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Together with xanthine oxidase, aldehyde oxidase (AO) is a major member of a relatively small family of molybde-
num hydroxylases. Both enzymes are homodimers with a subunit molecular weight of about 150 kDa and exhibit catalyt-
ic activity only as a dimer. An AO subunit contains a molybdopterin cofactor, an FAD and two different 2Fe-2S redox
centers. The enzyme catalyzes oxidation of a wide range of endogenous and exogenous aldehydes and N-heterocyclic
aromatic compounds. N-heterocycle-containing drugs such as methotrexate, 6-mercaptopurine, cinchona alkaloids and
famciclovir are oxidized by this enzyme. Marked species differences have been well documented for the AO-catalyzed
metabolism of drugs including methotrexate and famciclovir. In addition, a large rat strain variation has also been
demonstrated in the oxidation activity of benzaldehyde and methotrexate. Marked differences in species, large differ-
ences in rat strains and individual differences in AO activities in some rat strains have been reported. However, little has
been elucidated about any related molecular biological mechanisms. We examined the mechanism of individual varia-
tions and strain difference of rat AO using the technology of molecular biology. Our recent studies regarding the inter-

and intra-difference of AO activities in rats are described.
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1. FL&IC

Aldehyde Oxidase (AO: EC 1.2.3.1) 13#K5T
IZ molybdenum-pterin cofactor (MoCo) Z##H L T
B0, xanthine oxidase (EC 1.17.3.2) /xanthine de-
hydrogenase (EC 1.17.1.4) & [64£IZ molybdo-flavo-
enzyme BEIC P EINTWVWS. 19 AOIZH 1 ML
EMZHFEEL, 270V —ABEBICRIET S ~
O P450 & EHIT, HBERNITHBT 2 Y B R
ELUTHELRKRIHZRZLTWSEZSAZALN TN
5. ZOMEIX 150kDa DY T 1=y 6725
300 kDa O —EEZ KL THD, 1 DOY 71
v MEI N KNS 2Fe-2S 7 I A5 — & FT R AA
>, FAD ZE58 RAA 2, MoCo ZE T R AA >
MHERINTND,

RALSERL R I B AR = (T981-8558 fiaiE %
XU/ 4-4-1)
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ARRFUL, FRL 20 FF R HARRES R IR E (&
PRI OZEZLEL TRBLAEDBDTH 5.

T4, AOIX 7N TE REETZ{LEMDAIRS
T, AEFRERRLLAVORHICEG L TnE I L
s ENmY, BREFEFOYFL 702, v
UYEOS > aF7I)IVAhaA R, PLIAIVAETH
HRO0ENDTORT Yy I THD 6-FT4F
RO ENEEERSZE, NREY
HELT, LFF—=I7ITERDLZOFTTZ
SUXZLAF R (NAD) OR#MTH D N-AF
NWZOAF 7 IRBEBREBEERL I ENHESN
T2 4 L LENS6ZOHEEIZDWTIZ T
S NZH TIEWRWDONRIRTH S, T/,
AOIZBWVTIREL WERHOEENH SN THD,
—MRICE h YR EDERETEL, 7y oY
JAREDT S WHTIIES, 1 XITBWTIEZD
EHERIREL TR END XIITKES<Eig>TW
5,600 F/ F—FANTHT Y MTBWTEED
BENRLRD VWD RHEMEN, D I 51T,
Wistar 27 v b5 SD % F v MBI 2 ERZENH]
HINTWS, WD UL LR sZOERIZHS M
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ZINTIEWhEhofz. TITEESIE, BB
7% AO DEARMIZA Bz & % T 2% D —BR
ELT, v MBS A0 IEMEDEKZE KRR
MEZEDOERZHS NMTT 2N ME 2T, BR
D1DWAO BT LO—HEERTHL L%
BHoMNE L. SRZDOMFHRRICDONTHENTT 2.
2. Donryu 27 v MCE[TD A0 FEHEOEFEZE
v b AOTEHDOMHEAEKEZHSNTT S0
I, BEETBNWTEERRZDOEENRREIN TN
7z Donryu %27 v MiFH A MV IV TOEMD g%
fiorz. AOIEMEDOMEIZIX, AYATE/ T I
FTF -t (MAO-A) OMHEELEZAET S
RS-8359 & /=19 = DfER, @i MR S ARTE %
BO2FICTIFT 1 1 OLERTHBEIIHMND I &
MR I N2 DU LIS P # %2 poor metabolizer
(PM), &GV % extensive metabolizer (EM),
G PR O H T B KR ICTE M O & W B[R & ultrarapid
metabolizer (UM) & U7z (Fig. 1).
Lineweaver-Burk 7' 0 v k7 5 3R 7= 33 B 3w 198
TA—F =g L2EZ A, Ky BIZIIEERE
IXBD 5NN DTN, Viay VI ETE VERE & AKTE M
BERETTHY 20 fE DR S N7z (Table 1).
ZOZENS AOTEEDERZR, BEAEKRD
HEE DT, AO % VN7 HREEDEWNIC
LRI DD TN EHRIN. T THI &k
&, Real-Time PCR iZ& % mRNA EDO#llE, LU
SDS-PAGE/Western blot fEHTIC & 5% > /N7 E %
HEOMEZITo7Z. LOLRNSZTOMEIT T
IZRLT, AO % >NV E¥EBI&EIX EM B TIZ PM
HICHERPPLEWEETH D, mRNA FEHE T
B2 A SRR S e o 7=

