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Construction of a Chemical Carcinogenicity Database and
a Carcinogenicity Prediction System from Chemical
Structures

Kazutoshi TANABE*, Takio KURITA**, Kenji NISHIDA* and
Takahiro SUZUKIT***

Abstract

A database system which consists of experimental carcinogenicities and their reliabilities
for a diverse range of chemicals, and a quantitative structure-activity relationship (QSAR)
system for satisfactorily predicting carcinogenicities of a wide variety of chemicals have
been constructed as a tool to present information on carcinogenicities of numerous
chemicals existing in our daily life and the environment. The chemical carcinogenicity
database was constructed by collecting experimental carcinogenicity data on about 1,500
chemicals from six sources including IARC and NTP databases. The carcinogenicity data
were ranked into six unified categories on the basis of their reliabilities. A wide variety of
about 900 organic chemicals were selected from the database for QSAR modeling, and
molecular descriptors were calculated using the Dragon software. To construct the QSAR
system for predicting carcinogenicities of diverse chemicals with a satisfactory performance
level, the relationship between the carcinogenicity data with improved reliability and a subset
of significant descriptors selected from the Dragon descriptors was analyzed utilizing a
support vector machine (SVM) method. The classification function (SVC) for weighted data
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in the LIBSVM program was used to classify chemicals into two carcinogenic categories
(positive or negative), where weights were set depending on the reliabilities of the
carcinogenicity data. Seven models were created and tested: a batch model, combination
models of SVMs with a boosting, with a bagging, with a decision tree method, with a
repéchage decision tree method, and serial and parallel combination models of SVMs for
congeneric chemicals. The quality and stability of the models were tested by performing a
dual cross-validation procedure. The parallel model developed on the basis of grouping of
chemicals into twenty substructures predicts the carcinogenicities of a wide variety of
chemicals with a satisfactory overall accuracy of approximately 80%. The predicting
performance was higher than any of previously proposed models for diverse chemicals.

Key Words: carcinogenicity database; carcinogenicity prediction; molecular descriptors;
quantitative structure-activity relationship (QSAR); support vector machine (SVM)

1. FU®IC

NIIZHHRDOICEYE &Mt 2 1S/ L. T4 DN B KOO RIS TT & 7,
L2 U—0C AL E Otk 23 ER U CURAN A 2 & 72 5 L T 5, 1962 4,
Rachel Carson 364 &5 [Silent Spring] #HARL. FOHTRELE L LT 2L
BOHHIZOWTASHIZELE L, 222D 6T, B bEZwaIsE2Rx§ 54
R, FEAHER ED» S W A HITHAE L 2. ZORRKIZ. KREBRDOIFWENZ D
HEP RN Z FRADBBIFEL TIN5 TH D, TD0H, LEWEOREIZE
T BN ROIIGFVIELDRE L %5 > T B,

b MSET BB ORMEICIE, SEREE. SRR, SMEEE, R, AR
BRVE, fEARNE. A M. BRA AR S B0, P TILTFRIC K BT U
HKTH D, 131980 LI, HAADEK D 16T h 0 GEFETIEFECTHED 30 % (F
34%. & 26%) #EH®D TS, HUYOREITIE, YER (RgHR. SR . (LN 8
i UMALSEE) . B (T A0 20 MK, GE(EE) F ML LERS Lo hs, %
DN, EKEPRCVIEFIZ L DRNIZHD AF N B 587 VP IE S KR Th % Z &
MRS 227 5 T3 [Doll and Peto, 1981; Harvard Center for Cancer Prevention, 1996,
ZD=. ALEWEDI NEOERENIET 52 ZENATRTH S5, RADEDIZIF
RH VEAHOFEIEE L TOhSOMRBETH 5, BREHICHET 2L EOE
I TR E bR T B2, ZONTHRF Y EDHIA L T 2L E I TR
=97, 99% LI LA EIEIIFE A v BRI L F R A ORFICHEIEL T 5,

J8 77 v EF O E OO M 3@ B E OB T bl EHbY TR
WHIR, AL EBHE ZKROBMPRETH 5, FHIRT Y HRBRIE. 79 P BXU Y
2100 PELL BIZHSRE % 24 7 AL ERG$ %720, B, ML e RRTHD, F7z,
WA TR E OB N2 & BB A I 2 > T O . RRZEIN TIZEM IR IR L
THALWEMRIA L 5T, Lehio> T R4 YRR KR & O E O 4T
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IZDWTEMFERRIC K D JE AT A2 FHETT 5 Z L IFBIFEIIEABET H 5.

Z T AUFWEOR S v RHMT OB ERICb S FRE LT, 2y -2 &2 H0
550 O PR O VB E T b, LW E O PO FENE, SO
a2 FE (AR, congener) (ZMHMBIO N AR & S & & ARG IS EH B
(Quantitative Structure-Activity Relationship, QSAR) [Hansch and Fujita, 1964] T& %, Z
NEFIC, FHPOLFERIC DWW T e & M4 2 80iR (descriptor) % BEHAZS
Bl UTaElET — 2 olEXa e 3. RO g omit s villd 5 Z &
nEeL 5%, (LFIEORED S i A PHIT 5 Z A TEIL. 2RO E V55
PERRBE AN R D, LB OREEMOBE 1 6 KELEFHL H 5 [Benfenati et al.,
20091, FRIZFEH VIS EIMER A RROBIM 2 H T 2D T, QSARIZK 2 FHIARE R
RINTH D, F7o. FHONFEWE %Ak, BUET 21272 OBMEE FANZEHMET 5 2 &
LUHEIC A D, HHULFWEDOFARIZE 5T 3 2 MHIRICEH 5§25 & EBHPE.

ZOEKD BB ACFWEOREA &GS & Pl 2 FHEOMRRFE A FOK T
BWEFIZ T b T B [Vracko, 2000; Passerini, 2003; Patlewicz et al., 2003; Benigni, 2004;
Sun, 2004; Contrera et al., 2005; Crettaz and Benigni, 2005; Helguera et al., 2005; Benigni and
Bossa, 2008: Guyton et al., 2009; Tan et al., 2009; Toropov et al., 2009a, 2009b; Venkatapathy
etal., 2009], BAHEET I VEORFERIZONTIE, BH VM2 RS OEE CPHlTE
534 % » 5 [Braga et al., 1999; Vendrame et al., 1999; Benigni et al., 2000; Franke et al.,
2001; Benigni et al., 2003b; Zhou et al., 2003], L2 L. 4 OREFIZELEST 255 vk
HOLFWEORE LI ZTEEHRTH D . ALEOMEDILEWE DR T &2+ R REE T
THIT % B FHPIER7ZITAFAE L W [Benigni, 2003a; Benigni, 2005], 24 E TIZHHFE &
ERORA T FEOMRAEED T — 4 2 HWTEHIT %2 2B 7 2 b PTC
(Predictive Toxicology Challenge) [Helma et al., 2000; Helma and Kramer, 2003] 33/ X
N7z, TIKEE OREE 70% FEETh D, BiFEERAREO PRlFkE L Tidimd T
BYERET 0 HEED Bk A IERIEAR DAL B REDF 7 PO FITFEORFE 2 i & &H
WhHEHE K> T3,

JERIRAR DO VA W #E 2 B K 0O 12k, 54 TP HET L 2R S 5 720 ICBE 55
FAEDE VT — A DOARNETH b, EIFERICK D57 VT — 213D 2 ORI CIUE -
AL TWB 2, ZDOHT Registry of Toxic Effects of Chemical Substances (RTECS) @
T—=4X—=2Z (DB) T AHBETH D, B, K20 THEOT — 283 gkEhTnb, L
L. Z0 DBIdkk4 ZilliRik T & iz 7 — 2 2GS 6 G-l S L IsiER < T
278, T—4DfEHEDOH TR H S, —Ji. National Toxicology Program (NTP).
International Agency for Research on Cancer (IARC). US Environmental Protection
Agency (EPA) %0 DB 3. BW3ET — 2 OEBHEEA G S g HTF X hTH D, 2
FEPER E, LA L, 25 O DB ICER S T BB O BUI B TREFEEE & A 25,
F72. T2 OEBHEMEERT RS Y HORAHFISHR MR A< RALLTWE, ZTheo
B2 5, \EEBITbI 28 VTR0 AR T Z T8+ R BOLFEWE AR T
X 72/ > 7= [Benigni and Bossa, 2008], Z D 7=%. FHITEFILBAFR £ OMEREMGEIC LT
BIEH NET — & L 72 KB DB OREEARD 5T 5,
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JEFEARDO VRIS HEEZ & 5 1 DOREIE, ARFEDIL B DI v % MEE o
AP THTE S &0 I TH 5, Hansch-Fujita 12 & 5 QSAR IZTTk. AEE 8 BUAEAS
PRI A FRIGEERE N RE L2 DTH B0, BUHEE TITRA VBB HI L T 1L
BB RREIS T E 00w, Lrg., LW BE O3 v ORI RBIE O EA 71
St L, BRI S N AU EIE OB SIS 2 2L B3FE A IS v, &5
12, [ 2R V3] [Nordling, 1953] 12828 X 5 & 5 IT{LEWEIZ L B FK AT VBRI
XbOTHEHMETH D, WEIZ L > TERER A 5 Z & [Woo and Lai, 2003]. £7-. %
DI MWEIIH— DB TII A<, HEOBICID A 251 8RITEEZ OGN
5 Z &S, ALFEWBE DI VHEREIZE U TIRBIHDER B 20, FD20. (LFIED
A7 AR FORBEEIZIFED TP 2 BEERINFZEIE & H D T4 % [Benigni,
2010], F7=. FA PEICDOWT QSAR T A T DN T B RIEIKR S oL — 7 K+
BREEIZTERY, Lad>T, A VRS DWTARADLSFIBEDOR A v % T
WMTEBFEEMET S Z LB TIEIATETH 5,

