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The signal transdocer and activator of transcription
(STAT) family proteins are transcription factors critical
in mediating cytokine signaling. Among them, STAT3 is
frequently activated in a number of human cancers and
transformed cell lines and is implicated in tumerigenesis,
However, although coostitutively activated STAT3 mu-
tant (STAT3C) leads to cellular transformation, its
transformation potential such as colony-forming activity
in soft-agar is much weaker than that of v-sre, To identify
tumorigenic factors that cooperatively induce cellular
transformation with STAT3C, we screened the retroviral
cDNA library. We found that the microphthalmia-
associated transcription factor (MITF), an essential
transcription factor for melanocyte development and
pigmentation, induces anchorage-independent growih of
NIH-3T3 cells in cooperation with STAT3C. Microarray
analysis revealed that c-fos is highly expressed in
transformants expressing STAT3C and MITF. Promoter
analysis and chromatin immunoprecipitation assay sug-
gested that both STAT3 and MITF can cooperatively
upregulate the c-fos gene. In addition, the transformation
of NIH-3T3 cells by both MITF and STAT3C was
significantly soppressed by a dominant-negative - AP-1
retrovirus. These data indicate that MITF and STAT3
cooperatively induce c-fos, resulting in cellular transfor-

mation.
Oncogene (2004) 23, 726-734. doi:10.1038/sj.0nc.1207174

Keywords: MITF; 'STATS; c+fos; cellular transforma-
tion

Introduction

The signal transducer and activator of transcription
(STAT) family proteins were identified in the last decade
as transcription factors essential for mediating virtually
all cytokine signaling (Darnell, 1997; Stark ot al., 1998).
These proteins become activated through tyrosine
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phosphorylation. In addition to their central roles in
normal cell signaling, recent studies have demonstrated
that constitutively activated STAT signaling, especially
STAT3, directly contributes to oncogenesis {Bromberg
and Darnell, 2000). For example, all sre-transformed
cell lines exhibit constitutively activated STAT3 (Yu
et al., 1995), and dominant-negative STAT3 suppresses
sre transformation without having any effect on ras
transformation (Turkson et al, 1998). More directly,
Bromberg et al. (1999) demonstrated that a constitu-
tively activated form of STAT3, STAT3C, which has
two substituted cysteine residues within the C-terminal
loop of the SH2 domain, resulting in a spontaneous
transcriptionally active dimer, causes cellular transfor-
mation scored by colony formation in soft-agar and
tumor formation in nude mice. Thus, the activated
STAT3 molecule by itself can mediate cellular transfor-
mation. Extensive surveys of primary tumors and cell
lines derived from tumors have indicated that an
inappropriate activation of STAT3 occurs at a surpris-
ingly high frequency in a wide variety of human cancers
(Bowman ef al., 2000). However, until now, mutations
in the STAT3 gene have not been identified in these
cancers, hence it remained to be determined how
endogenous STAT?3 is constitutively activated and what
kinds of genes are involved in tumorigenicity induced by
constitutively activated STATS3.

The microphthalmia-associated transcription factor
{MITF) is a basic helix-loop-helix leucine zipper (b-
HLH-Zip) transcription factor that plays a critical role
in the differentiation of various cell types, including
neural crest-derived melanocytes, mast cells, osteoclasts,
and optic eup-derived retinal pigment epithelium. MITF
nmutations in humans produce auditory-pigmentary
syndromes, such as Waardenburg syndrome type Ila
and Tietz syndrome, characterized by mast cell defects,
inner ear problems, and abnormal, patchy pigmentation
of the hair and skin. In mice, the mi allele protein with
the deletion of 216R in the basic region is known as a
dominant-negative form through the sequestration of
wild-type partners in non-DNA-binding dimmers. In
addition to the complete absence of melanccytes, MITF
dominant-negative mutants exhibit osteopetrosis
(Kitamura et al., 2002). MITF consists of at least five
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isoforms, including MITF-A, MITF-B, MITF-C,
MITF-H, and MITF-M, and MITF-M is the melanc-
cyte-specific type (Tachibana, 1997; Udono e ai., 2000,
Shibahara er al., 2001). MITF regulates the expression
of melanocyte differentiation markers, including tyrosi-
nase, tyrosinase-related protein, and dopachrome tau-
tomerase (DCT), all of which are required for
pigmentation (Carreira et al., 2000). MITF is one of
the genes involved in tumor growth and the metastasis
of melanoma (Vachtenheim et af., 2001, Nyormoi and
Bar-Eli, 2003). However, transcriptional target genes of
MITF that regulate melanoma tumorigenicity or me-
tastasis have not yet been elucidated. Moreover, since
MITF alone has low or no oncogenic activity, a
cofactor(s) that cooperatively functions with MITF
may be necessary for the transformation of melanocytes.

In this study, we first demonstrated that STAT3 and
MITF cooperatively induce cellular transformation
in vitro. We also identified c-fos as a target gene of
STAT3 and MITF using microarray aualysis. The
induction of the c-fos gene is necessary for the
anchorage-independent growth of NIH-3T3 cells trans-
formed with STAT3C and MITF, Our study provides a
novel role of STAT3 in melanocyte proliferation and
tumor growth of melanoma.

Results

Screening for STAT3C cofactors for cellular
transformation

We and others have shown that NIH-3T3 cells expres-
sing STAT3C or wild-type STAT3, which is activated by
the type C hepatitis virus (HCV) core protein, possess a
colony-forming potential in soft-agar and tumorigeni-
city in nude mice (Yoshida et o/, 2002). However, the
number and size of the colonies and tumor size by the
expression of active STAT3 are much smaller than those
of NIH-3T3 cells transformed with v-src (Bromberg
et al., 1999; Yoshida et al, 2002). Therefore, the
constitutive activation of STAT3 may not be sufficient
for full transformation. With this in mind, we screened
cofactors that induce full transformation in cooperation
with activated STAT3 by using retrovirus cDNA
transfer (Kitamura et al., 1995). NIH-3T3 cells expres-
sing STAT3C (STAT3C-3T3) were infected with the
HeLa cell retroviral cDNA library (2 x 10¢ independent
clones) and plated into soft-agar medium. After 3 weeks
of incubation, two large colonies were formed and the
integrated ¢cDNAs were recovered by PCR and se-
quenced. One colony contained MITEF cDNA with N-
terminal 104 amino acids deletion compared with
MITF-M (AN-MITF), and the other colony included
full-length granulin ¢cDNA that has been shown to
induce colony formation in soft-agar in NIH-3T3 cells
(Zanocco-Marani et al., 1999). The ATG of the exon 3
of the MITF gene was utilized as the first AUG codon in
AN-MITF (Figure la). N-terminal truncation resulted
in a missing N-terminal glutamine-rich region, but
AN-MITF retained DNA-binding and transactivation
domains.

