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Abstract : Oxygenated polycyclic aromatic hydrocarbons (OPAHs) are a new type of pollutants formed through in-
complete combustion of fossil fuels or chemical oxidation, photooxidation and biological oxidation of polycyclic ar-
omatic hydrocarbons. To date, many OPAHs have been detected in the environment, and some OPAHs have devel-
opmental toxicity, mutagenicity and carcinogenicity. However, a lot of OPAHs still lack toxicity data. Quantitative
structure-activity relationship (QSAR) can be used to predict toxicity of OPAHs to reduce cost, time and labor con-
suming from toxicity tests. Based on reported experimental logEC,, values of the zebrafish (Danio rerio) embryos,
a QSAR model of acute toxicity for OPAHs was developed by stepwise multiple linear regression method. Based
on the optimized molecular structure derived from B3LYP/6-31G(d,p) method, quantum chemical descriptors and

Dragon descriptors were calculated. The optimized model was comprised of four descriptors including chemical po-
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tential (u), maximal electrotopological positive variation topological indices (MAXDP), Moriguchi octanol-water

partition coefficient (MLOGP) and aromaticity index geometrical descriptors (AROM). The descriptors indicated

that the ability to gain and lose electrons and hydrophobicity of OPAHs were the main contribution to toxicity. The

values of model coefficient determination (R*=0.781), external validation and the leave-one-out cross validation

showed that the model had good predictive ability and robustness. The application domain of the model was char-

acterized based on Williams diagram. The model developed in this study can be used to predict the acute toxicity of

OPAHs to zebrafish embryos and provide data for their ecological risk assessment.

Keywords: oxygenated polycyclic aromatic hydrocarbons; zebrafish embryos; acute toxicity; QSAR; ecological

risk
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1 ##l57 % (Materials and methods)
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(DHFQ)AREW 2 I A SHCEOR T SCE SRR PRSI (logBCy, ) R R AR Y i) S0 50 41k LA K% i
G)iEAT T AT, OPAHs BIBE S IR 2R HEil 4 FHEART A BARUE ANk 1 A5k 2 Fis

%1 OPAHs HJ logEC;, LI 1E 5N ERERHE NS FRRAFTEE
Table 1 The experimental and predicted values of logEC,, for OPAHs and molecular descriptors values

logECs,
5
o OPAHs SR ) T ] u MAXDP MLOGP  AROM
Experimental ¥} Predicted

1 2% B Xanthone 2.00 239 -0.148 5.03 244 0984
2 1,2- 35 Aceanthrenequinone 195 1.55 -0.159 5.14 332 0952
3 1,2- Y23 MR 1,2-dihydroxyanthraquinone 227 1.78 -0.168 520 230 0981