ZDES LEbD THEHMAMBEIIG LT, BUE, AEE L 512 DmNNT 71 —
F. ThEDBMANI TS S PHFLETH 5. KENLEFEE LTI, 2RO IE
IZDOWTHEE A RO T 2l 72 SHE R E L. BA VT — 2 2 HWAEKE L Tilig
DOBRE RT3 EM A2 H 5, Lo L. EDNSHT AT 72003 HINZEE L 3
EROMOBIGRRE TOIET 2 UEN D 55, LFIBEDI A v R IE E R X h T
W WBITETIE, MAROBMRIZAELS AN TH O, HBVGHH & W72 PHlE 7L CldE
W IZHIRF T A,

ZD XD AL ERZ EOHEBABRICSIL T—D2DOR_AKREEL 5N DN AT
—a2—F) %y b7 —2 (Artificial Neural Network, ANN) [Devillers, 1996a, b; Zupan and
Gasteiger, 1999; Peterson, 2000; Ivanciuc, 2009a, b] T& %, ANN ZERRohE R D,
HEVZE L SZB OB OBRAE POIET 5 0E1 5 < b 5 W 2 HBIBERO BT A
HEETH B, FH VHETHNZ ANN 2 L7298 8 & % 28, 2 ORRIEERKIZIES 1
T\ % [Bahler et al., 2000; Basak et al., 2000; Hemmateenejad et al., 2005; Fjodorova et al.,
2009], L2&. ANNI(ZIZEifi, A, GRS < OMEDR S 5 Z LA fEh
T3 [Devillers, 1996b], Fk 4 12 ANN % T PTC OFH v T — & Z AT L 7223,
LD G EDAEAED 72D I IE 1S 6 N, PIHKEE 2 HEE TE un&n ) BEs
& - 7= [Tanabe et al., 2005],

ZZTRAIG, WA, JERIBMMMEE L THEHEA TR YR - bR 4 -2V
(Support Vector Machine, SVM) [Chen et al., 2004a; Ivanciuc, 2007] % FivyCIERIEARD 3
7RI ATRENE 2 MG L T & 72, SVM 13, ANN 23\ THRAI & SR i O RS EA 220
T eR, WP E DD Tz 720 KB 5 I & fHLUCFIT T 2 2 L O &
b, T, e klEERTE D LHFFE N, QSARFHTEL ORELH 5
[Byvatov et al., 2003; Chen et al., 2004a; Helma et al., 2004; Xue et al., 2004; Yao et al., 2004;
Jorissen and Gilson, 2005; Bhavani et al., 2006; Bruce et al., 2007; Doucet et al., 2007; Tang et
al,, 2007], F& 413 SVM 2 H W T PTC O 7 — & % L. JERIBEARD R A MMl
SVM % T % Z & #3945 L 72 [Tanabe et al., 2008], LA L. PTC OF — 2 13WE K
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WAL=, JRHH O E DR A P RIOFNEIZ DN TIEH S IS TE L h 5
720 ?k"?l«l% ZSVM ZFE A HETHENSEH U 728302 b 08, ENd R
DRFEHRIZER 5 T3 [Ivanciuc, 2002; Luan et al., 2005; Bhavani et al., 2006; Massarelli
et al, 2009; Tan et al., 20091, Z D728, KBUEZLIEEGARORES VT — 2 2T, A
HHH O FIEDFRE A Ve ST T 2N AT T LOREIRD SN T D,

BIEPICHFEST 5 ML RS @%ﬂ(iiﬂﬁ?%’md)%ﬁ YHEOEREIS L s T il
S50 EWIHESNERSICIRA 5 720121%. ANREE DAL B OF H v M % S kEE Tl
TEHTLA2BERCHRTHLENH %’oo T2 Z O EWEERIZIBA 5 X<, SRR
BALEWBE DR VOV TREEEOR T — 2 # R L =% 7 V£ DB Off%E. k&
ORA VPERROAFIEIZ DT ZORE» S FH Y A SRETTHT 5 2T 40
WSRO 2 HAHMNE LTI L TE 22, KX TidFk4 D ZhE TOMFRRERAE LT
WET 5,

2. BACHT—IN—ZXDOREE

kA NEERLE-FHFVUEDBIZ, F— 2 OEHEMEAE W & XN 5 IARC, European
Union (EU). EPA. NTP. American Conference of Governmental Industrial Hygienists
(ACGIH). Japan Society for Occupational Health (JSOH) ® 6 f§¢ DB [JETOC, 2007] »*
SR A VEOEMFERRT — 2 #WNHE L7z, TN D DB Tid, Table 1IZ/RF LI
CEMBE O B FEBOGEEIC K DEO2D T v 712 HEh T 54, DB
&KV I DORMBEE > TS, 72, ZTORBEICHTIRINE LD, REOEN
PR LIS < W,

512, Fl—DILEWETE DBICK > THRE2 7 v /IR IR TOBWENLEAT
35, Bz, IARCTRAT VEMEDT v 7 1, 2A, 2B, £72XEU T, 2, 3 5%
ENTWBEN, fthd DB TIEREMED 7 Vv 212 N T2 LB 40 FLL e & 5,
Z DI, IARC TRA VWD T v 2 3 LI T35, ftid DB THtET » 71
DRI N TSR 70 FELL L & 5, {U&f% Table 2 12787,

ZOXS B &MHRN /MEDBIZHT B EHMET v 7 ONH—%RRT 572012, flitD

BT 2 EHEEARGMICEHEL. 7 v 2 D— %k Alz, ZDDITET.
T@blﬁﬁ#PMRMﬁE@%Enkmomm]%%mb ZDBOIF V2 EI~VD5
PR ICHRE A U7z RIS, Table31Smd &5, £DBD I v 7 #HAMWICEHMEL T, A
~F @ 6 BRI — ISR L 72, %0)[3%}3\ I—J DALFIEIZDNWTHE L S 7 v 7+t
IR ENTWBIGEAE., BHEMEA RS BV IARC & EU 28 L TRAHF L=, 72750
P EDODBZFTERA VBEEDT -2 W AET 5D T, NTP @O DB (ftidd DB (235
DT =L DAPEHMEINTOZDT) » 5BPRBE CREOWEANEL, 7V 7 EI
AT U7z, DEDOFNEIZ X DR AV EDBICINGR T E 2 WERIT 1512FTH 5,
Table 3121345 7 ¥ 7 NG TIHHAET 2L WWBEOHI 28D R Lz, ZONEE RS
. RADHEMICAAET 2 HHASOPIZE B H VO EIE A28 D0R b5 Z &
WBorir b



34 M fifg SEH £k WHE Ok gk
Table 1. Reliability ranks and their explanations in various carcinogenicity databases
UR IARC EU EPA NTP ACGIH JSOH
I 1. Carcinogenic 1: Known as A: Carcinogenic K: Knownas Al: Carcinogenic 1: Carcinogenic
to humans a human to humans a human to humans to humans
carcinogen confirmedly carcinogen confirmedly
II  2A: Probably 2: Should be B1: Probably R: Reasonably A2: Carcinogenic 2A: Probably
carcinogenic regarded as carcinogenic anticipated to humans carcinogenic
to humans if a human to humans as a human suspectedly to humans
carcinogen carcinogen
2B: Possibly B2: Carcinogenic A3: Carcinogenic 2B: Possibly
carcinogenic to animals, to animals, carcinogenic
to humans but unknown but unknown to humans
to humans to humans
111 3: Possibly C: Possibly
carcinogenic carcinogenic
to humans to humans
IV 3: Not classifiable D: Not classifiable A4: Not classifiable
as a human as a human as a human
carcinogen carcinogen carcinogen
V  4: Probably not E: Not carcinogenic Ab5: Not suspected
carcinogenic to humans as a human
to humans confirmedly carcinogen
UR: Unified rank.

