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Pharmacokinetic and metabolic screening plays an important role in the optimization of a lead compound in drug
discovery. Since those screening methods are time-consuming and labor intensive, in silico models would be effective to
select compounds and guide derivatization prior to the screening. We investigated in silico models for permeability in
Caco-2 cells, brain distribution and cytochrome P450 (CYP) inhibition using molecular weight, lipophilicity (clog
D;.4), polar surface area (PSA), and number of rotatable bonds (RB). A variety of test compounds was selected from
different Caco-2 assay projects. The permeability determined exhibited a good correlation with a combination of PSA
and clog D, 4 rather than with PSA alone. In the brain distribution, PSA, in addition to lipophilicity, was one of the de-
terminant parameters, and compounds were significantly distributed to the brain in rats with the decrease in the PSA
value. When this approach was adapted to CYP1A2 inhibition in the fluorometric assay, the inhibitory potential for two
plane core structures was successfully predicted by utilizing number of RB, PSA, and clog D, 4. In particular, an increase
in the number of RB weakened the inhibitory potential due to a loss of the plane structures. These results suggest that the
PSA and RB are key parameters to design chemical structures in terms of the improvement of both membrane permea-
bility in the brain and gastrointestine and CYP1A2 inhibition, respectively.

Key words——in silico; Caco-2 permeability; cytochrome P4501A2 inhibition; polar surface area; rotatable bond; drug
discovery
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THRZENMRESNTHBD, D ZDLDITHEOKIL
HIZDONTNL DNDOEFIVMRBINTWS., [[{
D in silico &5 )VZMWBITIEIC D W T BMETE N
THO, 06 T odE It 2 I & L
BRI BWTEELRFHY =)V &> TV
5., L Lahs, Caco-2 DES @M & FEIC,
MW, PSA ® logP X 5ICIF HB 2 EfE4 D/
A= DNHWSEN, ZHRIZETIVPHEL I N TN
5. ZOHERE L TRELEWE QYR O R
DENET SN, SHICTORRAI > RMELTHERH
TENTA=FIZEDEFIVKOHERNED > T
<BHbDEEZEZLN5.
SGlalbnbN O EY OWME K OFHl R 12 L 72
in silico €5 )V # LT 272, MW, pH7.4 125
BN (clog Dry), RB DK T PSA D4 DD
INT A—4 Z5HE & L C Caco-2 HiJ@ 5% 1tk e 0
M ITEIC D WTHE L=, & 51T cytochrome
P4501A2 (CYP1A2) 239 2 BHENEMEIC D W T
JnZE A, FENT U 7= in silico 57 )L S RB O D
WM hbbs 7L F T IV EREDE AN
CYPIA2 OHFEEEZ K TSI B I L2 5MIC
L7
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1. RE HuiHdEZ3 r /<7 )VRUyF
(Tokyo, Japan), FIJYEHi%k T3 (Osaka, Japan)
X3 F A Z4 (Kyoto, Japan) nNHS5HEAL Z. 3-
cyano 7-ethoxycoumarin (CEC) %7 7 a3 (Tokyo,
Japan) /n5, UarbESF 2k CYPIA2 (NFo O
TAIVAR) BB (L EES (Tokyo, Japan) 7n
S5ENZTIEAL .

2. Caco-2 BHERFZAMHAER  Caco-2 B
%3843 5413 3212 Biomek 2000 (Beckman Coulter,
Tokyo, Japan) 7% F\\T Komura 5 O HEDICLD
Fhi L7z, Ml Z 6.44 X104 cells/cm? DR EIT T
24 T) 7L — ML DB, 37°C, 5% CO,
DEMHETT 14 HEEEL 2. HdBbaYz BkiE
EN20uM 12725 X 512 DMSO Bk (RKIEE
0.5%LAR) 1TC apical fll~NifINL 7=, 723, IEE
PAL B DFEAGTIE, 0.1% gelucire 44/14 J T 4%
bovine serum albumin % % #1 % #1 apical fi] & T8
basolateral | \fil A 7=. 37°C 2 T—ERefH 1 > F
aN—3 3 %, basolateral fi] DAL & Wik E %

HPLC £ X3 2 L& /= LC/MS % TH|
L7z, O integrity [ BAMEIIC THER T 2
& & 12, Lucifer Yellow OB BREIT XL D Hkr L
7= (K5X1077cm/s).

