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Fig. 4: Schematic representation of ABCB1 and non-synonymous
polymorphism. The positions of amino acid substitutions are indi-
cated by arrows. The molecular structure of ABCB1 is modified
from Gottesman MM, Pastan 1: The multidrug transporter, a dou-
ble-edged sward. J. Biol. Chem. 263, 12153-12166 (1988).
ABC, ATP-binding cassette.

ABCBI gene. One of those mutations in particular, a C-
to-T variant at position 3435 in the exon 26 of the ABCBI
gene, was reportedly correlated with ABCB1 expression
and finction. While this SNP does not alter the amino acid
sequence of ABCBI, individuals hemozygous for the poly-
morphism expressed significantly less duodenal ABCBI1
and significandy more plasma digoxin '*. The distribution
of the SNP C3435T in exon 26 in the Chinese and Malay
population was found to be similar to the Caucasians where-
as the Indians were different. The Asian population also dif-
fered significancly from the African and Caucasian popula-
tion in the distribution of the C3435T SNP 7. However,
the association of the C3435T polymorphism with ABCB1
protein expression and function remains controversial. In
fact, various investigators have reported that the T allele is
associated with increased {or decreased) expression levels or
has no clearly discernible effect. Furthermore, the reported
effects of C3435T SNP on the pharamcokinetic profiles of
drugs are also controversial (see 18,19 for recent reviews).

Recently, five most common coding SNPs were assessed
by a vaccinia virus-based transient expression system*'. The
study on cellular accumulation of several tested substrates indi-
cated that the substrate specificity of the protein was not sub-
stantially affected by any of the SNPs, whereas cell surface expres-
sion and function of even double mutants showed no differ-
ence from the wild-type protein. The study suggests that these
SNPs result in mutant proteins with a distribution and func-
tion similar to the wild-type protein. However, kinetic para-
meters for those variants have not been assessed in that scudy.

On the other hand, the ABCB1 G2677T/A™ contains a
tri-allelic polymorphism (with G at nucleotide 2677 found
in the wild-type sequence, and with A or T at that position
being the two possible variants), which results in an amino
acid change (A8935/T) in exon 21. Previous work has shown
that the Ser893 substitution is associated with an altered drug
resistance pattern in AdrR MCF-7 cells as well as enhanced
efflux transporting ability in stably transfected NIH3T3
GP + EB6 cells ™,
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Fig. 5: Expression and functional analysis of ABCB1 variants.
A PCR primers used for site-directed mutagenesis. The sequences
are compared with those of the wild type ABCB1. The codons
comresponding te amino acid substitutions are indicated by under-
lines. B. Western blotting analysis for ABCB1 variants expressed
in the plasma membrane fraction of 5@ cells.

Acquired mutation of ABCB1 in cancer cells
Cells selected # vitra against a lipophilic cytotoxic com-
pound usually develop cross-resistance to other drugs. Some
multidrug-resistanc cell lines are significantly more resistant
to the drug used in their selection than to the other drugs.
A single amino acid substitution, Gly185Val, in the human
ABCB1 protein was found to cause an altered partern of drug
resistance in cell lines transfected with the ABCB1 cDNA
carrying this mutation®. It is suggested chat the amino
acid at position 185 is involved in colchicines and vera-
pamil but not in vinblastine binding/transport. In addicion,
several recombinant variants have been generated either by
in vivo drug selection or by site-direcred mutagenesis tech-
niques, which show altered substrate specificity or impaired
function of a properly assembled protein.

Functional analysis of ABCB1 polymorphism
Fig. 4 depicts hitherto identified nonsynonymous poly-
morphisms in the ABCB1 protein. Quantitarive studies
are required to precisely evaluate functional changes associ-
ated with genetic polymorphisms of ABCB1. For this pur-
pose, the cDNA of ABCB1 was cloned from the human liver
cDNA library, and several variant forms (i.e., N21D, N448S,
F103L, G185V, S400N, A893S, A893T, M98GV) were pre-
pared by site-directed mutagenesis (see Fig. 5A for primers).
These variants and the wild type of ABCB1 were then expressed
it in Sf9 cells using the pFASTBACI vector and recombi-
nant baculoviruses. ABCBI variant proteins expressed in Sf9

GOR Vol.6 No.1 SPRING 2004 @31

—172—



'8

o
[=]

ABCB1(GIB5V) /510 -

ATPase activiry
(nmal/min/mg protein)
r-9
[=]

- B9 {Control)
- ~0
0 i 1 1 1. J
o .19 2.0 30 .40 50
> ‘Verapamil (uM) -

Fig. 6: Verapamil-enhanced ATPase activity in the plasma mem-
brane fraction of 518 cells, Closed circles, ABCB1 (G185V-express-
ing Sf9 cells; open circles, control Sf9 cells.

cell membranes were detected by the western blot method
using a specific monoclonal antibody (Fig. 5B).

Using membranes prepared from 59 cells expressing
ABCB1 variants, AT Pase activity of this ABC transporter was
measured in the presence of various compounds. For this
purpose, we have recently developed a high throughpuc screen-
ing system using 96-well plartes, where the ATPase activity
in the isolated 5f9 cell membranes is determined by mea-
suring inorganic phosphate liberation®. As demonstrated in
Fig. 6, verapamil, one of the typical substrates of ABCBI,
enhanced ATPase activity. Table 2 summarizes kinetic para-
meters observed for the variant forms as well as the wild type
of ABCBI. The variant forms {i.e., N21D, N44S, F103L,
G185V, S400N, AB93S, ABI3T, MI86V) exhibited the ver-
apamil-enhanced ATPase activity, as did the wild type of
ABCB1. Km values for verapamil were slightly different
among those variants. The Vmax values of the variants were
normalized to that of the wild type by referring to the inten-
sity of each variant protein on the western blotting (Fig. 5B).
The variant G185V (acquired muration) was found to have
the highest Vmax value, which was followed by N21D (Table
2). Thus, it is critically important to quantitatively analyze
the functional difference among such variants in evaluating
nawurally occurring nonsynonymous polymorphisms, In addi-
tion, the effect of SNPs on the transport activity may depend
on substrates tested, and therefore the funcrional analysis of
SNPs using a wide variety of substrates is of great interest.
Kinetic parameters of those variants observed with different
substrates will be reported elsewhere.

ABCB1 gene expression and its clinical
impact

There are many factors that can affect not only the func-
tion but also the expression levels of drug transporters.
Numerous environmental factors affecting the phenorypical
activity of drug transporters must be considered, which
may include exogenous chemicals, food constituents, herbal
preparations, and/or therapeutic drug use thar may induce
or inhibit the function or expression of drug transporters,
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Variant Km Vmax

{ M) {nmol/minfmg pratein)
Wild type 2.190+0.150 13.14+1.95
N21D 0502+0.126 452611133
N44§ 0.5803-0.148 31034465
F1031 1.100+0.078 36.34 £8.33
G185V 0.831+0.102 56.76 £6.75
34000 0.327 +0.025 13.74:2.08
A8935 0.441 0.042 17.24+6.72
A893T 0.904+£0.244 10.77+1.35
M386v 0.419+0.062 2269+6.84

Table 2: Kinetic parameters of the wild type and SNP variants of
ABCB1

The wild type and variants of ABCB1 wers then expressed it in S19 cells using
the pFASTBAGCY vector and recombinant baculoviruses.

Using membranes prepared from S0 cells expressing ABCB1 varianls, ATPase
activity was measured in the presence of verapami at different concentrations.
Km and Vrmax values were calculated from Lineweaver-Burk plats. ABGB1
proteins expressed in Sf9 cell membranas were detected by the westermn
blot method using the G219 moneclonal antibody. The Ymax vatues of the
variants were normalized to that of the wild type by referring to the intensity
of each variant protain on the western blotting. Data are expressed as
mean valuess £ S.0, {n =3}

as exemplified by the cases of ABCB1 3,

Transcription of the ABCBI gene appears to be regulat-
ed by multiple factors. For example, the proximal promot-
er region has a GC-rich region, at approximately —100 to
-120 bp from the transcriptional start codon that coneains
a site responsible for the repression of transcription. Also,
basal transcription appears to involve a consensus site that
binds NF-Y transcription factors ar a Y-box (inverted CCAAT
box) between ~70 and —80 bp. In addition, a binding site
for SP-1 and members of the early growth response (EGR)
family of transcriptional factors is present which overlaps with
the NF-Y consensus site. A 13-bp region around the initi-
arion site involved in accurate initiation of the transcription
has also been identified. ABCBI is expressed at a high fre-
quency in tumor cells and both c-H-Ras and mutant forms
of p53 have been shown to activate the ABCBI promoter.
On the other hand, ¢- and N-Myc expression is apparendy
inversely correlated with ABCB1 expression. In addition to
such transcriptional regulations, the stability of mRNA and
posttranslational regulation are also considered important
in the regulation of ABCBI expression,

Variation in the pharmacokinetic behavior of a drug among
differenc patients is the net results of complex interactions
between genetic, physiological, and environmental factors.
If the function or expression level of drug transporters is
altered due to genetic factors, intestinal secretion of the drug
into the gur lumen may change. Such information may be
valuable in predicting an increase or decrease in bicavailability
or orally administered substrate drugs in individual
patients. In the case of organ transplantarion, it is critically
important to maineain the concentration of an immuno-
suppressive drug at sufficient levels in the blood circulation.
The success of the transplantation depends on a delicate bal-
ance berween immunosuppression and rejection. For instance,
tacrolimus (FK506) is a widely used immunosuppressor,



whereas large variability has been noted in its bioavailability
after oral administration of this drug. Recent studies have
provided evidence that intestinal expression of ABCB1 is a
good probe for prediction of the interindividual variation
in tacrolimus pharamcokinetics after organ transplantation
and also a powerful prognostic indicator for the outcome of
organ transplancacion ¥,