Table 2. Example chemicals assigned to different carcinogenicity ranks in different databases

Chemical name IARC EU EPA NTP ACGIH JSOH
1,3-Butadiene 2A 1 B2 K A2 1
N,N-Dimethylaniline 3 3 A4 2B
Formaldehyde 1 3 B1 R A2 2A
Methyl methacrylate 3 E Ad

Naphthalene 2B 3 D A4
Trichloroethylene 2A 2 R A5 2B

Table 3. Chemicals and their carcinogenicity ranks accumulated in the carcinogenicity database

Carcinogenicity Rank Criteria NC Example chemical
Positive A Tin Any of DBs 167  Alcohol, Arsenic Inorganic Compounds, Asbestos,
Benzene, Benzidine, Formaldehyde, 2-Naphthylamine,
Tar, 2,3,7,8 Tetrachlorodibenzo-p-dioxin (TCDD)
B IIin IARC or EU, 407 Acetaldehyde, Acrylamide, Benzo (a) pyrene, Chloroform,
or ITin Two DBs DDT and Associated Compounds, p-Dichlorobenzene,
Di(2-ethylhexyl) Phthalate, Gasoline, Naphthalene,
Polychlorinated Biphenyls (PCB), Tetrachloroethylene,
Trichloroethylene
C 1l in Only One DB, 186 Cresol, Polycyclic Aromatic Hydrocarbons (PAH)
or [Il in Any DBs
Negative D IVin Any DBs 631 Acetone, Caffeine, Camphor, CFC-11, Ethanol, Ethylene,
Ethylene Glycol, Ozone, Phenol, Poly (vinyl alcohol),
Toluene, Xylene
E At Least One (-) in NTP 117 Bisphenol A, Dibenzo-p-dioxin
F Vin Any DBs 4 e-Caprolactam
Total 1512

NC : Number of chemicals
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3. tEZBELSORAMETEY AT LDRSE

3.1 7 &

3.1.1 BHMT7—4%

LEEOFE A VP DB IIMARIUN O L sE (G, SEE. HAmE) I
ENTNBEHR, INEHIZOVTIEREA AT, i F2AHE TE a0 z), QSARIZK
BT ATS 2N TER L, 22T, QSAR ICAEAME & LT,

@ H,C,N,0,FSi,PS ClLBr kOISO % &8 D,

@ FrUvVEEKRSEORE

® FKYEZL7ILa—-LEOENT.

@ TARZ M EOAREESFEE TE RN E D,

FUIBRO T, Table 4 (SR8 A HRE 2 ARAL A PVE 911 fA fh L. PlllE T L Ok
LW,

PTC O F — 213587 v BEMEDALEWE S EE Th > 72728, TV T A M BMEDRE
DEFILTIREIEYE I ERE T PIT R 7208, BPEWERBE FITE s o7, Th
ISR LT RO T — 2 3BT A v Btk 409, BEPES02 &3 T v 2R RTINS
DT, ZTNHDTF—ZEHOTHEL 27 I - BBUOCEIE DI H Va3 5
VAELPUT B LG TE S, 0. 8T VI OWEIZRER D L O TR HEIH
IZRATED, ZHEERELFIEORY v METPHITE 3 LM NS,

Table 4. Organic chemicals used for constructing prediction models

Number of C atoms Molecular weight Target Weight
Carcinogenicity ~ Rank NC Min Max Mean  Min Max Mean value value

Positive A 29 1 26 10.0 30.0 3716 206.4 1.0 1.00
B 264 0 32 9.5 32.1 840.9  206.6 1.0 0.50
C 116 1 33 8.7 46.1 959.1 2155 1.0 0.25

Total 409 0 33 9.3 30.0 959.1  209.1
Negative D 396 0 42 10.1 28.1 788.7 2107 -1.0 0.25
E 102 1 39 10.9 56.1 6449  237.8 -1.0 0.50
F 4 5 10 6.5 100.1  272.8 1816 -1.0 1.00

Total 502 0 42 10.2 28.1 788.7 2159

Total 911 0 42 9.8 28.1 959.1 2129

NC : Number of chemicals

3.1.2 ERFTF—%

PLEOALZEYE 12D\ T, Corina 71 % F 4 [Gasteiger et al, 1996; Oellien et al., 2000]
WPk G 2 & U IRGGE 2 ER L. g4 sl U7z, RIS, Sk e 7 a7 7
2 Dragon 5.4 [Todeschini and Consonni, 2006] % Fiv>"C, Table 5 (2739 1,504 FED Fb 1
ZAE L. QSAR f#ITICHW . 72720, Zh b O I3WEBUC IR THIS s %
ThHbd, M, FHETLOHMAERE LT, PHICAENEZEROMIZAN THROER
EMNA % &, FEEOBRETINAD T 50, PRIRFORZEIZHIZE AL, Wb 2855k
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eIk 5. 2070, VHNCARI P DR R EHHERE Z 7)) — =V 75508 ¥ 5 5,

WEHRITIC 361 2 A BOBRIRITIE, BRSNS E IRYL (stepwise forward or backward
selection). M 2 F LiE (simulated annealing) . €Y 7 #L 0k, EEN GELK) 7
Jb I Y X A& (genetic or evolutionary algorithm) . K T #f fx 3w b % (particle swarm
optimization) . T v = — i bk (artificial ant colony system) . A4 & B IRE
N T3 [Barak et al, 2009], L2>L. AKWfEDO THIE T L OmEE b T, Foad R
DA X DO TEEEUTHRILE S KN, BVEERE 28423 26 O dkidA]
HTx&w, 22T, BHEGEREE LT3 TREMICRIT 25, BaEE2ELEL T %
H T — 2 & Kitib+ & OHAHB R AR L, MO SV T4 5 AT 2k %
A S TG 2 R TRER AR T 5 e WS 2 Lic L,

Table 5. Types, numbers, and examples of Dragon descriptors used

Type of descriptors ND Example
Constitutional descriptors 46 MW (molecular weight)
Topological descriptors 105 BAC(Balaban centric index), W(Wiener W index)

‘Walk and path counts 44  CID(Randic ID number), TPC (total path count), TWC (total walk count)

Connectivity indices 32 XO(connectivity index chi-0), X1 (Randic connectivity index)

Information indices 27 TAC(total information index of atomic composition), Uindex (Balaban U index)

2D autocorrelations 96 MATS1e(Moran autocorrelation-lag 1/weighted by atomic Sanderson electronegativities)
Edge adjacency indices 105 EPSO(edge connectivity index of order 0)

Burden eigenvalues 64 BEHmI (highest eigenvalue n. 1 of Burden matrix / weighted by atomic masses)

Topological charge indices 21 GGI1 (topological charge index of order 1), JGT (global topological charge index)
Eigenvalue-based indices 43 VED1 (eigenvector coefficient sum from distance matrix)

Randic molecular profiles 41 DPO01(molecular profile no. 01), SP01(shape profile no. 01)

Geometrical descriptors 62 AROM (aromaticity index), J3D (3D-Balaban index), W3D (3D-Wiener index)

RDF descriptors 150 RDF010u(Radial Distribution Function - 1.0 / unweighted)

3D-Morse descriptors 160 Mor01u(3D-Morse - signal 01 / unweighted)

‘WHIM descriptors 99 Llu(Ist component size directional WHIM index / unweighted)

Gateway descriptors 197 ITH (total information content on the leverage equality)

Functional group counts 101 nArCO (number of ketones (aromatic)), nCar(number of aromatic C(sp2))
Atom-centred fragments 85 (C-024(R-CH-R), Cl-086(Cl attached to C1(sp3))

Molecular properties 26 ALOGP(Ghose-Crippen octanol-water partition coeff.)

Total 1504

ND : Number of descriptors

3.1.3 SVM ICL3EFIVE

FAHoMT sy T -2 EOMBAENTT S SVM DY 7 + v = 7 & LIBSVM
ver.2.89 [Chang and Lin, 2009a] % fH\ 72, R4 VT — 2 BG1E - BEHDO 2#ED 720,
LIBSVM @ 2 #£53 %6 % 47 5 SVC (support vector classification) #EHE % 7=, Z DB,
A MT — 2B EEED T v o5 INTOEDT, SVCTORES VT — 20
Ml & A % Table 4 IS/ § K S ICi%@E L. HANMNE 7 — 2IT9 % 2 5 HRE
[Chang and Lin, 2009b] % i\ 7=,

SVM & ANN & [Fl U < IESHERM T TH D, SVM Tid 7 — 1)L & RIS G4 B
BEHOTHESEITE 5 L1044 % Z & T, ANN & iR U CIRIERY 7 i LB 3
HHEIZ R %, ANN 26 5 SVM D KOF i, Rl A D TE 32L& Th %,
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—f%iz, T — & & 2B ﬁﬁﬁéﬁﬁﬁﬁn\ﬁﬂﬁ@ﬁﬁCW<Z&ﬁT%\Mmt
BRSBTS 5 2 L3 20 EBRICHIBT 5, —H.SYM Tid. 2 D7 —
2OTERE%ZES KD Gié}%ﬂﬁ’&ﬂw) 5728, TNNME-DOIRE KD JRATRRRE I
ELZV, TOESIZSVM TIEIE—FRIZI F 528, ANN & Jalkk, 223 O R E
BB, LizHoT, TEFLDEREALABETH D, LIBSVM Tid Table 6 1Z/-3 ¢ & 5 128
LT RENNTIA—ANEED B, FTY g(gamma) L c(cost) DBHENEETHD., Z
NS LR T DO 3MWDIST X — ZIZ O TR EGHRENRARTH B,
% ZC. LLF® Dual Cross-Validation Test {2 & V) . SVM O%# - 7 2 b & htil % [
BEICiT o720 T4bb,
O TR OLFE & 10 BRI EIT 5.
@ ZTONDOIREFEEHE L., ZOFIZDWT Leave-One-Out # N T/SF X — 4
g(gamma) & c(cost) ¥ K U 7 ¥ & sk 4 5.
® ZOREETEFILEMNNT, T2 NHAWEORT Ve TFHIT S,
@ DEoFMEAFERET 2 DAWEE ANE AL A5 10HHEEDEL, 2 TOWEIC
DWTHA VEETHIT 5,
EWVWIFIETH %,
2 BEYHHE T L OMERERHINIZ I3k 4 B BIEA VS B A, 22 TRRA T IR 3
WA IEf# (Overall Accuracy; OA) % W7z,

_ TP+IN
TP+TN + FP+ FN

Z ZC TP iX true positive. TN (X true negative. FP IJ false positive. FN i false negative
DWERTH B,

Table 6. Parameters to be adjusted in SVM

Symbol Meaning Default
degree set degree in kernel function 3

g gamma set gamma in kernel function 1/k

r coef0 set coef( in kernel function

c cost set the parameter C of C-SVC, epsilon-SVR, and nu-SVR

n nu set the parameter nu of nu-SVC, one-class SVM, and nu-SVR 0.5

) epsilon set the epsilon in loss function of epsilon-SVR 0.1

m cachesize set cache memory size in MB 100

e epsilon set tolerance of termination criterion 0.001

h shrinking whether to use the shrinking heuristics, 0 or 1 1

b probability_estimates whether to train a SVC or SVR model for probability estimates, 0 or 1 0

wi weight set the parameter C of class i to weight*C, for C-SVC 1

k in the g option : the number of attributes in the input data.