3. v b AOBELFBIT

Fv b AOIEHDEKRZEN N ST LH Y 2N
DERBHBIZXSDHDOTIIRVEVDHERNE SN
ZEmS, AOX NNV EEEMNELL TS H
REMEZ2EZEL, v b AO cDNA fiE#i 217 - /=.
BEIZ GenBank IZH I N T W/ SD %2 T v MF
AO cDNA fE#i & Donryu 25 v MFH» 5 BEEL 72
AO cDNA O FEH|Z ik L /=& 25, 2 T
T2 BEREES AL R E R WH L. UM T
V% 377 AT G/G, 2604 FH DH A C/C, EM
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Fig. 1. Individual and Mean Data of 2-oxidation Activity of
the (S)-enantiomer of RS-8359 by Aldehyde Oxidase in 12
Male and 11 Female Donryu Rats

Table 1. Kinetic Parameters for the 2-oxidation Activity of the (S)-enantiomer of RS-8359 by Low

and High Activity Group of Donryu Strain Rats

Gender Grou Ko Vinax Vinax/ Kon
b (uM) (pmol/min/mg protein) (ml/min/mg protein)
UM (1) 90.0 333 3.70
Male PM (6) 87.0£5.63 5.1£0.23 0.067£0.004

EM (5) 53.9+6.81%* 125.0+6.67** 2.40+0.184**
UM (1) 86.7 222 2.56

Female PM (6) 100.3£15.5 6.71+0.75 0.07£0.005
EM (4) 79.0+£6.07 105.9+£15.1*%* 1.344+0.094**

Each value represents the mean +S.E. of four to six rats. The figures in parentheses indicate the number of rats studied.

* p<0.01, ** p<0.0001 compared with the low activity group.
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Table 2. Nucleotide Differences in the AO ¢cDNA between the
UM, EM and PM Groups of Donryu Rats and between Don-
ryu and Sprauge-Dawley Rats

Nucleotide Donryu male

No.in SD?  SD”

male Spo  Male  female UM EM PM
(1 (5) (6)
133 A G A A/G G
A A

371 A A <c(1;y> <Gf§§sﬂ> (Ser)
405 C G G G G
408 G T T T T
1679 T C C C C
1759 T T C C C
1994 A G G G G
2563 G A A A A
T T

2604 T T (Acla) (Al(a:l?Val) (Val)
2783 C C A A A
2872 T C C C C
2935 A A A A/G G
3739 G A A A A
3875 C T T T T
3993 G C C C C

The nucleotide sequences of Donryu rats were numbered with the refer-
ence to those of male SD rats (Wright et al., 1998) . The number of rats for
the analysis of nucleotide sequences is shown in the parentheses. Nucleo-
tide substitutions accompanying amino acid changes are written in bold
letters. The cDNA sequences in male and female Donryu rats were identi-
cal and differed in only ten positions when compared to male and female
SD rats. @) GenBank accession number; AF110478. b) GenBank accession
number; AF110477.

