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2C19 : 21 ROSSGRGKLPPGPTPLPYIGNILOIDIKDVSKSLINLSKI YGPVETLYFGLERMYYLHGY 80
265/3: 3 KKISSKGKLPPGPTPFPI1GNILQIDAKDTSKSLTKFSECYGPVFTVYLGEKPTYVLHGY 62

2C19 : B1 EVVKEAL IDLGEEFSGRGHFPLAERANRGFG I VFESNGIRWKE | RRF SLMTLRNFGMGKRS 140
2€5/3: 63 EAVKEALVDLGEEFAGRGSYPTLERVSKGLG | AFSNAKTIKERRRFSLMTLRNFGMGIRS 122

2C19 : 141 1EDRVQEEARCLVEELRKTKASPCDPTFILGCAPCNV ICS 1 | FOKRFDYKDOOFLNLEEK 200
2C5/3: 123 JEDRTGEEARCLYEELRKTNASPCOPTF [LGCAPCNY 1 CSVTFHNRFDYKDEEFLKLAES 182

2019 : 201 LNENIRIVSTPHI01 CNNEPT §'IDYFPGTHNKLLKNL AFMESDIL EKVKEHOESHD LNNP 260
2C5/3: 183 LHENVELLGTPSLOVYNNEPALTDYFPGIHKTLLKNADY TKNF IHEKVKEHOKLLDUMNP 242

2019 : 261 RDFIDCFLIKHEKEKQNQOSEFTIENLV I TAADLLGAGTETTSTTLRYALLLULKHPEVT 320
2€5/3: 243 ROF1DCFLIKWEDE—~-NNLEFTLESLYIAVSDLFGAGTETTSTTLRYSLLLLLKHPEVA 299

2C19 @ 321 AKVOEEIERVIGRNRSPCMODRGHMPYTDAYVHEVORYIOL | PTSLPHAVTCDVKERNYL 380
205/3: 300 ARVOEEIERVIGRARSPCHODRSRNPYTDAVIHETORE tOLLPTRLPHAVIRDVRFRNYF 359

2019 : 381 1PKGTTILTSLYSVLHDNKEF PNPERFDPREFLDEGGNFRKSNYFMPESAGKR | GYGEGL 440
265/3: 360 1PKGTDI]TSLTSVLHDEKAFPNPKVFDPGHFL DESGNFKKSDYFMPF SAGKRMCVGEGL 419

2019 : 441 ARMELFLFLYFILONFNLKSL IDPKDLOTTPVYNGFASVPPFYQLCFIEY 490
205/3: 420 ARMELFLFLTSILONFKLOSLVEPKDLD1TAVVNGFVSYPPSYQLCFIPT 469

(a) CYP2CI19

2C9 : 21 ROSSGRGKLPPGPTPLPYIGHILOIGIKDISKSLINLSKVYGPVE TLYFGLKPI VWLHGY 80
205/3: 3 KKISSKGKLPPGPTPFPTIGNILQ1DAKD! SKSLTKFSECYGPVFTVYLGEKPTWLHGY 62

2C9 : 81 EAVKEAL1DLGEEFSGRG!FPLAERANRGFGIVFSHGKKWKE I RRFSLMTLRNFGRGKRS 140
205/3: 63 EAVKEALVDLGEEFAGRGSVPTLEKVSKGLGIAFSNAKTWKEMRRFSLMTLRNFGMGKRS 122

209 : 141 |EDRVOEEARCLVEELRKTKASPCDPTF ILGCAPCNYICS | FHKRFDYKDQGOFLNLMEK, 200
205/3: 123 |EDRIOEEARCLYEELRKTHASPCDPTF |LGCAPCHYICSV{ FHNRFDYKDEEFLKLVES 182

2C9 : 201 LNENIKILSSPHIQICANFSP | IDYFPGTHNKLLKNVAFMKSY [LEKYKEHQESHOMNNP 260
2€5/3: 183 LBENVELLGTPHLOVYNNFPALLDYFPG IHKTLLKNADYTKNF | BEKVKEHQKLLOUNNP 242

209 : 261 QDFIDCFLMKMEKEKHNQPSEF T1ESLENTAVDLFGAGTETTSTILRYALLLLLKHPEVT 320
2C5/3: 243 ROFIDCFLIKMEQENN-—LEFTLESLVIAVSDLFGAGTETTSTTLRYSLLLLLKHPEVA 299

209 : 321 AKVOEEIERVIGRNRSPCMGDRSHMPYTDAVVHEVORYIDLLPTSLPHAVICDIKERNYL 380
2C5/3: 300 ARVOEE!ERViGRARSPCMODRSRMPY TDAVIHETQRF 1DLLPTRLPHAVIRDVRFRNYE 359

209 @ 381 |PKGTTIL!SLTSVLHDNKEFPNPEMFDPHHFLDEGGNFKKSKYFMPE SAGKR | CVGEAL 440
2C5/3: 360 IPKGTDITTSLTSVLHDEKAFPNPRYFDPGHFLDESGNFKKSDYFMPFSAGKRRCVGEGL 419

209 : 441 AGMELFLELTSILONFNLKSLVOPKNLDTTPVVNGFASYPPFYOLCFIPY 450
205/3: 420 ARMELFLFLTSILONFKLDSLVEPKDLO| TAVVNGFVSVPPSYOLCFIPT 469

(b) CYP2C9

Fig. 2. Sequence alignments of CYP2C19 and CYP2C? against CYP2CS5/3LVEH. The identical residues were expressed by meshed
Jetters and the underlined residues were positives.

the ligand (S)-mephenytoin was surrounded by hydrophobic  were not obtained by computational docking trials based on
amino acids such as Vall113, Ile205, Ala297 and Phed76, which  the hydrogen-bond query from carbonyl oxygen of Asp293
were conserved in all wild types and mutants in this study. (that is, CYP2CI19.5A and CYP2C19.5B) were experimen-
Furthermore, proteins for which the solutions of CScore = 5 tally inactive mutants.
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Table L. [dentities and Positives® Between Amino-Acid Sequences

of CYP2Cs
CYP2CSALVAH CYP2C19 CYP209
CYP2CS3LVAH 100% 5% 5%
CYP2C19 87% 100% 2%
CYp209 87% 96% 100%

“ [dentities and positives were described in upper right and lower left
portions, respectively.

By contrast, for the experimentally inactive protein 2,
docking models with CScore values of § were also ebtained.
Thus, we carried out more structure refinement for ligand-
free protein 2 using MD simulation, steepest-descent and con-
jugate-gradient optimizers, After the refinement, we also per-
formed additional computational docking for the refined
structure with (§)-mephenytoin. Figure 7 shows the three-
dimensional structures of protein 2 before and after the re-
finement. This reveals that structura! features, such as the
position of heme and the shape of the ligand-binding pocket
around Asp293, were changed by MD calculations. After the
structure refinement, no solutions of the docking trials of
{S)-mephenytoin with protein 2 were obtained under the as-
sumption that the hydrogen bond between carbonyl oxygen
of Asp293 and (8)-mephenytoin are indispensable to ligand
docking.

CYP2C19.8
Fig. 3. Homology model for wild types and mutants of CYP2C19.

CYP2C9 protein 4
Fig. 4. Homology mode! for wild types and mutants of CYP2C9,

DISCUSSION

. Homology models illustrated in Figs. 3 and 4 sugpest that
even if the mutated portions are not near the active sites (i.e.,
in adjacent regions of heme) mutations of one or two residues
are still capable of inactivating CYP2CI19, For example,
11e331Val, which does not affzct the enzyme activity in
CYP2C19.1B, and also mutations that play important roles
for inactivities of mutants of CYP2C19 (Argl32Gln in
CYP2C19.6), were positioned far from the ligand-binding
pocket. Furthermore, althongh Argd33Trp in both
CYP2C19.5A and CYP2C19.5B is located near by heme moi-
ety, this residue is far away from the iron atom and does not
scem to be directly implicated in the ligand docking. This
indicates that mutations change the conformations of ligand-
binding pockets of proteins, and affect the enzyme activities
even if the mutations are located far from the ligand-binding
pocket, By contrast, Ile99His, Ser286Asn, Val292Ala and
Phe295Len in protein 4 existed near the active site in our
homology model. In particular, Ser286Asn, Val292Ala and
Phe295Leu belong to the helix I, and these positions are also
members of the substrate-recognition site 4 (SRS-4) (37).
Therefore, these mutations might be directly implicated jn
{S)-mephenytoin docking for protein 4.

In the model of CYP2CI19.1A complex with (S)-

Fig. 5. Active-site residues explored by Site ID and hydrogen-bond
queries in CYP2C19.1A. Hydrophobiz amino acids are colored green;
Asp293 and Gly296 are illustrated in red. Three hydrogen-bond que-
ries were described with spatial cons:raint.
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Fig. 6. CYP2C19.1A complex with (S)-mephenytoin. (S)-
Mephenytoin, Asp293, and hydrophobic amino acids were illustrated
in yellow, red, and green, respectively.

mephenytoin shown in Fig. 6, the orientation of (8)-
mephenytoin whose 4'-hydrogen was located near the heme
iron is consistent with ($)}-mephenytoin 4'-hydroxylase activ-
ity of CYP2C19.1A and suggests that the three-dimensional
structure of the calculated docking model is reasonable. The
result that {S)-mephenytoin was surrounded by hydrophobic
amino acids indicates that this hydrophobicity plays an im-
portant role for (S)-mephenytoin docking in the binding
pocket of CYP2C19.1A. Significantly, Ala297 and Phe476
were located nearby the phenyl ring of ligand, suggesting that
the CH-w interaction between the phenyl ring and Ala297,
and/or the 7r-m stacking between ligand and Phed76, are im-
portant for the location of (S)-mephenytoin in CYP2C19.1A,
Furthermore, Asp293 and Ala297, which seem to be impor-
tant residues for ligand docking, are members of helix I and
SRS-4. This is consistent with the results of Tsao ef al. (11)

Table IV. The Results of Computational Docking

Maximum -

Experimental Hydrogen bond CScore
Protein  4'-hydroxylase activity query on Asp293®  value®
2C19.1A Active OK 5
2C19.1B Active OK 5
2C15.5A Inactive OK 3
2C19.58 Inactive OK 4
2C19.6 Inactive Bump —
2C19.8 Active (in vitro) OK 5
209 Inactive Bump —_
1 Inactive Bump —
2 Inactive OK 5
3 Inactive Bump -
4 Active OX 5

2 The result of VDW bump checks for hydrogen-bond query on
Asp293,
5 The best CScore value of those for all docking models.
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after refinement
Fig. 7. Three-dimensional structures of protein 2 before and after
refinement by MD simulation, steepest-decent and conjugate-
gradicnt optimizers, The two structures were aligned by the fitting of
their main chains. The RMSD of the protein 2 structure before and
after refinement was 3.524 A. The red colored residue was Asp293,

For other proteins than CYP2C19.1A, hydrogen-bond
queries constructed from the carbonyl oxygen of Asp293 in
CYP2C19.6, CYP2C9, proteins 1 and 3 were omitted by the
VDW bump check, and there were no docking models whose
CScore values were 5 in CYP2C19.5A and CYP2C19.5B. For
the refined model of protein 2, no solutions were obtained by
the computational docking. Because all these proteins were
experimentally observed enzyme inactivities without excep-
tions, these results support that Asp293 plays an important
role in CYP2C19-(S)-mephenytoin complex. Furthermore,
for CYP2C19.1B, CYP2C19.8 and proteins 4 computational
docking caleulations gave the solutions of CScore = 5, and
these proteins were experimentally active. These results sug-
gest that our methods applied to this study are reasonable for
binding mode predictions.

