 1. The unit of HOF is kilocalorie,
and units of energy, charge, dipole and polarizability were electron volts (eV),
atomic charge units (a.c.u) and atomic units (a.u.) respectively. In addition, three
combinations of frontier molecular orbital energies, Erumo-Enomo,
(ELUMo-EHo]V,o)2 and EpymotEnomo were also selected as independent variables.
The Erumo-Enomo and Erumot+Enomo can be related to absolute hardness and
electronegativity respectively (Pearson 1986; Faucon et al. 1999). Furthermore,
they were proven to be significant in PAH QSAR (Veith et al. 1995; Boese et al.
1998) and QSPR studies (Chen et al. 2000 and 2001).

Table 2. Selected quantum chemical descriptors of the PAHs.

No. Mw HOF TE EE o y2. EuomoErLumo qH+ qc_
128.173 40.674 -1307.307 -6640.178 83.815 0 -8.835-0.4080.105-0.101
152.195 73.129 -1543.181 -8573.164 101.7910.115-9.055-1.0620.115-0.121
154.211 38.844 -1575.334 -9067.874 98.450 0.221-8.589-0.3520.106-0.094
166.222 48.868 -1693.533 -9871.993 108.8290.143-8.842-0.3350.107-0.106
178.233 55.026 -1811.913-10911.542123.5900.006-8.740-0.5350.111-0.102
178.233 61.662 -1811.624-10791.631131.3700.004-8.248-0.9710.108-0.100
202.255 80.012 -2048.112-13135.528143.4750.093-8.725-1.0440.107-0.111
202.255 64.141 -2048.430-13265.392147.556 0 -8.249-1.0100.106-0.102
228.293 74.463 -2316.254-15640.549173.1500.011-8.328-0.9340.114-0.102
10 228.293 70.854 -2316.410-15758.755168.154 0 -8.496-0.7830.111-0.102
11 252.315 93.630 -2552.751-18268.178188.4250.107-8.663-1.0740.109-0.105
12 252.315178.311-2552.652-18087.710193.2540.054 -8.400-1.0120.110-0.107
13 252.315 92.090 -2552.807-18366.034218.4470.020-7.672-1.5110.116-0.104
14 278.353 87.926 -2820.503-20950.778218.125 0 -8.377-0.9180.114-0.102
15 276.337 84.381 -2790.422-21395.948208.7380.022-8.122-1.1670.113-0.099
16 276.337104.929-2789.543-21024.174215.5750.170-8.235-1.3860.108-0.108

O 0 3O L A W~

Simca (Simca-S Version 6.0, Umetri AB and Erisoft AB) software was used to
perform the PLS analysis. The conditions for the computation were based on the
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default values of the software. The criterion used to determine the model
dimensionality - the number of significant PLS components - is cross validation
(CV). With CV, when the fraction of the total variation of the dependent variables
that can be predicted by a component, 0%, for the whole data set is larger than a
significance limit (0.097), the tested PLS component is considered significant.
When the cumulative O” for the extracted components, %cum, is larger than 0.5,
the model is considered to have a good prediction ability. Model adequacy was
mainly measured as the number of PLS principal components (k), Q% cums the
correlation coefficient between observed values and predicted values (R), and the
significance level (p).

RESULTS AND DISCUSSION

In PLS models, Variable Importance in the Projection (VIP) is a parameter that
shows the importance of a variable. According to the manual of Simca-S (Ver. 6.0),
VIP is the sum over all model dimensions of the contributions of variable
influence (VIN) for a given PLS dimension (@) and a given X term (k), VIN* is
computed from the squared PLS weight of that X term, multiplied by the percent
explained the residual sum of squares (SS) by that PLS dimension. VIP value is
calculated from the accumulated value over all PLS dimensions,

A
VIP, = (VIN);
a=1
divided by the total percent explained SS by the PLS model and multiplied by the
number of terms in the model. Thus terms with large values of VIP are the most
relevant for explaining dependent variable.

For the PLS analysis process, a PLS model with all the predictor variables was
calculated at first. Then the variable with the lowest VIP value was eliminated and
a new PLS analysis was performed, leading to a new PLS model. This procedure
was repeated until the optimal PLS model was selected with respect to the
statistics chum, R, and p.

The above described PLS analysis procedure with log(1/ECsp) as dependent
variable and the 14 quantum chemical descriptors as independent variables, for
the 13 PAHs contained in the training set, led to QSAR model (1) as the optimal
one. The concrete results for Model (1) are shown in Table 3. In Table 3,
sz(adj)(cum) and RZY(adj)(cum) stand for cumulative variance of all the X’s and s,
respectively, explained by all extracted components. Eig stands for the eigenvalue
which denotes the importance of the PLS principal components. So it can be seen
from Table 3 that one PLS principal component was selected in Model (1), and the
one PLS principal component explained 51.9% of the variance of the independent
variables, and 72.3% of the variance of the dependent variable.