TIE 377 B2 G/A, 2604 FHDHEEN C/T,
PM TII T3 377 N A/A, 2604 FH OHFFEMN
T/T THo7= (Table 2). 7
SEBASMER 72377 HH KLU 2604 HH D 2
AOY 2 BRER A D AR AO IHMHEIT
BME5T2500, BE53T5&E0L7252nAEbERT
D EMFHEITIREZDMAHTH>. £2ITID
MEHSNIZT S92, UM (377G, 2604C),
PM (377A, 2604T) IZhA 1 h T DOEREHET
5517w b AOCDNA % f# 2, Mut-1
(377G, 2604T), Mut-2 (377A, 2604C) Z{EHL,
RIBHEEBHRICED AOY U NV EEZRBESE
2. RIBEFHBE AO % >\ '8 & H WG HllE
DOERLXD, FOREIZ UM>Mut-1>Mut-2=PM
L7320, AOTEMIZHROEEL TWAEHNL 377 &
HOWEDGMNE CADERTHD I ENMREBS
N7z (Fig. 2).1®

Activity (nmol/min/mg protein)
S
o

0.4
0 - L i
Mut-1 Mut-2 PM
377 G G A A
2604 C T C T

Fig. 2. 2-Oxidation Activity of (S)-RS-8359 by Recombinant
AO Protein Expressed in E.coli M15 (pREP4)
Nucleotide sequence at 377 and 2604 are G and C in group UM, G and T
in group Mut-1, A and C in group Mut-2, and A and T in group PM, respec-
tively. *p<{0.01 compared with UM group.

4. T b AOBLRFLREOEGEEY

AOEMEDOEKEEDOHRFT THWEZE T v &
Charles River fE/n SHEA L= H D701, EM Df#
K/ UM & PM OATOTH 2 ETHUE, TDE
FIIATFIOFEINREAIT1:2:1 &£720D, UM
EPMIIFERBEBFEETA O ETFHEINZ. L
L7225 Fig. 1 T/RLUZEDIC UM OfEAKRIT 23 [T
M2 EDATHH 2. AO FEMEDEWEEA KD
1ERETH 205, AOEENE WK
BASNDEEEZT, EENHEND D VITREN
ENDREQEENEID, TU—F—n50H i
FRIZBRMANTWB D TR EHERIS N, =2
TR FERZITo /-, £IHAL 2 Donryu %
vy EMBEIML, 7/ LADNAZFABLEZ. Zh
ZTtll 2 H DB RO Y EET Th S 377,
2604 FZH QI Z ML, UM, EM, PM &% L
. o= EM AL E2ET 5 2 EI2LD UM,
EM, PM 221 @ Fl fi{kz%, 5l1&HE UM H
+, EM [+, PMHE+tZ2EIEZD F2 k%
B EENEEEICDONTIZI AO EETFD 2%
AT DA FLEZ TR & AT 5 Z ST R DML 2.
BB, BIRTHITHIFY NV ILZFEL, TR
EEITD ZETHRETHERBRMN L TWiZ
Lz, TORE, TRICIKU UM [FLD
N7 TIRENOXRY EFREEOEEENEEN, &
512 EM B0 XY Tid UM : EM : PM O E|&1Z
Kli2:1&lok 2O ENS AOTEMENE
WZ ETHREBRBICRASHOEEN S D TIdk
WhEWD FRIIBE I NN, HEFEIZ UM O
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fEfAEDE U < DI WERIZHS M3 s e 7z

5. T MCKITE A0 EHEDORKKRHZE

AO JEHEIZDNWTIZT v MMTH W TR 2 D &
BROTELVWRMKHZEOHFEET S, LrLEBNSE
OERIZDODWTIHSMICINTWARWY, TIZTH
MAEDERZ, 1) AO¥ NI ERBEDE, 2)
ERZETHSNIR 727 2/ BEREES BILET
BEIZEDHD, O2DDOAREN 2 RIHICE X ER
w=iro 7z,