3.2 EEETIOTFRBR

3.2.1 B—DSVM IZ&B—FETFAH
9. H—0OSVM 2O TEWE 1 fiz —fH L TR 2 E7 L2 BRET L 720 A28
BIROBIE LT, FH M7 — 2 L OMBIDEOCGER T OB A% A 7278 5 LR % 7=
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WA Fig. 1IZaT, b 7o%%E 50 f2 58 LT & IE@RIZH 4545, 250 fi
VL RICEER 7230 2 2 LR IEd U, e RIBICkE 5. 250 fEl ek 1 % Flo 72 1
I IERR D T Sl 68.8% 18 6 N 7=2, % DD TP, FP. TN. FN Ok % Fig. 2 D &
SUIRT,

ZOIEMRRIEPTC 7 A F TOREMEE RS TH D, JEREAE 6L CTRITS 5 €
FILORENEEIZZORETH S EEBbhb, UL, 68.8% &) THIEE IXEFER
REOTHTHEE L CRiE T 3 MRETIE AV, L b, BV EEOWE % Mt & it
HIE T2 FN DD 37% L@ Z & 3B@mNTH D, & - RO TR EERAET
LUNENRD B,

0.70
A’ 0.69
<
S 068
> 911
5 067 | 502 [ 409
z) N [ (P)
= 0.66
N p]
2 065 ‘ ‘ ‘ ‘ 520 391
0 100 200 300 400 500 369 [ 151 0.688 133 | 258
Number of Descriptors (TN)| (FN) (0A) (EP) | (TP)
Fig. 1 The dependence of the overall accuracy on the Fig. 2 Result of the batch model
number of descriptors in the batch model for overall chemicals

3.2.2 SVM ET Y2 TIVER (T—XT71>27) OEAEHEIZLZFAE
FREDO—HEE TN OBMNI TS Y HETFHTFEE L TEBBRHATELZWLRNLTH S, 1L
SYVBOFRST VEHEOEM S AZBE TS L. H—0D SVM TiEZhLl LOKE Or i3]
FTEBV, ZITKIZ, BHOSIM ##llAafdbET7 v ¥ v T EEERE Lz, Z
D BTN FEE OB CHEE L CTH D [Ivanciuc, 2009]. QSAR D73 ¥7 T & BRI {51 2
» % [Svetnik et al., 2005; Fukunishi et al., 2008; Langham and Jain, 2008; Liu et al., 2008],
T VY TIOVEEE L, TR MR 558 R (weak learner) & T ¥ & AIZHEBOREE L .
I BHAGDETEREDOTHET L KT 2 H1ETH 5.
TUHYTNERIZET = 2T 4 Y IRNF VI E KO PO TESEE SN TS H,
£, 7274 v OMTRE XLHMS5 T\ % AdaBoost [Freund and Schapire, 1997]
EMEI U7z, ZORBIE. B EEIZIR T T (adaptive) HAEZEAD T — AT 4 V7T
B, DUTFO7LTY) XL THEERET S,
® NHOET — 2 ISR ELEA /N 2EHD Y TS,
@ &7 42%HVT1IHRHDOAEE N 278 L. AEMHE e » 6 RAUT K D EHE B

IR D,
1 1-¢.
=—In :
p-tofl)
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® 1BHOEESENIEML 2T — 213 EAE expB) L. AEROTF -2 I3EA L
exp(B) 159 %,

@ 2 BHLEOEEE h 12 OWTRBROEA X OFF 240 K-S,

® LLEOHETM AOFEEGEIED . BHER & B THRIE L LT IRMREE G
"y %,

y= %IEA: ﬁihi(x)

PEDOTLITY ZLIZHESTSVM 2 HWT 10 BOEEEEER L, BH V17— %
DFHET AP EIT5AERE Table 71077, PRICKL T, FEHEVIHAZIEEZD
ERREPIRELAIINT T2 &I, 2ROBAEMEBLIHRAIMLT L2, ZOREKIZ.
AdaBoost TIZ FOIZTRT X2, EfRTF— 2 DOELEZ WD X, AERTF — 2 DEL
EWME 5 Z L TEREREOR EERXTE, L2l ~fHETLO/BRIVRT LD
12, H—-DSVM Ta7F — 4 & EWIERETTHT2 Z L IREETH D, AIERT — 21
WS GHEAZEPLTEANEMOIEZ156TH 5,

Table 7. Result of the combination model of SVM and AdaBoost

Cycle No. 3 TP FP TN FN OA
1 0.344 259 163 339 150 0.656
2 0.351 248 155 347 161 0.653
3 0.361 239 150 352 170 0.648
4 0.363 246 159 343 163 0.646
5 0.367 220 136 366 189 0.643
6 0.367 222 139 363 187 0.642
7 0.370 233 152 350 176 0.640
8 0.368 222 141 361 187 0.639
9 0.373 209 130 372 200 0.638
10 0.378 205 127 375 204 0.637

¢ : Error rate

3.2.3 SVM &7 2B TIVER (NX2 ) OHAEHEICL ST

AdaBoost IZBEWTHWO N FEB[IET -4 2 H—~DSVM TEET L7728, FBH
VT - 2 DA ICIE TN G A S EMARDE T 2RO EMRZE EL RN, —H, T
VHVITNEEORTT AT 4 VI EWNATHISEN TS DHNINF 2 [Breiman,
1994] Th 3, TOHETIE, NAOTF - 2208 EET LT -2 KMasH 7)) v
LTEEDFEEE/ED . AdaBoost & [FAlkk. LR TEMELFR TS, ZOHEITI
BEEBTIET— 274 Y7L THEBZ I ERLZNEIRTWS, LaL, B4V ETH
TiE, T2 2R THLIBAEAEFET 0 E &4 »21E, AdaBoost & 1 &K
WEAHRFCE 5, 22C. ZONF UV IDBIEEE LT, £T 452K O0D I —TIC
. ST T LI BT 3R RGT L 7=,

Fig. 312/RF X512, £F4&TF— &% SVM TFE - PHRIL &2 6. FH v EoFzilE
RO THME L BEEOBNE (FP. FN) OWEAM&ND (pruning) $5, Z O#AEZE
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DY &, 3MHEDSVM(GL) THYE 211 ¥'E. B 321 M-, BF 532 B O 1 A VE
REN, ZOZIL—FTIE949% VI BFOVIEBENE SN, RIS, T2 X TITEN
D XN D 3TIWEIZ DOV THBROEMEZ1TS L. 21H (G2) T 187 WE. 2
7Y, G194 MEOFE 2TENERK I, TOZI—TTIE985% &) mWIEMHE
NEENz, FROD IS WEIZE ITHATK L, ZOZIL—TTIEI7.8% DIERHEL & -
72

ZOEHIZLT, 91 HOEWE» 532, 194, 185WED 3REIZH T bh, ThZh
90% LA EDOERTTHTE S Z L1350 -7=20, EWEAEZNhS6 3EHZIRD 75 5 kR
BV, ZZT, EWEIZOWTING 3HO SVM TPl L 285828 SVMIZA LT
FH VARG ET L AMEL 72, ZOMEITFig. 3OETIZRT L5112, TP A
268. FP 2 141, TN %' 361. FN 2% 141 T, 2KDIEMHRIL 69.0 % & 75 - 7248, Z DRGE
B EOJTELFRRETH D, WETE S EMETIIA N,

911
502 409
[N P|
495 416
345] 150 157 ] 259
I I
I
[N P
351 253
312] 39 33 [ 220
Il I
I
[N Gl P]
321 211
303] 18 ] 0.949 9 [202
379
190] 189
[N P|
15 364
0] 5 180 [ 184
I |
[
[N G2 P|
7 187
7 [ 0 0.985 3 ] 184
Overall 911 185
accurac | 502] 409 180] 5
[N G1,G2.G3  P] [N G3 Pl
502 409 184 1
361 141] 0.690 [ 141] 268 180 4 0.978 0] 1

Fig. 3 Result of the combination model of SVM and ensemble learning (revised bagging)
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3.2.4 SVM EREADEAEHEICLDFHE

Y EO#ERM S, AdaBoost D K H 24T — & ZH—0O SVM THET 3 ETFINLTIEE
WIERRZIGE TE R WBA NE VT DX ET — 2 2RO h DI — S50, 7L —
T ZEIZEBIO SVM THEET 5 EF LD S BECIEMES AT 5, 22T, T
T KB PRIRERICOWT, Btk - BBIHEICHE S h 20— 7 % 2 SRz SVM T
FELU, ZOHEEEGT TERO SVM &g ARICHIA R DE 2 ETF LB L 7=,