STAT3 and MITF induce transformation through ¢-fos
A Joo et af
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Figure 1 Transforming potential with a combination of MITF
and STAT3C. (a) Structures of MITF-M and our screening clone,
AN-MITFE. The numbers shown under MITF isoforms indicate
exons. The glutamine-rich basic region (QB), the transcriptional
activalion domain (A), the bHLH-LZ structure, and the serine-rich
domain (8) are indicated. (b) STAT3C-transformed 3T3 (STAT3C-
3T3) cells were infected with the pMX empty vector, pMX-mi-
MITF, wt-MITF, or AN-MITF and plated into soft-agar medium.
On day 21, colonies were counted and photographed

MITF-induced anchorage-independent growth in
cooperation with STAT3C

The inserted c¢cDNAs subcloned into the retroviral
vector, pMX-IRES-EGFP, were introduced into par-
ental NIH-3T3 cells or STAT3C-3T3 cells and then
plated into soft-agar medium. N-terminal-truncated
MITF induced the cellular transformation of
STAT3C-3T3, but not parental NIH-3T3 cells, whereas
granulin ¢cDNA induced anchorage-independent cell
growth in both NIH-3T3 cells and STAT3C-3T3 cells
{Figure 1b and data not shown). Therefore, AN-MITF
has the potential to induce the anchorage-independent
growth of NIH-3T3 cells in cooperation with STAT3C,
We also found that full-length {wt-} MITF could lead to
anchorage-independent growth of NIH-3T3 cells in
cooperation with STAT3C (Figure 1b). However, AN-
MITF showed greater colony-forming activity, both in
size and number, than wt-MITF.

We then compared the cellular morphology of
transfectants. It has been reported that the forced
expression of MITF in NIH-3T3 cells results in refractile
cell morphology, which resembled dendritic cells and
melanocytes (Tachibana, 1997). We also observed that
AN-MITF-infected NIH-3T3 cells showed dendritic
cell-like morphological changes (Figure 2a). However,
as shown in Figure 2b, STAT3C-3T3 cells expressing wt-
MITF or AN-MITF displayed some of the morpholo-
gical changes associated with fibroblast transformation,
that is, elongated shape and rounding.

Constitutive activation of STAT3 in melanoma cells

We then examined STAT3 activation in melanoma cells
in which MITF plays an important role in transformed
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Figure 2 Cytology of MITF-infected 3T3 and STAT3C-3T3 cells.
3T3 and STAT3C-3T3 were infected with the pMX empty vector,
pMX-mi-MITF, wt-MITF, or AN-MITF. wt-MITF and AN-
MITF induced morphological change in both 3T3 (a) and
STAT3C-3T3 (b)

phenotypes. As shown in Figure 3a, some melanoma cell
lines, B16F10, G361, MMAc, and HMV-II, showed
constitutive phosphorylation of STAT3. We examined
whether MITF induced the constitutive activation of
STAT3. Immunoblotting with an anti-phosphorylated
STAT3-specific antibody revealed that phosphorylation
occurred in tyrosine 705 (Y705) of STAT3 in STAT3C-
3T3 cells (Figure 3b). wt-MITF and AN-MITF did not
affect phosphorylation states of STAT3 in NIH-3T3
cells (Figure 3b}. As shown in Figure 3¢, MITF had little
effect on or rather suppressed STAT3-dependent
APRE-luciferase activity. These data indicate that
STAT3 is often constitutively activated in melanoma
cells, but the mechanism is probably independent of
MITF expression. Furthermore, MITF-transactivation
activity was not affected by STAT3C (data not shown).
Therefore, we speculated that an oncogenic target
gene(s) could be induced by the cooperative action of
STAT3 and MITF.

Microarray screening for target genes of STAT3C
and MITF :

To identify target genes of MITF and STAT3, a
microarray-based screen was undertaken. Total RNA
was isolated from AN-MITF-infected NIH-3T3 (AN-
MITF-3T3), STAT3C-3T3, and AN-MITF-infected
STAT3C-3T3 (AN-MITF/STAT3C-3T3) cells and sub-
jected to Affymetrix microarray analysis (about 12000
genes). As summarized in Figure 4a, seven genes in AN-
MITF/STAT3C-3T3 cells were identified as more than
10-fold upregulated genes compared with AN-MITF-
3T3 and STAT3C-3T3 cells. Most of the genes were
mast cell or melanocyte-specific genes and chemokines,
and the upregulation of these genes was confirmed by
RT-PCR analysis (Figure 4b). Among these seven
genes, the upregulation of c-fos is particularly interesting
because ¢-fos is a component of the AP-1 transcription
factor and known to be an oncogene. The functions of
AP-1, composed of Fos family proteins (¢c-Fos, Fra-1,
Fra-2, and FosB) and Jun family proteins (¢-Jun, JunB,
and JunD), were shown to play iniportant roles not only
in normal cell growth but also in several transformed
cells induced by oncogenes (Ui et al., 2000). Therefore,
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Figure 3 MITF and STAT3C do not directly activate each other.
(a and b) Phosphorylation of STAT3 was detected by Western
blotting with anti-phesphorylated Tyr705 of the STAT3-specific
antibody. Lysate from cell lines of melanoma cells and mast cells
(a} or 3T3 and STAT3C-3T3 cells infected with the pMX empty
vector, pMX-mi-MITF, wt-MITF, or AN-MITF (b) were exam-
ined. (¢) HEK293 cells were transfected with a plasmid mixture
containing the APRE-luciferase reporter gene (0.04 pg) and the §-
galactosidase gene (0.1pg). To examine the MITF-dependent
APRE-luciferase activity, cDNA of STAT3C (0.2 ug) and MITF
(0.1pug) was alse introduced. Data normalized with the f-
galactosidase activity from triplicate experiments are shown

we confirmed the upregulation of the c-fos gene by
Northern blotting. As shown in Figure 4c, c-fos was
consecutively expressed in AN-MITF/STAT3C-3T3
cells, but was not detected in quiescent 3T3 cells. We
also detected the endogenousiy high expression of c-fos
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Figure4 Expression of genes upregulated by MITF and STAT3C.
(a) In microarray analysis, seven genes in 3T3 cells expressing both
AN-MITF and STAT3C were found as >10-fold upregulated
genes compared with STAT3C-3T3 or AN-MITF single transfec-
tants. {b) Upregulation in six of the genes detected by microarray
analysis. The mRNA expression level was evaluated by the RT-
PCR method in 3T3 or STAT3C-3T3 cells infected with the pMX
empty vector, pMX-mi-MITF, wi-MITF, or AN-MITF. The
intensity of the PCR band was quantified with NIH image
software. (¢) Northern blotting analysis of the c-fos oncogene.
3T3 cells, STAT3C-3T3 cells uninfected or infected with empty
vector, wi-, or AN-MITF viruses, and six kinds of melanoma cell
lines were examined with RNA probes of c-fos and G3PDH

in several melanoma cell lines (Figure 4c¢), suggesting
that the constitutive expression of c-fos contributes to
the oncogenesis of melanoma.