Only recently, the three-dimensional structures of
CYP2C5 complex with sulfaphenazole (38), ligand-free
CYP2C9 and CYP2C9 complexed with warfarin (39), were
determined by X-ray crystallographic analyses. Because the
sizes of the ligands in these complexes were different from
(S)-mephenytoin, these structures were not able to give criti-
cal clues for the investigation of the complex structure of
CYP2C19 with (S)-mephenytoin. Furthermore, for the ob-
served structure of the CYP2C9 complex with warfarin, the
ligand molecule was not located in the usual position of CYP
substrate-binding pockets. Although this is useful for investi-
gating the mechanisms of inhibitions and allosteric effects of
CYPs, it does not aid research into the binding modes of
normal CYP substrates, such as (8)-mephenytoin. Nonethe-
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less, when these datz are used together with the results of
computational docking studies in this paper, it might give
some support to the predictions of complex structures. Com-
paring the structures of CYP2C19.1A with (S)-mephenytoin
in this study, and CYP2CS5 with sulfaphenazole in crystallo-
graphic data, it was found that Asp290 of CYP2CS (the resi-
due corresponding to Asp293 in CYP2C19.1A) was in the
substrate-binding pocket and interacted with the ligand sul-
faphenazole. This indicates that both Asp290 of CYP2CS5 and
Asp293 of CYP2C19.1A play significant roles in binding of
substrates, and supports the validity of our model structure of
CYP2C19 complex with (S)-mephenytoin,

CONCLUSIONS

In this study, we found that models produced by homol-
ogy modeling and computaticnal docking procedures of CYP
complexed with (3)-mephenytoin were obtained for experi-
mentally active enzymes but not for inactive proteins. The
binding modes of all active enzymes were similar to wild-type
CYP2C19.1A. For inactive proteins, hydrogen bonds between
the carbonyl oxygen in the main chain of Asp293 and the
ligand were not able to form, or the scores of the resulting
docking models were low. These results indicate that the com-
putational methods used in this study are useful for the in-
vestigation of the structures of ligand-protein complexes, Al-
though more detailed confirmations of the importance of
Asp293 for (S)-mephenytoin binding into CYP2C19 by using
structural biologic methods such as X-ray diffraction or NMR
spectroscopy were preferable, the role of Asp293 was sup-
ported by the results that all calcelations for wild types and
mutants are consistent with experimentally observed enzyme
activities without exception.

Three-dimensional structures of biopolymers are very
important for the rational drug design. Though the determi-
nations of structures by experimental methods (i.e., X-ray
diffraction or NMR) give the useful information for drug de-
sign, these experiments are expensive and time-consuming.
Therefore, it is preferable that the three-dimensional struc-
tures of structurally unknown proteins were computationally
predicted using knowa structures of homologous proteins. Es-
pecially, when many complexes have to be considered for
drug design (i.e., the situation that there are many mutants
such as CYP2C19), homology modeling play an important
role in drug design studies because all structures can not be
determined by experiments within reasonable costs. In this
study, even if the mutated parts of the mutants were far from
the substrate-binding pockets, such as CYP2C19.6, the com-
putational results were consistent with the experimental ae-
tivities, This suggests that the computational methods used in
this study, especially for FAMS, are promising not only for
wild-type enzymes but also for mutants. We expect that vir-
tual screening trials can be carried out for several proteins
using these methods.
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ABSTRACT:

The chorold plexus (CP) acts s a site for the ellmination of xeno-
biotic organic compounds from the cerebrospinat fluld (CSF). The
purpose of the present study Is to investigate the role of rat organic
anion transporter 3 (rOatd; Sic22a8) in the uptake of H,-receptor
antagonists (cimetidine, ranitidine, and famotidine) by the isolated
rat CP. Saturable uptake of cimetidine and ranitidine was observed
In rOat3-LLC with K, values of 80 and 120 uM, respectively, whereas
famotidine was found to be a poor substrate. The steady-state con-
centration of the H-receptor antagonists in the CSF was significantly
increased by simultaneously administered probenecid, although it did
not affect their brain and plasma concentrations. Saturable uptake of
cimetidine and ranitidine was observed in the isolated rat CP with K,
values of 93 and 170 M, respectively, whereas 50% of the uptake of

famotidine remained at the highest concentration examined {1 mM).
The K, value of ranitidine for the uptake of cimetidine by the isolated
CP {50 uM) was similar to {ts own K, value, suggesting that they
share the same transporter for their uptake. The inhibition potency of
organic aniens such as benzylpeniclllin, estradiot 178-glucuronide,
p-aminohippurate, and estrone sulfate for the uptake of cimetidine by
the isolated rat CP was similar to that for benzylpenicillin, the uptake
of which has been hypothesized to be mediated by rOat3, whereas a
minimal effect by tetraethylammonium excludes involvement of or-
ganic cation transporter{s). These results suggest that rCatd is the
most likely candidate transporter involved in regulating the CSF con-
centration of Hy-receptor antagonists at the CP.

The choroid plexus (CP), located in the lateral, third, and fourth
ventricles, is the site of production of cerebrospinal fluid {CSF)
(Segal, 2000; Haselbach et al., 2001). It is well established that CP
acts as a barrier between the CSF and the circulating blood, and it is
referred to as the blood-CSF bamier (Suzuki ¢t al., 1957, Ghersi-Egea
and Strazielle, 2001; Haselbach et al., 2001; Kusuhara and Sugiyama,
2001). The barrier function is achieved partly by the tight menolayer
of choroid plexus epitheliat cells and partly by detoxification systems
consisting of metabolic enzymes and multispecific transporters (Su-
zuki et al., 1997; Ghersi-Fgea and Strazielle, 2001; Haselbach et al,,
2001; Kusuhara and Sugiyama, 2001).

Histamine H,-receptor antagonists have been used clinically to cure
duodenal ulcers and gastric acid hypersecretion, and adverse effects
by H,-receptor antagonists on the central nervous system, ranging
from mild dizziness, restlessness, and menial confusion to advanced
symptoms such as myoclonic twitching and seizure, have been re-
ported (Grimson, 1977; Schentag et al., 1979; McGuigan, 1981).
Schentag et al. (1979) reported that the concentration of cimetidine in
the CSF is related to the mental status. We demonstrated previously
that a saturable mechanism is invoived in the elimination of cimeti-
dine from the CSF after intracersbroventricular administration (Su-
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zuki et al., 1985, 1988). Transport studics revealed that the uptake of
cimetidine by the isolated rat choroid plexus is saturable, and the
efflux transport across the CP has been considered 10 aceount for the
saturable elimination mechanism of cimetidine from the CSF (Suzuki
et al., 1986). Organic anions such as benzylpenicillin and p-aminohip-
purate (PAH) inhibit the uptake of cimetidine by the isolated rat
choroid plexus, whereas organic cations such as tetracthylammonium
(TEA) and N-methylnicotinamide have no such eftect (Suzuki et al.,
1986). It is likely that organic anion transporter(s) play a major role in
regulating the CSF concentration of cimetidine at the CP.

We have isolated rat organic anion transporter 3 (rOat3; 5lc22a8),
the third isoform of the Dat/OAT family. from the rat brain tDNA
library by homology cloning (Kusuhara et al.. 1999). Functional
expression of rOa13 in Xenopus laevis oocytes and mammalian cells
has revealed its broad substrate specificity for organic anions, includ-
ing PAH and benzylpenicillin {(Kusuhara et al.. 1999: Burckhardt and
Burckhardt, 2003; Dantzler and Wright, 2003). In the CP, slthough
mRNA expression of all the Oat isoforms (rOatl ~rOat3) has been

detected (Sweet et 2., 2002; Choudhuri et al., 2003}, rOW3 is the most

abundant isoform (Choudhurt et al., 2003). rOat3 has been shown to
be expressed on the brush border membrane of the CP (Nagata et al..
2002). Localization of rOat3 in the CP suggests its involvement in the
uptake process at the CP. Since the spectrum of inhibitors and kinetic
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porter: MEP, molecular electrostatic polential(s); LC-M3, liquid chromatography-mass spectometry; Oct, organic cation transporter.
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parameters for the uptake of PAH and benzylpenicillin by the isolated
rat CP were similar to those for rOat3, it has been hypothesized that
rOat3 accounts for their uptake by the isolated rat CP (Nagata et al.,
2002). Furthermore, the finding that the isolated choroid plexus from
mOat3 knockout mice was unable to cellularly accumulate flucrescein
supponts the role of Cald in the CP (Sweet et al,, 2002). H,-receplor
antagonists have been referred to as bisubstrates recognized by both
renal organic anion and cation transporters (Ullrich et al, 1993).
Indeed, cimetidine is a substrate of rOat3 as weil as organic cation
transporter(s} (Grundemann et al, 1999; Kusuhara et al, 1999).
Therefore, it is likely that rQat3 plays a major role in the uptake of
cimetidine and other H,-receptor antagonists by the isolated rat CP.

The primary purpose of the present study was to investigate the
importance of rOatd in regulating the concentration of H,-receptor
antagonists (cimetidine, ranitidine, and famotidine). We examined
whether ranitidine and famotidine are substrates of rOst3 in LLC-PK1
cells expressing rOat3 (rOat3-LLC). rOat3-LLC exhibits specific up-
take of ranitidine and famotidine, but the transpont activity of famo-
tidine was quite low compared with that of cimelidine and ranitidine.
Steady-state concentrations of H,-receptor antagonists in the CSF and
plasma were determined in rats treated with or without probenecid, a
potent inhibitor of fOat3. The uptake of H,-receptor antagonists was
investigated using the isolated rat CP, and the kinetic parameters and
spectrum of inhibitors were compared with those for benzylpeniciliin,

Materials and Methods

Materfals. PH]Cimetidine (16.5 Ci/mmol) and [**Clurea (52 mCi/mmol}
were purchased from Amersham Biosciences UK, Ltd. (Litle Chalfont, Buck-
inghamshire, UK), All cell culture media and rcagents were obtained from
Invitrogen (Carlsbad, CA), except fetal bovine serum (Cansera International
Inc., Ontario, Canada). All other chemicals and reagents were of analytical
grade and readily available from commercial sources.

Calculation of Molecular Electrostatle Potentisl (MEP) of H,-Receptor
Antagonists, The siarting structures of H,-recepior antagonists were built vp
on the basis of standard bond lengths and angles, and the structures of
Hj-recepior antagonists were optimized wsing the AM| Hamiltonian and
conductor-like screening model. Their molecular electrostatic potentials at pH
7.4 were calculated using the modified neglect of diatomic overlap Hamilto-
nian. All calcvlations were carricd out by the MOPAC97 (C5 Chem3D Pro;
CumbridgeSoft Corporation, Cambridge, MA).