ZOFHR%E Fig. 4 11T, I PEE THUT@RPTIbE > 72403, v a— P3RS 4<
0. SUMIZ K BEMIAAREIZ R > Th D, TOHBEICKZBREBERIE. &
BRI ThEL@TTILE -5 728 8 &0 T, TP 23 297, FP 28 174, TN %% 328, FN 2% 112 T,
RAE ML 68.6% Lk -7, ThETOHELILKL TEN OLHIICT LzA, EfF
KEFFERETHD ., RITDHETESHERTIT AN,

911
502 [ 409
IN P|
495 416
345 ] 150 157 259
N 7l N 7l
422 73 10 406
306 ] 116 39 | 34 7 13 150 | 256
N P [N P
394 28 35 371
296 | 98 10 ] 18 24 | 11 126 | 245
N P] [N P
392 2 3 368
295 ] 97 1 ] 1 2 |1 124 | 244
911
Overall 502 | 409
accuracy IN Pl
440 471
328 [ 112 0.686 174 ] 297

Fig. 4 Result of the combination model of SVM and decision tree

3.25 MEEREEZRIANLREARE SVM OEAEHEICE ST

KW TRT LT 2 IRFH OB OFE A T — 2 301 - B 2 O 77 B
NEDLOHTEL, MPFOT — 208305 0EL->THWDS, TOLI BHAICIE. 2RoT—
2 OEMPHIREOZEL TE ., Bith - BHEOSIRINLIC 5 2 W HEO VRIS E 220,
RN RE ST 2R H 5, LA L. Fig. 4 D &S BREARTIE. —H. Bk
BBV EHE SN WEIE, ThD%, BiEsh s /itbrikn,

ZITRIZ, ZO&S BRPUSFRISHAL TPHET L 2B L D LT 572012,
AHE (FP R FN) Sh7z2)b — 7% fEc 20, WhITHEETEIE 2 it A7z SVM
EPERIRIZHAG DR 2ET L2 MG L7z, $&b5, Fig.4 ® 2 EtHD SVM T -
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Batk g Sz — TR & & LD TN 2 A Th 5, ZDORHE. Fig. 5 1R
FEIS, PN A 4O RS L, Zh U EOFRRIATE R WREIC K572, ZO%E
FIZ & B IRAAEFIE. TP 43311, FP 23165, TN 73337, FN 2898 £ % 1), FN O ¥
BB TFL, MAEMEL 720% &5 >72. ZThETOHEOHTIEIRED THIK
WARONZE 00, FIERRBORA v HETHITFEE LTOIRED £ 2meE T& 514
BETIE R,

N P
495
345 157 ] 259
N P N P
422 10
306 ] 116 713
432 479
313 [ 119 [ 189 [ 290
N P N P
399 60
300 99 47 1 13
459 452
347112 155 [ 297
N P N P
441 0
340 ] 101 0] o
441 470
340 [ 101 162 ] 308
N P N P
435 | 6 ] 0
337] 98 0] o
435 476
337 ] 98 | 165 [ 311
N P N P
[ 0 ] [ 0 ]
[337] 98 ] [ 0T 0] [ 0T 0]
Overall

accuracy N P
[337] 98 | 0.720

Fig. 5 Result of the combination model of SVM and repéchage decision tree
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3.2.6 [EEEFEICHT 5 SVM OEFIHEAEHEICK B TFE

INFEFTOSFHOET L TIIME TE DR/RNEHONLEL 572D T, K EMEREO T
HEF L AT S22, ZALDEFLOERBEOREAZR Lz, TVH v T
H (X)) RWEARD LS IZT - a4 2Rk % 5L TRITL T3, H—0 SVM T
FTEHEFLERELVERAEONZEIE. ZRETOETFIVIZE T BB 7%
F— A REEICRBORMA D ZEELZONS, Thbb, ZhEDEFLOLIIZT—
S BEMIIC 3 EIS 5 0TIk a < RITR ROV A 6 7 v HERE I B X BT
U, fEBNCRTd 2 Z &ic & 0 PR Om Ea s h s,

i, RH VR CACEWE O RE L ORI ER B H B Z LW S Itk 5
TW5, Jok, BB %A 3 5 [AliEA % xR & § % Hansch-Fujita © QSAR ' 77
FBET I V& —BOERETEREDOR T TR EZENTE 20320720 TH 5,
L7zhio Ty RH VBRSSO CaWE A 5 L. RN T ¢ = AU EigE o pille
FLEMETZZMEERD S, LA L, ZhETISRY VR HIH L O3 LE0E
D TH B0, Tho DOEHHEE TSN TSRO RO ELFEWE & 55T 5
ZEIARTHETH B,

Z ZC. RUCE S 2 B RRE TR Y EERRIC Th 5 LIEL., 34 v M4
FREETTHITE 5 &9 AEEEREZRER L. 2h 2 il SVM T F#l U 728558 & filA
OB TCEWEDORT VA THT 2 ETFTLERG L7z, ZD720I12% ¥, Dragon it
F DN TRFRDER A % A 5 2L E D% % A &~ >~ b ¥ % Functional Group Counts
EHWT, M4 DORREOWER % HEI L 72, ZOHER % Table 8 12/8d ., —fkiz, 1L
PV O RSE T IAETRE GEHY) 20T, £ < OWEIZ%S & DRERIZE L To
%, Table 8 1351} 3 BIAIBEARDOYIE DA EE 1,490 135 MO MM N LPIE K 911 D 1.6 £5
Thb, 2O &, SFWEIZ AL T L6 OB E A G T2 L 2R LT3,
7272 L. Table 8 DFFHIFRIRALAKT LT RALKZED 2 FED AZPEAMMAYIZELE L 725, Hif
FREIRNVEY, RUVEL VE BHFRELE=L, T sauzFL Uy EOoNnThE
AN D DL ENIPERICH LT, PHETLORENEL A5 Z LMK L7272
WTHb,

WIZ, Table 8 IZ/R L 72iB 3 ME DR 2 6 78 4 ¥ M & EiEE TPRlT & % & 5 AEIEE
BT LTz, TOBE RREOBESME LT, EMBELHEEED 2 8 E2#%E L, %
IZEDES ETPHMETLTE, T— 2P ERVEETLOIEMEBLA L5508, sEfddE
(robustness) 2ME F L., WIZF — 2 BB L0 E T F O E4 58, FEEAME
%, 2 Z TR 80% LU & ME B 50 ~ 150 FEFE % H U AR AR Ol 2 R L 7=,
EfREO HEEA 80% & L7z BRHNE. JEREARICH T 2 BEFOFR A VT HIE T L O
FEENT0%FEETHHN1HTH 5,

ZDEKHIZL T Table 91R T 23 D RRAZHETE L7z, ROMEIL. T b DOFRE
KEEDLSITHABDE DI TH S, (LFWEOIR G ZIEPA 2 DT, A%k %
A (BHR) IZHAADE S 2. WHNSHAG DY S5 T. PHIE T IL ORI 2 E R
NEESTL2LeEAON%, 22T, BHIMAGDEEREI L. §4bbB. Fig
61ZRT K IIT. F9 Step 1IZHBWT, FEE L 7z 23 T [RIEAR Z LI EHIC SVM fi by
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PO, ZOH» 5 EMRREESO ArHC 28I L2824, ThiagdRikk 54 Yrgic
DT 87.0% D IEMFER A 157=, WIZ Step 2 1230 T, FR D @ 857 WIEIZ DWW Il U#fE %
03 U, Ketone % &3 EINER 58 B IZ DWW TIEMRR 86.2% %1572, LI L O#AF%2 4
ENEL BB ETHDE L, ZOME, Fig. 6 12T & 512, 17 BROEH I % #8103
FZ T, BT ROEEWE O A EhA»D SYM TTHITE 3 EF )L &R T X
7z WAZEXD Others & & 18 FOD[RIEA RO VHIFERIZXIOL TR $ L5112, TP =
328, FP=95. TN =407, FN=81 L& 1. 80.7% DA IEMENHF S5 Iz,

ZD80.7% &S IEBRIZINETHOSHOEFTLORME L D KIEIZm ELTHD, Z
DET VT L ZZ[AGREZ & A@NC T 2 AP ENTH B Z L 2R L T0W5, &
7o, MECPAR SR H VTR T L OMRE (9 70%) 2323 »IEETE3DTH
0. XHIZHHE FN QR 2 b TERWO T, EEBRRBEOR T v Pl Tk L
TIRIETZ3MBETH B,

L2 L, ZOEFIMCEHEEEO S CHMER S %, $/abb, Fig. 6 1287 18 FiOD[H
RAAD AT, Step 8 M Amide ¢ 28 ¥'E. Step 10 ® AliAmine ® 26 WE %D & 5 12¥E
KOV ENEDOBEODPEAT D, Zh 6 OFEROYIE $E Table 8 1277 WE K
(Amide 13 47 ', AliAmine (3 61 ¥1'E) & WARTKIEIZD 02, ZHIEZH 6 DK
K2 Z NLIBT OB Tl XN WE B SN0 Th 5, ZNbDRIEEROWERE. |
SLODIR IR E FHED N, AR DPIE L 50 ~ 150 FREIZIERE M LT sy (B K
50 LU F OEEAR M & L 8AFTE) 25, EFALEROFHIERN o 7= 812 E i 80%
D EOHAEABILL 20T, B I5%28 51572, ZTO XS BB 5 OIERK
BETOTF — 2 OBNHRIZ LD ERERKRELSEHL, EFLEROHEE KT X4
AR D B,

Table 8. Atom and functional group count descriptors, numbers of chemicals containing those atoms or
functional groups, and statistical significance for positive/negative ratios

Atom and Functional .

