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Scavenger receptor class B type 1 (SR-B) is a high-density lipopro-
tein (HDL) receptor that mediates the selective uptake of HDL
cholesterol and cholesterol secretion into bile in the liver. Previ-
ously, we identified an SR-Bl-associated protein, termed PDZK1,
from rat liver membrane extracts. PDZK1 contains four PSD-95/
Dlg/Z0-1 (PDZ) domains, the first of which in the N-terminal region
is responsible for the association with SR-Bl. PDZK1 controls he-
patic SR-Bl expression in a posttranscriptional fashion both in cell
culture and in vivo. In this study, we demonstrated that the
C-terminal region of PDZK1 is crudial for up-regulating SR-BI pro-
tein expression. Metabolic labeling experiments and phos-
phoamino acid analysis revealed that PDZK1 is phosphorylated at
Ser residues within this region. Point-mutation analysis demon-
strated that PDZK1 is phosphorylated at Ser-509. Interestingly, a
mutant PDZK1, in which Ser-5098 was replaced with Ala, lost the
ability to up-regulate SR-BI protein. We identified Ser-509 of PDZK1
as the residue that is phosphorylated by the cAMP-dependent PKA
in vitro as well as in cell culture. Ser-509 of PDZK1 in rat liver was
also phosphorylated, as shown by an Ab that specifically detects
phosphorylated Ser-509. Administration of glucagon to Wistar rats
increased PDZK1 phosphorylation as well as hepatic SR-BI and
PDZK1 expression while it decreased plasma HDL levels, indicating
that PDZK1 phosphorylation is hormonally regulated. These find-
ings suggest that phosphorylation of PDZK1 has an important role
in the regulation of hepatic SR-BI expression and, thus, influences
plasma HDL levels.

glucagon | high-density lipoprotein | PKA

lasma high-density lipoprotein (HDL) has a critical role in

cholesterol metabolism, and plasma HDL concentrations are
inversely related to the risk of developing cardiovascular disease
(1,2). The protective role of HDL against cardiovascular discase
is commonly attributed to its ability to remove excess cholestero!
from cells in the arterial wall and transport it to the liver for
disposal, which is a process that is called reverse cholesterol
transport (3, 4). Scavenger receptor class B type T (SR-BI) is an
HDL receptor that is expressed in the liver as well as in
steroidogenic tissues at high levels and mediates the selective
uptake of HDL cholesterol (5, 6). Overexpression of SR-BI in
murine hepatocytes results in the virtual disappearance of
plasma HDL and a substantial increase in biliary cholesterol
(7-10). Mice with a targeted mutation in the SR-BI gene exhibit
increased plasma HDIL cholesterol levels, increased HDL par-
ticle size (11, 12), and impaired biliary cholesterol secretion (13).
These studies have established the concept that SR-BI deter-
mines the level of plasma HDL by taking up HDL cholesterof
into the liver Tor transport into bile.

SR-BI contains a large extracellular domain that is anchored
in the plasma membrane by transmembrane domains adjacent to
short cytoplasmic N- and C-terminal regions (6). We have
identified (14) an SR-BI C-terminal binding protein from rat
liver membranes and named it CLAMP (C-terminal linking and
13404-13409 |
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modulating protein). CLAMP contains four PSD-95/Dlg/Z0-1
(PDZ) domains and associates with the C terminus of SR-Bl via
its N-terminal first PDZ domain (14). CLAMP is expressed
mainly in the liver, kidney, and small intestine, whereas steroi-
dogenic organs that express high levels of SR-BI, such as the
adrenal grand, showed no signilicant CLAMP expression (15,
16). This protein has been shown to interact with a number of
membrane-associated transporter proteins from different tis-
sues, such as cMOAT/MRP2 (17), cystic fibrosis transmembrane
regulator (CFTR) (16), CIC-3B (18), type IIa Na*/P; cotrans-
porter (Na/Pi-ITa) (19), solute carrier SLCI7AL (Na/Pi-I),
Na'/I1* exchanger (NHE-3), organic cation transporter
(OCTN), chloride—formate exchanger (CFEX), and urate—
anion exchanger (URATT) (20). CLAMP is also called diphor-1
(21), PDZX1 (15), CAP70 (16), and NaPi-Cap1l (19), depending
on its binding partners. Here, we refer to CLAMP as PDZK]1.