STAT3 and MITF directly bind to the promoter region
of c-fos

It has been shown that the c-fos proximal promoter
region contains a single STAT3-binding site in the SIE
region (Shibuya er al., 1994). We also noticed many
MITF-binding motifs (CANNTG; E-box) (Tsujimura
et al., 1996) in the promoter region (Figure 5a). To

STAT3 and MITF induce transformation through ¢-fos
AlJooetal

confirm that ¢-fos activation was cooperatively induced
by MITF and STAT3C, a reporter gene assay using c-
Jfos promoter luciferase constructs (Hatakeyama et al.,
1992) was carried out. The transcriptignal activity of ¢-
JSos was significantly increased by the transient expres-
sion of wt- or AN-MITF and STAT3C in HEK 293 cells.
MITF-induced c-fos promoter activation was further
stimulated by leukemia inhibitory factor (LIF), which
activates endogenous STAT3 (Figure 5h and data not
shown).

Next, we examined the region of the c-fos promoter
responsible for the interaction of MITF and STAT3.
The c-fos promoter construct contains five potential
MITF-binding sites. Using mutated or truncated forms
of the c-fos promoter, we found that the SIE region is
important for activation by STAT3 and an MITF-
binding motif in the SRE region is essential for
promoter activation by MITF (Figure 5c).

To confirm the direct binding of STAT3 and MITF to
the c-fos promoter region, DNA-binding assay
(Figure 5d) as well as chromatin immunoprecipitation
(ChIP) assay (Figure 5e) were performed. First, nuclear
extracts from 293T cells transfected with Myc-tagged
AN-MITF and STAT3C or from cells stimulated with
or without LIF were incubated with beads conjugated
with oligonucleotides of the human c-fos promoter
sequence, including the SIE and the SRE (35 mer). As
shown in Figure 5d, MITF (lanes 2, 4, and 6) as well as
both phosphorylated endogenous STAT3 (lanes 3 and 4)
and STAT3C (lanes 5 and 6) bound to the oligonucleo-
tides of the c-fos promoter region in vitro. Non-pho-
sphorylated STAT3 without LIF stimulation (lanes 1
and 2) did not bind to the oligonucleotide beads,
suggesting a specific interaction of activated STAT3
and the DNA.

For ChIP assay (Figure 5e), the crosslinked chroma-
tins from wt-MITF/STAT3C-3T3 cells and AN-MITF/
STAT3C-3T3 cells as well as melanomas (G361 and
HMV-II) in which STAT3 was consecutively phos-
phorylated were immunoprecipitated with STAT3- or
MITF-specific antibodies. The crosslinked protein was
then removed from DNA by proteolysis. Finally, the
immunoprecipitated DNA was analysed by PCR to
detect the c-fos promoter region. As shown in Figure 5e,
the anti-STAT3 antibody and the anti-MITF antibody
precipitated the c-fos promoter SIE region and the
MITF-binding motif in the SRE region, respectively.

Dominant-negative mutant of AP-1 inhibited cellular
transformation of MITFISTAT3C-3T3

To investigate the contribution of the e-fos gene in the
anchorage-independent growth of MITF/STAT3C-3T3
cells, we introduced a dominant-negative mutant of AP-
1 into these cells. We used a retrovirus carrying
SupJunD-1, which has an N-terminal deletion of the
transactivation domain of ¢-Jun. We have shown that
the SupJunD-1 virus suppresses the transactivation
activity of AP-1 and inhibits colony formation in soft
agar of various types of tumor cells (Ui er al., 2000). As
shown in Figure 6, the dominant-negative AP-|
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Figure 5 MITF and STAT3C directly binds to the promoter region of c-fos. (2} A diagram of the c-fos-luciferase reporter gene
containing five E-boxes, potential MITF-binding motifs, and the SIE region known as a binding site of STAT3. Asterisks indicate
mutations in SIE, and two deletion mutants (d1 and d2) are shown. The bold bar shows the region used for the DNA-binding assay
and arrows show the PCR primers for ChIP assay. {b and ¢) Reporter assay. HEK293 cells were transfected with a plasmid mixture
containing the c-fos-luciferase reporter gene (2ng), the f-galactosidase gene (0.1 ug), STATIC (0.2 ug), and the wt-MITF plasmid (b,
200ng, and ¢, 10 ng). After transfection, cells were incubated in the presence or absence of 10 rg/m! LIF for 8h, and cell extracts were
prepared. Data normalized with the f-galactosidase activity from triplicate experiments are shown. (d) DNA-binding assay. 2937T cells
were transfected with the pcDNA3-Myc-AN-MITF and pReCMV-STAT3C and stimulated with 10 ng/ml LIF For 6 h, and the nuclear
extracts were prepared. The DNA-binding proteins bound to the oligonucleotideé-conjugated beads were analysed by immunoblotting
with anti-STAT3 and anti-Myc antibodies. (¢) ChIP assay was performed to determine the binding of MITF and STAT3 to the
promoter region of c-fos. wi- or AN-MITF-infected STAT3C-3T3 was determined in vitro, and the melanoma cells G361 and HMV-1I
were examined in vive. Chromatin complexes were immunoprecipitated with anti-acetylated histone H4, anti-STAT3, and monoclonal
or polyclonal anti-MITF antibodies
significantly suppressed the anchorage-independent is one of the mechanisms of increased anchorage-
growth of wt- or AN-MITF-infected STAT3C-3T3  independent growth of MITF/STAT3C-expressing
cells. These data support our notion that ¢c-fos induction  cells.
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Figure 6 Expression of dominant-negative AP-1 inhibits ancho-
rage-independent growth of MITF/STAT3C-expressing cells. wt-
or AN-MITF-infected STAT3C-3T3 cells were infected with
fetrovirus carrying dominant-negative AP-1 (dnAP-1) or an empty
vector by the retrovirus at moi=10. Cells were selected with
puromycin and then plated into soft-agar medium. On day 21,
colonies were counted and photographed. Data from triplicate
experiments are shown

Discussion

In this study, we identified MITF as a collaborative
factor of STAT3 for cellular transformation. Many
factors have been shown to interact with and activate (or
in some cases inactivate) STAT3. For example, we have
shown that the HCV core protein directly interacts with
STAT3 and induces phosphorylation and activation
(Yoshida et al., 2002). Nakayama et al. (2002} reported
that a nuclear zinc-finger protein EZI enhances the
nuclear retention and transactivation of STAT3. PIAS3
(Levy et al., 2002), cyclinD (Matsui er al., 2002), and
GRIM-19 (Lufei et al., 2003) also interact directly with
STAT3, but inhibit transcriptional activity. Most of
these factors are isolated as a physical binding protein
with STAT3. In this study, by using functional
expression screening, we showed that STAT3 and MITF
interact functionally, but not physically. A common
target of STAT3 and MITF is found to be c-fos, which
may participate in transformation by constitutively
active STAT3 and MITF. Our functional cloning
strategy using retroviral ¢cDNA transfer will provide
an additional candidate for the cofactor that modulates
the function of STAT3. Furthermore, in this study we
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demonstrated that the microarray technique is a
powerful tool to identify a target gene that is coopera-
tively induced by two distinct classes of transcription
factors.