Group Count Descriptors NT NP NN SS_ Explanation

n135-Triazines 6 3 3 number of 1,3,5-triazines

nAB 530 226 304 number of aromatic bonds

nArC=N 8 2 6 number of imines (aromatic)

nArCHO 2 1 1 number of aldehydes (aromatic)

nArCL 90 39 51 number of chlorine atoms on aromatic ring
nArCO 27 11 16 number of ketones (aromatic)
nArCONH2 4 1 3 number of primary amides (aromatic)
nArCONHR 7 3 4 number of secondary amides (aromatic)
nArCOOH 10 0 10 —— number of carboxylic acids (aromatic)
nArCOOR 17 5 12 number of esters (aromatic)

nArNCO 4 2 2 number of isocyanates (aromatic)
nArNH2 99 48 51 number of primary amines (aromatic)
nArNHR 16 5 11 number of secondary amines (aromatic)
nArNNOx 2 1 1 number of N-nitroso groups (aromatic)
nArNO 2 0 2 number of nitroso groups (aromatic)
nArNO2 86 40 46 number of nitro groups (aromatic)
nArNR2 24 11 13 number of tertiary amines (aromatic)
nArOCON 8 3 5 number of (thio-) carbamates (aromatic)
nArOH 66 25 41 number of aromatic hydroxyls (aromatic)
nArOR 80 40 40 number of ethers (aromatic)

nArX 98 43 55 number of X on aromatic ring

nAT 911 409 502 number of atoms

nAziridines 12 4 8 number of aziridines
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Table 8. (continued) Atom and functional group count descriptors, numbers of chemicals containing those
atoms or functional groups, and statistical significance for positive/negative ratios

Atom and Functional

Group Count Descriptors NT NP NN S5 Explanation

nBM 798 354 444 number of multiple bonds

nBnz 476 202 274 number of benzene-like rings

nBO 911 409 502 number of non-H bonds

nBR 29 14 15 number of bromine atoms

nBT 911 409 502 number of bonds

nC 908 408 500 number of carbon atoms

nC(=N)N2 6 1 5 number of guanidine derivatives
nC=N-N< 11 5 6 number of hydrazones

nCar 530 226 304 number of aromatic C(sp2)

nCh- 475 201 274 number of substituted benzene C(sp2)
nCbH 467 196 271 number of unsubstituted benzene C(sp2)
nCconj 190 70 120 —- number of non-aromatic conjugated C(sp2)
nCconjX 13 5 8 number of X on exo-conjugated C
nCH2RX 56 38 18 ++ number of CH2RX

nCHR2X 9 5 4 number of CHR2X

nCHRX2 15 9 6 number of CHRX2

nCIC 665 291 374 number of rings

nCIR 665 291 374 number of circuits

nCL 231 121 110  ++ number of chlorine atoms

nCONN 47 24 23 number of urea (-thio) derivatives
nCp 466 201 265 number of terminal primary C(sp3)
nCq 44 16 28 number of total quaternary C(sp3)
nCR2X2 2 1 1 number of CR2X2

nCR3X 2 0 2 number of CR3X

nCrq 30 12 18 number of ring quaternary C(sp3)
nCrs 145 75 70 number of ring secondary C(sp3)
nCrt 76 37 39 number of ring tertiary C(sp3)

nCRX3 27 12 15 number of CRX3

nCs 283 132 151 number of total secondary C(sp3)

nCt 103 46 57 number of total tertiary C(sp3)

nCXr 16 12 4 ++ number of X on ring C(sp3)

nCXr= 14 7 7 number of X on ring C(sp2)

nDB 577 249 328 number of double bonds

nF 22 7 15 number of fluorine atoms

nFuranes 24 11 13 number of furanes

nH 88 396 490 number of hydrogen atoms

nHAcc 764 333 431 number of acceptor atoms for H-bonds (N,O,F)
nHBonds 104 38 66 number of intramolecular H-bonds (with N,O,F)
nHDon 408 171 237 number of donor atoms for H-bonds (N and O)
nl 3 1 2 number of iodine atoms

nlmidazoles 20 10 10 number of imidazoles

nlsoxazoles 2 0 2 number of isoxazoles

nN 491 227 264 number of nitrogen atoms

nN(CO)2 16 8 8 number of imides (-thio)

nN+ 111 53 58 number of positively charged N
nN=C-N< 4 2 2 number of amidine derivatives

nN=N 22 9 13 number of N azo-derivatives

nN-N 19 10 9 number of N hydrazines

nNq 4 1 3 number of quaternary N

nO 610 256 354 number of oxygen atoms

n0(C=0)2 4 0 4 number of anhydrides (-thio)

nOHp 42 13 29 number of primary alcohols

nOHs 34 12 22 number of secondary alcohols

nOHt 22 9 13 number of tertiary alcohols
nOxiranes 29 17 12 number of oxiranes

nOxolanes 6 1 5 number of oxolanes

nP 55 11 44 —— number of phosphorous atoms
nP(=0)02R 7 0 7 —— number of phosphonates (thio-)

nPO4 36 7 29 —— number of phosphates/thiophosphates
nPyrazines 6 2 4 number of pyrazines

nPyridines 32 17 15 number of pyridines

nPyrimidines 7 1 6 number of pyrimidines

nPyrroles 8 5 3 number of pyrroles

nPyrrolidines 10 5 5 number of pyrrolidines
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Table 8. (continued) Atom and functional group count descriptors, numbers of chemicals containing those
atoms or functional groups, and statistical significance for positive/negative ratios

Atom and Functional

Group Count Descriptors NT NP NN S8 Explanation

nR#C- 5 5 0 ++ number of non-terminal C(sp)
nR#CH/X 5 5 0 ++ number of terminal C(sp)

nR=CHX 10 7 3 number of R=CHX

nR=Cp 59 34 25 ++ number of terminal primary C(sp2)
nR=CRX 7 5 2 number of R=CRX

nR=Cs 133 55 78 number of aliphatic secondary C(sp2)
nR=Ct 58 21 37 number of aliphatic tertiary C(sp2)
nR=CX2 10 7 3 number of R=CX2

nR0O3 49 21 28 number of 3-membered rings

nR04 7 4 3 number of 4-membered rings

nR05 173 81 92 number of 5-membered rings

nR06 592 256 336 number of 6membered rings

nRO7 21 6 15 number of 7-membered rings

nR0O8 21 12 9 number of 8membered rings

nR0O9 104 52 52 number of 9-membered rings

nR10 172 74 98 number of 10-membered rings

nR11 27 9 18 number of 11-membered rings

nR12 31 14 17 number of 12-membered rings
nRC=N 1 0 1 number of imines (aliphatic)

nRCHO 15 8 7 number of aldehydes (aliphatic)

nRCL 149 86 63 ++ number of chlorine atoms (aliphatic)
nRCN 12 2 10 —— number of nitriles (aliphatic)

nRCNO 3 1 2 number of oximes (aliphatic)

nRCO 36 16 20 number of ketones (aliphatic)
nRCONH2 5 3 2 number of primary amides (aliphatic)
nRCONHR 18 7 11 number of secondary amides (aliphatic)
nRCONR2 14 4 10 number of tertiary amides (aliphatic)
nRCOOH 36 14 22 number of carboxylic acids (aliphatic)
nRCOOR 69 22 47 —— number of esters (aliphatic)

nRNH2 18 6 12 number of primary amines (aliphatic)
nRNHO 2 1 1 number of hydroxylamines (aliphatic)
nRNHR 16 4 12 number of secondary amines (aliphatic)
nRNNOx 28 22 6 ++ number of N-nitroso groups (aliphatic)
nRNO2 6 3 3 number of nitro groups (aliphatic)
nRNR2 31 12 19 number of tertiary amines (aliphatic)
nROCON 16 9 7 number of (thio-) carbamates (aliphatic)
nROH 134 44 90 —— number of hydroxyl groups (aliphatic)
nROR 80 42 38 number of ethers (aliphatic)

nRSR 18 3 15 —— number of sulfides

nRSSR 2 0 2 number of disulfides

nRX 172 100 72 ++ number of halogen atoms (aliphatic)
nS 110 41 69 number of sulfur atoms

nS(=0)2 4 1 3 number of sulfones

nSK 911 409 502 number of non-H atoms

nSO 3 0 3 number of sulfoxides

nSO2 3 2 1 number of sulfites (thio-/dithio-)
nSO2N 16 5 11 number of sulfonamides (thio-/dithio-)
nSO3 8 7 1 ++ number of sulfonates (thio-/dithio-)
nSO4 3 3 0 number of sulfates (thio-/dithio-)

nTB 19 8 11 number of triple bonds

nThiazoles 6 3 3 number of thiazoles

nTriazoles 4 2 2 number of triazoles

nX 261 138 123  ++ number of halogen atoms

ArHC 54 18 36

XHC 85 55 30 ++

NT : Number of chemicals. NP : Number of positives. NN : Number of negatives.

SS: Statistic significance for P/N ratio. + + : positive rich, ——: negative rich.