Future perspectives

In the near future, more information on SNPs and haplo-
type maps will be available for a variety of drug trans-
porters. It will become increasingly important to deter-
mine which polymorphism has influence on the function and
gene expression of drug transporters. The expression and
phenotypical activity of drug transporters in patients may be
strongly influenced by medications. Genetic variations in
the promater region or introns of drug transporter genes may
alter the pene expression. In addition, non-genetic and/or
epigenetic factors are also considered to have potential effects.
Gene regulation of drug transporters as well as drug metab-
olizing enzymes is of grear interest to understand the mole-
cular mechanisms of drug response and toxic events. It has
been documented that hydrophobic ligands and several nuclear
receptors are involved in induction or down-regulation of
eytochrome P-450 isoforms and ABC transporters ®%. While
the gene regulation of drug metabalizing enzymes, such as
cytochrome P-450, glucuronide transferases and glu-
tathione transferases, have been well characterized, pharma-
cogenomics scudies on the molecular mechanisms underly-
ing the induction and/or down-regulation of drug transporters
would significantly contribute to our understanding of
individual difference in drug response.
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In the 21st century, emerging genomic technologies (i.e., bioinformatics, functional genomics, and pharma-
cogenomics) are shifting the paradigm of drug discovery research and improving the strategy of medical care for
patients. In order to realize the personalized medicine, it is critically important to understand molecular mecha-
nisms underlying inter-individual differences in the drug response, namely, pharmacological effect vs. side effect,
Evidence is now accumulating to strongly suggest that drug transporters are one of the determinant factors gov-
erning the pharmacokinetic profile of drugs, Effort has been made to identify genetic variation in drug trans-
porter genes. In particular, genetic variations of the human ABCBI (P-glycoproteintMDRI) gene have been most
extensively studied. Hitherto more than fifty single nucleotide polymorphisms (SNPs) and insertion/deletion
polymorphisms in the ABCBI gene have been reported. However, at the present time, information is still limited
with respect to the actual effect of those genetic polymorphisms on the function of ABCBI. In this context, we
have undertaken functional analyses of ABCBI polymorphisms. To quantify 'the impact of genetic polymor-
phisms on the substrate specificity of ABCBI, we have developed a high-speed screening system and a new struc-
ture-activity relationship (SAR) analysis method. This review addresses functional aspects of the genetic poly-
morphism of ABCB1 and provides the standard method to evaluate the effect of polymorphisms on the function.

Key words P-glycoprotein; single nucleotide polymorphism; high throughput screening

INTRODUCTION

Pharmacogenomics, the study of influence of genetic fac-
tors on drug action, is increasingly important for predicting
pharmacokinetics profiles and/or adverse reactions of drugs.
Drug transporters and drug-metabolizing enzymes are recog-
nized as significant factors, because they play pivotal roles in
determining the pharmacokinetic profiles of drugs and, by
extension, their overall pharmacological effects (i.e., drug ab-
sorption, drug distribution, drug metabolism and elimination,
drug concentration at the target site, and the number and
morphology of target receptors).™'® The effects of drug
transporters on the pharmacokinetic profile of a drug depend
on their expression and functionality. Indeed, the expression
of drug transporters can be modulated by endogenous and
exogenous factors, including drugs, themselves. It is also
now known that inherited differences among individuals may
also affect drug efficacy and toxicity."! ¥ Such inherited dif-
ferences include genetic polymorphisms in drug targets and
drug-metabolizing enzymes, as well as in drug transporters
(Fig. 1). Hitherto, pharmacogenetics, the field dealing with
such inherited differences and their effect on pharmacokinet-
ics, has significantly contributed to our understanding of ge-
netic causes underlying differences in drug metabolism (e.g.,
cytochrome P-450 mediated drug metabolism}. In fact, re-
cent technological advances allowing massive molecular se-
quencing have in turn allowed us to identify single nucleotide
polymorphisms (SNPs) as one possible cause of variable
drug response among individuals.'"*'? In light of such ad-
vances, it is important to carefully examine the clinical sig-
nificance, if any, of polymorphisms in drug response genes,
including drug transporters.
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Genetic Polymorphlsm and Gene Expression
Drug Target Molecules {Enzymes, Receptors, efc.)
Drug Metabalizing Enzymes
Drug Transporters

Pharmacol. Effect vs. Side Effect ‘

Individual Differencs in Drug Response

Pharmacokinelics

Fig. 1. Tmpact of the Genetic Palymorphism and/or Gene Expression of
Drug Targets, Drug Metabolizing Enzymes, and Drug Transporters on the
Drug Response

There are an increasing number of literatures that address
genetic polymorphisms of drug transporters. At present, con-
cerning the effects of genetic polymorphisms on pharmaco-
kinetic profiles, the best characterized transporter is ABCBI.
However, it is also true that there is still considerable discrep-
ancy among hitherto reported results. There are many factors
that can affect the function as well as the expression of drug
transporters. Those factors may involve genetic mutations,
SNPs, splicing, transcriptional regulation, stability of
mRNA, post-translational modification, and intracellular lo-
calization. Evaluation of such factors is critically important
to understand the whole picture of pharamacogenomics of
drug transporters. Functional analysis of the polymorphism
of drug transporters is one of such important approaches that
provide clear insight into the biochemical significance of ge-
netic polymorphisms.'®! Figure 2 summarizes the strategy of
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Fig. 2, Strategy for the Functional Analysis of Non-synonymous SNPs in
Drug Transporters

our functional analysis. The effect of SNPs on the transport
activity may depend on substrates tested, and therefore the
functional analysis of SNPs using a wide variety of sub-
strates is of great interest. The present review article provides
a new approach of quantitative analysis for the genetic poly-
morphism of ABCB! (P-glycoprotein or MDRI1) and its
functionality.

1. ABCBI1 (P-GLYCOPROTEIN/MDR]1)

Human ABCBI (P-glycoprotein or MDR1) was identified
because of its overexpression in cultured cancer cells associ-
ated with an acquired cross-resistance to multiple anticancer
drugs.'” While “P~glycoprotein” was injtially thought to play
a role in modulating cellular permeability (‘P* stands for per-
meability) to drugs, it has later been demonstrated to be an
ATP-dependent efflux pump of hydrophobic anticancer drugs
including colchitine, doxorubicin, daunorubicin, vincristiene
and VP16. Historically P-glycoprotein provided one of the
mechanistic explanations for the multidrug resistance phe-
nomenon. The function of ABCBI as a mechanism of mul-
tidrug resistance has been extensively investigated.'®

1.1. Molecular Structure Human ABCBI and its or-
thologues in mammalians are single peptide chains, integral
membrane proteins of an approximate length of 1280 amino
acid residues. The apparent molecular weight of mature
ABCBI1 ranges from about 130 to 180 kDa, depending on the
species and cell type in which they are expressed. ABCBI is
composed of two homologous halves each of which consist
of an N-terminal, hydrophobic, membrane-associated do-
main {approximately 250 amino acid residues) and a C-ter-
minal, hydrophilic nucleotide binding fold (approximately
300 amino acid residues). The plasma membrane associated
domains in the two halves of ABCB! each consist of six
transmembrane domains, which are followed by an intracel-
lular ATP-binding cassette.

In order to elucidate the transport mechanism and struc-
ture of ABCBI, mutational analysis was widely carried out
using site-directed mutagenesis. A relatively large number of
mutants alter the transporter’s substrate specificity, in particu-
lar those in transmembrane domains 5, 6, and 12. Accord-
ingly, photo-affinity labeling studies indicated that such do-
mains probably are of major importance in substrate binding.

1.2, Gene Siructure Humans ABCBI and ABCB4
genes are adjacently located on chromosome 7q21. ABCBI
encodes a drug transporter directly associated multidrug re-
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sistance of cancer, whereas ABCB4 encodes the flippase
translocating phopholipids. In rodents, three genes are pre-
sent: mdrila, mdrlb, and mdr2. In the mouse, the genes are
clustered on chromosome 5 witereas they are located at chro-
mosomal region 4q11-12 in the rat. In rodents, both Mdrla
and Mdrlb functionally correspond to ABCB! (MDR1) in
humans.

Transcription of the ABCBI gene appears to be regulated
by multiple factors. For example, the proximal promoter re-
gion has a GC-rich region, at approximately —100 to
—120bp from the transcriptional start codon, that contains a
site responsible for the repression of transeription. Also,
basal transcription appears to involve a consensus site that
binds NF-Y transcription factors at a Y-box (inverted
CCAAT box) between —-70 and —80bp. In addition, a bind-
ing site for SP-1 and members of the early growth response
(EGR} family of transcriptional factors is present which
overlaps with the NF-Y consensus site. A 13-bp region
around the injtiation site involved in accurate initiation of the
transcription has also been identified. ABCBI is expressed at
a high frequency in tumor cells and both ¢-H-Ras and mutant
forms of p53 have been shown to activate the 4BCB/ pro-
moter. On the other hand, ¢- and N-Myc expression is appar-
ently inversely correlated with ABCB1 expression, In addi-
tion to such transcriptional regulations, the stability of
mRNA and posttranslational regulation are also considered
important in the regulation of ABCB1 expression.