In recent studies, Kocher ef al. showed that PDZK] knockout
wice had significantly increased plasma cholesterol levels (22) as
well as dramatically reduced hepatic SR-BI protein levels and
abnormally large HDL particles in plasma (23). Similar changes
were observed in SR-BI knockout mice (11). These studies
established that PDZK| up-regulates hepatic SR-BI expression
at the protein level in vivo. Consistent with these observations,
we have demonstrated (14) that coexpression of PDZKI and
SR-BT in CHO cells results in increased SR-BI protein levels
without affecting the SR-BI mRNA level.

In this study, we searched for other domains, in addition to the
N-terminal first PDZ domain in PDZK), that are required for its
SR-Bl up-regulating activity. We found evidence that phosphor-
ylation of the PDZK1 C-terminal region is also involved in the
up-regulation of SR-BI protein expression.

Materials and Methods

Cells. CHO-KI cells were grown in Ham’s F-12 medium, sup-
plemented with 10% FCS, 50 units/mi penicillin, 50 mg/ml
streptomycin, and 2 mM glutamine at 37°C in a humidified 5%
C02/95% air incubator. Rat hepatoma Fao cells were main-
tained in Coon’s F-12 medium supplemented with 10% FCS, 50
units /ml penicillin, 50 mg/mi streptomycin, and 2 mM glutamine
at 37°C in a humidified 10% CQ2/90% air incubator.

Creation of PDZK1 Mutants, PDZK1 mutations were conslructed
by PCR-mediated mutagenesis. All ¢cDNAs were cloned into
peDNA 3.1 /Hygro (lnvitrogen), pGEXG6P-1 (Amersham Bio-
sciences), or pShuttle-CMV (Q-BIO Gene, Carlsbad, CA) and
verified by sequencing. Fusion proteins of GST were expressed
in Escherichia coli and purified as described (14). The shuttle

Abbreviations: HDL, high-density Jipoprotein; PDZ, PSD-95/Dlg/20-1; CLAMP, C-terminal
finking and madulating protein; pAb, polyclonal Ab; CBB, Coomassie brilliant blue; SR8l
scavenger receptor class B type I
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vector plasmids were inserted into pAdEasy-1 (Q-BIO Gene).
Recombinant adenoviral constructs were transfected into
El-transformed human embryonic kidney (HEK293AE]L) cells
to produce viral particles. The recombinant adenoviruses were
purified by cesium chloride ultracentrifugation. As controls, the
LacZ virus that carries f-gal ¢DNA was also constructed and
purified as described above.

Transfection of Plasmids and Transduction of Adenoviral Vectors into
Cells. CHO-K1 cells were transfected with Lipolectamine 2000
(Invitrogen) according to the manulacturer’s protocol. Consti-
mtively transfected cells were selected with hygromycin, Cul-
tured Fao cells at 70% confluence were infected with the
respective adenoviruses at a rate of 5,000 particles per cell in
Coonw’s F-12 medium containing 2% FBS for 2 h. The cultures
were supplemented an equal volume of Coon’s F-12 medium
containing 20% FBS and incubated for an additional 4 days.

Preparation of Rat Liver Membrane Extracts. Livers obtained from
male Wistar rats (200-250 g, 8 weeks old) were homogenized
with a homogenizing buffer (14), and the homogenate was
centrifuged at 100,000 X g for 1 h at 4°C. The resulting
precipitate was suspended in a homogenizing buffer.

Ab Production. A synthetic phosphopeptide based on residues
503-514 of rat PDZK! with phospho-Ser-509 was conjugated to
keyhole limpet hemocyanin [KLH-CARDRTLS (POs:lla)
AASHS] and injected subcutancously into rabbits together with
adjuvants. After eight booster injections at weekly intervals,
anti-509-P-PDZX] polyclonal Ab (pAb) was purified from rab-
bit serum by using a peptide-ligand-alfinity column.

Western Blot Analysis. Proteins in the cell lysates or rat liver
membrane extracts were separated by SDS/PAGE. The gels
were blotted to polyvinylidene difluoride membranes (Milli-
pore). The membranes were treated with anti-SR-BI pAb
(NB400-101, Novus Biologicals, Littleton, CO), anti-PDZKI1
mADb (14), or anti-509-P-PDZK 1. The immunoreactive proteins
were visualized by using chemiluminescence and recorded with
a digital recorder (LAS-1000, Fuji Film, Tokyo). The relative
amounts of proteins were quantified by using IMAGE GAUGE
v.3.45 (Fuji Film).