MITF consists of at least five isoforms, MITF-A,
MITF-B, MITF-C, MITF-H, and MITF-M, differing at
their N-termini and expression patterns (Tachibana,
1997, Udono et al., 2000; Shibahara er af., 2001).
However, the clone (AN-MITF)} we obtained from the
HeLa cell library has an N-terminal deletion, which is
shorter than other reported forms. Since mRNA
corresponding to AN-MITF has not been reported, we
speculate that AN-MITF is a product of the incomplete
elongation of ¢cDNA by reverse transcriptase. Never-
theless, AN-MITF scems to be a more potent inducer
for a transformed phenotype of NIH-3T3 cells (Figure 1)
and c-fos induction (Figure 4). In addition to the
previously characterized acidic activation domain
necessary for melanocyte differentiation, a second
potential activation domain is shown to be located
between amino acids 140 and 185 (Mansky et al., 2002),
and AN-MITF contains these regions. Therefore, the N-
terminal, with about 100 amino acids of MITF-M, may
be a negative regulatory domain. This region contains a
glutamine-rich basic region (QB), but the function of
this region has not been elucidated. Most notably, Ser
73 of MITF-M is a predicted MAP kinase-phosphor-
ylation site and is implicated in p300/CBP recruitment
(Hemesath er af, 1998) and reduced MITF protein
stability (Kim et a/., 2003). Since AN-MITF lacks this
Ser 73, dN-MITF may be more stable than wt-MITF.

Several types of functional interactions between
STAT3 and MITF have been proposed. The protein
inhibitor of activated STAT3 (PIAS3) has been shown
to bind to a b-HLH-Zip domain of MITF, resulting in
the suppression of MITF-induced transcriptional activ-
ity (Levy et al., 2002}, However, it has been reported
that STAT3 does not interfere, either in vitre or in vivo,
with the interaction between PIAS3 and MITF. This
finding is consistent with our data showing that STAT3
does not affect MITF transcriptional activity (data not
shown) and MITF does not interfere with STAT3
transcriptional activity (Figure 3c). Recently, Kamaraju
et al. (2002) reported that IL-6 receptor/IL-6¢ chimera
induces a loss of melanogenesis preceded by a sharp
decrease in MITF mRNA and gene promoter activity in
B16/F10.9 melanoma cells. IL6RIL6 stimulates gp!30,
leading to the rapid activation of STAT3, which
downregulates Pax3, a paired homeodomain factor
regulating MITF mRNA levels and the development
of melanocytes. Therefore, in this case, MITF down-
regulation by STAT3 is indirect, and the mechanism of
Pax3 downregulation by STAT3 is not clear. The Pax3
downregulation in IL6RIL6-induced F10.9 cells leads to
growth arrest and transdifferentiation to a glial cell
phenotype. Therefore, the genetic interaction between
MITF and STAT3 seems to be complicated and
probably different among cell types.

We found that the c-fos gene is a common target of
STAT3 and MITF, which probably contributes to
transformation. Microarray analysis also revealed that
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the c-fos gene is strongly upregulated by MITF in
primary melanocytes (McGill et af., 2002). In agreement
with this notion, STAT3 was frequently phosphorylated
in several human melanoma cell lines (Figure 3a).
However, while B16 and SKMel cells are negative for
STAT3 phosphorylation, the same cells do express c-fos.
Apparently, STAT3-independent mechanism of c-fos
induction is present in these melanoma cells. Finding
such mechanisms of c-fos expression in these cells may
provide a new clue for understanding the role of c-fos
for the generation of melanomas.

Promoter analysis and ChIP assay indicated that
STAT3 and MITF can bind to the ¢-fos promoter and
activate this promoter independently. Reporter gene
analysis suggested that the effect of MITF and STAT3
on the c-fos promoter are additive rather than coopera-
tive (Figure 5b). This is consistent with our observation
that there is no direct physical interaction between
MITF and STAT3. Nevertheless, high levels of c-fos
expression and transformation of NIH-3T3 cells are
dependent on both STAT3 and MITF. In addition to
promoter activation, another mechanism of c-fos
expression, such as stabilization of c-fos mRNA, may
present in the cooperative effect of STAT3 and MITF.
Furthermore, a previous report demonstrated that wi-
and mi-MITF bind to the c-Fos protein. In particular,
mi-MITF prevents ¢-Fos from being transported to the
nucleus, and this may be a reason for the osteopetrosis
of mi/mi mutant mice (Sato ef al., 1999). wt-MITF was
also shown to bind to c-Jun and enhance the transacti-
vation of the MMCP-7 gene, while complexes of mi-
MITF and c-Jun were predominantly found in the
cytoplasm and suppressed transactivation (Ogihara
et al., 2001). Thus, MITF could be involved in AP-1
activation not only by inducing c-fos but also by
interacting with AP-1 itself. The fact that a dominant-
negative AP-1 (SupJunD) suppressed colony formation
of transformants expressing both MITF and STAT3C
suggests that AP-1 can be a therapeutic target of
melanoma. '

In addition to ¢c-fos, we found several interesting genes
that are cooperatively induced by STAT3 and MITF
(Figure 4a). GTP cyclohydrase-1 and mast cell proteases
are probably involved in melanocyte and mast cell
functions. PMEL17 is also known as an MITF-
inducible pigment cell-specific gene and a melanosomal
matrix protein, which may function as a structural
protein in melanogenesis (Kobayashi et al, 1994),
JE and A7 are chemokines that are induced by
immunoglobulin (Ig) E plus antigen stimulation in
mast cells. (Burd et al., 1989; Kulmburg et al., 1992,
Ong et al, 1993). Therefore, STAT3/MITF target
genes are strongly linked to the function of mast
cells and melanocytes, which constitutively express
MITF. This finding implies that STAT3 (or other
STATs) may be involved in mast cell and melanocyte
functions by inducing genes in cooperation with
MITF. It is interesting that IL.3, which activates STATS,
is a mast cell growth factor in vitro. The functions of
STATs in mast cells and melanocytes are under
investigation.