1.3. ABCBI1 in Normal Tissues It is important to
know that ABCBI is expressed not only in cancer cells but
also in many normal tissues. For example, it is located in the
apicai domain of the enterocytes of the gastrointestinal tract
(jejunum and duodenum) and limits the uptake and absorp-
tion of drugs and other substrates from the intestine into the
systemic circulation by excreting substrates into the gastroin-
testinal tract. In addition, ABCBI is expressed in the en-
dothelial cells lining the small vessels of the human cortex,
in which the transporter appears concentrated within the lu-
minal cellular compartment.' The expression of ABCB1 on
the lumenal membrane of capillary endothelial cells of the
brain restricts drug distribution into the central nervous sys-
tem. This function of ABCBI appears to be very important
in protecting the central nervous system from the attack of
toxic compounds. Evidence for the protective role of ABCBI
in the blood-brain barrier has been demonstrated in several
studies using mdr/a knockout mice.™ A similar protective
role to limit the distribution of potentially toxic xenobiotics
into tissues was suggested for ABCBI expressed in the pla-
centa and the testis. ABCBI expressed in the canalicular do-
main of the hepatocyte and the brush border of the proximal
renal tubule plays a role in the biliary and urinary excretion
of xenobiotics and endogenous compounds.

1.4. Acquired Mutation of ABCBI in Cancer Cells
Cells selected in vitro against a lipophilic cytotoxic com-
pound usually develop cross resistance to other drugs. Some
multidrug-resistant cell lines are significantly more resistant
to the drug used in their selection than to the other drugs. A
single amino acid substitution, Gly185Val, in the human
ABCBI protein was found to cause an altered pattern of drug
resistance in cell lines transfected with the ABCB1 ¢cDNA
carrying this mutation.?! It is suggested that the amino acid
at position 185 is involved in colchicines and verapamil but
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not in vinblastine binding/transport. In addition, several re-
combinant variants have been generated either by in vivo
drug selection or by site-directed mutagenesis techniques,
which show altered substrate specificity or impaired function
of a properly assembled protein.'

1.5. Naturally Oceurring SNPs of ABCBl1 To date,
genetic variations of the human ABCB/! gene have been most
extensively studied (ref. 22, 23 for recent reviews). Hitherto
50 SNPs and 3 insertion/deletion polymorphisms in the
ABCBI gené have been reported. " In addition, twelve
novel SNPs of ABCBI1 were reported in Japanese patients
with ventricular tachycardia who were administered amio-
darone.”® Several preclinical and clinical studies have pro-
vided evidence for the naturally occurring polymoarphisms in
ABCBI and their effects on drug absorption, distribution and
climination.*~* Hoffmeyer et al. reported multiple poly-
morphisms in the ABCBI gene.*® One of those mutations in
particular, a C-to-T variant at position 3435 in the exon 26 of
the ABCB] gene, was reportedly correlated with ABCBI ex-
pression and function. While this SNP does not alter the
amino acid sequence of ABCBI, individuals homozygous for
the polymorphism expressed significantly less duodenal
ABCBI and significantly more plasma digoxin.*® The distri-
bution of the 3435C>T SNP in exon 26 in the Chinese and
Malay population was found to be similar to the Caucasians
whereas the Indians were different. The Asian population
also differed significantly from the Aftican and Caucasian
population in the distribution of the 3435C>T SNP30
However, the association of the 3435C>T polymorphism
with ABCBI protein expression and function remains con-
troversial. In fact, various investigators have reported that the
T allele is associated with increased (or decreased) expres-
sion levels or has no clearly discernible effect.*'—*¥ Further-
more, the reported effects of the 3435C>T SNP on the phar-
macokinetic profiles of drugs are also controversia] #—62

Recently, five most common coding SNPs were assessed
by a vaccinia virus-based transient expression system.’® The
study on cellular accumulation of several tested substrates in-
dicated that the substrate specificity of the protein was not
substantially affected by any of the SNPs, whereas cell sur-
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face expression and function of even double mutants showed
no difference from the wild-type protein. The study suggests
that these SNPs result in mutant proteins with a distribution
and function similar to the wild-type protein. However, ki-
netic parameters for those variants have not been assessed in
that study.

On the other hand, the ABCB1 2677G>T/A% contains a
tri-allelic polymorphism (with G at nucleotide 2677 found in
the wild-type sequence, and with A or T at that position
being the two possible variants), which results in an amino
acid change (A8935/T) in exon 21. Previous work has shown
that the Ser893 substitution is associated with an altered drug
resistance pattern in AdtR MCF-7 cells as well as enhanced
efflux transporting ability in stably transfected NIH3T3
GP+E86 cells.®

2. FUNCTIONAL ANALYSIS OF POLYMORPHISM OF
ABCBI

2.1, Effect of Nonsynonymous Polymorphisms on the
Function of ABCB1 Figure 3 depicts hitherto identified
nonsynonymous polymorphisms in the ABCBI1 protein.
Quantitative studies are required to precisely evaluate func-
tional changes associated with genetic polymorphisms of
ABCBI. For this purpoese, the cDNA of ABCB1 was cloned
from the human liver ¢cDNA library, and several variant
forms (i.e., N21D, N44S, F103L, G185V, S400N, A893S,
AB93T, M986V) were prepared by site-directed mutagenesis
(see Fig. 4A for primers). These variants and the wild type of
ABCBI were then expressed it in Sf9 cells using the pFAST-
BACI vector and recombinant baculoviruses. The expression
of ABCB! in Sf9 cells increased during the incubation.
Three to 4d after the infection, cells were harvested by cen-
trifugation. ABCBI1 variant proteins expressed in Sf9 cell
membranes were detected by the western blot method using
the C219 monoclonal antibody (Fig. 4B). Using membranes
prepared from Sf9 cells expressing ABCB! variants, ATPase
activity was measured in the presence of verapamil at various
concentrations. The ATPase activity of the isolated Sf9 cell
membranes was determined by measuring inorganic phos-

MasevV  AgooT

ABR8T

Fig. 3. Schematic Representation of ABCBI and Nonsynonymous Polymorphism

The positions of amino acid substitulions are indicated by arrows, Data are from refs. 23—26 and 37 as well as the SNP database of NCBL The molecular structure of ABCBI is
madified from Gottesman MM, Pastan 1: The multidrug transporter, a double-edged sward. £ Biofl. Chem., 263, 12153—12166 (1988). ABC, ATP-binding cassetle. (From ref. 16.)
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agatlaalgaagglattggtgaca
agattaatgaagttatiggtgaca

aalgttcacticagttacceatcteg
aalgticacticaattacecatetcg

Ala  aactagaagglgctgggaagate
A893Sﬂ"‘ESer aaclagaagglictgggaagatc
aatlagaaggtactgggaagatc

The
Mel  gietitggtgecatagecglgggdc
Mgasv{vm gictitggtgceatageegtosgge

Fig..4. Expression of ABCB1 Variants in Sf9 Cells
{A) PCR primers used for site-directed muiagenesis. The codons correspanding to
amine acid substitulions are indicated by underlines. {B) Western blotting analysis for

ABRCBI variants expressed in the plasma membrane fraction of 819 cells, (From refs.
16end 71.).

Table 1. Kinetic Parameters of the Wild Type and SNP Variants of
ABCBI .

> Km Ifm‘

va[_"““t (um) {nmol/min/mg protein)
Wild type - 2.190+0.15¢ 13.14:1.95
N21D 0.502+0.126 45.26+11.33
N448 0.580x0.148 31.03x4.,65
F103L 1.100£0.078 36,34%+8.33
G185V 0.831+0.102 56.766.76
S400N 0.327x0.025 13.74*x2.08
AB93S 0.4410.042 17.24%672
AB93T. 0.904+0.244 10.77x1.35
M9OS6V 0.419+0.062 22.69+6.84

The wild type and variants of ABCB1 were then expressed it in 82 cells using the
pFASTBACI vector and recombinant baculoviruses. Using membranes prepared from
Si9 cells expressing ABCB1 variants, ATPase activity was measured in the presence of
verapamil a1 different concentrations. K, and ¥, values were colculated from
Lineweaver-Burk plots. ABCBI proteins expressed in 59 cell membranes were de-
tected by the western blot method using the C219 monoclonal antibody. The Vou val-
ues of the variants were normalized to that of the wild type by referring to the irlensity
of each wvarant protein on the western blotting. Data are expressed as mean
viluest 3.0 (r=3).

phate liberation.¢” As demonstrated in Fig. 5, verapamil,
one of the typical substrates of ABCBI, enhanced ATPase
activity. Table | summarizes kinetic parameters observed for
the variant forms as well as the wild type of ABCB1. The
variant forms (i.e., N21D, N44S, F103L, G185V, S400N,
A893S, A8S93T, M986V) exhibited the verapamil-enhanced
ATPase activity, as did the wild type of ABCBI. K|, values
for verapamil were slightly different among those variants.
The ¥, values of the variants were normalized to that of the
wild type by referring to the intensity of each variant protein
on the western blotting (Fig. 4B). The variant G185V (ac-
quired mutation) was found to have the highest ¥, value,

max

which was followed by N21D (Table 1). Thus, it is critically
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Fig. 5. Verapamil-Enhanced ATPase Activity in the Plasma Membrane
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Closed circles, ABCBl (G185V}-expressing Sf9 cells; open circles, control 5/
cells.

important to quantitatively analyze the functional difference
among such variants in evaluating naturally occurring non-
synonymous polymorphisms.