9, 10 RHEDT v MITHBWT, RS-8359 &K
BEL, EHEHEEToZ. TORE, v MR
MITELWAOEHRHDOEND S Z ENRINKL
(Fig. 3). 2512, AOY >NV HEHDFHEITEMN
HBHDOTIEBWhEEZ, Hio v b AO HifkzE A
V7= SDS-PAGE/Western blot fg@#112 & D & >
NI BEEEE LU EEERHEEOMHEZALE
Z %, Donryu 25w b OERZEDEE EFREIC
MBEICIZH DB DD, FETIERMN>7. AO
124K TIE 300kDa DRESY A ¥ — & L THEE
LTWBZENS, ¥ X—DRREEITENH
DT/ EHEH L, SDS-PAGE Tid7x<
Native-PAGE 1Z & % Western blot f&#7 275 /=.
ZTOFER, ESIETED R TIL 300kDa DRESY A
Y —DAEI, KIEHDO R TIE 150kDa D&/
X —DLEICAO Y NI ENEET S I ENH
5hEln->7- (Fig. 4).

X 512300 kDa DfLEICH D A0 ¥ >IN ED
BELIEHOHEEAZEZ A, HBERE R2=0.72

50 r

Activity (pmol/min/mg protein)

Fig. 3. 2-Oxidation Activity of (S)-RS-8359 Catalyzed by
AO in Liver Cytosol from Ten Strain Rats
Each bar represents the mean=+S.E. of three rats.

EHSMNEHBENHR SN, 202 &5, AO
EWHITHBIT STy bRFEEDERKIT AO —&IKE
RDREETHDZEMHENETR T2 20

6. A0 _EH@FERLELRTEZE

Donryu %7 v MMZHT % AO IEMEDEAKRZEDH
AT 2 BBEBENEDS 2 hTOHERAERTH D Z
&, Iv bRFEEEDOERD AO BRI HEED
BWIILKBHZEZHONELTER. £ I T Don-
ryu %25 v h® UM, EM, PM BEOfE{KIZDONT
% ¥ T Native-PAGE / Western blot f&#7 2 {1 - 7=
EZA, BRBITBNVTERIND A0 ¥ > )XY
EEEN) UM B#TIE &K, EM BT8R E
HElRk, PMHTIIHEEARTH D I LRI N
TEAEREDEZID2 nFIDT I BERE
S EA R 377G > A (Gly''%Ser) & 2604C >T
(Ala¥*?2Val) NERER TH B EnmEInNiz. =2
T, &% 7y b7/ L DNA O 4kl y %
T L7z, ZTO/ME, RICHEREL THEELE
SLC: Wistar, F344: DuCrlICrlj iZBWTIL 377/ A
(Ser), 2604 73T (Val) THhAHDITxL, —&IEK
MELSFEL, HEIEEO &N WKAH /Hkm,
WKY/Izm, LEW/CrlCrlj, Crlj: WI, Jcl: Wistar &
) Wistar-Imamichi Tl 377 2 G (Gly), 2604 73
C (Ala) T® > 7= (Table3). Charles River @
Crlj: Wistar IZ D W TIX Donryu &2 7 v k@ UM,
EM, PM ERIBED/NY —> Z;RL, BIrTEEIC
O ERZEDHFEN RSN, —F, SDRT v
MZDWTIX 2 #: (Charles River 2 T8 SLC) 75
BALZT Yy MTBWT 2604 2729 X TOFfE
fKTT (Val) ThHo/n, 377 FHOHEEICEH
9%5& A (Ser), A/G (Ser/Gly), G (Gly) Dff
RINFEAEL 7z, WEHEDESWIRIZZ I —7 106 312
BT UIEEEOEEZATHS E, EEOREWT

300 ==p '
‘ 0 \ ‘\\ 0%9 ’@& @&\0& \' % ‘ s@
& @gg 4@ “¢;¢
"
Q‘b ésg*b'

Fig. 4. Native-PAGE/Western Blot Analysis of AO Protein
in Liver Cytosol from Ten Strain Rats
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Table 3. Nucleotide Substitutions of AO Genomic DNA in Seven Rat Strains
Rat strains
Nucleotide Low AO activity High AO activity
position :
Slc: F344/ WKAH/ WKY/ LEW/ Jel: Wistar-
Wistar DuCrlCrlj Hkm Izm CrlCrlj Wistar Imamichi
377 A A G G G G
2604 T T C C C C
Table 4. Nucleotide Substitutions of AO Genomic DNA in Crl : SD and Slc : SD Rat Strains
Rat strains
Nucleotide Slc : SD Crl : SD
position
Group 1 Group 2 Group 3 Group 1 Group 2 Group 3
2) (6) (3) ) (6)
377 G G/A G G/A A
2604 T T T T T
Both Crl : SD and Slc : SD strains belong to the low AO activity group. The figures in parentheses indicate the number
in each group.
10