3. CYPIA2HEHER (L&MW D CYPIA2[H
EIGMEIFIEE & LT CEC 2 HWT Crepsi 5D Fi%E
WCHELC CHIE L 2.9 100mM U > BE#E# K (pH
7.4) 12, 5um CEC, 2.5pmol/ml CYP1A2 KX
NADPH 4 5%% (3.3 mM glucose-6-phosphate, 1.3
mM NADP+, 3.3 mM MgCl,, 0.4 units/ml glucose-6-
phosphate dehydrogenase) Z &8 D& Kk &
L. dBEEamix 50%hs 710% 7 = hU)L
RN 2—5 mM OJRFE TR S E7=. HEMEZ
Bo570, RBLEmE 6 VT TL—hET3
SO1IDDHERL 8BEE L. 37C, 10 737 L
1>2>FaN—2ar#g YarESF b CYPIA2
J« U NADPH AR Z2MNT 5 2 &Ick D Kbz
PG L7z, 20 31 37°C A > FaxX—2a &, 7
T hZ=bUJL 1 0.1M Tris (80/20, v/v) DIRANT K
DR RZEEI L. CEC O #¥ T % 3-cyano-
7-hydroxycoumarin ® # Y% 71 — U — 4 —
Arvo SX FL (Perkin Elmer, Inc., Wellesley MA) T
HI%E (excitation: 420 nm, emission: 485 nm) L, 50
% DHEZGADIREZ ICs &L Tz,

4. In vivo BHEERER HEPE Wistar 25 v k%
7—10 JHEp I THEE T CTERERICH U 2. BBk ay
% polyethylene glycol 400 : ethanol (9 : 1,v/v) {1
X1 2 mg/ml QRE THEMSE, T—TIVHEET 1
mg/kg O & TRERFFIRN S5 Lz, 10 31205k
BRI THEERENR D BRI L 72D B, KK VI
fdzft U CAMABERTHE L 2. B mikiIA
INU A ZRL 7206, BB KD I z25
fo. WAICTEEIRY P ERREEWR pH 7.4 Z 1A RY O
CHREDF—HF—FEHNWT20%HRED R — MZEH
LU mERIRERE S 2 — bR ObEY &+
PEE L <E7IV AU & T —7 )V 3B T 7
Wi X i, HPLC XX LC/MS Z2HWT
Komura 5 OFEVITHREW I HTER L 72, k-1 4E
MBLR TH % Ry HIZ, HBLEWZ 0.5 31
pug/ml OPRETIMHEIZHML, 15 7pfE, 37°CIZT
A >FaN—a % mMEFREZHELREHL
7=. DA EDOEMEEIC D W TIE/NA )L 3R Lt
eI R B R ORREZ T FEML /2.
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5. MFEY>N7RUCHEEREEHAR MEXD
AE A (K9 B A BRI E L Z W T TS
7. IE X% 20% iR E 2 % — M2 0.5—10 pug/ml
DIREITIR D XD ITHBLEMmZIRIML, 15 77,
37CICCA >Fax—rarlik 20527
=, Fflz2z) w7 TED BN Spectrum®
(Spectrum Laboratories Inc., Rancho Domingnez,
CA) ITIA, &z ED =B EEZHE L /.
SRR O FEFE MR 3 ml BT 37°C, 6 RER 1 > F 2
N— g CERBEEEZAGEL, MiE XX 20 % i
BRED R — bR RORERERPIREZ RO, 0L
X 20%REDHF— M THEONZIEREEERZE 100% 3
EBEDHR—bASEL L

6. fgEM (cLogDr4), PSA RUMEBMREOER
H cLogD; 4 12 DWW TlIZ Pallas (CompuDrug In-
ternational, Inc. South San Francisco, CA) %, RB
DE KR PSA IZDWTIINA TIVFENTHEEL /=
WHALAE)N T A —=F R AT LT N T NHN
THRIHUZ., SEMEEINT A= EPHEINT A—
& OFHEABA{RIZ, Statistica (X% Y 7 h¥ ¥/
SRR &#t, Tokyo, Japan) %MW THGETL 7.