2.2. High-Speed Screening System to Analyze the
Substrate Specificity of ABCB1 Since ABCBI is an ATP-
dependent active transporter, drug transport is coupled with
ATP hydrolysis. There are two ATP-binding cassettes in one
molecule of the ABCB1 protein. Those ATP-binding cas-
settes are functionally non-identical, but essential for the
transport function of ABCB1.%%) ABCB1 ATPase activity is
considered a functional probe for specific binding of trans-
ported drugs. It is possible to use this property to study the
function and/or substrate specificity of ABCB1.7” Based on
the ABCB1 ATPase activity, we have developed a high-speed
assay system using 96-well plates to analyze the substrate
specificity of this activity.”” Figure 6A schematically demon-
strates the protocol of ATPase activity assay. Briefly, the Sf9
cell membranes expressing ABCB1 (2 g of membrane pro-
tein per each well) were suspended in 10 ul of the incubation
medium containing 50 mm Tris—Mes (pH 6.8), 2mm EGTA,
2 mu dithiothreitol, 50 mm potassium chloride, 5 mu sodium
azide, 2 mMm ouabain. This medium was mixed with 10 gl of a
test compound solution and then pre-incubated at 37°C for
3min. The ATPase reaction was started by adding 20 ul of
4mm ATP/Mg solution to the reaction mixture and the incu-
bation was maintained at 37 °C for 30 min. The reaction was
stopped by the addition of 20 ul of 5% trichloroacetic acid
and subsequently with 42 ! of “solution A” and “solution
B” (see Fig. 6A for details). Thereafter, 120 ul of “solution
" was added to the mixture. These mixing processes were
automatically carried out in the HALCS-I system (BioTec
Co. Ltd., Tokyo Japan) (Fig. 6B). The absorbance of each re-
action mixture in the 96-well plates was photometrically
measured at a wavelength of 625 nm in a Multiskan JX sys-
tem (Dainippon Pharmaceuticals Co., Osaka, Japan). The
amount of liberated phosphate was quantified based on the
calibration line established with inorganic phosphate stan-
dards (Fig. 6C). In addition, each 96-well plate contained a
positive control, in which 59 cell membranes were incu-
bated with 10 um verapamil (Fig. 6C).

2.3. Comparison with Other Methods At present,
there are several in vitro methods available for the screening
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Fig. 6. High-Speed Screening of ABCB1 ATPase Activity
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{A) Schematic diagram for the screening. (B) HALCS-I system (BioTec Co. Ltd., Tokyo fapar); (€) an example of 96-well plates prepared for ABCB1 ATPase assay, {From ref.
1) .

of drug compounds with regard to possible stimulation or in-
hibition of ABCBI activity. A common method is to incu-
bate the compound with cells that overexpress ABCBI1 and
then to measure the uptake in those cells after a defined inter-
val. The same methodology can be used to study the inhibi-
tion of ABCB1-mediated transport by measuring the uptake
of known substrates, such as verapamil and doxorubicin,
with and without the compound in the media. Caco-2 cell

monolayers are widely used in the pharmaceutical industry to
assess membrane permeability and interaction with ABCB1
and other efflux transporters.” However, from a drug devel-
opment perspective, those cellular assay ‘methods are too
costly and time-consuming. In addition, the cell density po-
tentially involves a critical factor that makes the estimation
of ABCBI1-mediated transport difficult because of the para-
cellular transport of test compounds. Furthermore, there are
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other intrinsic drug transporters expressed in Cace-2 cells, In
this context, there is a considerable demand for rapid and ef-
ficient in vitro assay systems and coniputational methods to
assess the biopharmaceutical properties of test compounds.

As compared with the Caco-2 cell system, the ATPase
assay system developed in the present study is simple and
makes it easy to measure the ATPase activity not only for
ABCBI but also for other ABC transporters, such as ABCG2
(BCRP/MXRI/ABCP).™ In addition, Sf9 insect cells and re-
combinant baculoviruses are practical and cost-effective
mesns to express ABCB1 or other ABC transporter proteins
in large amounts, since Sf9 cells grow much faster than
mammalian cells. As a consequence, ATPase measurements
with ABCBI expressend in Sf9 cell membranes are well
suited for extensive studies involving a large nuinber of mol-
ecules to be tested.

3. STRUCTURE-ACTIVITY RELATIONSHIP (SAR)
ANALYSIS

3.1. Effect of Therapeutic Drugs on ABCB1 ATPase
Activity Using the high-speed screening system, we have
measured ABCB1 ATPase activity toward a total of 41 differ-
ent therapentic drugs and compounds. The tested compounds
are classified into seven groups, i.e., A, neurctransmitters; B,
Ca** channel blockers, C, steroids; D, potassium channel
modulators; D, non-steroidal anti-inflammatory drugs
(NSAIDs); F, anti-cancer drugs; and G, miscellancous. Fig-
ure 7 demonstrates the effects of those test compounds on
ABCB1 ATPase activity. The concentration of test com-
pounds was 10 gt in the measurement, and the data are ex-
pressed as relative values as compared with the ATPase ac-
tivity measured with 10 ym verapamil. Among 41 different
therapeutic drugs and compounds tested in this study, Ca®*
channel blockers, such as verapamil (B-1), bepridil (B-4),
fendiline (B-3), prenylamine (B-6), and nicardipine (B-7), as
well as FK506 (G-4) stimulated the ATPase activity. At the
concentration of 100 gim, paclitaxel (F-5), doxorubicin (F-7),
and quinidine {G-1) have more significantly stimulated the
ABCBI1 ATPase activity, whereas the extent of ATPase stim-
ulation was relatively smaller than that of Ca’* channel
blockers (data not shown).

3.2. Correlation of the Substrate Specificity of
ABCBI1 and the Surface Activity of Test Compounds
ABCBI] was originally assumed to function as a membrane
pump for exporting intracellularly located substrates. How-
ever, it has recently been proposed that ABCBI1 translocates
a substrate from the inner leaflet side of the membrane to the
outer leafiet side, thus, it functions as a flippase or membrane
vacuum cleaner.”” This mechanism is supported by the fact
that most substrates of ABCB! are hydrophobic compounds.
Based on the latter mechanism, a substrate must be first dis-
solved in or adsorbed on the lipid bilayer of cellular mem-
branes before they are recognized and subsequently trans-
ported by ABCBI. Therefore, the substrate specificity of
ABCBI is related to the lipophilicity and/or amphiphilicity
of compounds.

While the lipophilicity is well characterized by the oc-
tanol/water partition coefficient (log P), Seelig et a/. have de-
vised a new method to predict amphiphilic properties of test
compounds.”™ The criteria depend on the amphiphilic
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properties of a test compound as reflected in its surface activ-
ity. The surface activity is quantified by the Gibbs adsorption
isotherms in terms of three parameters: (i) the onset of sur-
face activity, {ii) the critical micelle concentration, and (iii)
the surface area requirement of the test compound at the
airfwater interface,”™®

The adsorption of an amphiphile at the air/water interface
lowers the surface tension of the buffer, ¥,, to a new value 7.
The difference, 7=y,—y is the so-called surface pressure,
The thermodynamics of the absorption process is deseribed
by the Gibbs adsorption isotherm which can be wriiten as

n
where C is the concentration of an amphiphilic compound in
bulk solution, RT is the thermal energy, NV, is the Avogadro
number and A; is the surface area of the surface-active mole-
cule at the interface. I'=(N,4)™' denotes the surface excess
concentration. At low concentrations, I increases linearly
with C; at high concentrations, I" reaches a limiting value
I*, Thus, a plot of & vs. InC should yield a straight line as
long as I'is constant. As was evaluated from the slope:

dy=—RTIN, ) "dInC=-RTTdInC=—dx

P*=(1/RNdrldIn C )

Integral forms of Eq. 1 can also be given. Particularly use-
ful for our purpose is the Szyszkowski equation [20] which
may be written as;

R=RT (1 +K,,0) (3)

where K, is the air/water partition coefficient. By fitting Eq.
3 to the measured n/C curve by using I'* determined accord-
ing to Eq. 2, the air/water partition coefficient, K,, was eval-
uated, Seelig and Landwojtowicz have demonstrated that the
K. value is closely related to the X, values of ABCB1 sub-
strates.”” Their experimental results strongly suggest that the
K, value is a useful indicator for the prediction of ABCB]
substrates, even better than log P values,”

We have measured the surface activity of those 41 differ-
ent compounds. Figure 8 demonstrates the relationship be-
tween the ABCBI1 ATPase activities and the K, values of the
therapeutic drugs and compounds tested. The ABCB1 AT-
Pase activities are the same as the results presented in Fig. 7.
The two-dimensional plot of log K, values vs. ABCB1 AT-
Pase activities (Fig. 8) revealed that test compounds could be
clearly divided into two groups, namely, ABCB1 substrate
and non-substrate groups that are indicated by circles in the
figure. Compounds with log K, values higher than 4.3 could
be regarded as candidate substrates for ABCB1. These re-
sults suggest that ABCB1 substrates are surface-active and
can be readily disselved in the lipid bi-layer of cellular mem-
branes.