Activity (pmol/min/mg protein)
© R O Wk Gl e 3 ™ ©

-

Group 3

Group 1 Group 2

(n=2) (n=6) (n=5)

Fig. 5. AO-catalyzed 2-oxidation Activity of (S)-RS-8359 in
Liver Cytosols of Crl: SD Strain Rats

W—7113377 "G (Gly) THVO, {EHDOKNT
W—7313 A (Ser) L THMOEEEZET S
TN —721% G/A (Gly/Ser) &ATOTH-H7~
(Fig. 5 and Table 4). X 512, Native-PAGE/Western
blot f@iti Z2fr>72& 25, 3171 G (Gly) DiEE
DENTIV—7" 1 OfEKIZ 300 kDa D7 &I &
K&ELT, 3778 A (Ser) DIEMEDEWT )L —T 3

300kDa ==p

150 kDa =—p

Groupl Group2 Group3

Fig. 6. Native-PAGE/Western Blot Analysis of AO Protein
in Liver Cytosols of Crl: SD Strain Rats

1% 150 kDa OALEIC, FOHHOIEEZA L7z 377
MATODT)—7 2 Off{RIZ 300 kDa & 150 kDa
DM KT AOZ >I)NTENEFEMEL Tz (Fig.
6).21)

N6 ENS, AOTEMD T v M RfFkEM
EARZDOERIT AO BIET LOY X/ REHZ 1
D2 HOEEERTHD, 73 JBERNE S
CEEDERNIIBOWT BIKTEEZAET S
AO % U NVEN_BREBRTET, HREELT
EHETE2bET ZENHSNERS KL, THIZ
AO BB RZHWIAERKOSD R Ty hOF—%
Mo BARERICIE 37T HEHOEENI—-KRT 5
HOREHDOY R JBNEETHDL ZENHLSN &
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Bol. NOBHDOT X VBENAFEZRZWYT
U MBS IEEEEREY ICEDAS I LK
T oBARERNHEINDDONIDNTIESHOBK
AEREEEZD.

7. &HYIC

Dk, EFESNToTERZT Y MTBITFS AO
TEMEDRERZE R O RFEMZEIC DV THA I ETHEN
7=, SEOWERNS, A0 MEICRBHEDD LD
IREMZONWT Ty haEBREMEL THNWSE
A, BRUEZRRICEK D TR R iR 2 EHT
ZEMFHEINSZ. Z0ZEMS, EORFKEDOT Y
NEBIRT DN FEEIITOARTIUS RS RN, £
7z, AOITIZEFEL WHENFET S, EERMLFHHEE
20 A0 NG T 2 bEWZE A WG 21T D B
W ORIR S EELRA > MIieb EE X 5.
SR O E B 25 T d 2 APl BV THIL A
HZEHS> TNWHEERIZT h 70— L P450 ThH D73,
AO b I AIEYZRHT D ENMS5N T
5o GDETAE MTBWTHREREEKRZIZTDNT
DEEIL RN, EERZEZRRT 2HMEITNH< DN
IRENTND. 2D 5Efg 5N 72 H H % b kE 5
%, METHL2A0DELWVWHEED D WITE ME
RZEDER IR E DY B REF IR R Z R L T
< ZET, AREEFETRE#I NSRS O M I
B DHIENE SN TN OTIRAWN E RT3,

#EE AL, RALERIREEY B BE
KBNWTITONZbDTHY, RIETHEE Tz
HEXLHPO ABRZIRDFEDOERITLED
BILHLULETEY. £k, AMEEZEDDITHRD
THRE, 7 RNA ATHW 2 RALR R 2B 3 A58
PR B - ILIREEEER, RALER R AR
WEFEE - KHEEBIR, B = e
It - BRIV £,
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