Table 3. Model fitting results for Model (1).

k _Eig R*x(adi) (cum) R*y(adi)(cum) O cum R p
1 3.237 0.519 0.723 0.688 0.864 1.418x10™
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This study shows that the correlation between observed and predicted log(1/ECs)
values is significant (R = 0.864, p <0.001) (Table 1). As the cross-validated Q*cum
value of Model (1) is remarkably larger than 0.50, Model (1) is surely stable and
has good prediction ability. The model may be used to make predictions for other
structure similar PAHs. Based on Model (1), log(1/ECs) values for the other
PAHs were predicted (Table 1). It can be seen from Table 1 that the predicted
log(1/ECsp) values for naphthalene, fluorene, and chrysene are -4.282 nM, -4.546
nM, and -2.629 nM, respectively. The predicted log(1/ECsp) values of
photocytotoxicity are far lower for naphthalene and fluorene than those for most
PAHs, which is comparable to the conclusions of Schirmer et al. (1998a). For
chrysene, the predicted ECsy values (426 nM) are far greater than its water
solubility (13 nM). Schirmer et al. (1998a) concluded that chrysene may not
accumulate in cells sufficiently to elicit a photocytotoxic response. Moreover,
previous studies showed that direct photolysis quantum yields of chrysene were
far lower than those observed for most PAHs (Chen et al. 2000). As the ability to
be photocytotoxicity appeared to depend on the proper combination of
photochemical and solubility properties (Schirmer et al. 1998a), the predicted
result for chrysene may be reasonable. Thus, the predictions may give an initial
estimation of the ability of PAHs to be photocytotoxic to a cell line from the
rainbow trout gill. Further experimental studies are desired to verify the
predictions.

Table 4. The VIP values and pseudo-regression coefficients*.

Independent variables VIP Coeffs (a) Coeffs (b)
(ELumo-Enomo)” 1.209 -2.597x10" -3.962x107
Euomo 1.067 2.293x10™! 8.396x10™!
Erumo 0.998 -2.145%10"! -8.991x10°!
Mw 0.981 2.109x10™ 5.749x107
U 0.664 -1.427x10™ -2.498
Constants -1.891 4.845

* Coeffs (a): Coefficients scaled and centered; Coeffs (b): Coefficients unscaled.

The VIP values for the independent variables in Model (1) are listed in Table 4.
Table 4 also lists the pseudo-regression coefficients of the independent variables
and constants transformed from PLS results. From the positive and negative
symbols of the coefficients of the independent variables, one can evaluate the
effects of each independent variable on the ability of PAHs to be photocytotoxic
to a cell line from the rainbow trout gill, respectively. There are totally five
predictor variables included in Model (1). Based on the unscaled
pseudo-regression coefficients of the independent variables and constants
transformed from PLS results, an analytical QSAR equation can be obtained, as
follows:

log(l/EC50) = 4845 — 3.962X10-2(E[_UM0-EH0M0)2 + 8,396><10'1EH0MO e
8.991x10" ELymo+5.749% 107 Mw—2.498u
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It can be concluded from this study that the one PLS component is mainly related
to the descriptors (ELUMO'EHOMO)Z, Enomo, Erumo, Mw, and . The descriptors
(ELUMO'EHOMO)2 and Eyomo are more significant than the other descriptors in
governing the log(1/ECsy) values of the PAHs. The current results show that
increasing (ELUMO'EHOMO)2 values leads decrease of log(1/ECsy) values. The
Erumo-Ernomo gap is related to absolute hardness, defined as half the absolute
value of Eyymo-Enomo (Pearson 1986), which is regarded as a measure of energy
stabilization in chemical systems; chemical structures tend to more stable at larger
values of the Epymo-Euomo gap (Faucon et al. 1999; Chen et al. 2001). The
present study also shows that PAHs with big (ELUMO‘EHOMO)2 values tend to more
stable and have small log(1/ECs) values, i.e., the photocytotoxicity of such PAH
molecules is low. Increasing x4 and Epymo values of PAHs leads to decrease of the
photocytotoxicity. The photocytotoxicity of PAHs increases with the increase of
Enomo. Increasing Mw values of the PAHs leads to increase of log(1/ECsg) values.
Previous studies (Chen et al. 2001) showed that PAHs with great Mw values tend
to unstable to light in the environment, which are consistent with the current
phenomena. Schirmer et al. (1998b) found that the ability of PAHs to be directly
cytotoxic appeared to be related to their water solubility and to their lipophilicity.
Among the PAHs tested, just two- and three-ring PAHs, which have the highest
water solubility, were cytotoxic (Schirmer et al. 1998b). Thus it can be concluded
that PAHs’ cytotoxicity is related to their molecular weight. Compared to the
prediction of cytotoxicity, additional parameters, such as (ELUMO-EHOMO)Z, Exomo,
Erumo, and u which appeared to correlate with the PAHs’ photochemical
properties (Chen et al. 2001), are important for the prediction of
photocytotoxicity.
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