R &EER

R i PE S R S E R P R <BEE L TWa 2
LiFL<HmenTnsg, £Z T Caco-2 Higfk
BT 2EYOFEBEITDNWT, MW, clog D;4,
RB O ¥ 2 O) PSA % B\ /= in silico &5 )| % #i &t
L 7=. Lipinsky 512 & 0 HB D (A% L1 I
BED1IDERDZZEMREINTNS. D £

HB O #; & static PSA ORRIZDOWTHREI L& 2
A BAFISHBE DS 5 3172 2 &2 5 static PSA %
Wb Z &&EL &, 733P static PSA 7Y dynamic
PSA & 14 1 OMBEZ/RT Z EI3RER L /2. Y 24k
TSRS (S T & 2 BB R 2 LT 5 720,
TV AERH (e ROBEY Y UEEK) ©
B-7 0y -2 EDOTHIREEZD 25 DRI > 7=
) — X DFFERN S 7T DG % EIRGAM L 7z
Table 1 IZEABLE DYINEIN T A —F DI ME Kk
VZEOR/NMEERAREEE LD, WTHDINT
A= IZDNTHE/ME ERREOHPHNIL<, &
BAbEYMNRIEIEEETH I EERLTNS,
F/m, BNTA—FETOMBEMNZBRANLZED
%, WINOMAEGHOEIZBWTHHBEMEIZZ LW
ZEMS, £TA4DONNT A= ZEHANTHERME
EOFEMFSTZERATZ. T ORER clog Dyy KX
PSA L L T MW & RB OEOFEEGN/NI WD
EMSRITEZHAWTHNTL Eq. (1) 2172, 20 &
ZOEMNIE & THIEDBRZ Fig. 11TRLUZ.
Log P,,,=—0.0184 PSA+0.0788 clog D;,—3.97
(1)
r=0.850, n=77
Bilt, PSA A3 ORI F O Caco-2 % i D
BEERD ZENMREINTNS, 129 bhbhd
il S PSA M N BVAE DS S i 1 1T BT 5 2
&, 972t PSA OFAITINA THREMEN & < 7%
H5ZEICEKDEZEEENTIET DI EE2/RL TW
5. fFEDODNONMNEBLZ7O02 27 FOHD 1
DB T, PSA A3 130A2 DL F &M Tl

Table 1. Average and Range of Physicochemical Parameters of Compounds Used as Training Set

oore MW clog D, 4 Rotatable bond PSA (A2)
Caco-2 permeability 250 426 1.68 6.9 100.1
(225—727) (—2.82—17.10) (0--20) (26.2—176.0)
BBB permeability A 321 4.05 2.7 46.1
(269—358) (0.11—6.48) (1-6) (20.4—71.1)
B 420 4.36 6.8 82.1
(308—526) (3.42—5.04) G—11) (58.2—128)
A+B 362 4.18 42 61.0
(269—526) (0.11—6.48) (1—11) (20.4—128)
CYP1A2 inhibition C 310 1.39 2.5 86.3
(295—410) (—3.0—4.27) 0—6) (51.7—109.1)
D 362 1.15 3.2 74.8
(270—555) (—0.28—2.64) 2—6) (49.3—115.8)

a) 19 different core structures in in-house projects and marked drugs. The values in the parentheses represent the range of parameters used.



144

Vol. 125 (2005)

1000
: o
@ 1 %9 Oe
€ 100 - A ©
,\0 ] v
"9 ] O
x ]
g 10 4 ) Q
n’ ] 0’ L4
3 8
S o Lo
@ 14 |
) m
0.1 1 10 100 1000

Predicted P, (x 107 cm/s)

Fig. 1. Relationship between Observed and Predicted Perme-
ability Based on QSAR Analysis

Caco-2 ffil it T D% 8 R B NEE R IR FE L T
729 IRt b & 2 @ % O Caco-2 &Ml Brik T
M L 7235 &, apical il TOEWIEMRMEST 1 L
5 —~\DWHE D= DY) sl 5 I 2 &%
5NTW5s. L Lbnbhn 5 EIEEHELEMIC
S UTEH LU=/ TlE, apical f] Jz ) basolateral
HIzFNF1N 0.1% gelucire 44/14 X 4% bovine
serum albumin Z 12 TW3 I &/ 5 EMME K O
ENOHELYRT 2 ZENMREE LD, TORE
& U TGOS 9 2 IR D BN BNz D)
blian, ZoXOFREEREET 2720, HHE
PEDIBMIAEA L 72 D 2 DDORFE# N 3 DD H
HIREBHMN S H7-12 30L& (data set) Z3EIL
FEAMi L 7. Figure 2 1T/ K517, FEHfE & THIE
WIEE 1 1 OMBE#ROE<ICT Oy hah, &
ETFIVADHRAERIIHL THOEHATHS 2 &N
RSNz