Uptake Studics by rQat3-LLC, rOut3-LLC was established previously,
und ull the procedures have been described in detail (Sugiyama et al., 2001).
Cells were steded on 4 12-well dish (BD Biosciences, Franklin Lakes, NJ} at
 density of 1.2 % 107 cells/well and cuttured for 3 days. Sodium butyrate (5
mM} was added to the culture medium to induce expression of the transporter
24 n before starting the experiments (Sugiyama et al.,, 2001). Uptake was
initioted by adding medium containing ligands, with or without inhibitors, after
the cells had been washed twice and preincubated with Krebs-Henseleit buffer
at 37°C for 15 min. This buffer consists of 142 mM NaCl, 23,8 mM Na,CO,.
4.83 mM KC, 0.96 mM KH.PO,, 1.20 mM MgS0,. 12.5 mM HEPES, 5 mM
glucose, and 1.53 mM CaCl, adjusted to pH 7.4, The uptake was terminated at
a designated time by adding ice-cold Krebs-Henscleit buffer, For [*H]cimeti-
dine uptuke, cells were dissolved in 500 pl of § N NaQH, kept overnight,
neutealized with 250 pl of 2 N HCL, and then aliquots (500 wl) were rransferred
to scintillation vials. The radioactivity associated with the cells and medium
was determined in a lguid scintillation spectrophotometer (LSG000SE; Beck-
man Couller, Fuilerion, CA} after adding scintillativn fluid (Hionic-Fluor;
PerkinElmer Life and Analytical Sciences, Boston, MA) to the vials. For the
derermination of the uptake of ranitidine and famotidine, cells were dissolved
in 200 ul of 0.2 N NaOH, and uliquots (50 u!) were used for LC-MS
quantification as described below. The remaining portions of cell lysate were
used 10 determine the protein concentration by the method of Lowry, with
bovine scrum albumin as a standard. Ligand uptake was given as the cell-to-
medium concentration ratio determined as the amoumt of ligand associated
with cells divided by the medium concentration.
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Uptake Studies by Isolated Rat CP. Male Sprague-Diawley rats weighing
250 10 300g were purchased from SLC (Shizuoka, Japan). The CP was isolated
from the lateral ventricles and incutated at 37°C for | min in 500 u! of
artificial CSF, which consists of 122 mM NaCl, 25 mM NaHCD,, 10 mM

“glucose, 3 mM KCl, 1.4 mM CaCl,, 1.2 mM MgS0,, 0.4 mM K,HPO,, and

10 mM HEPES (pH 7.3), equilibrated with 95% O/5% CO,. Radiolabeled
ligands, with or without inhibitars, were added simultancously to initiate
uptake. The uptake of [*H]cimetidine and [“C)TEA by isolated rat CP was
examined by centrifugal filtration as described previously (Nagauw et al., 2002).
The tissue-to-medium concentration ratio of [*H]cimetidine and [“*CJTEA was
caiculated with [“Clurea or [*H)water as a cell water space marker and
corrected for the adherent water space. The *H aad "C activity in the
spectmens was determined in a liguid scintillation spectrophotometer. To
determine the uptake of nonradiolabeled H,-receptor antugonists, the rapid
filteation method was used since the silicon oil, used in the centrifugal fil tration
method, disturbed the quantification by LC-MS. The uptake of cimetidine,
ranitidine, and famotidine by isolated rit CP was terminated by rapid filtration
using a vacuum manifold; then the CP was rinsed three times with 300 ul of
artificial CSF, the CP was dissolved jn [00 gl of 0.2 N NaOH, and aliquots (50
1) were subjected to LC-MS quantification as described below, The remain-
ing portions of lysate were used to determine the protein concentration by the
method of Lowry, with bovine serum albumin as a standard,

Constant Infusion Study in Rats. Rats were lightly aneslbetized with
cther, and the left femoral vein was cannulated with polyethylene tubing
{PE-50; BD Biosciences). The priming dose of the H, antagonist and probe-
necid was 2 and [5 mgfkg, respectively. The H; antagonist and probenecid
were given to rats through the femoril vein cannula at 2 and 30 mg/Mvke,
respectively, for 3 h. The dose regimen was designed to obtuin a CSF
concentration of probenecid sufficient to inhibit rOat3. Blood samples (300 ul)
were collected from the tail vein at 1 and 2 k during the infusion. At the end
of the experiment, blood samples were collected from the abdominal vein, snd
animals were sacrificed by bleeding the abdominal aoria under ether anesthe-
sia, Following sacrifice, 50- 10 100-1:] aliquots of CSF were obtuined by
cisternal puncture using insulin syringes (0.5-m syringe with a 29-gauge X
[/2-inch attached needle; TERUMO Corporation, Tokyn, Japan), and whole
brains were removed und weighed. To cbiain plasma, blood was centrifuged at
10,000¢ for 5 min. For determination of the unbound plasma concentration,
aliquots (0.5 mt) of plasma specimens were subjected to filtration (2500 rpm.
10 min) (MPS-1: Millipore Corporaticn, Bedford, MA). The brain samples
were homogenized in three volumes of water using a Polytron homogenizer
{Brinkmann Enstruments, Westbury, NY). The concentratiens of Hy-receptor
antagonists and probenecid in plasma, plasma ulirafiltrate, and brain homog-
enate were quantified by LC-MS a3y described below.

Quantification of H;-Receptor Antagonists and Probenecid by LC-MS.
The quantification of cimetidine, ranitidine, famotidine, and probenecid was
performed by a high-performance liquid chromatograph (Alliance 2690; Wa-
ters, Milford, MA) connecied to a mass spectrometer (ZMD; Micromass UK
Ltd., Manchester, UK), Aliquots (30 p:) of samples containing H-receplor
antagonists were precipitated by addirg 100 ) of methanol containing 2n
internal standard (famolidine for cimenidine and ranitidine and cimetidine for
famotidine), mixed, snd centrifuged. and 20 pl of the supcroatants was
subjected o LC-MS. Aliquots (50 ul) of samples containing probenecid were
precipitated by adding 100 pl methanol, mixed, and centrifuged, and aliquots
{10 p!) of the supernatants were difuted with 990 ul of methanol, 20 ul of
which was subjected to LC-MS, High-performance liguid chromatography
analysis was performed on an Wuters Xterra MS C18 column (2.5 um, 3 mm
i.d.. 30 mm) at room temperatuee, Elution was performed with a 0 to 100%
linear gradient of 10 mM ammonium acetute/methanol over 4 min at 0.8
ml/min. A portion of the eluent {split ratio = 1:3) was inroduced into the MS
via an electrospray interface. Detection was performed by selective ion mon-
itoring in positive ion mode (m/z: 253, 315, 338, and 236 for cimetidine,
ranitidine, fomolidine, and probenecid. respectively).

Kinetic Analyses. Kinetic parametets were obtained vsing the Michzelis-
Memen equation v = V. X SAK,, T 5} + Py, X 5, where v is the uptake rate
of the subsirzte (pmol/min/mg protein or pmol/min/ul tissee), § is the substrate
concentration jn the medium (uM), £, is the Michaclis-Menten constant
(M), and ¥, is the maximum uptake rate {pmol/min/mg protein or pmol/
minful tissue). Py, represents the uptake clearance eorresponding to the
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Fis. 1. Molecular sin and malecalar el ic potential of Hy-receptor

antagonists. MEP of cimetidine, ranitidine, acd famolidine at pH 7.4 wese calculated
using the MNDO Hamiltonian. The figure llustrates the isoelectric line at 2.8
atomic units. The colors indicate the charge of their electrostatic potential: red is
postive and blue is negative,-

ponsamabie component (ul'mining protein or uHminid tisse). To obain
the kinctic pearzmietens, the equation was fited o the upate. velocity wsisg a
MUETT progran (Yaraaoks et 2., 1981). The inpwt data wese weighied 25 the
reciprocals of the coserved valuzs, and the. Damping Gausi-Newton method
alprithnn wis used for fitting. Inkibitioo constams (X} wee calculazed by
st g co@prtitve inhibition wsing e equation CL, o = CL/I + P} +
P o where €Y. repeesents the vtake. clearznoe and |, fepresents the valoe in
the prevence of (nhibitor. £ represents the vonceatrztion of inhibitor (ub). The
subsinate. coNCenEmmy was fow cuinpared with its K, valye in the inhibition
study.

Results

Molecular Electrastatic Potential of H,-Receptor Antagonists.
Figuce | iMustrates the chewmical structures of the Hy-receptor antag-
onists and their isoelectric tines at 2.8 atomic units calculated at pH
7.4, There was a region showing negative MEP in the chemical
struchures of B,-receptor antagonists (Fig. I; indicated by blue in the
cyanoimine group for cimetidine, the nitro group for ranitidine, and
the imine and sutfonamide groups for famotidine).

Uptake of H,-Receptor Antagonists (Cimetidine, Ranitidine,
and Famotidine) by rQat3-LLC. Figure 2 shows the time profilcs of
the uptake of cimetidine, ranitidine, and famotidine by vector- and
10at3-LLC. The uptake of cimetidine, ranitidine, and famotidine was
significantly greater in rQat3-LLC than in vector-LLC, although the
absolute value of famotidine uptake was quile small compared with
that of cimetidine and ranitidine (Fig. 2). For further analyses, the
uptake of cimetidine and vanitidine was determined at the earliest
time, both technically and practically (3 min for cimetidine and 5 min
for ranitidine). The uptake of cimetidine and ranitidine was saturable
(Fig. 3), and kinetic analyscs revealed that the K, and V,,, values of
cimetidine and ranitidine by rOat3-LLC were 79.2 = 17.8 and 121 *
36 uM and 150 * 29 and 367 £ 95 pmol/min/mg protein, respec-
tively. The uptake clearance cotresponding to the saturable compo-
nent (V. /K,) for cimetidine and ranitidine was 1.89 * 0.30 and
3.03 = 0.39 pl/min/mg protein, respectively, whereas that come-
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sponding to the nonsaturable componeat was 107 + 0.03 and
0.331 % 0.023 pVmin/mg protein, respectively,

Effect of Organic Anions and Cations on the Uptake of Cime-
tidine by rOat3. Benzylpenicillin and ranitidine inhibited the rOat3-
mediated [*H]cimetidine uptake in 8 concentration-dependent manner
(Fig. 4, a and b), whereas TEA bad no inhibitory effect at the
concentrations examined (0.1 to 10 mM; data not shown). The K,
values of benzylpenicillin and ranitidine for cimetidine uptake by
rOat3-LLC were determined to be 76.7 = 13.2 and 119 * 44 pM,
respectively, Famotidine only weakly inhibited the uptake of cimeti-
dine by rOa3-LLC (Fig. 4¢).