According to the statistics theory, if the ratio of positives in a group is greater than p0O+pl, the group is judged
as significantly positive rich at the significance level of 0.05 as compared with the whole ensemble, where
pO is the ratio of positives in the whole ensemble, given in this case by p0=409/911=0.449, and p1 is given by
p1=1.96*[(409/911)*(502/911) /n]1/2 =0.975/n1/2 where n is the size of the group.

ArHC : Aromatic hydrocarbons counted as nCar>0 and nN=nO=nP=nS=nX=0.

XHC : Halohydrocarbons counted as nX>0 and nN=nO=nP=nS=0.

Note that many chemicals belonging to groups except ArHC and XHC also contain other functional groups.
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Table 9. Selected substructure groups and their conditions for Dragon descriptors

Substructure Group

Condition for Dragon Descriptors

Aldehydes

Amides

Amines

Aromatic Hydrocarbons
Carbamates

Carboxylic Acids
Chlorine Compounds
Esters

Ethers

Halogen Compounds
Halohydrocarbons
Hydroxyl Derivatives
Imines

Ketones

N Azo-derivatives

N Hydrazines
N-containing Heteroaromatics

Nitro Compounds
Nitroso Compounds
N-Nitroso Compounds
Phosphorous Compounds
Sulfur Compounds

Urea Derivatives

nArCHO, nRCHO > 0

nArCONH2, nArCONHR, nArCONR2, nRCONH2, nRCONHR, nRCONRZ2 > 0
nArNH2, nArNHR, nArNR2, nRNH2, nRNHR, nRNR2 > 0
nN=nO=nP=nS=nX=0 & nCar > 0

nArOCON, nROCON > 0

nArCOOH, nRCOOH > 0

nArCL, nRCL > 0

nArCOOR, nRCOOR > 0

nArOR, nROR > 0

nArX, nRX > 0

nN=nO=nP=nS=0 & nX > 0

nArOH, nROH > 0

nArC=N, nRC=N > 0

nArCO, nRCO > 0

nN=N >0

nN-N >0

nl35-Triazines, nlmidazoles, nlsoxazoles, nPyrazines, nPyridines,
nPyrimidines, nPyrroles, nPyrrolidines, nThiazoles, nTriazoles > 0
nArNO2, nRNO2 > 0

nArNO, nRNO > 0

nArNNOx, nRNNOx > 0

nP>0

nS>0

nCONN > 0
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Fig. 6 Result of the serial combination model of SVMs for congeneric chemicals
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Fig. 6 (continued) Result of the serial combination model of SVMs for congeneric chemicals

3.2.7 FEIEEICHT 5 SVM DAEFIHEAEHEIC K B TFE

FIGERE EHCHAG DY ZETFLIIEVIEMENME SN DD, EFLOGHEED
MTCHEN S B Z EAHIHL 2z, 2 2 TRIC, RIEEOWHAGHEHEEBRET L, B
LAY E NIz, ZOWHFAA DRI, THIL 2 b2 E 2 & S ARG
T % SVM O VHIFERO LK Tt - BEMEEHIET 2 HETH S, Laen->T, EDX
5 AR AR ET 20 NEEIC A S, 72T, HHHASHDEEOLA LR U i
%%, Table 9 (278§ 23 FDEBHIREE 12 DO T EIRA % ZBIERIT L 72, 7 DFER.,
Table 10 (Z/89 20 FEO AR A ZEE UL, T2 TRITNRE L-2WErE&EEhs T
TILENET SN TE I, EOPOREERTIE2 DKV IEMRRIZL 72800, 4
[RIRIR TON- IR 79.8% &2 0. HIED 80% 11T EE T X 7z, Table 10 IZIEAER
HDEEEIZONTDIEMREE R L 7=,

7272 L. ZOIEMRIISFERAIZ OO TOMRFD SVM DIEREEFE LD THD |
LZEWE 2 & O PRI & 5 L 72 B Cld sy, Z 2T, Table 10 O FHIKRE A 6 %
L2EE 2 L1234 A AR O PHE O 250z L o Btk - Btk A fe L. 2 icxt
THIERRERM Lz, Z OB M ERAEOEMER T, Zh 6 O PRI RABE - &
PR OBAZIEREAE 05 & 7 v b ULz, ZOMER, 2WE 911 I 2 PHlksHR
13 TP = 313.5. FP=90.5. TN =411.5. FN =955 &7 0. Ef#R 79.6% &5 fER1E S
Niz, ZOEMEL, BEOTHETLORERE X DIES,2I0m< . 2, 3RHE FN
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ORGP DIEL . BIMEBRRBEORT VU TPHIT®RE LT3 oattiEcd 5, 1Y)
HABDEEDIEMRE 80.7% & D IZETH % & DD, [FFEERP THWE A R & DB
BEN-—tay - =tay - = baZ—TDMWETHY., £ [ARIKOEEWE K
. EHET LD 506 MBS LT, ZOWHETILTIE 44WETH D, Lzh-> T,
FEIEPED I TIX Z DS FAHZ B IR TN S,

Z DIETFRANEFI A G DY E T2 E OFREIAFFHOL B DFE A 1% EkiE T T
HATBETH % 22D THET L 7285 % Table 111289, ZDFKIZIE, ZOETFT LTI
U7z 20 FEDARIK 7 0 — T2 T 2B DIAN D AR §T 8D & LT, RFEKE S
Tk KO FEOHEBEREOR/ME. A, FEVRENR TS, WFhD s L —
FIZBWTHIARBDILEIE S EENTNDE Z En 5, ZOIHE FILAIATIH DL
WWEDRAT & ERE TPHRETH 5 Litllsh b, Lzh->T, Stk BH D

Table 10. Result of the parallel combination model of SVMs for congeneric chemicals

Adopted Substructure Group NC NP NN TP TN OA

Amides & Carbamates 71 30 41 22 31 0.746
Amines & Imines (Aliphatic) 62 20 42 11 39 0.806
Amines & Imines (Aromatic) 141 64 77 35 68 0.730
Carboxylic Acids 46 14 32 8 28 0.783
Esters 85 26 59 19 54 0.859
Ethers (Aliphatic) 80 42 38 36 31 0.838
Ethers (Aromatic) 80 40 40 35 28 0.788
Hydroxyl Derivatives (Aliphatic) 134 44 90 26 79 0.784
Hydroxyl Derivatives (Aromatic) 66 25 41 18 34 0.788
Ketones 58 24 34 18 32 0.862
N-containing Heteroaromatics 88 37 51 34 41 0.852
N Hydrazines & N Azo-derivatives 41 19 22 15 15 0.732
Nitro, Nitroso & N-Nitroso Compounds (Aliphatic) 34 25 9 20 6 0.765
Nitro, Nitroso & N-Nitroso Compounds (Aromatic) 89 41 48 31 32 0.708
Phosphorous Compounds 55 11 44 6 41 0.855
Sulfur Compounds 110 41 69 26 62 0.800
Urea Derivatives 47 24 23 21 19 0.851
Aromatic Hydrocarbons 54 18 36 16 31 0.870
Halohydrocarbons 85 55 30 53 18 0.835
Others 62 26 36 20 29 0.790
Total 1488 626 862 470 718  0.798
Unadopted Substructure Group NC NP NN TP TN AC

Aldehydes & Ketones 74 33 41 24 30 0.730
Amides 47 18 29 10 10 0.617
Amides, Carbamates & Urea Derivatives 117 54 63 41 46 0.744
Amines 193 82 111 40 91 0.679
Aliphatic Amines 61 20 41 9 37 0.754
Aromatic Amines 134 63 71 38 56 0.701
Chlorine Compounds 231 121 110 88 77 0.714
Aliphatic Chlorine Compounds 149 86 63 75 43 0.792
Aromatic Chlorine Compounds 90 39 51 24 35 0.656
Ethers 148 72 76 54 49 0.696
Aliphatic Halogen Compounds 172 100 72 82 48 0.756
Aromatic Halogen Compounds 98 43 55 28 38 0.673
Hydroxyl Derivatives 184 61 123 30 111 0.766
Nitro Compounds 92 43 49 32 32 0.696
Aromatic Nitro Compounds 86 40 46 28 31 0.686
N-Nitroso, Nitroso & Nitro Compounds 123 66 57 55 28 0.675

NC : Number of chemicals. NP : Number of positive chemicals. NN : Number of negative chemicals.
TP : Number of true positive chemicals. TN : Number of true negative chemicals. OA : Overall accuracy.
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Table 11. Minimal, maximal, and mean values of numbers of carbon atoms, molecular weights, and
correlation coefficients between descriptors to illustrate diversities of chemicals containg
adopted substructure groups

Number of C atoms  Molecular Weight Correlation Coefficient

Adopted Substructure Group NC Min Max Mean Min Max Mean Min Max Mean
Amides & Carbamates 71 2 32 112 59.1 629.5 245.7 0.108 1.000 0.750
Amines & Imines (Aliphatic) 62 1 33 125 431 6088 261.3 0.252 1.000 0.745
Amines & Imines (Aromatic) 141 2 42 11.7 841 8409 2241 0.505 1.000 0.834
Carboxylic Acids 46 2 24 9.4 721 4545 2248 0.214 1.000 0.687
Esters 8 3 42 150 721 788.7 289.0 0.099 0.999 0.718
Ethers (Aliphatic) 80 2 33 109 441 656.7 243.6 -0.036 1.000 0.704
Ethers (Aromatic) 80 5 33 152 1232 959.1 3114 0274 0.998 0.777
Hydroxyl Derivatives (Aliphatic) 134 1 35 11.0 46.1 656.7 2424 0.198 1.000 0.733
Hydroxyl Derivatives (Aromatic) 66 6 32 144 941 8409 2753 0.231 1.000 0.771
Ketones 58 3 35 163 581 646.7 301.0 0.409 0.999 0.867
N-containing Heteroaromatics 88 2 33 109 79.1 608.8 230.6 0.234 1.000 0.736
N Hydrazines & N Azo-derivatives 41 0 32 132 321 8409 2487 -0.496 0.998 0.711
Nitro, Nitroso & N-Nitroso