KN FEATIEICBE T in silico 5 ) & MiEtT %
7=, ALEWOKNIEE S MKRFIEE SOk (K,
) EWHEINT A—% & DAHBEAMEIC DWW TR L 7=,
K, EIZ#EIRNER G 10 532 ORELN 5RO,
DIERE AN IR S O D AUC M &1 FF—HT % 2
EVIHERE L 7. I BINMNICRET 2 ik 0 Y&
OWIEIXfThRN> 7. £9 2 DOREK (A & B)
IZDWT 4 DOYBALERN T A — & IO FBIME %
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Fig. 2. Comparison of Permeability Observed and Predicted
for Data Set
@: training set, O: data set.

PSA |3 RB O % MW 1Zxf L T RAF2AHBIME 2
AU ZhUZ, Caco-2 EZEEMICH W TLILIC
ES bRV THRELZDIIH L, MBIt
TIIHEEDOLZERENES N TS THAD. £
Z T, clogD;s & PSA ZHWTK, fHIZKL THE
[T Z KL, Eq. (2) XU Fig. 3 2157, 7%
B, WRFESPNEES A ZRT I ENnS, BHE
AR BIZDWT, £NZH indicator I} KU1,
EHRELTIZRATHIEICKOFMEL, 1D
B ZE .

Log K,=—0.0155 PSA +0.241 clog D; 4,+0.243 I,

+0.0539 I,—0.635 )

I,=1; Core structure A, I,=1; Core structure B
r=0.727, n=29

Bo N MR 0.73 RN S 725 D
D, PSA OV K, EIZETL, FREED L
FHTED K, HIEm <72 HmAE 5Nz, WETT
M:12%F LU T, blood brain barrier (BBB) %@ 4120
Z T, RéHAERTS &1 X 512 Tanaka & Mizojiri 73
HLTWD XD ITIMIESY > /N7 GGV 72 & DB
DODHRTVEEL TNEHDEEZALNS. I T,
BEEHE BT D W TR S OViK H D FE % & B i L
(Cy, brain/Cu,bio0a) ZFHWVWTHEILZEZ A, BE
HIZ PSA T U T BB Z R L7z [Eq. 3)
K U\ Fig. 4],
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Fig. 3. Relationship between Observed K, Values and
Predicted K, Values Based on QSAR Analysis

@: core structure A, O: core structure B.
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Fig. 4. Relationship between Observed C, prin/Cy, blood and
Predicted C,, prain/Cu, blood Based on QSAR Analysis

Log (Cy. prain/Cu, blooa) = —0.0299 PSA+1.76 (3)

r=0.947, n=12

Lo 7T, EHEHEBEELOTFHICBNT
PSA NEHE/L)NT XA—F & 2 5, PSA DK TR
ICHEWEEHIZMR L 72, Kelder 512k > THHH
BIU = fE BB I NTHBO, 513 PSA 75 60—
T0A2 NI B T 1T K DALEY DR T I L
EFTHILEERLTNS O bRbNORERIZBN