Effect of Probenecid on the Plasma, Brain, and CSF Concen-
frations of H,-Receptor Antaponists. Rats were given Hy-receptor
antagonisis by constant infusion with or without probenecid. The
plasma concentrations of H_-receptor antagonists reached stcady-state
within 3 b (data not shown), whereas the plasma concentration of
probenecid showed a gradual increase during infusion (355 * 107
pMat 1 h, 514 % 143 uM at 2 b, and 651 = 246 puM a1t 3h). The
unbound plasma concentration and CSF concentration of probenecid
at 3 h were 154 + 26 and 57.3 = 2.0 uM, respectively. Probenecid
treatment did not affect the brain and plasma concentrations of the
H;-receplor antagonists (Table 1), whereas their CSF concentrations
significantly increased (Table 1). The CSF-to-unbound plasma con-
centration ratio (Cegp/C, p) Significantly increased by 3.7-fold for
cimetidine, 4.3-fold for ranitidine, and 2.5-fold for famotidine {Table 1).

Uptake of H,-Receptor Antagonists by the Isolated Rat CP, The
time profiles of the uptake of [*H]cimetidine and {"*C]TEA by iso-
lated rat CP are shown in Fig. 5a (uptake vnits: ul/ul CP volume) and
those of cimetidine, ranitidine, and famotidine are shown in Fig. 5b
(uptake units: ul/mg protein). All the Hy-receplor antagonists showed
time-dependent accumulation by the isolated rat CP, and their trans-
port activities were in the following order; ranitidine =~ cimetidine >
famotidine (Fig. 5b). The uptake of TEA by the isolated rat CP was
small compared with that of H,-receptor antagonists (Fig. 5a). The
uptake of [*H]ctmetidine and ranitidine was saturable, and kinetic
analyses revealed that the uptake of [*H)cimetidine and ranitidine
consists of cne saturable and one nonsaturable component (Fig. 6).
The K|, and V,,, values and uptake clearance corresponding to the
nonsaturable component of [*H)cimetidine were 927 = 46.1 uM,
137 * 71 pmoVmin/pl tissue, and 0.581 = 0.123 ulmin/pl tissue,
respectively, whereas the comesponding values for ranitidine were
171 £ 57 puM, 1250 * 360 pmol/min/mg protein, and 1.49 * 0.26
plimin/mg protein. The uptake of famotidine was saturated at high
substrate concentrations (Table 2), but 50% of the 10ial uptake re-
mained ot the highest concentration examined (! mM, Table 2).

Effect of Organic Anfons and TEA on the Uptake of Cimetidine
by Isolated Rat CP. The effect of benzylpenicillin and TEA was
examined with regard to the uptake of cimetidine, ranitidine, and
famotidine by the isolated rat CP (Table 2), Benzylpenicillin inhibited
the uptake of the H,-receptor antagonists in a concentration-depen-
dent manner. TEA did not affect the uptake of H,-receptor antago-
nists, Furthermore, the effect of estradiol-17p3-glucuronide, estrone
sulfate, benzylpenicillin, PAH, ranitidine, and famotidine was also
examined with regard to the uptake of [*H]cimetidine by isolated rat
CP (Fig. 7). All organic anions, ranitidine, and famotidine showed a
concentration-dependent inhibition of the uptake of [*H]cimetidine by
the isolated rat CP (Fig. 7), and their inhibition constanis are summa-
rized in Table 3. The X, and K, values for the uptake of benzylpen-
icillin and cimetidine by the isolated rat CP were comparable (Table
3),
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Discussion tidine) by the isolated rat CP, and that drug-drug interaction causes an
In the present study, we reported that 1Oat3 js fnvolved in the increase in the CSF concentration of Hy-receptor antagonists without
ptake of H.-receptor antagonists (cimetidine, ranitidine, and famo-  affecting their plasma concentration. rOat3 has becn characterized by
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TABLE 1
Total plasma, unbound plasma, CSF, and brain concentrations of Hy-receptor antagonists after intravenous infusion in rats treated with or without probenecid

Hj-peceptor antagonists (2 mg/kg) were sdministered to rats by bolus intravenous administration followed by constant infusion (2 m ) during 3 h. Probenecid (15
sdministered [o mats by bolus i Irministration followed by Infusion (30 myg/vkg} during 3 h, and the upbound plasma VA Itnﬁl CSF i { ol.:n‘ﬂ:n ceid
at 3 howere 154 = 26 and 323 = 2.0 uM, respectively. Eoch value represents the mean 2 5.0, (r = 3}, i

Cimetidioe Ranitidine Famotidine
Controt +Probenecid Contro} +Probenecid Control +Probenecid
C, (uM) 3T £1.20 2972015 2.65 = 1.25 2.1 +018 34T x 122 279 =003
Con (M) 225 +0.60 1.89 2 0.11 .72 £ 0.49 152 = 0,06 200 072 1.54 £ 0.18
Cesr (nM) 391+ 19.8 116 % 17 259+ 120 97.1 £ 524 231292 439 £ 4.1*
Coran (NM) 96.5 +21.] 999 +125 857+ 338 83.9 £ 109 106 = 30 102 * 18

Cen/C,p, Tatio 0.0166 * 0.005 0.0615 £ 0.01214+ 0.0147 = 0.0046 0.0639 = 0.0046%++ 0.0114 = 00027 0.0289% * 0.0057**

C. total plasma o unbound plasma ton; Cogy, CSF i081; Cheqine brain concentration.
*p < 0.05, ** p < 001, and *** p < 0.001, sigrificantly different from contro) rts (unpaired r test).
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ol (YCIYES £4) by the isolaed cal CF was denrmimed by ¢he centrifoyset Hknathon seshod a5 described vaden Mareriods and Methods, The fissve-to-medium
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Fia, 6. Concentration dependence of cimetidine and ranitidine ac lation by the isolated rat CP. The accumulation of [*Hicimetidine (4} and ranitidine (b} in the isolated
rat CP for 3 and § min, respectively, was determined i various substiute concentrations. The concentralion dependence for the uptake of {*H]cimetidine and ranitidine is
shown as Eadie-Hofstee plois in the inset, Kinctic onalyses revealed that the uptake of 1*H]cimetidine and ranitidinc consists of one saturable and one nonsaturable
compouent and follows the Michselis-Meoten equation, The solid, doited, and broken lincs represcnt the fitted line, the clearance of the nonsaturable component, and the
¢learance of the saturable component obtained by nonlineat regression analysis, respectively. Each point represents the mean x S.E. (n = 3),

its broad substrate specificity for organic anions, from amphipathic to  to be a poor substrate of rOat3 (Fig. 2). Because jt is one of the ¢lues
hydrophilic organic anions, and also a weakly basic compound, ci-  to understanding the interaction of such weak base or cationic com-
metidine {Kusuhara et al., 1999). In addition to cimetidine, ranitidine  pounds with rOat3, the MEP of the H,-receptor antagonists was
was found to be a good substrate of rOatd, whereas famotidine seems  calculated (Fig. 1). The H,-receptor antagonists contain a region of
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TABLE 2
Effect of benzylpenicillin and TEA on the uptake of Hy-receptor antagonists by
the isolated rat CP
The uptake of cimetidine, mnitidine, and famotidine by isolated rat CP was determined in
the presence and absence of benzylpenicillin and TEA at the concentrations indicated. The
t ion of cimetidi itidine, and 1 was 10 uM, and the excess

r—

amount of b p of 3, 3, and 1 mM for cimetidine,
ranitidine, and Famotidine, respeetively, Each value icpresents the meen 2 S.E. (n = 3).

Uptake (Percentage of Control}

o
Ciretidi pai Famoidi
mM
Control 1007 10012 100 + 22
Excess cold 04211 UBL11 50536
Benzylpenicillin 0.1 72551 767 %19 838 =83
1 4632 1.1 349+ 39 786+ 6.6
3 30401 31815 slex19
TEA 0] 99.5+8.3 M8 L4 1203
1 §7.5 %61 97.3%86 11g* 14
3 9372105 888=x136 93436

negative MEP in their chemical structures (Fig. 1). As Ullrich et al.
(1993) suggested, this site might play a key role for the substrate
recognition of H;-receptor antagonists by rOatd. Suzuki et al. (1987)
cleasly demonstrated a linear correlation between the lipophilicity and
reciprocal number of X; values of B-lactam antibictics for the uptake
of benzylpenicillin by the isolated rat CP. Lipophilicity is likely to be
an important factor for recognition by rQat3 in the case of f-lactam
antibiotics, In contrast, the kinetic parameters of cimetidine and
ranitidine for their uptake by rOat3 were comparable, although they
had different cLogD values. Lipophilicity may not be 2 determinant
factor in the case of the H,-receptor antagonists,

1045

Probenecid has previously been reported to inhibit the apical-to-
basa] side of azidodeoxythymidine (corresponding to the efflux trans-
port from the CSF side to the blood side under physiological condi-
tions), resulting in an increase in the basal-to-apical transport
(Straziclle ct al., 2003). Simultaneous adrainistration of probenecid
caused a significant increase in the CSF concentration of all the
H,-receptor antagonists examined (Table 1). Since it did not affect the
brain and unbound plasma concentrations, it is likely that the effect of
probenecid is due to the inhibition of the efflux wansport of H,-
receptor antagonists across the CP (Table 1). Strazielle et al, (2003)
also found that benzbromarone had an inhititory effect for the apical-
to-basal transport of azidodeoxythymidine. It is possible that benzbro-
marone treatment also causes an increase in the CSF concentration of
H,-teceptor antagonists, Since the brain-to-unbound plasma concen-
tration ratio of the H,-receptor antagonisis was well below unity
(Table 1), it is possible that the efflux transport across the brain
capillaries limits their brain distribution; however, probenecid had no
effect on the brain concentration. Further studies are necessary to
investigate whether the H-receptor antagonists undergo the efflux
across the brain capillaries and whether organic anion transporters,
including rOat3, contribute to this efflux.