3.3. SAR Analysis for the Substrate Specificity of
ABCB1 To gain more insight into the relationship between
the molecular structure of compounds and the ABCB1 AT-
Pase activity, we have performed an SAR analysis. Up to
now, several research groups have intensively investigated
the SAR of ABCBI substrates™ " and tried to establish
theoretical catculation methods, such as MolSurf parame-
trization and PLS statistics.* Recently, we have developed a
different approach for the SAR analysis to gain insight into
the substrate specificity of ABCB1. Namely, we used the
chemical fragmentation codes to describe the chemical struc-

—180—



Tuly 2004 945

250

200 1

150 1

100 1

Relative ATPase activity

i
(=]
L

0 4

-20
PYILVORL DI OO ON 0
AL ONEOODMMOMD

—o oM
) ¥
L.

[ o

Cooatuw

T o ©
< < oW
Fig. 7. The Effect of Therapeutic Drugs and Compounds on ABCB|1 ATPase Activity

The ATPase activity was measured in the presence of 10 v of a test compound. All the activities are expressed as relative values®5.D, 25 compared wilh the activity measured
with 10 v verapamil {100%). The tested drugs and compounds ore: glycine (A-1), glutamic acid (A-2), dopamine (A-3), norepinephrine (A-4), epinephrine (A-5), y-aminchutyric
acid (A-6), histamine (A-7), serotonin (A-8), melatenin (A-9), verapamil (B-1), nifedipine (B-2), diltiazem (B-3), bepridil {B-4), fendiline (B-5), prenylamine {B-6), nicardipine
(B-7), dexamethasane (C-1), betamethasone (C-2), prednisolone (C-3), cortisone {C-4), nicorandil (D-1), pinacidil (D-2), acetylsalicylic acid (E-1), indomelhacin (E-2),
acemetacin (E-3), ibuprofen (E-4), naproxen (E-5), mepirizole (E-6}), vinblastine (F-1), etoposide (F-2), actinomycin D (F-3), daunorubicin (F-4), paclitaxel (F-5), methotrexate (F-
6), doxorubicin (F-7), 5-Aucrouracil (F-8), quinidine (G-1}, p-aminohippuric acid (G-2}, penicillin G {(G-3), FK506 (G-4), and novobiocin (G-5). {From ref, 71.}
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Fig. 8. Relationship between the ABCBI ATPase Activities and the K,
Values of the Therapeutic Drugs and Compounds Tested

The ATFase activities are expressed as relative values as compared with the activity
meazsured with 18 g verapamil (100%). (From ref. 71.)

tures of a variety of substrates and non-substrates for
ABCBI1. Derwent Information, Ltd., developed this struc-
ture-indexing language suitable for describing chemical
patents. The chemical fragmentation codes were originally
created in the early 1960% in answer to the need for access-
ing the increasing number of chemical patents. Markush
TOPFRAG is the software that generates the chemical frag-
ment codes from chemical structure information. 3%

As described above, we have first measured ABCB] AT-
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Pase activity toward a total of 41 different drugs and com-
pounds by using our high-speed screening system. The
Markush TOPFRAG was then used to generate chemical
fragmentation codes for each compound tested. Table 2 ex-
emplifies the chemical fragmentation codes describing the
molecular structure of verapamil (B-1). In this way, however,
steroids (group C) were excluded from this analysis, because
the Markush TOPFRAG program does not have an algorithm
to generate chemical fragmentation codes for steroids.

The multiple linear regression analysis was the carried out
to gain a relationship between the ABCB1 ATPase activity
and the chemical fragmentation codes thus generated.
Thereby we could identify several sets of chemical fragmen-
tation codes related to the substrate specificity of ABCBI1. A
total of six best-fitting models were created (Fig. 9), where
the predicted activity of the ABCB1 ATPase was well corre-
lated with the observed ATPase activity. Table 3 summarizes
the contents of those multiple linear regression analysis mod-
els, and Table 5 provides explanations for chemical fragmen-
tation codes generated in the analysis, These results demon-
strate that the moieties represented by the chemical fragmen-
tation codes of J581, (G100, and M331 positively contributed
to the ATPase activity, whereas those of M531 and F014 had
negative contributions. Among those chemical fragmentation
codes, J581 had the greatest contribution (Table 3), suggest-
ing that an oxo group bonded to an aliphatic carbon (Table 4)
is an important moiety for the recognition and/or transport by
the ABCBI protein. In addition, it is suggested that unfused
aromatic ring(s) and straight carbon chain(s) are important
chemical moieties for the substrate specificity of ABCBI1.

The uniqueness of this approach resides in thé facts that
ABCB1 ATPase activity is described as a linear combination
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Table 2.

Chemical Fragmentation Codes Describing the Molecule Structure of Verapamil

Vol. 27, No. 7

Verapamil

S (G100{PJH1S1(P)H543(PIMIII(PIMALHPIMSIPH L140" OR “L145")/MOM2,M3,M4
8 L](P)(MZID(P)MZSB(P)MISl2(P)M3I6(P)M32l(P)M332(P)M342(P)M343)/Ml,MB,M-’i

S L2P)(M370(P}M392) OR (M3TI{P)M3I73(P)M391)¥M2,M3. M4

S LYPYM270 OR (M272(P)M273(P)M281)¥M2M3 M4
S LAP)GO15(P)GOLH(PYTL03(PIM21 1 VM2 M3, M4

S (L1{PYM200/M0) OR (L L(PIMS01/M2,M3 M4) OR {L4(PIMP02/M2M3 M4}
SL6CRLS
S L7(NOTP)(H2 OR H3 OR H4 OR H6 OR H7 ORH9 OR JOOR J1 OR 12 OR 13)/M2M3,M4

S L8(NOTP)(J4 OR IS OR J6 OR J9 OR K1 OR K2 OR K3 OR K4 OR K5 OR K6yM2 M3 M4

S LYNOTP)XK7 OR K8 OR K9 OR “LZ"OR “L3" OR “L4"” OR “L5" OR “L6” OR “L7"YM2,M3,M4
S L10(NOTP)“L8” OR “L9™ OR MIyM2 M3 M4

The chemical fragmentation codes were generated by using the Markush TOPFRAG program.
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Fig. 9. Relationships between the Relative ATPase Activities Observed in Fig. 4 and the ATPase Activities Predicted from the Multiple Linear Regression

Analysis, (From ref. 71.)

Table 3. Multiple Linear Regression Analysis Models to Predict ABCB1 ATPase Activity toward Tested Compounds

Chemical

fragmentation Model 1 Maodel 2 Meode! 3 Model 4 Model 5 Model &
code

1581 96.87 90.10 90.67 82.86 84.69 97.04
Gi00 54.47 59.33 51.62 55.01 54.80 4917
M3a3l 3842 46.44 42.30 4291 43.67 3771
M270 0 0 0 0 11.6¢ 0
M272 0 0 0 11.40 0 0
M3531 —61.63 —64.51 —61.04 —62.64 -(3.38 —59.43
FO14 —28.31 —-22.44 —-29.09 —-19.80 —2(1.92 —-2241
HIGO ] 0 1} 0 0 —15.64
M321L 0 0 —14.60 0 0 0
M3} 1] -12.56 0 0 0 0
M391 -14.29 Q 0 0 0 0
Constant 43,44 36.61 4501 26.99 26.40 38.79
R= 0.953 0.952 0.953 0.952 0.952 0.954

The ABCB1 ATPase activity is formulated as 3 linear com
parentheses designates a specific chemical fragmentation code, ABCBI ATPase activity (Predi
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bination of chemical frapmentation codes weighted by the corresponding coefficient, where the symbol of " in the
cted)= L)X Chem. Frag. Cade (7)+Constant. R: Correlation coefficient.



July 2004

947

Table 4. Explanation fer the Chemical Fragmentation Codes Used for the Prediction of the ABCBI ATPase Activity

Chemical fragmentation code Ext. code Explanation
158 Oxo group boaded to aliphatic C 1581 One oxo group bonded to aliphatic
Gl Unfused aromatie rings G100 Unfused aromatic ring(s) present, no other
carbocyclic ring systems are present

M33 Straight or branched carbon chains M331 Straight Carbon chain with -CH;, -C=CH,, and/or -C=CH
w27 Chain bonded to U M270 Chain bonded to U
M27 Chain bonded to U M272 Chain bonded to O
M53 Carbocyclic systems with at least one aromatic M3531 One M53 code

ring
FOI Positions substituted FOl4 Positicn 4 substituted
H1D Type of amine H100 One primary amine
M32 Multipliers for Subset M31 G321 One or more M3 code used once

M3 1:Number of C atoms in polyvalent chain
M37 Carbon chain bonded to ring C and (U and/or C=U M370 Carbon chain bonded to ring € and (U and/or C=U and/or

and/or C=CH) but not V, C=V, C=V C=CH)butnot V,C=V,C=V
M39 Multipliers for codes M350 to M383 Mgl One or more of codes used once

(polyvalent carbon chain attachments)

U=C, H, 0,8, Se, Te or N. V=a1om olher (han U,

of chemical fragmentation codes and that the coefficient for
each chemical fragment code reflects the extent of the contri-
bution of a specific chemical moiety to the ATPase activity.
The point in the catalytic cycle at which substrate-binding
takes place, and details of how ATP hydrolysis drives trans-
port may be critical for understanding the mechanism of sub-
strate specificity.® It would be of importance to further ex-
pand this analysis with a large number of structurally diverse
compounds.