TH PSA 78 67TA2 D & &2 0.5 DIERS A TIPS
BonTns,

CYP HE G/ EDFEMMAEMEMITY — RMeE
VORBEICBITSHERZRHEHD I DTHD.
Kinase | < DN OEBIT B W THE R E = R
/2L THD, kinase DFHZEXIE L CRIESNZY —
RILEM D2 13D 78< &b 2D —ERIT TS %
Fib, I5ICCYPIA2 IS HHEREMZEZAT S
F—=2ANRED 5N, i3 CYPLA2 O ZEE N
MEEZNS ZEPEHEL TS HDEEZ SN
. L7zN->7T, MERHEIZH W T kinase &
CYPIA2 1T 2 HEE 2 #ET 2 M ENH O,
in silico &5 ) DWELIIHE R 25 2 5 LTl
THEERY I ERDS, DRNOIUILAEMITKER
BEHRIEEEAT S IR D HEEEENMELS 25 2
EWEHBHL, clogDyy UMW (Z/in% PSA < RB
DEIEEDINT A =5 ZHNT CYPIA2 DHEFIZ
X9 % in silico €5 )V ZMEt Uiz, ZOREE, Wk
Bk (CKUOD) TBNWTMW OFSRENS 72
ZEMNS, KD 3DDINT A—F & AWTRIT 21T
Sl &I AR RIFZMHBEBERNEG S N
(Figs. 5 )kUr6). T DOBEE M /2 Egs. () kW
(5) ZLA MR, 728, BEHK DIZHBWT, pyri-
dine BRICE ML AVE A S N7z 85 & & pyridine B A1
bicyclic /2B ICEI S NZHE T, ThEh
Blso-HmERLZ. ZIZT, INHsEHREDOE
BrmEL1DOXELTEHET 5720, &7 —X
12D W T indicator I} TN L, % 3% & U @4 % ik &
7o, BBERDADOT —ZIZDNTIRL KU L IZ
0 2R AL,

Log IC5o=—0.196 clog D;,+0.234 RB

+0.0273 PSA—1.87 4)
r=0.881, n=23

Log ICso = — 0.250 clog D, 4 + 0.330 RB — 0.0173

PSA+0.596 [,+1.171,+0.962 (5)
r=0.809, n=43

I,=1; derivatives with a moiety at pyridine ring,

I,=1; bicyclic derivatives replaced from pyridine

ring,

I, and I,=0; others

Caco-2 Jl55% i 1% K OB ATV CEE /RN T A —
HTHo7 PSAITHREKHEI TR >z b
ATz, —7, WEE#KEDHIT clogD,, ®_EFIZH
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Fig. 5. Relationship between Observed 1Csy and ICs, Predict-

ed from QSAR Analysis for CYP1A2 Inhibition in Project C
(Core Structure C)
@: training set, O: data set.
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I, = 1 analogues having some moieties at
pyridine ring,

mR U? U} ete.,

I, = 1; bicyclic analogues,

I, =1, = 0; others.

Fig. 6.
Structure D)
@: training set, O: data set.
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HrENg, FITIOROZL LM EZHRIET S/
W, IHICKREKOFEMR (dataset) ITDNT
THIfE & FERIfE Z KD Figs. 5 KU 61270y hL
2EZA, FNSOMEIE 13 1 OFHBIRIFRICIEN S
. TOZEEFAETIV CYPIA2 ORHEEMED
BWFEEAKRZT 1 > 925 L THERBRELERSZ
LEIRBTZHDTHS. 7272 PSA OF 5 #E
BB TR TWEZ LU T, Z0FEKIZH
R TIEABHTHD, CYP OiEHEF.LELED &
D 3 RITHISHH BEAEH ORI EN S LR,
FE WA, A1 T X X CYP O EFNT K
H5Za2—F)VFy NT—=IRBEMNTIVIT Y XL
EERWERBA ) —Z 0 TR ENPRFTINT
B, FA4T U —ZFMT DI ENAHEELRD D
DHB. B2 ULnLRENs, AIEIHERIZEN
THROLMEZRETT B, FHA > Lbaw
2D WM R 2 5t R L F O E I T %
WENDH S, —F, GERbONOINBREHL NS
A=, (LFREEESR S ERERICE SN D
HbOThDd. BEHInAroEBERBEZSIC
CYPIA2 ZX 9 2 HEAZKET 2D DERD S
iz, RREBEXVERAREOARSTTOY
7 b F—AIZED S TWBIFEENEIRIT/ND

. 000
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Relationship between Observed ICs, and Predicted ICs, from QSAR Analysis for CYP1A2 Inhibition in Project D (Core
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KATHRTHIEMTES, ISICAKRINIL
EYOENEE FREZ KT D EITXD, in
silico BT I)VIZED W G Rk B O 2 41 % fEil

HZEMTE, BT ) OMHEL—MRGE—FHEDO YA
DIVIZEKOIEEDENETINALETEZLHDEE
A6N5. BRHEBERIEEG, hsoyobxzE
U THRBEROARMFEENGE LGN, BEN
DOEHEBERERS ZETHD, 7OV hF—A
NTHEE, HIENMOMERZLARL, U—RO&K
IR L <EDFHE Z EMAJEEL 2B TH A .
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