The vptake, an initial process for elimination from the CSF, was
investigated using the isolated rat CP. Time-dependent uptake of the
H,-receptor antagonists was detected in the isolated rat CP (Fig. 5).
The saturable component accounts for a larze part of the total uptake
of cimetidine and ranitidine (Fig. 6). The uptake of cimetidine by the
isolated rat CP was markedly inhibited by benzylpenicillin with a &,
value similar to its own X, value for uptaike by the isolaicd rat CP
(Nagata et al., 2002). Conversely, the X,,, value of cimetidine for the
uptake by the isolated rat CP was similar 10 its K; velue for the uptake

a) b) ¢)
125, 1281 125 §

F] 1004 ; 1404 g 1004
is iz is

s 5] § ﬁ &s 754 5 g 751

r'es e & st
£ 8 E g '% 8
g .s 50 :.g '.5 504 -g. e 50+

EE g5 EE
C gl o 6, G gl

T4 4 10 400 1000 10000 s t0 100 1000 10000 0 04 1 16 100
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d) e) f)
1257 12 1284
1onJ 3
g 1004 e 100 e I
g 3 E = 25 &
? [-%

5f 751 . %é 754 I g 15 "

a B PR 2 a

c 8 E & £ e A
2% 3% 2% s

=0 50 2T 0 22
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Fic. 7. Inhibit frect of organic anions end cations on the uptake of cimetidine by the isotaied rat CP. The accumulation of | Ihy !
lt' i i detes b . ’ ampounds & the concentrations jmlicated. Symbels represent benzylpenicitlin {a; ), PAH

W). and fumotidine {f: A). The solid lines represeat the fitted line obrained by nonlinear

CP for 3 min wus determiined in the presence und absence of nonradi?l.nl?eled ©
(h: ©1, estradio)-178-glucuronide {¢; O), estrone sulfate {d: &), ranitidine (e

*Hjcimeticine (} M) by the isolated rat

regression analysis. The details of the fitling are described under Marerials aind Methods. Fach point represents the miean SE (n=13}
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TABLE 3
K, and K, values for the upiake of cimetidine, ranitidine, and bengylpenicillin by
the isolated rat CP

The effect of estrone sulfate, cimetidine, estrndiol-17f-glocuronide (E;1790), PAH,
benzylpenicitlio, and ranlidine was ined with regard to upiske by the st isclated CP.
The X, and K, values were db ined by nonli gression anslysit as described under
Marerials and Methods. Data are wken from Fig. 7. Each value represents the mesa * S.E
{r = 36}

& and K, values (uM)

Benzylpenicillin® Cimetidine Ranitidine.
Estrone suifate 123 19583
Cimetidine 444 92.7 x 46.1*
E,17pG 330 363 = 157
PAH 406 281 = 74
Benzylpenicillin ure 140 £ 97
Ranitidine 49,6 £ 15.1 171 2 57*

* Parameters cited from Nagaa et al, (2002).
* K, value

of benzylpenicillin by the isolated CP (Table 3; Nagata et al., 2002),
Furthermore, the inhibition constants of the compounds listed in Table
3, which are substrates of rOat3, are similar for the uptake of cime-
tidine and benzylpenicillin by the isclated rat CP (Table 3). These
results sugzest thal the same organic anion transporter, namely, rOa(3,
is responsible for the vptake of cimetidine by the isolated rat CP.
Since the &; value of ranitidine for the uptake of cimetidine was close
10 #s K, value (Table 3) and benzylpenicillin showed similas inhibi-
son potency (Table 2}, ¢0atd is presumably albso inwolved n fhe
wplake. of ranitadine, Since the uptake of Eamotidine was saturable and
mhibied by benzylpenicillie (Table 2], the involvernert of  tans-
porter was suggested, zhhovgh the fraction of the saturable compo-
nent couldd not be. precisely estimated due to ts limétad solubtity. This
is comsivent with the in vive mcsalt Since famaidine s 2 poov
substric of ¥Ox3, the benzylpemcilkin-seasitive fraction of famwn-
dine wphiler may o least pandy be accountad for by Dat]; however.
i€ is possiblc that oiher transpocters distinct from rOatd and orzau
cation teespovier may play & praior sobe in the uptake of famotidine:
by the isokned v TP Villalubos e ab. 11997) demonstracd the
preseece of 3 membeanz potentivl-sensitive optake mochsnism for
hydrophilic oczanic cations o the primacy culured CP epithelial cetls.
Reverse wramscripinn-polymerase chain resttion anelyses detecid
RRNA cxprossion of Oce2 and Oc3 it the CP. and this may account
for the uptske ef hydrophilic nrganic catbons i the CP (Sweet et .,
2001). The expression level of rOct2 in the P wac considerably
lower than that in the kidney, whereas that of tOct3 was the same for
all the issuss examined, although the absolute value was low
{Choudhuri et 2i,, 2003). The low expression of Oct mRNA may
account for the lower uptake of TEA by the isofated rat CP compared
with that of the Hy-receptor antagonists (Fig. 5). Although cimetidine
is a substrate of rOct2 (Grundemann et al., 1999), the effect of TEA
on the uptake of the Hy-reccptor antagonists by the isolated rat CP was
minimal, even at a concentration sufficient to saturate TEA uptake by
primary cultured choreid epithelial cells (T able 2) (Villalobos et at,
1997). Therefore, the contribution of rOcts to the total upteke of
H,-receptor antagonists by the isolated rat CP is minimat, although
they are involved.

rOat3 has been shown to be expressed on the basolateral membrane
of the proximal tubules and involved in the uptake of organic anions
(Hasegawa ct al., 2002, 2003). However, probenecid treatment did not
affect the steady-state plasma concentration of Hy-Teceplor antago-
nists, although the unbound plasma concentration was sufficient to
inhibit rOat3-mediated uptake (Table 1). This result is in a good
agreement with the previous report by Boom and Russe] (1993). Thcy
examined the uptake of cimetidine by freshly isolated rat p_rox:mal
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tubular celis and demonstrated that the major fraction of cimetidine
uptake (approximately 50%) was inhibited by TEA (Boom and Rus-
sel, 1993). Probenecid was only a weak inhibitor, with an IC,,, value
(700 M) greater than the unbound plasma concentration employed in
this study. Organic cation transporter(s) will play a major role in the
renal uptake of cimetidine, whereas the uptake by the isolated rat CP
is totally accounted for by the organic anion transporter, This unique
phenomenon is entirely due to the unigue natore of the bisubstrate,
which is a substrate of both organic anion and cation {ransporters.
The results of the present study suggest the possibility of drug-drug
interactions between the Hy-receptor antagonists and organic anions
that cause an increase in the CSF concentration of Hy-receptor antag-
onists without affecting their plasma concentration profiles, as in the
case of probenecid. The nisk of mental confusion with cimetidine in
paticnts with renal or hepatic dysfunction is higher than that in normal
patients (Schentag et al., 1981), Furthermore, Schentag et al, {1979)
reported that the concentration of cimetidine in the CSF is related to
the mental status. The Cesp/C, r, ratio in patients with hepatic dys-
function was 2-fold greater than norma!l patients, whereas the plasma
clearance by both types of patients was not significantly different
(Schentag et al., 1979, 1981). These phenomena might be attributed to
the inhibition of the efflux transport across the CP by endogenous
compounds accumulated in the body due 1o hepatic dysfunction.
Indeed, some organic anions {e.g., quinolinic acid) are known to be

. elevated in the CSF of patients with hepatic dysfunction (Moroni et

al.. 1986).

in conclusion, cimetidine and ranitidine are good substrates for
Oatd, whereas famotidine is a poor substrate for this transporter. The
efflux traosport across the CP plays an important role in regulating the
CS5F concentration of H;-receptor antagonists. rOat3 is the most likely
candidate bransparter for the uptake of H,-receptor antagenists by the
isolaed rat CP,
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ABSTRACT

Based on information of the nuclecotide sequence obtained
from rat genome clones, a new CYP3A (CYP3A62) cDNA was
isolated from the cDNA library of a rat liver. The CYP3AB2
cONA was 1746 base pairs (bp} in length, which included 1491
bp of an open reading frame and 93 bp and 209 bp of the
respective 5'- and 3'-noncoding regions. Amine acld sequence
deduced from CYP3A62 cDNA shared the highest similarity
with rat CYP3A9 (79.9%6) among human and rat CYP3A forms
previously reported. CYP3A62 mRNA and protsin were consis-
tently detected In small intestines as well as livers. CYP3AG2

was a major formn in small intestines of both sexes but was a
female-predominant form in livers of adult rats. CYP3A62 in
both tissues of male and female rats were clearly enhanced by
the treatment with dexamethasone. These expression profiles

resembled those of CYP3AS, Despite clear detection of

CYP3A82, no detectablp levels of CYP3A1 and CYP3A2 pro-
teins, as well as those of mRNAs, were found in the intestinal
tract. Therefore, CYP3A62 may play major roles together with
CYP3A2 and CYP3A18 in endogenous or exogenous detoxifi-
cation at the absorption site.

The CYP3A subfamily consists of several forms that dis-
play considerable extents of similarity with one another in
their molecular weights, immunochemical proparties, .and
substrate specificities (Gonzalez, 1988; Nelson et al., 1996).
Human CYP3A forms metabolize more than about half of
therapeutic drugs (Cholerton et al., 1992; Li et al., 1995) and
are also involved in the metabolism of endogenous chemicals
such as bile acids (Araya and Wikvall, 1999), steroid hor-
mones (Waxinan et al., 1988), and retinoic acid (Marill et al,,
2000), CYP3A forms are expressed predominantly in the liver
but are also found in other organs such as the gut (Kolars et
al., 1994), white blocd cells (Janardan et al., 1996; Sempoux
et al, 1999), and brain (Wang et al,, 1996). The level of
CYP3Ad4 in the intestine is reported to share more than 50%
of the total cytochrome P450 (P450) content (Zhang et al,
1999).

In rats, CYP3A] (Gonzalez et al., 1985), CYP3A2 (Gonza-
lez et al, 1986), CYP3A9 (Wang et al., 1996), CYP3A18
(Strotkamp et al., 1995; Nagata et al.,, 1996), and CYP3A23
(Kirita and Matsubara, 1993; Kombori and Oda, 1994) have
been reported as rat CYP3A forms. CYP3A23 was, however,
identified to be the same form as CYP3A1 by analysis of the

Article, publication date, and citation information can be found at

bitp:ilipet.aepetjournals.org.
DOT: 10.11244pet. 103.061671.

CYP3AI gene (Nagata et al, 1999). These CYP3A forms
appear in a sex-dependent manner in rats. For example,
CYP3A2 (Yamazoée et al, 1988; Cooper et al., 1893) and
CYP3A18 (Nagata et al,, 1996; Robertson et al., 1998) are
male-specific forms, whereas CYP3A9 is a female-dominant
form (Wang and Strobel, 1997; Robertson et al., 1998). The
expression profiles in the intestinal tract, however, are ob-
seure with all of the forms.

Levels of CYP3A forms are enhanced after treatment with
structurally diverse compounds such as dexamethasone, clo-
trimazole, and rifampicin (Hostetler et al., 1989; Danjat et
al,, 1991; Burger et al., 1992; Kocarek et al., 1995). Intestinal
CYP3A forms play important roles on the firat-pass effect of

drugs. In humans, however, rather distinet controls of he-

patic and small intestinal CYP3A4s were suggested from
experiments using CYP3A4 probe drugs and also from the
protein levels. Thus, an understanding of their enzymatic
end moleculay -biological properties is necessary hefore pre-
dicting drug-drug interaction.

As the results of the genome sequencing in various exper-
imental animal species, a number of unidentified genes have
been found to provide the information of a novel protein. We
have previously isolated six different C¥P3A-related DNA
clones from a rat genomie library (K. Nagata, T. Matsubara,
and Y. Yamazoe, unpublishéd data). The four DNA clones
contained information on ‘a part of the first exon boundary of

ABBREVIATIONS: P450, cytochrome P450; PCR, polymerase chain reaction; PAGE, polyacrylamide gel electfophoresis; G6PDH, glucose-6-
phosphate dehydrogenase; RT-PCR, reverse transcription-polymerase chain reaction; bp, base pair; HNF-4e, hepatocyte nuclear factor-de.