Oncogena

Materials and methods

Cell culture and transfection

NIH3T3 and HEK293 celis were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% C8S.
STAT3C-transformed 3T3 (STAT3C-3T3) cells (Yoshida
et af, 2002} were cultured in DMEM supplemented with
10% CS containing 0.8 mg/ml G418. PLAT-E, a packaging
cell line (Morita et o/, 2000) was maintained in DMEM with
10% FCS containing blasticidin S (13 mg/ml) and puromycin
(1 mg/ml). Melanoma cell lines were cultured in the following
medium containing 10% FCS, Bl6 and BI6FI0 in RPMI
1640, G361 and SKMel28 in MEM, HMV-II in Ham's F12,
and MMAc in DMEM. MC9, a mast cell line, was cultured in
RPMI 1640 supplemented with 5% FCS, 50 uM 2-mercap-
toethanol, and 6ng/ml mouse recombinant IL-3. Cells were
transfected by the calcium1 phosphate method with Cell Phect
(Amersham} or by the lipofection method with FUuGENE 6
(Roche). For retrovirus-mediated gene expression, NIH3T3
cells were infected with the retroviruses produced by PLAT-E
as reported (Sasaki er al, 2003). Bl6, BI6F10, G361, and
SKMel 28 cell lines were kindly provided by Dr Yonemitsu
(Kyushu University, Japan).

Library screening

Retroviruses containing the human HeLa retroviral ¢cDNA
library (CLONTECH, Palo Alto, CA, USA) were produced
from PLAT-E and 1 x 10% STAT3C-3T3 cells were infected
witli 10m] of the retroviral supernatant containing 10mg/ml
polybrene. After 48 h of virus transduction, STAT3C-3T3 cells
were seeded in soft-agar medium. Within 3 weeks, two colonies
were picked up and expanded, and genomic DNA was
isolated. Integrated cDNAs were recovered by PCR using a
pair of primers (FWD, 5-AGCCCTCACTCCTTCTCTAG,
and REV, 5-ATGGCGTTACTTAAGCTAGCTTGC-
CAAACCTAQC) and sequenced.

Colony formation in soft-agar

The MITF-infected 3T3 and STAT3C-3T3 cells were seeded
into 35-mm dishes in suspensions of 0.36% Agar noble (Difco)
in DMEM supplemented with 10% CS on top of a bed of
0.72% Agar noble in the same complete medium. The MITF-
infected STAT3C-3T3 cells were inoculated with a retrovirus
of dominant-negative AP-1 or an empty vector (Ui et al,
2000), selected with puromycin, and plated into soft-agar
medium. The cultures were incubated for 21 days and then the
cclonies were counted and photographed.

Construction of MITF

The cDNAs of wt-, AN-, and mi-MITF were subcloned into a
bicistronic retrovirus vector pMX-IRES-EGFP (Nosaka et al.,
1999) or a pcDNA3J expression vector.

Retrovirus of dominant-negative AP-1

The control virus {(pBabe-IRESpuro) and the SupJunD-1 virus
(pBabe-SupJunD-1-IRESpure) as a dominant-negative AP-1
were generated as described (Ui et al., 2000). After infection,
STAT3C-3T3 cells were cultured with 2 mg/ml puromycin.

High-density oligonucleotide microarray analysis

RNA was extracted by standard methods. Cells were lysed
directly in their Petri dishes in TRIzol reagent {Invitrogen,
Carlsbad, CA, USA) and total RNA was isolated according to
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the manufacturer’s instructions. ¢cRNA preparation and
microarray hybridization were carried out according to the
supplier’s instructions (Affymetrix, Santa Clara, CA, USA),
using Genechip HG-U95Av2. Scanned output files were
analysed by the probe level analysis package, Microarray
Suite MAS 50 (Affymetrix, Santa Clara, CA, USA). The
signal for each of these genes was determined from the ‘probe
set’ in use for this gene and by the probe level analysis method
provided by Affymetrix software.

Northern Blotting analysis and RT-PCR

Total RNA (10ug) extracted from cells using TRIzol was
evaluated by Northern blotting analysis with digoxigenin-
labeled antisense RNA of c-fos and G3PDH labeled with the
DIG RNA Labeling Kit (Roche). To determine the microarray
data, 1pug of total RNA was reverse-transcribed with the
Reverse Transcribed Kit (Roche) and RT-PCR was performed
with primers as follows: mouse MITF, 5-GGAACAGCAAC-
GAGCTAAGG and 5-TGATGATCCGATTCACCAGA;
huvman MITF, 5-AGAACAGCAACGCGCAAAAGAAC
and TGATGATCCGATTCACCAAATCTG; mouse GTP
cyclohydrorase, 5-GGCTGCTTACTCGTCCATTC and AG
GTGATGCTCACACATGGA; mouse JE, AGGTCCCTGT
CATGCTTICTIG and TCTGGACCCATTCCTTCTIG;
mouse PMEL17 CAGGGGTCTAACTGCTGGAG and TT
CGGAGGTTTAGGACCAGA; mouse MRP8, GGAAAT
CACCATGCCCTCTA and TGGCTGTCITTGTGAGAT
GC; mouse MARC, TCTGTGCCTGCTGCTCATAG and
CTTTGGAGTTGGGGTTTTCA: and mouse MCPL, GCA
CTTCTCTTGCCTTCTGG and TGTGCAGCAGTCATCA
CAAA.

Western blotting analysis

Cells were lysed in a lysis buffer (30mM Tris-HCI pH 7.4,
150mM NaCl, 0.5% or 1% NP-40, lmM EDTA, 1mM
vanadate, S0mmM NaF, 1mmM DTT, 0.01mM APMSF) and
centrifuged at 12000g for 10min. The supernatants were
resoived on SDS-PAGE of 10% gels, blotted, and immunos-
tained with an anti-phospho STAT3 (Tyr705) polyclonal
antibody {Cell Signaling Technology) and an anti-STAT3
polyclonal antibody (Santa Cruz Biotechnology).

Luciferase assay

An APRE-luciferase reporter gene for STAT3 activity and a
reporter gene construct containing MITF-responstve mMCP-6
(mouse mast cell protease) luciferase have been described
previously (Morii er af., 1996; Yasukawa er al., 1999). A c-fos
promoter-reporter gene consisting of the c-fos promoter
region containing SIE, SRE, and several potential MITF-
binding motifs (Tsujimura et al, 1996) is also described
(Shibuya er al., 1994; Kawahara et al., 1995; Kim er af., 1998).
Luciferase assays were carried cut using the dual-luciferase
reporter system (Promega). The expression plasmid of STAT3-
C in pRcCMYV was kindly provided by Dr JE Darnell Jr
(Bromberg er al., 1959).