CONCLUSION

Application of SAR Analysis to Functional Evaluation
of Genetic Polymorphisms The present review conveys a
new strategy of efficiently analyzing the relationship between
the substrate specificity of ABCBI1 and the chemical struc-
ture of substrates. This approach is applicable for the func-
tional analysis of genetic polymorphisms of ABCB1. The ef-
fect of SNPs on the transport activity may depend on sub-
strates tested, and therefore the functional analysis of SNPs
using a wide variety of substrates is of great interest, One
amino acid substitution can alter interactions between the ac-
tive site of ABCBI and substrate molecules, Therefore, it is
critically important to quantitatively analyze and evaluate
such structure-related interactions. In this context, the new
SAR analysis using chemical fragmentation codes will pro-
vide a powerful tool to quantify the impact of genetic poly-
morphisms on the function of ABCBI.
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Functional Evaluation of ABCBI (P-Glycoprotein) Polymorphisms:
High-Speed Screening and Structure-Activity Relationship Analyses
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Summary: Evidence is accumulating to strongly suggest that drug transporters are one of the deter-
minant factors governing the pharmacokinetic profile of drugs. Effort has been made to identify genetic
variation in drug transporter genes. In particular, genetic variations of the human ABCBI (MDRI) gene
have been most extensively studied. Hitherte more than fifty single nucleotide polymorphisms (SNPs)
and insertion /deletion polymorphisms in the ABCBI gene have been reported. However, at the present
time, information is still limited with respect to the actual effect of those genetic polymorphisms on the
function of ABCBI. In this context, we have undertaken functional analyses of ABCB1 polymorphisms.
To quantify the impact of genetic polymorphisms on the substrate specificity of ABCB1, we have devel-
oped a high-speed screening system and a new structure-activity relationship (SAR) analysis method.
This review addresses functional aspects of the genetic polymorphism of ABCB1 and provides the
standard method to evaluate the effect of polymorphisms on the function.

Key words: ABC transporter; P-glycoprotein; MDR1; SNP; polymorphism; structure-activity relationship

(SAR)

Introduction

Drug transporters and drug-metabolizing enzymes are
important because they play pivotal roles in determining
the pharmacokinetic profiles of drugs and, by extension,
their overall pharmacological effects (i.e., drug absorp-
tion, drug distribution, drug metabolism and elimina-
tion, drug concentration at the target site, and the
number and morphology of target receptors).'”'® The
effects of drug transporters on the pharmacokinetic
profile of a drug depend on their expression and func-
tionality. Indeed, the expression of drug transporters
can be modulated by endogenous and exogenous fac-
tors, including drugs, themselves, It is also now known
that inherited differences among individuals may also
affect drug efficacy and toxicity.""'¥ Such inherited
differences include genetic polymorphisms in drug
targets and drug-metabolizing enzymes, as well as in
drug transporters. Hitherto, pharmacogenetics, the field
dealing with such inherited differences and their effect
on pharmacokinetics, has significantly contributed to
our understanding of genetic causes underlying differ-
ences in drug metabolism (¢.g., cytochrome P-450

mediated drug metabolism). In fact, recent technologi-
cal advances allowing massive molecular sequencing
have in turn allowed us to identify single nucleotide
polymorphisms (SNPs) as one possible cause of variable
drug response among individuals.'*'® In light of such
advances, it is important to carefully examine the
clinical significance, if any, of polymorphisms in drug
response genes, including drug transporters.,

There are an increasing number of literatures that
address genetic polymorphisms of drug transporters.
At present, concerning the effects of genetic polymor-
phisms on pharmacokinetic profiles, the best character-
ized transporter is ABCB1. However, it is also true that
there is still considerable discrepancy among hitherto
reported results. There are many factors that can affect
the function as well as the expression of drug transport-
ers. Those factors may involve genetic mutations,
SNPs, splicing, transcriptional regulation, stability of
mRNA, post-translational modification, and intracellu-
lar localization. Evaluation of such factors is critically
important to understand the whole picture of
pharamacogenomics of drug transporters. Functional
analysis of the polymorphism of drug transporters is
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one of such important approaches that provide clear
insight into the biochemical significance of genetic
polymorphisms.'® The effect of SNPs on the transport
activity may depend on substrates tested, and therefore
the functional analysis of SNPs using a wide variety of
substrates is of great interest. The present review article
provides a new approach of quantitative analysis for the
genetic polymorphism of ABCB1 (P-glycoprotein or
MDR1) and its functionality.

ABCBI (P-glycoprotein/MDR1)

Human ABCB1 (P-glycoprotein or MDRI1) was
jdentified because of its overexpression in cuitured
cancer cells associated with an acquired cross-resistance
to multiple anticancer drugs."” While *‘P-glycoprotein”
was initially thought to play a role in modulating cellu-
lar permeability (‘P? stands for permeability) to drugs, it
has later been demonstrated to be an ATP-dependent
efflux pump of hydrophobic anticancer drugs including
colchitine, doxorubicin, daunorubicin, vincristiene and
VP16. Historically P-glycoprotein provided one of the
mechanistic explanations for the multidrug resistance
phenomeon. The function of ABCB1 as a mechanism of
multidrug resistance has been extensively investigated.'®

Molecular structure: Human ABCBI and its ortho-
logues in mammalians are single peptide chains, integral
membrane proteins of an approximate length of 1280
amino acid residues. The apparent molecular weight of
mature ABCBI1 ranges from about 130 to I8¢ kDa,
depending on the species and cell type in which they are
expressed. ABCBI1 is composed of two homologous
halves each of which consist of an N-terminal,
hydrophobic, membrane-associated domain (approxi-
mately 250 amino acid residues) and a C-terminal,
hydrophilic nucleotide binding fold (approximately 300
amino acid residues). The plasma membrane associated
domains in the two halves of ABCBI each consist of six
transmembrane domains, which are followed 'by an
intracellular ATP-binding cassette.

In order to elucidate the transport mechanism and
structure of ABCBI, mutational analysis was widely
carried out using site-directed mutagenesis. A relatively
large number of mutants alter the transporter’s
substrate specificity, in particular those in transmem-
brane domains 5, 6, and 12. Accordingly, photo-affinity
labeling studies indicated that such domains probably
are of major importance in substrate binding.

Gene structere: Humans ABCBI and ABCB4 genes
are adjacently located on chromosome 7q21. ABCBI
encodes a drug transporter directly associated multidrug
resistance of cancer, whereas ABCB¢4 encodes the flip-
pase translocating phopholipids. In rodents, three genes
are present: mdrla, mdrlb, and mdr2. In the mouse, the
genes are clustered on chromosome 5 whereas they are
located at chromosomal region 4q11-12 in the rat. In

rodents, both Mdria and Mdrib functionally cor-
respond to ABCB1 (MDRI) in humans.

Transcription of the ABCBI gene appears to be
regulated by multiple factors. For example, the prox-
imal promoter region has a GC-rich region, at approxi-
mately — 100 to — 120 bp from the transcriptional start
codon, that contains a site responsible for the repression
of transcription. Also, basal transcription appears to
involve a consensus site that binds NF-Y transcription
factors at a Y-box (inverted CCAAT box) between —70
and —80bp. In addition, a binding site for SP-1 and
members of the early growth response (EGR) family of
transcriptional factors is present which overlaps with
the NF-Y consensus site. A 13-bp region around the
initiation site involved in accurate initiation of the
transcription has also been identified. ABCBL is
expressed at a high frequency in tumor cells and both
c-H-Ras and mutant forms of p33 have been shown to
activate the ABCB1 promoter. On the other hand,
c- and N-Myc expression is apparently inversely cor-
related with ABCBI1 expression. In addition to such
transcriptional regulations, the stability of mRNA and
posttranslational regulation are also considered im-
portant in the regulation of ABCBI expression.

ABCB1 in normal tissues: It is important to know
that ABCBI is expressed not only in cancer cells but also
in many normal tissues. For example, it is located in the
apical domain of the enterocytes of the gastrointestinal
tract (jejunum and duodenum) and limits the uptake
and absorption of drugs and other substrates from the
intestine into the systemic circulation by excreting
substrates into the gastrointestinal tract. In addition,
ABCBI is expressed in endothelial cells lining the small
vessels of the human cortex, in which the transporter
appears concentrated within the lumenal cellular com-
partment.'” The expression of ABCB1 on the lumenal
membrane of capillary endothelial cells of the brain
restricts drug distribution into the central nervous
system. This function of ABCBI appears to be very
important in protecting the central nervous system from
the attack of toxic compounds. Evidence for the protec-
tive role of ABCBI in the blood-brain barrier has been
demonstrated in several studies using mdrla knockout
mice. 2 A similar protective role to limit the distribution
of potentially toxic xenobiotics into tissues was suggest-
ed for ABCBI expressed in the placenta and the testis.
ABCBI expressed in the canalicular domain of the
hepatocyte and the brush border of the proximal renal
tubule plays a role in the biliary and urinary exeretion of
xenobiotics and endogenous compounds.