1282



CYP3A1, CYP3A2, CYP3A9, and CYP3AI8 genes, whereas
the other two remained unidentified.

In the present study, we have isolated a novel CYP3A
¢DNA encoding CYP3A62 from rat liver cDNAs, We have also
characterized enzymatic and molecular biological properties
of this new form in comparison with the other four rat CYP3A
forms.

Materials and Methods

Materials, Restriction endonucleases and cnzymes were pur-
chased from Takara (Kyoto, Japan). Alkaline phosphatase-conju-
gated goat anti-rabhit IgG was purchased from Sigma-Aldrich (St.
Louis, MO). A mammalian expression vector, pCMV4, was provided
by Dr. David W. Russeli (University of Texas Southwestern Medical
Center, Dallas, TX). Dulbeceo’s modified Eagle's medium and fetal
calf serum were obtained from Invitrogen {Carlsbad, CA), and other
chemicals were obtained from Sigma-Aldrich and Wako Pure Chem-
icals {Osaka, Japan).

Ysolation and Sequencing of CYP3A62 ¢cDNA. Oligonucleotide
primaers used for isolation of CYP3A62 cDNA were 5'-GCAGCACA-
CACAAGCTAAGAA-3' (fragment 1), 5'-CTGTGACCTATGATGTC-
CTG-3' (fragment 2), and B5-AGCAGCAATGGACCTGATCC-3
{(frapment 3) for the forward primers, and 5'-GAGAGCAAACCT-
CATGCC-8 (fragment 1}, - ITTTTTTTEYTTITTTTTT-3' (fragment
2}, and 5'-CCACTCATGGTTCAAYC-3' (fragmoent 3) for the reverse
primers, respectively. DNA fragments from the liver cDNAs of a
male adult rat were amplified by the use of Takara Tag (Takara,
Kyoto, Japan), The reaction mixture (30 pl) contained 1 gl of the
template DNA solution, 20 pmol of each of the forward and reverse
primers, 250 pM dATP, dCTP, dTTP, and dG'TP each, and 1 unit of
Tag polymerase. After initial denaturation at 94°C for 5 min, the
amplification was carried out for 30 cycles with 0.5 min at 94°C for
denaturation, 1 min at 55°C for annealing, 1.5 min at 72°C for
extension, and a final extension peried of 7 min at 72°C.

Transfection of CYF3As into COS-1 Cells and Expression of
CYP3A Forms, Constructions of plasmids for CYP3A62, CYP3A9,
and CYP3A18 ¢cDNAs were carried out by insertion between the
Miul and BgllI sites of pCMV4; constructions of plasmids for
CYP3A1l and CYP3A2 cDNAs were carried oot by insertion into the
EcoRI sites of p91023(B) as reported previously under Methods
{Miyata et'al, 1994; Nagata et al., 1999). These cDNAs were isnlated
from rat male DNA libraries using 8 PCR method. These plasmid
constructs (50 ug) were transfected inte COS-1 cells (2.0 X 10° cells)
using an electroporation method, The COS-1 cells cultured at 37°C
for 72 h were collected in 2 ml of phospbate-buffered saline. The
precipitated cells were resuspended in 100 ul of 75 mM potassium
phesphate buffer (pH 7.4) after centrifugation at 2000g for 5 min and
then homogenized. The homogenate was centrifuged at 8000g for 20
win. The supernatant was farther centrifoged at 105,000g for 60
min, and the microsomal pellet was resuspended in 50 pl of buffer
(20% glycerol in 0.1 M potassium phosphate buffer; pH 7.4), Cyto-
chrome P450 content was estimated by the method of Omura and
Sato (1964),

Treatment of Animals and Preparation of Microsomes. Male
and female Sprague-Dawley rats (10 weeks old) purchased from
Japan SLC (Shizuoka, Japan) were acclimated for 3 days. They were
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divided into three groups (contml, dexamethasone-treated, and litho-
cholic acid-treated). Dexamethasone suspended in corn oil was given
intraperitoneally to rats at a dose of 100 mg/kg/day for 3 consecutive
days. Lithocholic acid was given orally at a dose of 100 mg/kg/day for
3 consecutive days. Corn oil (1 ml/head) was given to the controls.
Microsomes and total RNAs were prepared 20 h after the last dose.
Microsomes were prepared as previously described (Yamazoe et al.,
1988). Intestinal mucosa microsomes were prepared as follows. The
small intestine removed was immediately placed in liquid nitrogen.
The tissue cut inte small pieces was added to ice-cold buffer (75 mM
potassium phosphate buffer, pH 7.4, containing 1 mM EDTA, 1 mM
phenylmethylsulfonyl flueride, 100 xg/ml trypsin iohibitor, and 19
ug/m} aprotinin). The microsomal fraction was isolated using the
procedure described for liver raicrosomes, Microsomal protein was
determined by the method of Lowry et al. {1951).

Immunoblot Analysis. Microsomal proteing were electropho-
resed in 16 cm of a 7.5% SDS-PAGE for separation and 1 em of a 2.0%
SDS-PAGE for stacking and transferred to a nitrocellulose mem-
brane, The sheet was immunostained with human anti-CYP3A an-
tibody prepared as described previously (Kawano et al., 1987), alka-
line phosphatase-conjugated guat anti-rabbit IgG, 5-bromo-4-chlore-
3-indolylphosphate, and nitrs blue tetrazoninm as described
previously (Blake et al., 1984).

Testosterone Hydroxylation, The reaction mixturve for mea-
surement of testosterone 68-hydroxylase activities congists of 50 ug
of protein of COS-1 microsomes expressing a CYP3A form, 100 mM
potassinm phosphate buffer (pH 7.4), 5 pmel of cytochrome &g, 0.1
unit (0.1 romol of cytechrome ¢ per minnte) of NADPH-P450 reduc-
tase, and 5 pg of sodium cholate in a final volume of 100 xl: The
reaction was started by the addition of NADPH (final concentration,
(0.5 mM) and terminated by adding ethyl acetate after 40 min of .
incubation at 37°C. Testosterone hydroxylation was quantified by
the method described previously (Yamazoe et al., 1988; Guo et al.,
2000).

Amiodarone and Lidocaine De-ethylations, The reaction mix-
tures for amiodarone and lidocaine N-de-ethylase activities consisted
of 50 pg of protein of COS-1 microsomes expressing a CYP3A form,
100 mM potassium phosphate buffer (pH 7.4), 5 pmol of cytochrome
b;, 0.1 unit of NADPH-P450 reductase, § pg of sodium cholate, and
200 nmwel of amiodarene or lidocaine in a final volume of 104 4l The
reaction was started by the addition of NADPH (final concentration,
0.5 M) and then terminated by the addition of zinc sulfatg and
barium hydrexide after 40 min of incubatien at 37°C. The acetalde-
hyde thus formed was converted to a decahydroacriding derivative
using the reaction with 4 pg of 1,3-cyelchexandione, 4 mg of ammo-
nium acetate, and 2 mg of acetic acid at 80°C for 30 min in a final
volurne of 300 ul. The derived product was gquantified using a high-
performance liquid chromatography system equipped with a Cpy
reversed-phase analytical column (particle size, 7 pm, 4.6 X 150
mm), The metabolites were deticted with the fluorescence at excita-
tion and Quorescence wavelengths of 390 and 457 nm, respectively.
The sample was eluted using acetonitrile/0.5% acetic acid in distilled
water (1:4) at a flow rate of 1 ml/min,

Analysis of Rat CYP3A mB.NAz, Total RNA was extracted from
the following tissues: liver, kidney, spleen, lung, heart, adrenal,
brain, stomach, dusdenum, jejunum, ileum, colon, testis, prostate,
ovary, and uterus of male and feraale rats using an acid guanidinium

TABLE 1

Primer used in PCR reaction for mENA detection and quantification
Messnger Forward Prizner Reverse Primer Fragment Siso
CYP3As2 5 .GGAGATAAAGAGTCTCACC-3' 5" -AGTTCTGCAGGACTCACGAC-Y 544
CYP3A1 §5.GCAGATCACAGCCCAGTCAATC-3" 5-TGGCCAGTGCTGTGGATCACY' 349
CYP3A2 5 -CAAGGGAGATGTTCCCCATCATTG-3' 5 -GCTATGATTTCAACATCAGAC-3 469
CYP3A9 8 -CCATAACATCAATCCTTATATG-3' 5-GCACGCGTGATACAACACCACTATAGGC-3 276
CYP3AIS 5 .CCAATCTATCCTCTTCATCGGA-3 5-CCCCGGGAAATTCACTGTCC-3" 326
GE6PDH 5 -GAAGCAGTCACCAAGAAC-S’ 5.CTGCATGACATCCCTGATGATC. 3! 332
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Fig. 1. The strategy for isolation of CYP3AS2 cDNA. ch_@represant the
cording region. Identified or predicted regions are shown és hatched.

thiocyanate-phenolchloroform method. Total RNAs of each Lissue
were combined for a poot of four individuals. The cDNA was reverse-
transeripted from those total RNAs with Ready-To-Go (Amersham

TABLE 2

Biosciences Inc., Piscataway, NJ). The nucleotide sequences of
CYP3AB2-, CYP3AL-, CYP3A2-, CYF3A9-, CYP3A1S-, and G6PDH-
selective oligonuclestide primers are shown in Table 1. cDNA frag-
ments for CYP3A62, CYP3A1, CYP3A2, CYP3AS, CYP3A18, and
G6PDH were amplified by use of Takara Tag. The reaction mixture
(30 pl} contained 1 pl of the cDNA solution as a template DNA, 20
pmol of each forward and reverse primer as described above, 250 uM
dATP, dCTP, ATTP, and dQTP each, 1 unit each of the enzyme and
the buffer. After initial defiataration at 94°C for 5 min, the targeted
aueleotides were amplified for 85 cycles (RT-PCR) or 40 cycles (real-
time PCR), with'30 5 at 94*C for denaturation, 15 e at 55°C (CYP3A9
and GEPDH), 80°C (CYP3A62 and CYP3IAD), or 63°C (CYPIAL and
CYP3A18) for annealing, 30 s at 72°C for extension, and a fnal
extension period of 7 min at 72°C. The quantification of mRNAs was
carried out with SYBR Green by using ABI PRISM 7000 (Applied
Biosystems, Foster City, CA). A real-time PCR method was used to
determine the expression amounts of CYP3A mRNAs in various rat
tissues. In these experiments, levels of CYP3A mRNAs were normal-
ized from the amount of total RNA.

Results

Isolation and Analysis of CYP3A62 cDNA. In previous
experiments, we have identified six different promoter re-
gions of CYP3A genes from rats. Four of them were matched
to genes encoding the first exon regions of CYP3A forms
[(CYP3AI (Gonzalez et al,, 1985), CYPIA2 (Gonzalez et al.,
1986), CYP3A9 (Wang et al., 1996), and CYP3A18 (Nagata et
al., 1996), respectively] that were identified previously. The
other two clones seemed to encode unknown CYP3A genes.
Based on this information, a novel CYP3A form (CYP3A62)
¢DNA" has been isolated using RT-PCR. A fragment 1 of
CYP3AG2 cDNA was at first amplified from the liver cDNA of
a male adult rat with the forward primer 1 and reverse
primer 1 (Fig. 1), and the nuclectide sequence was deter-

Homology of amino acid sequence among CYP3A forms, CYP3AL K. Nagata (L24207); CYP3A2, M. Miyata (NM_153312); CYP3A9, P. Nef
(NM_147208); CYPSA18, K. Nogata (NM_145782); CYPRA4, T. Molowa (NM_017460); CYP3AS, T. Anyaﬂa_(NM_OOO???); CYP3A1, M. Komori

(NM_000765); CYP3A43, T. L. Domonski (AF319634).7 .