4,5-W AE SR 4,5-phenanthrylene ketone 148 149 -0.156 5.19 3.76 0957
5 9-% i 9-fluorenone 240 1.57 -0.156 4.89 332 0.767
6 2,7- %3328 2,7-dihydroxynaphthalene 230 1.71 -0.115 3.14 202 0956
7 1,6- #2325 1,6-dihydroxynaphthalene 1.78 224 -0.111 338 2.02 0956
8 2-¥23-9-25 1 2-hydroxy-9-fluorenone 1.50 242 -0.147 493 271 0.768
9 5,12-Z% 31250 5,12-naphthacenequinone 1.72 1.57 -0.164 554 373 0963
10 23- " ¥3:3£28 2 3-dihydroxynaphthalene 1.78 1.73 -0.116 3.17 2.02 0953
11 1,5- %2325 1,5-dihydroxynaphthalene 1.87 234 -0.110 338 2.02 0955
12 18- 3L B 1,8-dihydroxyanthraquinone 230 182 -0.168 522 230 0976
13 ZE KR Perinaphthenone 1.08 0.828 -0.158 458 332 0963
14 11h-#Ff[a]Z5-11-FA 11h-benzo[a]fluorene-11-one 1.70 2.03 -0.151 550 4.18 0.829
15 2% HL B 2-hydroxyanthraquinone 1.11 146 -0.172 5.14 232 0.987
16 1.4- Y234 1,4-dihydroxyanthraquinone 2.70 232 -0.157 520 2.30 0976
17 JFfii Phenanthrene-quinone 0301 0.743 -0.176 483 2.89 0.767
18 1,2-Z5fit 1,2-naphthoquinone 0.301 -0.00100 -0.181 422 1.94 0.986
19 1,4-780% 1,4-benzoquinone 0 -0.0755 -0200 328 0411 0
20 1.4-B% 1,4-anthraquinone 0.301 0425 -0.173 4.64 2.89 0.955
21 9-¥ 3 I [a]E 9-hydroxybenzo[a]pyrene 0301 0.646 -0.122 383 4380 0.949
22 1,4-Z5 % 1 4-naphthoquinone -1.00 -0.508 -0.190 4.19 194 0.989
23 12-32 578 9 [a]EE 12-hydroxybenzo[a]pyrene 1.98 152 -0.122 444 4.80 0.949
24 13- ¥:3£2%% 1,3-dihydroxynaphthalene 230 233 -0.110 339 2.02 0.956
25 2,6- 2 3:ZE 2 6-dihydroxynaphthalene 1.84 1.81 -0.113 3.14 2.02 0955
26 JEli Acenaphthenequinone 1.65 0910 -0.165 453 243 0.964
27 1-545£-9-%j i 1-hydroxy-9-fluorenone 1.74 1.57 -0.159 495 322 0.767
28 ZKIF[c]HE[1,4]MH Benzo[c]phenanthrene-14-dione 1.15 0.949 -0.169 525 373 0946
29 7,12- 73 F i Benz[a]anthracene-7,12-dione 0.845 1.57 -0.169 571 373 0958
30 AFF B 1,9-benz-10-anthrone 236 203 -0.151 549 4.18 0.830
31 t-4,5-__ Pyrene-4,5-dione 0301 0.849 -0.171 5.09 332 0955
32 1,4-E Phenanthrene-14-dione 0.176 0478 -0.176 4381 2.89 0952

TE i 22 F' OPAHs A YIZRAE 5 10 Fi OPAHS Jy B UEAE s ECy SAKHU0N e B (wmol - L") s A L2545 MAXDP Sl fie K L #i ¥ 2 80, MLOGP
3 Moriguchi 1EBE-7K 53 Bt 2240, AROM 75 & AR 45

Note: The former 22 kinds of OPAHs are used as the training set, and the latter 10 kinds of OPAHs are used as the test set; ECs, is concentration for 50%
effect to zebrafish embryos (wmol+L™"); u is the chemical potential; MAXDP is the maximal electrotopological positive variation topological indices;

MLOGP is the Moriguchi octanol-water partition coefficient; AROM is the aromaticity index geometrical descriptors.
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BRI 4 MRS w5 logEC,, BRI
e AR A 0554, u AT DR SR -2 T i)
RET) o (EAR/N 3 FRORRRGE , 28 50 R e 7272
OPAHs 2 —25 % A Y PAHs R, & A LM 17
FEIAT 2 B R AR AR Ab(E] 1), a3
Bl THIfE S, OPAHS 1 1 5 logEC,, % IEM
5K, VL] OPAHs MUAFRE , JLBE 1) £ JIRJIfs ik 2t 1k

ik, MAXDP MLOGP il AROM ¥R #i M ik
¥, MAXDP 1] L FRAE 5 F 1 3 i 4™ OPAHSs 1Y
SRR, LR MRS . MLOGP RAE 4> F 1Y Bi
JKPEPY  MLOGP 5 logEC,, # 3 H iM%, LB O-
PAHSs Bt 7K 4 B8 7 P4 B 5% . AROM AL T 43 F
55 A, HLAEB R 2 B OPAHSs L4 25 F il A i
HAERUNY | 25 | ATk, OPAHs IS K HLFHE )
g K MR LR B R

%2 OPAHSs i) logEC,, QSAR #EI &)
Table 2 Parameters of QSAR models for OPAHs logEC,, values

FEHS Model R @ RMSE

(1) logECs5, ==0.610 nDB+0.0560 DELS+1.32

%4 Training set 0.524 0.524 0.659

ISIF4E Test set 0469 0466 0
(2) 1ogECy, =-9.11 w+0484 n0-0271 logK,,+1.16

IR 4E Training set 0436 0.0692 0922

B TF4E Test set 0441 -0.727 1.03
(3) 10gECs, =49.1 u+1.37 MAXDP-0.609 MLOGP-126 AROM+5.51