Acquired mutation of ABCB1 in cancer cells:  Cells
selected in vitro against a lipophilic cytotoxic compound
usually develop cross resistance to other drugs. Some
multidrug-resistant cell lines are significantly more
resistant to the drug used in their selection than to the
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Table 1. .Eﬂ'ect of SNP 3435C>T of ABCBI on pharmacokinetic profile

Drug Population (CC/CT/TT) Pharmacokinetic parameter Effects Reference
Cyclosporin RT recipients (31/52/41} Trough levels N.S. 49
Cycrosporin Volunteers (7/6/1) AUC, Cp,, N.S. 50
Cycrosporin HT recipients (14 total) AUC, C,., N.S. 5t
Cycrosporin RT recipients (108 total) Trough levels N.S. 52
Dicloxacillin Volunteers {17 total} Clearance, Cpux N.S. 53
Digoxin Volunteers (3/4/1) AUC (rifampin induction) Significantly higher with T allele kY
Digoxin Volunteers (7/0/7) Co Significantly higher in TT 38
Digoxin Volunteers (5/4/3) AUC (0-4 and 0-24 ) N.S. 54
Digoxin Volunteers (5/4/4) AUC (0-41h) Significantly lower in TT or CT 55
Digoxin Volunteers {50 total) AUC, C.., N.5. 56
Digoxin Volunteers (3/8/8) AUC (0-4h), C, Significantly higher in TT 33
Dugoxin Volunteers (5/5/5)° F Significantly higher in TT 57
Digoxin Volunteers (6/0/6) AUC (0-4 and 0-24 h) Significantly higher in TT 58
Docetaxel Cancer patients (5/16/7) Clearance N.S. 59
Fexofenadine Volunteers (9/16/12) AUC (0-4 h) Significantly lower in TT 35
Fexofenadine Volunteers (10/0/10) AUC, clearance N.S. 42
Irinotecan Cancer patients (16/35/8) AUC, clearance N.S. 23
Midazolam Cancer patients (5/16/7) Clearance N.S. 59
Nelfinavir NIV-1 patients (10/39/14) Plasma concentrations Significantly lower with T allele 44
Nortriptyline Depressed patients (78 total) Postural hypotension Risk increased in TT 36
Phenytoin Volunteers (28/45/23) Plasma concentrations Lower in CC 22
Tacrolimus LT recipients (15/22/9) Concentration /dose ratio N.S. 60
Tacrolimus RT recipients (48/70/62) Plasma concentrations Lower in CC 2
Tacrolimus LT recipients (4/10/3) Neurotoxicity N.S. 60
Tacrolimus RT recipients (62 total) Trough concentrations N.S. 52
Talinolol Volunteers (13/29/13) AUC, F, C,.. N.S. 34
Tipifarnib Cancer patients {29 total) AUC N.S. 62

Abbreviations: CC, wild-type; CT, heterozygous variant; TT, homozygous variant; AUC, area under the time-concentration curve; RT, renal
transplant; HT, heart transplant; LT, liver transplant; C,,., maximum concentration; F, oral bioavailability; N.S., no significant difference.

other drugs. A single amino acid substitution,
Glyl185Val, in the human ABCBI1 protein was found to
cause an altered pattern of drug resistance in cell lines
transfected with the ABCB1 ¢cDNA carrying this muta-
tion.?" It is suggested that the amino acid at position 185
is involved in colchicines and verapamil but not in
vinblastine binding/transport. In addition, several
recombinant variants have been gencrated either by in
vivo drug selection or by site-directed mutagenesis
techniques, which show altered substrate specificity or
impaired function of a properly assembled protein.'®
Naturally occurring SNPs of ABCB1: To date,
genetic variations of the human ABCBI gene have been
most extensively studied (ref. 22, 23 for recent reviews).
Hitherto 50 SNPs and 3 insertion/deletion polymor-
phisms in the ABCB! gene have been reported,?*# In
addition, twelve novel SNPs of ABCB1 were reported in
Japanese patients with ventricular tachycardia who were
administered amiodarone.”® Several preclinical and
clinical studies have provided evidence for the naturally
occurring polymorphisms in ABCB1 and their effects on
drug absorption, distribution and elimination®-%?
(Table 1), Hoffmeyer et al. reported multiple polymor-
phisms in the ABCBI gene.*® One of those mutations in
particular, a C-to-T variant at position 3435 in the exon

26 of the ABCBI gene, was reportedly correlated with
ABCBI expression and function. While this SNP does
not alter the amino acid sequence of ABCBI, individ-
uals homozygous for the polymorphism expressed sig-
nificantly less duodenal ABCBI and significantly more
plasma digoxin.*® The distribution of the SNP C3435T
in exon 26 in the Chinese and Malay population was
found to be similar to the Caucasians whereas the Indi-
ans were different. The Asian population also differed
significantly from the African and Caucasian popula-
tion in the distribution of the C3435T SNP, %0
However, the association of the C3435T polymorphism
with ABCBI protein expression and function remains
controversial. In fact, various investigators have report-
ed that the T allele is associated with increased (or
decreased) expression levels or has no clearly discernible
effect.*~*® Furthermore, the reported effects of C3435T
SNP on the pharmacokinetic profiles of drugs are also
controversial (see Table 1),

Recently, five most common coding SNPs were
assessed by a vaccinia virus-based transient expression
system.® The study on cellular accumulation of several
tested substrates indicated that the substrate specificity
of the protein was not substantially affected by any of
the SNPs, whereas cell surface expression and function

—187—



4 Toshihisa [SHIKAWA, ef al.

F103L

Qutside

M986YV  A999T

Membrane

Inside

N2i1D
¢

N44S

G185V

S400N

AB93S/T

114

V12511

, Q1107P
A598T

Fig. 1. Schematic representation ‘of ABCB! and nonrsynonymous polymorphism. The positions of amino acid substitutions are indicated by
arrows. Data are from refs. 23-26 and 37 as well as the SNP database of NCBI. The molecular structure of ABCB1 is modified from Gottesman
MM, Pastan 1: The multidrug transporter, a double-edged sward. J. Biol. Chem. 263, 12153-12166 (1988). ABC, ATP-binding cassette. {From

ref. 16)

of even double mutants showed no difference from the
wild-type protein. The study suggests that these SNPs
result in mutant proteins with a distribution and
function similar to the wild-type protein. However,
kinetic parameters for those variants have not been
assessed in that study.

On the other hand, the ABCB1 G2677T/A® contains
a tri-allelic polymorphism (with G at nucleotide 2677
found in the wild-type sequence, and with A or T at that
position being the two possible variants), which results
in an amino acid change {A893S/T) in exon 21. Previ-
ous work has shown that the Ser893 substitution is
associated with an altered drug resistance pattern in
AdrR MCE-7 cells as well as enhanced efflux transport-
ing ability in stably transfected NIH3T3 GP +E86
cells,

Functional analysis of polymorphism of ABCBI:
Figure 1 depicts hitherto identified nonsynonymous
polymorphisms in the ABCBI protein. Quantitative
studies are required to precisely evaluate functional
changes associated with genetic polymorphisms of
ABCBI. For this purpose, the ¢cDNA of ABCB1 was
cloned from the human liver cDNA library, and several
variant forms (i.e., N21D, N44S, Fi03L, G185V,
S400N, A893S, A893T, M986V) were prepared by site-
directed mutagenesis (see Fig. 2A for primers). These
variants and the wild type of ABCBl were then
expressed it in Sf9 cells using the pFASTBACI vector
(Fig. 2B) and recombinant baculoviruses. The expres-
sion of ABCBI in Sf9 cells increased during the incuba-
tion (Fig. 2C). Three to 4 days after the infection, cells

were harvested by centrifugation. ABCBI1 variant
proteins expressed in Sf9 cell membranes were detected
by the western blot method using the C219 monoclonal
antibody (Fig. 2D). Using membranes prepared from
S{9 cells expressing ABCB1 variants, ATPase activity
was measured in the presence of verapamil at various
concentrations. The ATPase activity of the isolated Sf9
cell membranes was determined by measuring inorganic
phosphate liberation® according to the procedure
reported by Sarkadi e al.” with some modifications.
Table 2 summarizes kinetic parameters observed for
the variant forms as well as the wild type of ABCEL.
The variant forms (i.e., N21D, N44S, F103L, G185V,
S400N, A893S8, A893T, M986V) exhibited the ver-
apamil-enhanced ATPase activity, as did the wild type
of ABCBI. Km values for verapamil were slightly
different among those variants, The Vmax values of the
variants were normalized to that of the wild type by
referring to the intensity of each variant protein on the
western blotting (Fig. 2D). The variant G185V (ac-
quired mutation) was found to have the highest Vmax
value, which was followed by N21D (Table 2). Thus, it
is critically important to quantitatively analyze the func-
tional difference among such variants in evaluvating
naturally occurring nonsynonymaous polymorphisms,
High-speed screening system to analyze the substrate
specificity of ABCB1: Since ABCBlisan ATP-depen-
dent active transporter, drug transport is coupled with
ATP hydrolysis. There are two ATP-binding cassettes
in one molecule of the ABCBI protein. Those ATP-
binding cassettes are functionally non-identical, but
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Table 2. Kinetic parameters of the wild type and SNP variants of
ABCBI1

Variant Km Vmax
M) (nmol/min/mg protein)
Wild type 2,190+ 0.150 13.14£1.95
N21D 0.502+0.126 45.26+11.33
N445 0.580+0.148 31.03+4.65
FIQ3L 1.100+0.078 36.34+8.33
G185V 0.831x+0.102 56.76+£6.76
S400N 0.327+0.025 13.744.2.08
AB8935 0.441£0.042 17.24+6.72
A893T 0.904 £0.244 10.77+1.35
MBo86v 0.419+0.062 22.69+6.84

The wild type and variants of ABCB1 were then expressed it in S[9
cells using the pFASTBAC] vector and recombinant baculoviruses.
Using membranes prepared from Sf9 cells expressing ABCBI vari-
ants, ATPase activity was measured in the presence of verapamil at
different concentrations. Km and Vmax values were calculated from
Lineweaver-Burk plots, ABCBI proteins expressed in $f9 cell mem-
branes were detected by the western blot method using the C219
manoclonal antibody. The Vmax values of the variants were normal-
ized to that of the wild type by referring to the intensity of each vari-
ant protein on the western blotting. Data are expressed a5 mean values
£8.D. (n=3).