CYP3A1 CYPaAg CyPass CYP3A18 CYPZA4 CTTRAS CYPaa? CYP3A43
CYP3A62 69.3 877 9.9 67.2 V6 734 69.8 67.0
CYP3A) 86.9 2.8 69.7 718 718 68.8 63.1
CYpsa2 72.2 67.1 72.0 70.8 69.2 83.5
CYP3A9 68.4 76.6 75.1 72.8 68.0
CYP3A18 68.4 68.6 65.2 64.4
CYP3A4 843 88.3 75.7
CYP3A5 819 75.7
CYP3AT 714
TABLE 8

The quantification of male and female rat CYP3A mRNAs by reai-time PCR in liver and intestinal tract. Real-time PCR was carred out as described
under Materials and Methods. The numbern represent the-molecular number of CYR3A mRNA to total RNA amount (attomole of CYP3A mRNA/ug
total RNA). The limit of detectable CYPIA mRNAs was less than 0.01 attomoles of CYP3A mBNA/ug of total RNA.

Cytochrome P450
Sex Tissue T
CYP3A62 CYPIAL CYP3AZ CYP3As8 CYP3A18
Male Liver 1.05 §2.48 382.69 3.97 629
Duodenum 2.61 N.D. N.D. 12.42 0.39
Jejunum 7.88 N.D. N.D. 8.49 0.55
Nleum 550 N.D. N.D. 111 0.25
Colon 3.01 N.D. N.D. .89 0.04
Female Liver 5.73 39.09 N.D. 12.94 0.97
Duodenam 1.27 N.D. N.D. 0.61 0.10
Jojutam 254 N.D. N.D. 0.11 0.10
Ileum 1.09 N.D. N.D. 0.04 0.07
Colon 0.24 N.D. N.D. 0.14 N.D.

N.D., pot detectable.
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Fig. 2. Changes in the profile of rat CYP3A mRNAs after treatment with dexamethasone or lithochalic acid in liver and intestinal tract. Real-tiwe PCR
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this figure represent the molecular number of CYPSA mRNA to total RNA amount {attomole per microgram). The limit of detectable CYP3A mRNAs

waz less than (.01 attomoles of CYP3A mRNA/ig total RNA.

mined. The reverse primer 1 was constructed from a region of
highly conserved nucleotide sequences among CYP3A ¢D-
NAs. Second, a fragment 2 was amplified with the forward
primer 2 and reverse primer 2 to determine the nucleotide
sequence. Finally, fragment 3 of the CYP3AG2 ¢DNA, includ-
ing an entire open reading frame, was amplified from the rat

liver cDNAs with the forward primer 8 and reverse primer 3.
The nucleotide sequence of {ragment 3 was completely iden-
tical with those of fragments 1 and 2 (Fig. 1). In this strategy,
the identified ¢DNA was 1746 bp in length, which had an
open reading frame of 1491 bp (corresponding to 497 amino
acids), 93 bp and 209 bp of the 5'- and 3'-noncoding regions,
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Fig. 8. Detection of rat CYP3A mRNAs in tissues other than liver and
intestine. RT-PCR was carried out as described under Materiols and
Methods. Electrophoresis was performed in 8 1% agarose gel. A male rat
tissues; B, female rat tissues. Lanes: K, kidney; Sp, spleen; Lu, hing; H,
heart; A, adrenal; B, brain; St, stomach; Te, testis; P, prostate; O, ovary;
U, uterus.

respectively. This nucleotide sequence was deposited with
the DDBJ nuclectide  sequence database (Acceasion no.
AB084894). CYP3A62 oDNA showed the highest similarity in
the nucleotide sequence. with rat CYPS8A9 and mouse
Cyp3al3 ¢cDNAs (both 84.4%). CYP3A62 showed the highest
similarity with CYP3A9 (79.9%) and also showed 67.0 to

2 : i1 ! . "I

Female

sy
T

73.4% similarity in amino acid sequence with other rat and
human CYPSA forms (Table 2). A unique property of this new
form is in.the number of cording residues, A nucleotide
change (change A to T) at 1584 bp of CYP3A62 ¢DNA to form
a termination codon resulted in 3- or 6-amino acid shorter
sequences as compared with thase of other CYP3A forms
except for CYP3A18. '

Quantification of CYPSA mRNAs in Liver and Intes-
tinal Tract. The quantification of individual CYP3A mRENAs
was carried out by the use of a real-time PCH method, As
shown in Table 3, predominant expression of CYP3A62
mRNA and CYP3A9 mRNA in the female over the male was
observed in the liver. The level of CYP3A62 mRNA was about
5 times higher in the female than in the male in liver (5.73
and 1.05 attomole/ug total RNA, respectively). CYP3A62
mENA was also detected.in the intestinal tract of both sexes.
The level was rather higher in the male intestinal tract than
in the liver (duodenum, jejunum, ileum, and colon were 9.61,
7.88, 5,50, and 3.01 attomole/ug total RNA, respectively). In
female rats, the level was roughly equivalent between the
liver and duodenum (5.73 and 7.27 attomole/ng total RNA,
respectively), and lower in the jejunum, ileum, and colon
than in the duodenum (jejunum, ileum, and colon were 2.54,

-1.09, and 0.24 attomole/ug. total RNA, respectively). Their

tissue distribution profiles were similar to those of CYP3A9
mRNA. CYP3A2 and CYP3A18 mRNAs were predominantly
expressed in male rat livera as previously reperted {(Cooper et
al., 1993; Robertson et al., 1998), The amount of CYP3A2
mRNA was higheat among rat CYP3A forms (382.69 atto-
mole/ug total RNA). CYP3Al mRNA was also ohserved in
livers of both sexes (male and female were 52.48 and 39.09
attomole/ug total RNA; respectively), although the levels
were lower than that of CYPSA2 mRNA in male rats. An
interesting thing is that CYP3A1 and CYP3A2Z mRNAs were

Fig, 4. Western blot analyses of microsomal pro-
teing in rat.liver and smal! intestine. Electro-
phoresis was performed in a 7.5% SDS-PAGE.
The blotted membrans was proved with the anti-
CYP3A antibody. Deteails are described under
Materials and Methods. A, recombinant CYP3A
forms. Lanes: 9, 2 pg of CYP3A9 microsomes; 1,
2 pg of CYP3A1 wmicrosomes; 2, 2 pg of CYP3A2
microsernes; 62, 2 ug of CYPIAG2 microsomes;
18, 2 pg of CYP3A1B microsomes; COS-1, 2 g of
COS-1 microsormes; M, 2 ug of microsomes
pooled from four male rat livers; F, 2 g of mi-
croscmes pooled from four female rat livers. B,
rat liver. Lanes: 62, 4 ug CYP3AG2 microsomes;
Male, 10 ug male mwicrosomes; Female, 10 pg of
female microsomes. €, rat small intestine,
Lanes: 62, 6 pg of CYP3AB2 microsomes; Male,
50 pg of male microsomes; Female, 50 pg of
female microsomes,

- CYP3AS

unidestified

CYP3ALR



not detected in the intestinal tract using real-time PCR.
CYP3A18 mRNA was detected as a male-predominant form
in the liver and intestinal tract, although the level was very
low in the intestinal tract.

After treatinent of rats with dexamethasone intraperitone-
ally, both CYP3AL and CYP3A2 mRNAs were clearly in-
creased (25 to 200 times) in the liver but not at all in the
intestinal tracts as shown in Fig, 2. CYP3A18 mRNA was
alse enhanced in the liver (about 20 times) and to a lesser
extent in the ileum (2—4 times). The expression profile of
CYP3A62 mRNA differed from those of CYP3A1, CYP3AZ,
and CYP3A18 mRNAs, Levels of CYP3A62 mRNA were in-
creased in both liver and intestinal tracts of both sexes (2-30
times) by the treatment. Similar profiles were also detected
in the level of CYP3A9 mRNA. These results were confirmed
by repeated experiments (data not shown). On the other
hand, only CYP3A2 mRNA was strongly increased in the
liver of both sexes after treatment with lithecholic acid. In
the jejunum of both sexes, CYP3A62 mRNA was increased
(2-5 times) by the treatment.

Tissae Distribution of CYP3A62 and Other Rat
CYP3A Forms. To assess the tisswe distribution of rat
CYP3A forms other than liver and intestine, selectively am-
plified mRNA levels were detected in various tissues by RT-
PCR with specific primers as shown in Table 1. The band for
CYP3A62 mRNA was found in the stemach of both sexes
(Fig. 3). CYP3A9 mRNA was detected in the storeach, lung,
and brain of both sexes. CYP3AL and CYP3A2 mRNAs were
algo not deteeted in these tissues. CYP3A18 mRNA was
detected in the lungs of both sexes and in the kidney and
spleen of the male.

Detection of the CYP2A62 Protein. To characterize the
enzymatic properties of a protein derived from CYP3A62
¢DNA, all rat CYP3A forms identified were expressed in
COS-1 cells as described under Meteriuls and Methods. Mi-
crosomal proteins in COS-1 cells were immunoblotted by the
use of anti-CYP3A antibodies. As shown in Fig. 4A, individ-
ual recombinant CYP3A forms expressed in COS-1 cells were
clearly separated and detected at different electrophoretic
mobilities. The order of those electrophoretic mobilities was
CYP3A18, CYP3A62, CYP3A2, CYP3Al, and CYP3AY from
lower dalton registers. The band corresponding to CYP3A62
was detected in the female liver but not clearly in the male
liver (Fig. 4B). Bands to CYP3A2 and/or CYP3A1l and
CYP3A18 were clearly detected in the male liver, and a band
corresponding to CYP3A9 was also detected (Fig. 4B). In
livers of female rats, bands of CYP3Al and CYP3AS were
clearly detected, but not those of CYP3A2 and CYP3A18 (Fig.
4B). In small intestines of both sexes, the bands correspond-

TABLE 4
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ing to CYP3A62 and CYP3A9 were detected. CYP3A1B was
also detected, but the expressed level.varied- clearly among
individuals: An unidentified band wag detectéd’ small in-
testines of both sexes as ind. icated by e a.:‘rnw.,

Microsomal Jevels of individual CYP3A formis are summa-
rized in Table 4. Due to overlapping mobili s of CYP3A2
and CYP3A1 in SDS-PAGE, combined: amouits are shown
for livers of male rats. CYPBAWCYFSAE ‘an {:YP3A18 had
53.95 and 28.24 pmol/mg protein in male rat livers, respec-
tively, CYP3A9 was 5.12 pmol/my priteili in miale rat Bvers,
but CYP3A62 was not clearly quantified (<0.1 pmol/mg pro-
tein). On the other hand, (YP3A1 and CYP3AQ had 19.07
and 11.24 pmol/mg protein in female rat livers. CYP3AG2
was predominantly detected in female livers (4.81 pmol/mg
protein), and CYP3A2 and CYP3A18 in feminle livers were
not detected (<0.1 pmoliig protein). In, small intestines of
both sexes, the expressed level of the CYP3A62 was highest
among CYPSA forms. The lovels of CYP3A62, GYP3AS, and
CYP3A18 were quantified st 2.81, 0.78, and 0.84 pmoVng
protein in males, respectively. On the othér hand, in females
the levels of CYP3A62, CYP3A9, and CYP3A18 were 2.01,
0.73 and 089 pmol/mg protein, respectively. Neither
CYP3A1 nor CYP3A2 was detected in small intestines of both
sexes.