Compounds (Aliphatic) 4 1 10 48 61.1 313.7 1456 0.561 0.994 0.867
Nitro, Nitroso & N-Nitroso

Compounds (Aromatic) 89 3 24 101 123.1 4875 231.1 0484 1.000 0.803
Phosphorous Compounds 55 2 24 89 110.1 697.6 284.5 0.353 1.000 0.664
Sulfur Compounds 110 1 32 9.0 60.1 8409 2504 -0.117 0.992 0.594
Urea Derivatives 47 1 15 81 76.1 376.7 211.2 0.450 0.995 0.778
Aromatic Hydrocarbons 54 6 28 172 781 3524 219.0 0.178 1.000 0.735
Halohydrocarbons 8 1 18 41 461 943.1 187.8 0.089 1.000 0.666
Others 62 0 24 55 281 4131 129.0 -0.141 1.000 0.572

NC : Number of chemicals

3.3 E%
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meEZONS, Fig. 7TIInd, BAVMF— & Lidbh 1 & OMHBREDO 5 4in» 6 &, [\
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EEZOND, THITHLU T, AEKREZMASDE S ETLTEO PRS2
L1, Table 13 12§ & S IR RIEIAZ L1284 v PN E D & ild F 28 FEL T 5
ZENOHETES,
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A O DT Tld e, Table 10 1278 L 723641 € 7L O[] KO IERE O #5H 4 [ 5
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#HRMDOE % 7 — T & DA HRA D BRI E L A 572, £/2. 2070 —
TUNTE, BHEHET I V-4 3V (EMRET3.0%. N 5V -N7UHEEK (73.2%) .
T3IFR =3 A— 1 (746%) FDOIL—TR, AMEHO7 I F (61.7%) . N-=hrav -
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D EBIEOKENEZ 6D, Thbb, BHET I VRAETEKR= b v HOHFIHFL
ATIE, FERICOOWAMMOBERIIZ XD 7 I 7 #= F uikoBE FIREN K E S ZL
L. THHFEA VBRI L €. R A VBN - BBMEOWRA L U 2R H 5, L
L. ZZCH\/= Dragon it 7123 2D & 5 B THIPRAE TR 2 E&ETh Tk
W7z, IRWIERRIZ S > - Ll I D, EREFILATIZ D0 TR MO RILO vl HEME:
NEILEND,

ZDEI BHGFT I — T DB Table S DAER NP S ERB I LA TE S, ZTDFEITIT,
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IhTwb, ZOBME BEEOWERO B OWTHAINICHENE S . Thbb,
877V k& 7 SR E AETIZ SV EHE T E 2008 9 2 OFERN SS OMIR &
T, ZOMT++il52d 58 DITATEAUE 95% THMEWE 2 2 &8 S 7268
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Table 12. Summary of the overall accuracies for seven models treated in this study

Model TP FP TN FN OA

Batch model 341 258 133 369 151 0.688
Combination model of SVM and AdaBoost 342 259 163 339 150  0.656
Combination model of SVM and revised bagging 343 268 141 361 141 0.690
Combination model of SVM and decision tree 344 297 174 328 112 0.686
Combination model of SVM and repéchage decision tree 345 311 165 337 98 0.720
Serial combination model of SVMs for congeners 346 328 95 407 81 0.807

Parallel combination model of SVMs for congeners 347 3135 90.5 4115 955 0.796
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Table 13. Correlation coefficients between carcinogenicities and selected descriptors used

Substructures G2 SPAM  HOMT MAXDP G(0.Cl) MATS2v CIC1 FDI N-072
All Chemicals -0.182  0.144 0162 -0.123 -0.006  0.014 -0.025 0.164 -0.026
Amides & Carbamates 0296 0382 0172 0160 0.012 -0.075 -0.228 0273 -0.112
Amines & Imines (Aliphatic) -0.181  0.144 0.416 0.068 0234 -0.018 -0.030 0352 -0.019
Amines & Imines (Aromatic) 0.155 0131 0109 -0.333 -0.078 -0.083  0.160 0.206 -0.181
Carboxylic Acids -0.164 0379 0243 -0.115 0.487 -0.074 -0.040 0406 -0.017
Esters -0.042  0.003 0.047 0111 -0.153 -0.371 0.003 0.193  0.031
Ethers (Aliphatic) 0.113 0146  0.095 -0.019 -0.008 -0.149 -0.354 -0.023  0.148
Ethers (Aromatic) 0298 0153 0.437 -0.015 0011 0000 -0.164 0398 -0.116

Hydroxyl Derivatives (Aliphatic) 0.073 0123 0246 0.080 0.185  0.050 0.044 0.395 -0.018
Hydroxyl Derivatives (Aromatic) -0.025 0.120 0.280 0.196 0.062 0.197 0.334  0.603 -0.210

Ketones -0.357  -0.021 0489 0.181 -0.070 0.236 0.266 0.570 -0.223
N Hydrazines & N Azo-derivatives -0.128  0.038  0.009 -0473 -0.214 -0.312 -0.050 -0.176 -0.527
N-containing Heteroaromatics -0.236 0.208 0428 -0.052 -0.115 -0.009 0.104 0.388  -0.030
Nitro, Nitroso & N-Nitroso

Compounds (Aliphatic) -0.181  0.155 -0.159  0.072  0.098 0.028 0.207  0.197  0.265
Nitro, Nitroso & N-Nitroso

Compounds (Aromatic) -0.247  0.126 0365 0.122 -0.013 0.161 0.115 0.398  0.023
Phosphorous Compounds -0.031  0.018 0.183 0.070 0.019 0234 0010 0.026 0.102
Sulfur Compounds -0.253  0.361  0.179 -0.031 -0.017 -0.002 -0.083 0.362 -0.118
Urea Derivatives -0.406 0.237 0.175 0.097 0339 -0.024 -0.173 0.351  -0.169
Aromatic Hydrocarbons 0.141 -0.023 -0.048 0.136 nu 0.000 0.280 -0.182 nu
Halohydrocarbons 0.071 -0.208 0.026 -0.203 nu 0189 0.169 -0.182 nu
Others -0.074 0.037  -0.090 0.030 0.100 -0.106 -0.162  -0.109 0.025
Substructures HOMA nRCOOH nCH2RX t?gggo GATSIm IC1  F083 BELmS

All Chemicals 0175 -0.006 0.28 -0.076 -0.004 -0.096 -0.056 -0.076

Amides & Carbamates 0.086 -0.052  0.016 0.004 0177  0.042 nu 0.171

Amines & Imines (Aliphatic) 0.367  0.073 0321  0.079 -0.070  0.092 nu 0.096

Amines & Imines (Aromatic) 0.212 0.024 0.058 0.093 0.010 -0.189 0.060 0.070
Carboxylic Acids 0324 0424 0327 0.065 -0.058  0.052 nu -0.008

Esters 0.126  0.227 -0.143 0.036 0.101 0.138 -0.075  0.124

Ethers (Aliphatic) -0.005 -0.175 -0.025 -0.008 -0.020 0.065 -0.123 -0.075

Ethers (Aromatic) 0416  0.078 0.082 -0.075 0159 0.184  0.072 -0.044

Hydroxyl Derivatives (Aliphatic) 0287 0120 0226 0.094 0.065 0.107 nu 0.110
Hydroxyl Derivatives (Aromatic) 0.586  0.082 nu 0.070  0.146  -0.005 nu 0.287

Ketones 0.534 -0.186 -0.203 0.178 -0.211 -0.055 nu 0.195
N Hydrazines & N Azo-derivatives -0.013  -0.027 nu -0.278 0.058 -0.376 nu -0.387
N-containing Heteroaromatics 0432 -0.237 nu -0.174  0.123  -0.002 nu 0.123
Nitro, Nitroso & N-Nitroso

Compounds (Aliphatic) -0.183 -0.450 0.181 -0.105 -0.113  -0.147 nu 0.049
Nitro, Nitroso & N-Nitroso

Compounds (Aromatic) 0.401 nu nu 0.078 -0.022 -0.026 0.108 0.100
Phosphorous Compounds 0.127 -0.074 0.461 -0.400 -0.026 -0.164 nu -0.291
Sulfur Compounds 0.381  -0.102 0.199 -0.419 0.188 -0.136 0.083  -0.240
Urea Derivatives 0.225 nu 0365 -0.199 -0.500 0.056 -0.133 -0.061
Aromatic Hydrocarbons -0.178 nu nu -0.332 nu -0.472 nu 0.030
Halohydrocarbons 0.050 nu 0.188 nu -0.037  0.001 -0.352 -0.112
Others -0.195 nu 0.049 -0.123 0.073 0.054 0.102 -0.322

Bold number : the highest correlation coefficient in that group. nu : the unused descriptor due to zero count.
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Fig. 7 Histogram of correlation coefficients between carcinogenicities and descriptors in the batch
model and in the parallel model
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