Nuclear extract preparation and oligonucleotide-binding assay

293T cells (1.5x%10%) were transfected with Myc-AN-MITF
and STAT3C were stimulate with LIF for 6h. Cells were
collected and resuspended in 04ml of buffer A (10mMm
HEPES-KOH (pH 7.8), 10mM KCI, 0.1mM EDTA, 0.4%
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NP-40, I myM DTT, 0.5mM APMSF, 2 pg/ml leupeptin, and
1 mM NazVOy). After a brief vortexing and centrifugation, the
supernatant was discarded and the nuclei-containing pellet was
resuspended in 0.05ml of buffer C (50 mm HEPES-KOH (pH
7.8), 420 mM NaCl, 5mM MgCls, 0.1mMm EDTA, 2% glycerol,
ImM DTT, 0.5mM APMSF, 2 pg/ml leupeptin, and 1 mM
Na,;VO,) at 4°C for 30 min. The suspension was pelleted by
centrifugation and the supernatants were collected and stored
at —80°C until use, Oligonucleotide-conjugated beads were
prepared using the DNA-binding protein purification kit
(Roche) according to the muanufacturer’s protocol. In brief,
the sense and antisense oligonucleotide of the human c-fos
promoter sequence, including the SIE and SRE regions (5-C
AGTTCCCGTCAATCCCTCCCCCCTTACACAGGATGTC
CATATTAGGACATCTGC-3') were annealed, and they were
ligated with the washed streptavidin magnetic particles for
30min at 25°C. After lgation was carried out, the particles were
washed using a magnetic separator and mixed with 100 yig of the
nuclear extract for 30min at 25°C. Then, the particles were
washed and the DNA-binding proteins were eluted. The elutates
were pelleted with trichloroacetic acid solution, and analysed by
immunoblotting with anti-STAT3 and anti-Myc antibodies.

ChIP assay

For ChIP assay, 243T cells (5x 10 were fixed with 1%
formaldehyde for 10min at 37°C, washed with PBS, and lysed
in ChIP lysis buffer (Upstate Biotechnology, Lake Placid, NY,
USA). DNA was sonicated by pulsing five times. Anti-
acetylated histone H4 (Upstate), anti-STAT3 (Sigma), or
anti-MITF monoclonal antibody (Oncogene), and anti-MITF
polyclonal antibody (Santa Cruz Biotechnology) was added
(5ng-20pg  per immunoprecipitation) and incubated
overnight. Protein A-agarose beads (Upstate Biotechnology)
were added for lh and then washed once each with a
low-salt bulfer, high-salt buffer, and LiCl buffer, They were
then washed twice with a TE buffer. The beads were eluted
with 0.1M NaHCO3 and 1% SDS, and crosslinks were
reversed at 65°C. DNA was ethanol precipitated in the
presence of 20ug glycogen. PCR was carried out using
primers specific to the promoter region of mouse c-fos
(FWD, J5.-TCTGCCTTTCCCGCCTCCCC, and REV,
5-GGCCGTGGAAACCTGCTGAC) for NIH3T3, and
human c-fos (FWD, 5-CCCGACCTCGGGAACAAGGG,
and REV, 5¥-ATGAGGGGTTTCGGGGATGG) for HMV-
II, or (FWD, 5'-TCTCATTCTGCGCCGTTCCC, and REV,
5'-GGCCGTGGAAACCTGCTGAC) for G361.
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Abstract

KiBank is a database of inhibition constant {K;) values with 3D structures of target proteins and chemicals. K; values were accumulated from
peer-reviewed literature searched via PubMed. The 3D structure files of target proleins were ariginally from Protein Data Bank (PDB), while
the 2D structure files of the chemicals were collected together with the X; values and then converted into 3D ones. In KiBank, the chemical and
protein 3D structures with hydrogen atoms were optimized by energy minimization and stored in MDL MOL and PDB format, respectively.

KiBank is designed to support structure-based drug design. It provides struclure files of proteins and chemicals ready for use in virtual
screening through automated docking methods, while the K; values canbeapplied for tests of decking/scoring combinations, program paramelter
seltings, and calibration of empirical scoring functions. Additionally, the chemical structures and corresponding K; values in KiBank are useful
for lead optimization based on quantitative structure—activity relationship (QSAR) technigues.

KiBank is updated on a daily basis and is freely available at http://kibank.iis.u-tokyo.ac.ip/. As of August 2004, KiBank contains $000 K;

values, over 6000 chemicals and 166 proteins covering the subtypes of receptors and enzymes.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Targel protein; [nhibition constant; Database; Drug desizgn

1. Introduction

Since last decade, structure-based drug design (SBDD)
has become a mature discipline of medicinal chemistry
{Anderson, 2003; Bohm, 1996; Klebe, 2000; Nakata, 2002),
and development of computer technologies to calculate
molecular properties, of combinatorial chemistry and abun-
dant data on target proteins coming from human genome
research have opened new oppoertunities and feasible ap-
proaches for drug discovery (Bailey and Brown, 2001;
Kirkpatrick et al., [999),

* Corresponding author, Tel.: +81 3 5452 6622; fax: +81 3 5452 6623,
E-mail address: cho@ [sis.iis.u-tokyo.ac.jp (J. Zhang).

1476-9271/% — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.compbiolchem.2004.09.003

Estimation of the binding affinity of novel chemicals to
targel proteins is a critical procedure in computational ap-
proaches to drug design including SBDD. The strategies that
can be applied for this purpose fall in to two major cate-
gories: a target-based approach and a ligand-based approach.
Recently, some researchers have combined both of these ap-
proaches in an automated unbiased procedure (Dean et al.,
2004; Loew et al., 1993; Sippl, 2002b). The former can be
used if the 3D structure of the binding site is known as is the
case of SBDD. In practice, in silico screening of chemical
databases is widely applied to find lead candidates for target
proteins. Each of the reported methods has two sieps, docking
and scoring (Ewingetal., 2001; Goodsellet al., 1996; Jones et
al., 1997; Rarey et al., 1996}. Although several scoring meth-
ods for estimating binding affinity have been documented, it
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is not yet clear which docking/scoring combinations will pro-
vide the best accuracy. Therefore, before beginning to screen
the entire chemical database, it is necessary to test dock-
ing/scoring combinations and program parameter settings by
a test screening of a reduced database including known lig-
ands. Experimental binding affinity values are also needed
for the calibration of most scoring functions (Bissantz et al.,
2000; Schneider and Bohm, 2002). On the other hand, tra-
ditional quantitative structure—activity relationship (QSAR)
and modern 3D QSAR techniques are widely used in the
ligand-based approach when the target structure is unknown
(Akamatsu, 2002; Loew et al., 1993; Yoo et al., 2000). In the
past few years, QSAR techniques have also been used in com-
bination with structure-based methods (Lozano et al., 2000;
Sippl, 2002b; Vaz et al., 1998). The QSAR techniques are
based on experimental structure—activity relationships, and
thus require large amount of experimental data.