%4 Training set 0.781 0.780 0447

IGIEHE Test set 0.669 0.662 0455

1 ECsy MR ERIN M ; R e 2280 QF N AR 3¢ R4 RMSE S ¥ 7 iR 22 ; nDB b XU (19144 ; DELS 4 F L HNEILIEE 0 N
FEHMERRE 00 MLE YW T AR F G K, NIEEEE- KT R B u 23 MAXDP A B K HL # FME 48 MLOGP i Moriguchi 1F 3% -7k

ML ZE S AROM KI5 e 5,

Note: EC;, is concentration for 50% effect; R* is the coefficient determination; @? is the correlation coefficient of the prediction and RMSE is the root

mean square error; nDB is number of double bonds constitutional indices; DELS is the molecular electrotopological variation topological indices; w is

electrophilic index, nO is the number of oxygen atoms; K, is the octanol-water partition coefficient; u is chemical potential; MAXDP is the maximal

electrotopological positive variation topological indices; MLOGP is the Moriguchi octanol-water partition coefficient; AROM is the aromaticity index ge-

ometrical descriptors.
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Fig. 1

The electron density maps of typical oxygenated polycyclic aromatic hydrocarbon (OPAHs)
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K H 10 F OPAHs Y251 52 50 B A Sl 3 ik 4R
XA R SN L IN BE O AT VAL . S5 SRR, ik
11 R =0.669, Q7 =0.662 , i WK (3) HA B i1y
TEE S, B 2(a) AT %0, logEC,, S 56 i A 1)
HEABE N —2, WE 20) R, kA Wil-
liams [E1FRAE T LAY %) N ek, 32 Ff OPAHSs #rifE 5%
ZEN AT AR <3, BRI LA i A a0 15 I 2 A A5
X} OPAHs BA RAF AN PE, 1 A-RERIYFLAHE A
0.704 K TEmAH 0.682 , (A )& 14-ZKBRA N B RE AT,
VBRI (3) H AT B U 9 JE P 25— 138 LR IE
25N . QL =0.741 , RMSE, =0.654, Q;, {H>0.5,%
WAL LA B s g vk

3 iti&( Discussion)

AT ATF R 1Y QSAR #4557 th 3 B, PAHs &
AT RS AT K B R ) FLs K A
Li %P #5717 24 Fh#23 PAHs 5 DNA #1451
QSAR AR =0.751), & B ¥ 3 PAHs 5 DNA [
FrH A BEAE R 2 S AR T i T T
KA m-m MEH S B 23 PAHs 5 DNA
MZEARE 1, ARSCTHFSE I & B T ¥ 3

3
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Predicted values of logEC,
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PAHs WAF7E R 3 PAHs , (L& W EEPERR T 55>
T RBEFRE A G, 1 50 F B KA E—
FEXREL, Gbeddy FPVHN T 30 A PAHs K HATAE
Y BUEPEREYE 24 & N F A9 QSAR FEH (R =0.720),
KIGYFmR B K R R, MR . Chle-
bowski 2573 55 43 XoF 45 B 5T A FE B A 2y R 4G
¥4 PAHs & & 81, R BHK M 3 4k 549, an
T-REEER K2 BUR RS L8, K B, X5
AT SRR (3) i 156 4 1) FAF B3 7K 1 9 MLOGP {E
55 G S dE T R E AR EE R,

zg LR, ARBF5E R A B3LYP/6-31G(d,p) 7%k
4k OPAHSs 7 T 4544, 115 T & 7 b 2% 1 38 755 A
Dragon fiiRFF , i FH 2 o4 12 46 [ )3 e 37 T BE
o IR iR 1ogEC,, 1Y QSAR F1 % 3 OPAHs f1)15
R HLTRE 1 R Bi K 14 J2& 52 1 OPAHSs BiE T £ i fift 2
HEEWEZERE, @ RERm R h
0.781, PN FR UG IE I &R 56 T 15 I 1204 78 EL A 45 0 1Y)
FafgetE MBUNGE J1 . R FH Williams I FRAE T AR5 ()
7 FHIR , 2 B RYELA R S 1) 30 O R R A Je e | sl i
TR0 (4 BT 5 £ IR i 2Pk 75 1T LAA OPAHS 1)
A S U PP P R O S
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Fig. 2 The fitting diagram of the experimental and predicted values of zebrafish embryos logEC,

for OPAHs (a) and the application domain of the model (3) based on Williams diagram (b)
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