Comparison of Catalytic Activities among Recombi-
nant CYP3A Forms. Testosterone 68-hydroxylation is
known as a typical catalytic activity for CYP3A forms, Some
of the members are also known to catalyze 2@- and 1583-
hydroxylations of testosterone, although the extent of those
activities is lower than that of the 6p-hydrozylation. In the
present study, the catalytic property of CYP3A62 was com-
pared with other forms using testosterene hydroxylation. As
shown in Table 6B, recombinant CYP3A62 mediated testos-
terone 68- and 28-hydroxylations at the lowest rate (1,14 and
0.06 nmol/min/nmol P450, respectively) among recombinant
rat CYP3A forms examined. A catalytic activity of testoster-
one 1l6a-hydroxylation (0.76 nmol/min/nmol P450), which
could not be detected in CYP3A1, CYP3A2, and CYP3AS, was
observed in CYP3A62 as well ag in CYP3A18. As shown in
Table 5B, CYP3A62 activity was only slightly increased
(about 1.3 times) by additien of cytochrome b;, despite the
clear changes in other forms,

To further characterize the drug-metabolizing activity in
CYP3A62, catalytic activitizs of amiodarone and lidocaine
N-de-ethylations were tested with recombinant rat CYP3A
forms. As shown in Table 6, CYP3A62 showed low but clear
N-de-ethylating activities of both amiedarene and lidocaine
(0.007 and 0.054 nmol/minfamol P450, respectively). In ad-
ditien, CYP3A9 showed the highest activity of both N-de-

The guantification of CYP3A forms in liver and small intestine of inale and female rats, Immunoblot analysis was carried out g8 deseribed under
Materials and Methods. The numbers represent the ratio of CYP3A form to microsomal protein (pmolimg protein). The value represents the mean
and the standard deviation of four different rats. <0.10, less than 0.10 pmol/mg protein in liver, and <0.02, less than 0.02 pmol/mg protein in
small intestine. The value of CYP3A1 and CYF3A2 forms in male liver represents the total amount of both CYP3AL and CYP3AZ2 due to
incomplete separation. *, CYP3A62 and CYP3A18 forms were seperated incompletely in SDS-PAGE, but the stained band could be divided into
twn upper (CYP3A62) and lower (CYP3A18) portions by using NIH image 1.58/ppe.

Cytochrone P450

Sex * Tissue
CYP3AB2 CYP3A1 CYP3A2 CYPIAD CYP3AL8
Male Liver <0.10 53.95 % 4.42 5.12 + 1.44 2824 £ 229
Small intestine 231 £ 1.33* <0.02 <0.02 (.78 * 0.20 0.84 = (. 82%
Female Liver 4.81 = 0.57 11.24 + 3.29 <().10 19.07 + 3.31 <0.10
Small intestine 2.01 + 0.33* <0.02 <0.02 0.73 % 0.18 0.89 # 0.50*
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TABLE §

Testosterone hydroxylution by rat recombinant CYP3A forms. The
enzyme activity was measured using 80 pg of microsomal protein of
COS-1 cells described in detail under Materiols und Methods. Activities
represented are the mean and the standard deviation of three different
expariments by nmol/min/nmol P450. 68-0H, 16~-0H, 25-OH, and
158-OH represent the rate of testosterons 68-, 16, 2., and 158-
hydroxylase activities, respectively. Cytochrome b, (—), withaut
addition of eytochrome by; cytochrome b, (+), with addition of
cytochrome by,

Matsubara et al,

A
Pa50 Testouterone Hydroxylation-Cytochrome b, (-}
6p-OH 184-CH 280H 158.0H
CYP3A62 088+009 0861*008 008000 N.D.
CYPaAl 0.41 = 0.16 N.D. 0.17 = 0.01 N.D.
CYP3A2 119 + 0.19 N.D, 0.16 = 0.01 N.D.
CYP3A9 0.79 = 0.06 N.D. 0.12 * 0.00 N.D.
CYP3AI8 121016 (442005 008000 0.152001
B
Paso Testosterone Hydroxylation-Cytochrome &, (+}
6p-0H 16-0H 28.0H © 1BpOH
CYPaAB2 1.1420.16 0.76 £ 0.04 006> 0.00 N.D.
CYP3A1 221+ 0.19 N.D. 048+ (.01 N.D.
CYP3A2 10.13 + 9.51 N.D. 046 * 003 N.D.
CYP3AS 2,65 * 0.19 N.D. 0.19 * 0.00 N.D.
CYP3A18 34320566 079x018 0122002 0.41=*008

N.0., not detoctable (< 0.02 amolminfmol PAGC).

TABLE &

N-De-ethylating activities by rat recombinant CYP3A forms. The
enxyme activity was meagured using 60 ug of microsomal protein of
CO05-1 cells described in detail under Materials and Methods. Activities
represented are the mean and the standard deviation of three different
experiments by nmol/min/nmol F450. :

Subatrate
P450
Amiodarone Lidocaina
CYP3AG2 0.008 = 0.008 0.054 * 0.012
CYP3Al 0.038 * 0.006 0,081 = 0.004
CYP3A2 0.018 £ 0,015 0.174 £ 0.008
CYFP3AS 0.158 £ 0.010 0.178 > 0.007
CYP3A18 0.084 + 0.008 0.067 + 0.006

ethylations among rat CYP3A forms (0.156 and 0.178 nmol/
min/mol P450),

Discussion

In our previous experiments with CYP3A gene structures,
six different CYP3A genomic clones were isolated. Four of
them were identified to encode exon 1 of the CYP3AI,
CYP3A2, CYP3AS9, and CYP3AI8 genes, whereas the other
two remained unidentified, Based on high similarities of
their partial nucleotide sequences and the possible first exon
information, a novel rat CYP3A ¢DNA, CYP3A62 cDNA, has
been isolated from a liver ¢IDNA BHbrary of a male rat. The
entire sequence of the isolated ¢DNA has 1746 bp and in-
cludes an open reading frame of 1491 bp encoding a protein
of 497 amino acids, The amino acid number is six residues
shorter than those of CYP3A2 and CYP3A9, but it is identical
with that of CYP3A18, CYP3AS62 showed the highest simi-
larity with CYP3A9 among rat CYP3As and was more simi-
lar to human CYP3A4 and CYP3A5 than rat CYP3A1 and
CYP3AZ2 in their amino acid sequences.

CYP3A62 mRNA and CYP3A9 mRNA were detected in the
liver and intestinal tract uging real-time PCR, and their

. tire ain

profiles were similar to one another (Table 3), These profiles
were also supported by the quantification of both proteins
detected by immunoblot analyses (Fig. 4; Table 4). Another
form, CYP3A18, was also detected, but major hepatie forms,
CYP3A1 and CYP3A2, were not. detected in the intestinal
tracts of both sexes (Table 3). This may be related to the
difference of catabolic and metabolic activities between livers
and gmall intestines in rats. A large individual variation was
observed on the expression level of CYP3A18 protein in the
small intestine. The extent of transeriptional sctivation after
the treatment with dexamethasone or lithocholic acid also
differs among rat CYP3A genes. As shown in Fig. 2, all the
CYP3A mRNAs in livers were increased after the treatment
of both sexes of rats with dexamethasone. CYP3A1 and
CYP3A2 mRNAs were not detected even with real-time PCR
in intestines of rats treated with dexamethasone. In contrast,

- CYP3A62 and CYP3A9 mRNAs were readily detectable and

enhanced after dexamethasone treatment in the small intes-
ie'and liver. These results clearly indicate the liver-selec-
ive ekprésdion of CYP3A1 and CYP3A2 and the intestinal-
dominant expression of CYP3A62 and CYP3AS. Human
CYP3A4 was detected mainly in the liver and intestinal tract
and also increased in both tissues after treatment with chem-
jeal inducers (Kolars et al,, 1992; Goodwin et al., 1999;
Schmiedlin-Ren et al,, 2001). These expression profiles are
more similar to those of CYP3A62 and CYP3AD than to those
of CYP3A1 and CYP3A2, In addition to the expression pro-
file, the nucleotide sequence of the CYP3A62 proximal pro-
moter region shows higher similarity with that of the
CYP3A4 genes than that of CYP3A1 and CYP3A2 genes (Fig.
6). It has been reported that CYP3Al and CYP3A2 genes
have hepatocyte nuclear factor-da (HNF-4«) binding element
in their proximal promoter regions (Miyata et al., 1995; Na-
gata et al., 1999) as shown in Fig. 5. On the other hand,
CYP3A62 as well as CYP3A4 do not contain HNF-4« binding
element in their proximal promoter regions, Localization of
HNF-4« binding site at the proximal promoter region may be
associated with the strict liver-specific expression of CYP3A1
and CYP3A2.

Recombinant CYP3A62 mediated testosterone 68-bydroxy-
lation, but the rate was the lowest among recombinant rat
CYP3A forms examined, Microsomal testosterone 6g-hy-
droxylation of CYP3A62 was slightly enhanced after addition
of cytochrome &g, unlike CYP3A1 and CYP3A2. A profile
similar to CYP3A62 on testosterone hydroxylation was ob-
served in that of CYP3A18. As reported, requirement of cy-
tochrome b5 was dependent on the combination of P450 and
substrate (Guengerich, 1983; Schenkman and Jansson,
2003). It may imply that the energy to transfer a second
electron from eytochrome &y to P450 is different among P450
and/or substrate, but no clear evidence can be provided.

In conclusion, we have isolated a new rat CYP3A form and
identified it as CYP3A62 in the present study. Nuclectide
sequences of the promoter region and CYP3A82 ¢cDNA exhib-
ited high similarity with the nucleotide sequences of CYP3A4
and CYP3A9 compared with the nucleotide sequences of
CYP3Al and CYP3A2. CYP3A62 was a predominant form in
the intestinal tract, whereas CYP3Al and CYP3SA2 were
detected only in the liver. In addition, the expression profile
of CYP3A62 was also similar to that of CYP3A4 and CYP3A9.
Judging from the ahsence of CYP3A1 and CYP3AZ2 in the
gastrointestinal tract, CYP3A62, as well as CYP3A9 and