Generally, to perform SBDD, 3D structures of target pro-
teins are definitely needed, while experimental data is in-
dispensable for accurate estimation of the binding affinities
of newly designed chemicals. Although a database including
such dala will exactly facilitate this drug discovery approach,
to our knowledge, it has been nonexistent up to now. There-
fore, we developed KiBank providing K; values and 3D struc-
ture files of chemicals and proteins ready for use in SBDD.

2. Methods

2.1, Creating KiBank

KiBank is a PostgreSQL database consisting of three
knowledge areas — binding affinity data, chemical data and
protein data (Aizawa et al., 2004) (Fig. 1).

As the binding affinity data, inhibition constant (K;) values
were accumulated from peer-reviewed literature searched via
PubMed by using the name of a target protein (e.g., androgen
receptor) and “K;” as search terms. Articles published from
1985, with the majority from around the year 2000, were then
selected for input into KiBank through intensive reading. For
some of the nuclear receptors, supplementary search was per-
formed by using the names of target proteins and “inhibition
constant™ or “binding affinity”. Other than K values, experi-
mental details such as species, tissue, tracer {substrate), pH,
and buffer were also extracted, while the PMID (PubMed ID)
was used to indicate the origin of the data set.

The chemical data consist of chemical name, molecular
weight, and structure file. The 2D chemical structure files
in the literature were first reproduced with ChemDraw Ultra
(version 7.0, CambridgeSoft Co., USA) and then converted
into 3D structures with Chem3D Ultra (version 7.0, Cam-
bridgeSoft Co., USA). Finally, the 3D chemical structures
with hydrogen atoms were optimized by energy minimiza-
tion and stored in MDL MOL format.

The protein data comprise nucleotide sequence, amino
acid sequence, and structure file. Currently noted drug tar-
gets were selected as protein entries (Alexander et al., 2001).
Three-dimensional structure files of target proteins were
initially downloaded from the Protein Data Bank (PDB)
(Berman et al., 2000) and then completed by using side chain
rotamer prediction (Andrec et al., 2002). The protein struc-
tures with hydrogen atoms added were optimized by energy
minimization and stored in PDB format, The pages of pro-
tein data were linked to source websites to provide up to date
information, for amino acid sequence data, to the Protein In-
formation Resource (PIR) (McGarvey et al., 2000} and Swiss
Prot (Boeckmann et al., 2003); for cDNA sequence data, to

—| Chemical Information [—] Affinity Data — Protein Name
» chemical name s K value ¢ receplor or enzyme
« molectlar weight « tracer or substrate s subtype
smolscular formula « animal * subunit 1

CAS regi b i -
: registry number * lissue Protein Information
*JAN » buffer
. pH « EC cods
£ KEGG (pathway map)
* tomperature PDB
Chemical o ¥
Structura Filas PubMed ID v PIR
oL f
{MDL MOL. format) s Swiss-Prot
s GenBank
+ GOB
s TRANSFAC
A Classification » OMIM
Information
+ afficacy
¢ mechanism of action Protein Structure

Files

(FDB lormat)

Fig. 1. A schematic illustration of the contents of KiBank. JAN: Japanese Accepted Names for Pharmaceuticals; #: the linked resources for protein information;
GDB: the genome database; TRANSFAC: the transcription factor database; OMIM: online Mendelian inheritance in man; FIR: protein information resource;

PDB: protein data bank; KEGG: Kyoto encyclopedia of genes and genomes.
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GenBank (Benson et al., 2003); and for human gene data, (o
the genome database (GDB) (Cuticchia, 2000). Protein in-
formation also contains links to transcription factor data by
TRANSFAC (Matys et al., 2003), to single nucleotide poly-
morphism data by dbSNP (Sherry et al., 2001), to human gene
and genetic disorder data by OMIM (Hamosh et al., 2002)
and to pathway maps by KEGG (Kanehisa et al., 2002).

2.2, Accessing and searching KiBank

KiBank has a Java-based web interface at hitp://
kibank.iis.u-tokyo.ac.jp/. Internet Explorer 6.0 or later is rec-
ommended, and installation of MDL Chime (MDL Informa-
tion Systems Inc., USA) is essential to view the 3D images
of chemicals and proteins. The “Search KiBank” button on
the top page will lead users to the search page of KiBank.
From this page, for instance, users can access a page of bind-
ing affinity data by first selecting a protein name from the
pull down menu, and then checking the binding affinity data
and clicking the protein search button. The pages of protein
data, chemical data, and 3D structure images are linked from
the page of binding affinity data (Fig. 2). The chemical data
and protein data are also searchable from the search page by
selecting the names in each given list,

On the page of binding affinity data, a check box was
placed at the left side of each record. Users can select and see
structure files, Kj values, and experimental details of chemi-
cals they are interested in by checking these boxes and click-
ing on the “view checked structure™ button at the bottom of
this page (Fig. 2A and F).

2.3. Assessing the drug-like property of the chemicals
with structure files in KiBank

To identify the suitability of using the chemicals having
3D structure files available in KiBank for drug discovery, the
drug-like properties, namely, molecular weight, lipophilicity,
and hydrogen bonding potential, were calculated by using
molecular operating environment {(MOE, Chemical Comput-
ing Group Inc., Canada). The results were judged with Lip-
inski’s “rules of five” (Lipinski, 2000).

3. Results and discussion

Asof August 2004, KiBank contains 166 proteins covering
the subtypes of receptors and enzymes, over 6000 chemicals
and 8000 K; values.

A drug is effective when it binds more specifically and
tightly to the target protein against natural ligands in a com-
petitive fashion (Mcllwain, 1986). Thus consideration of
chemicals’ binding competitiveness is important for the com-
putational appraaches to drug design. Experimental binding
affinities are reported as the inhibition constant (Kj), relative
binding affinity (RBA), inhibition concentration for 50% of
the organism exposed (ICsq), and dissociation constant {Kp).

We collected K; values because they are not theoretically in-
fluenced by the property of the tracers (substrates) used in the
experiments. Thus Kj values reported in different literature
for the same target protein are comparable, and more identicat
experimental situations make the comparison more accurate.