c S19/ABCB1 Cells

Positive control

Day 0
Day 1
Day 2
Day 3
Day 4

@ ABCB1

Fig. 2. Expression of ABCBI variants in SI9 cells. A, PCR primers
used for site-directed mutagenesis. The sequences are compared with
those of the wild type ABCBI. The codons corresponding to amino
acid substitutions are indicated by underlines. B, pFASTBAC vector
encoding the cDNA of human ABCBI (P-glycopratein). C, Expres-
sion levels of ABCREI in Sf9 cell membrare. The plasma membrane
was prepared from Sf9 cells after infection with recombinant
baculoviruses on the days indicated. ABCB] protein was detected by
western blot. The positive control was ABCBI expressed in Sf9 cell
membranes (BD Gentest, Woburn, MA, USA). D, Westera blotting
analysis for ABCBI variants expressed in the plasma membrane frac-
tion of Sf9 cells. (From ref. 16 and 71)

essential for the transport function of ABCB]. 6869
ABCBl ATPase activity is considered a functional
probe for specific binding of transported drugs. It is
possible to use this property to study the function and/
or substrate specificity of ABCBI1.™ Based on the
ABCB1 ATPase activity, we have developed a high-
speed assay system using 96-well plates to analyze the
substrate specificity of this activity.”” Figure 3 schemati-
cally demonstrates the protocol of ATPase activity
assay. DBriefly, the Sf9 cell membranes expressing
ABCBI (2 ug of membrane protein per each well) were
suspended in 10 uL of the incubation medium contain-
ing 50mM Tris-Mes (pH 6.8), 2mM EGTA, 2 mM
dithiothreitol, 50mM potassium chloride, 5mM
sodium azide, 2 mM ouabain. This medium was mixed
with 10 4L of a test compound solution and then pre-
incubated at 37°C for 3 min. The ATPase reaction was
started by adding 20 4L of 4 mM ATP solution to the
reaction mixture (404L) and the incubation was
maintained at 37°C for 30 min. The reaction was
stopped by the addition of 20 uL of 5% trichloroacetic
acid and liberated inorganic phosphate was measured at
wavelength of 630nm®*® in a Multiskan JX system
(Dainippon Pharmaceuticals Co., Osaka, Japan).

At present, there are several in vitro methods availa-
ble for the screening of drug compounds with regard to
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Fig. 3. Schematic diagram for the high-speed screening of ABCB1 ATPase activity, (From ref, 71)

possible stimulation or inhibition of ABCB1 activity. A
common method is to incubate the compound with cells
that overexpress ABCB1 and then to measure the
uptake in those cells afier a defined interval. The same
methodology can be used to study the inhibition of
ABCBl-mediated transport by measuring the uptake of
known substrates, such as verapamil and doxorubicin,
with and without the compound in the media. Caco-2
cell monolayers are widely used in the pharmaceutical
industry to assess membrane permeability and interac-
tion with ABCB1 and other efflux transporters.™
However, from a drug development perspective, those
cellular assay methods are too costly and time-consum-
ing. In addition, the cell density potentially involves a
critical factor that makes the estimation of ABCBI-
mediated transport difficult because of the para-cellular
transport of test compounds. Furthermore, there are
other intrinsic drug transporters expressed in Caco-2
cells, In this context, there is a considerable demand for
rapid and efficient in vitro assay systems and computa-
tional methods to assess the biopharmaceutical proper-
ties of test compounds.

As compared with the Caco-2 cell system, the ATPase
assay system developed in the present study is simple
and makes it easy to measure the ATPase activity not
only for ABCBI but also for other ABC transporters,
such as ABCG2 (BCRP/MXR1/ABCP).”™ In addition,
Sf9 insect cells and recombinant baculoviruses are prac-

tical and cost-effective mesns to express ABCBI or other
ABC transporter proteins in large amounts, since Sf9
cells grow much faster than mammalian cells. As a
consequence, ATPase measurements with ABCBI
expressend in Sf9 cell membranes are well suited for
extensive studies involving a large number of molecules
to be tested.

Structure-Activity Relationship (SAR) analysis

Effect of therapeutic drugs on ABCB1 ATPase
activity: Using the high-speed screening system, we
have measured ABCB1 ATPase activity toward a total
of 41 different therapeutic drugs and compounds. The
tested compounds are classified into seven groups, i.e.,
A, neurotransmitters; B, Ca?* channel blockers, C,
steroids; D, potassium channel medulators; D, non-
steroidal anti-inflammatory drugs (NSAIDs); F, anti-
cancer drugs; and G, miscellaneous. Figure 4 demon-
strates the effects of those test compounds on ABCBI1
ATPase activity. The concentration of test compounds
was 10uM in the measurement, and the data are
expressed as relative values as compared with the
ATPase activity measured with 10uM verapamil.
Among 41 different therapeutic drugs and compounds
tested in this study, Ca?* channel blockers, such as
verapamil (B-1)}, bepridil (B-4), fendiline (B-5), prenyla-
mine (B-6), nicardipine (B-7), and FK506 (G-4) stimu-
lated the ATPase activity. At the concentration of

—190—



Genetic Polymorphisms and SAR Analysis of P-glycoprotein 7

230

DOQ Feeeemmemmmrrerransmienan

150 1

100 Fo-rmmmmmm e eeameed

Relative ATPase activity

(4]
o
1

~20

- WA NSO M

2 PRS- QO WQ
CEd L g CLCcDMAD DA S SO

TR e Wno © s @ - Of ) ¥
A AW W LulLogodoo

F-1
F2
F-3
F-4
F5

Fig. 4. The effect of therapeutic drugs and compounds on ABCBI ATPase activity, The ATPase activity was measured in the presence of 10 uM
of a test compound. All the activities are expressed as relative values £ 5.D. as compared with the activity measured with 10 4M verapamil {100%).
The tested drugs and compounds are: glycine (A-1), glutamic acid (A-2), dopamine (A-3), norepinephrine (A-4), epinephrine (A-5), y-aminobutyr-
fc acid {A-6), histamine {A-T), serctonin (A-8), melatonin (A-9), verapamil (B-1), nifedipine (B-2), diltiazem (B-3), bepridil (B-4), fendiline (B-5),
prenylamine (B-6), nicardipine (B-7), dexamethasone (C-1), betamethasone (C-2), prednisolone (C-3), cortisone (C-4), nicorandil (D-1), pinacidil
(D-2), acetylsalicylic acid (E-1), indomethacin (E-2), acemetacin (E-3), ibuprofen (E-4), naproxen (E-5), mepirizole (E-6), vinblastine (F-1), etopo-
side (F-2}, actinomycin D (F-3), daunorubicin (F-4), paclitaxel (F-5), methotrexate (F-6), doxorubicin (F-7), 5-fluorouracil (F-8), quinidine (G-1),
p-aminohippuric acid (G-2}, penicillin G (G-3), FK506 (G-4), and novobiocin (G-5). (From ref. 71)

100 uM, paclitaxel (F-5), doxorubicin (F-7), and quini-
dine (G-1) have more significantly stimulated the
ABCBI1 ATPase activity, whereas the extent of ATPase
stimulation was relatively smaller than that of Ca®*
channel blockers (data not shown).

Correlation of the substrate specificity of ABCB1 and
the surface activity of test compounds: ABCBI was
originally assumed to function as a membrane pump for
exporting intracellularly located substrates. However, it
has recently been proposed that ABCBI translocates a
substrate from the inner leaflet side of the membrane to
the outer leaflet side, thus, it functions as 2 flippase or
membrane vacuum cleaner.” This mechanism is sup-
ported by the fact that most substrates of ABCBI are
hydrophobic compounds. Based on the latter mechan-
ism, a substrate must be first dissolved in or adsorbed on
the lipid bilayer of cellular membranes before they are
recognized and subsequently transported by ABCBI.
Therefore, the substrate specificity of ABCBI is related
to the lipophilicity and/or amphiphilicity of com-
pounds.

While the lipophilicity is well characterized by the
octanol /water partition coefficient (logP), Seelig et al.
have devised a new method to predict amphiphilic
properties of test compounds.”™ The criteria depend

on the amphiphilic properties of a test compound as
refiected in its surface activity. The surface activity is
quantifted by the Gibbs adsorption isotherms in terms
of three parameters: (i) the onset of surface activity, (ii}
the critical micelle concentration, and (iii) the surface
area requirement of the test compound at the air /water
interface, ™™

The adsorption of an amphiphile at the air/water
interface lowers the surface tension of the buffer, y,, to
a new value y. The difference, 7= y;—y is the so-called
surface pressure. The thermodynamics of the absorp-
tion process is described by the Gibbs adsorption
isotherm which can be written as

dy=—RT(NWAg)"' dinC= —RTIdInC

=—dn Equation (1),

where C is the concentration of an amphiphilic com-
pound in bulk solution, RT is the thermal energy, N, is
the Avogadro number and Ag is the surface area of the
surface-active molecule at the interface. I'=(N,As)™'
denotes the surface excess concentration. At low con-
centrations, I” increases linearly with C; at high concen-
trations, I'reaches a limiting value I'*. Thus, a plot of
vs. [nC should yield a straight line as long as I is
constant. As was evalnated from the slope:
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