Our purpose of searching PubMed is to collect enough
and useful K; values, not all of them from the publications
for input into KiBank. Success in doing it revealed effective-
ness of our literature retrieval method. Actually, if “K;” was
used as a search term, it would be searched in All Fields
of PubMed including abstract. According to our experience,
if the heart of the reported work was concerning about lig-
and binding affinity and K values were obtained as results,
a wording containing “K;” would almost appeared in the ab-
stract. Therefore, most of the needed literature was included
in the search results, and intensive reading of the abstracts
helped us to take out the inappropriates. For some of the nu-
clear receptors, in order to increase the number of K; values,
additional search was performed by using the name of the
target protein and “inhibition constant™ or “binding affinity”
as search terms, and only a small amount of literature was
found,

Some other well-built databases concerning lead finding
and optimization in drug discovery were investigated before
the development of KiBank. Among which, RDB (Nakata et
al., 1999) and TTD (Chen et al., 2002) provides the target pro-
tein information. Integrity (Prous Science, S.A., Barcelona,
Spain) is a fully integrated knowledge area related to ther-
apeutics and drug R&D, and the K; database (Roth et al.,
2000) currently deposits Kj values for drugs and drug can-
didates active in the central nervous system. To our knowl-
edge, hawever, none of these databases was developed with
the aim to support structure-based drug design. If used for
virtual screening, it would be difficult to select and extract
data from these databases. Alternatively, KiBank was devel-
oped to provide a wide scope of easily sorted and ready-to-
use data sets, including target protein information, chemicals
structures, and Kj values, all of which are freely available at
all times.

As described in Section 2, the accumulated 2D chemical
structures need to first be converted into 3D ones, followed
by the addition of hydrogen atoms and energy minimization.
Currently, these manipulations are completed for 2742 chem-
icals. The drug-like properties of these chemicals, which were
mostly reported as analogues of the lead candidates, were an-
alyzed. The resuits were judged by using Lipinski’s “rules of
five”, Briefly, among 71% of the chemicals, log P < 5; among
87% of the chemicals, molecular weight <500; among 97%
of the chemicals, hydrogen bond donors <35; and among 99%
of the chemicals, hydrogen bond acceptors <10. Further-
more, fully 65% of the chemicals met all of these criteria,
indicating that these chemicals could be used as candidates
or reference data for drug discavery (Fig. 3).

Most of the recent docking programs such as GOLD
(Jones et al,, 1997) and AutoDock (Goodsell et al., 1996)
consider the ligand to be a flexible molecule and dock it
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Fig. 3. Number distribution of the 2742 chemicals having 3D structure files in XiBank asccording to the drug-like properties: (A) molecular weight; (B)
lipophilicity, expressed as log partition coefficient; (C) and (D) H-bonding potential, expressed as the number of H-bond acceptors and donors, respectively.

to the target protein binding site. Once the ligand has been
docked, it should be scored according to the tightness of the
target-ligand interaction (Bissantz et al., 2000). Experimen-
tal data are needed for the calibration of some scoring func-
tions and parameter settings prior to the screening (Schneider
and Béhm, 2002). K; values and the structure files of proteins
and chémicals in KiBank are useful in this procedure,

The QSAR approach is a rational approach to lead opti-
mization when the structure of the target is not known. The
underlying premise of QSAR is that there is a relationship
between the biological and pharmacological activities of a
compound and its structural, physical and chemical proper-
ties (Selassie et al., 2002). As an extension of the QSAR
approach, comparative molecular field analysis (CoMFA),
which is based on a congeneric series of molecules, is a very
widely used 3D QSAR technique. Originally, the CoMFA
approach was developed for ligand data sets where the struc-
ture of the target protein is unknown. In the past few years,
however, it has also been applied to cases where the corre-
sponding target structure has been determined. The superim-
position of ligands derived from molecular docking runs is
taken as the starting point for a CoMFA study. If cne already

has a series of molecules and their corresponding binding
affinities, then the 3D QSAR equation may provide a valu-
able method to forecast affinity of further analogues (Kellogg
and Semus, 2003; Sippl, 2002a, 2002b). In K/Bank, there is
growing number of chemicals (named using a PMID and the
number of the chemical in the publication, e.g., 9990464-7),
which are analogues synthesized based on the structure of
lead candidates. These sets of data, the chemical 2D and 3D
structures and known properties (K values), are thought to
be useful for QSAR and 3D QSAR approaches. Moreover,
to make it easy for users to compare the structures of lead
candidates or substituents and to reference the K; values, a
check box was placed at the left side of each record on the
page of binding affinity data (Fig. 2A and F). For example,
if users want to study the relationship between the K values
and structures of substituents, they can first sort the K; value
records by PMID, then check the records from the same liter-
ature, and so obtain the wanted set of data as it was described
in the methods. Similarly, if users checked the records of lead
candidates from different literature, they can compare vari-
ous types of lead structures for the ligand candidates to the
same drug target.
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Furthermore, any candidate ligands that were designed
using a combination of in silico screening and QSAR tech-
niques need to undergo post-screening selection or identifica-
tion before being used for experimental tests. This provides a
very active research field, and some researchers attempted to
carry it out by calculating the binding energy with ab initio
fragment molecular orbital (FMO) method, a quantum me-
chanical calculation based on docking strategy (Fukuzawa et
al., 2003; Komeiji et al., 2004; Nakano et al., 2000, 2002).
Structure files and experimental data in KiBank are useful
for testing such algorithms, and, if such a program were val-
idated, our data could also be used to estimate the Kj values
of newly designed ligands, through the relationship between
the K values and calculated results.

KiBank is updated on a daily basis and will be expanded
to include ion channels and transporters in the near future.
New data of the structures of targets and chemicals and K;
values available [rom experimental studies will be added into
KiBank as fast as possible, while supplementary system func-
tions will be added in order to make it a more user-friendly
database for SBDD.
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KiBank is a database for computer-aided drug design and consists of binding affinities and chemical and target pro-
tein structures. Each chemical or protein structure with hydrogen atoms added was optimized by energy minimization
and stored in PDB or MDL MOL file format, so that the structural data can be directly used for in silico binding studies.
To describe the extent of inhibition, the inhibition constant (X;) value is used to simplify comparisons of strengths
among chemical-protein bindings. As of April 2004, KiBank contained 142 proteins, over 5000 chemicals, and over 6000
binding affinity values that were published in peer-reviewed journals. The binding affinity values are currently mostly for
membrane and nuclear receptors but are soon being expanded to other drug targets. KiBank is updated daily and can be
accessed on the Web at http://kibank.iis.u-tokyo.ac.jp/at no charge.
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Fig. 1. A Schematie Diagram of the X/Bank Database Strue-
ture

IP: Japanese Pharmacopoeia, JAN: Japanese Accepted Names for
Pharmaceuticals, USP: United States Pharmacopoeia, USAN: United States
Adopted Names, BP: British Pharmacopoeia, BAN: British Approved
Names, PDB: Protein Data Bank, PIR: Protein Information Resource,
GDB: The Genome Database, TRANSFAC: The Transcription Factor Data-
Base, OMIM: Online Mendelian Inheritance in Man,
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