Metabolic Labeling, Immunoprecipitation, and Phosphoamino Acid
*Analysis. CHO-KI cells expressing PDZK) or mutants of PDZK1
were incubated for 30 min in phosphate-depleted DMEM.
Cultures were then labeled in labeling media containing 0.3 mCi

in immunoprecipitation bulfer (0.5% Nonidet P-40/1% Triton
X-100/10 mM Tris HCL, pH 7.4/1 mM EDTA/150 mM NaCl/
0.2 mM sodium vanadate/10 mM NaF/1 pg/ml pepstatin/i
pg/ml leupeptin/2 pg/ml aprotinin/1 mM PMSF). Lysates were
immunoprecipitated with anti-PD’ZK]) mAb, as described in ref.
14, The immunoprecipitates were then analyzed by Western
blotting and autoradiography. Phosphoamino acid maps of
phosphorylated PDZK1 were generated by excising P-labeled
PDZXK1 bands from polyvinylidene difluoride membranes and
eluting the proteins with 6 M HCl for 1 h at 100°C. The samples
were dried in a SpeedVac concentrator (Savant) and dissolved in
first-dimension buffer [2.2% (vol/vol) formic acid/7.8% (vol/vol)
acetic acid, pi¥ 1.9], each sample containing three phos-
phoamino-acid standards (phospho-Ser, phospho-Thr, and
phospho-Tyr). Phosphoamino acids were subjected to two-
dimensional electrophoresis on TLC cellulose plates (pH 1.9, 1.5
KV for 20 min; pl1 3.5, 1.3 KV for 15 min), followed by ninhydrin
staining. The TLC plates were scanned with a BAS 2000 imaging
system (Fuji Filim) to detect labeled phosphoamino acids.

Nakamura et al.

In Vitro Phosphorylation of PDZK1 by PKA, We incubated 1 pg of
recombinant GST-fused wild-type PDZKI protein or GST-fused
mutant PDZK] protein, in which Ser-509 was replaced with Ala
(S509A), with 5 units of cAMP-dependent PKA (Sigma) in
phosphorytation buffer (50 mM Tris-HCl, pH 7.5/2 mM
EDTA/7 mM MgCly/0.1 mM DTT/1 mM PMSF). We then
added [y-¥PJATP (6 pCi), and the mixture was incubated at
30°C for 30 min. The reaction was stopped by boiling for § min
in SDS sample buffer. The samples were subjected to SDS/
PAGE aund then stained with Coomassie brilliant blue (CBB).
The gels were scanned with BAS 2000 to detect labeled PDZKI.

Phosphorylation of PDZKT by PKA in Cell Culture. CHO-K1 cells
stably expressing PDZKI were treated with 10 uM forskolin (a
PKA inducer) or 10 pM H-89 (a PKA inhibitor) and then labeled
in labeling media containing (.3 mCi of [*?Plorthophosphate for
4 h. Cells were lysed and immunoprecipitated with PDZK]. The
immunoprecipitates were separated by SDS/PAGE. The gel was
stained with CBB and scanned with BAS 2000 to detect labeled
PDZKI.

Glucagon Administration. Male Wistar rats (200-250 g, 8 weeks
old) were used. Animals were kept under standardized condi-
tions with free access to water and chow. The light-cycle was
from 7 a.m. to 7 p.m. Rats were injected s.c. under light ether
anesthesia at 10 am. and 4 p.m. with 400 ug (115 nmol) ol
glucagon or a vehicle on each of 2 consecutive days. The blood
was removed by venipuncture of the orbital sinus at 12 a.m,,
which was 2 h after the last injection. Then, rats were immedi-
ately killed, and livers were removed. Plasma was separated by
low-speed centrifugation for 10 min at 4°C. Plasma total cho-
lesterol and HIDL cholesterol were prepared and assayed by
using the cholesterol test kit (Wako Pure Chemical, Osaka).

Quantitative RT-PCR. Total RNA of rat liver was isolated with
Isogen reagent (Nippon Gene, Toyama, Japan). Total RNA (1
ng) was reverse-transeribed in the presence of poly(dT) se-
quences in a total volume of 10 pl. We used 1 pl of this mixture
as template in the quantitative RT-PCR. Quantitative RT-PCR
reactions were performed by using the Prism 7000 sequence-
detection system (Applied Biosystems). The following PCR
primers were used: B-actin, 5-CCTTCTACAATGAGCTGC-
GTGT-3 (forward) and 5-TGGGGTGTTGAAGGTCT-
CAAAC-3 (reverse); SR-Bl, S-TTCTGGTGCCCATCATT-
TACC-3 (forward) and 5-AGCCCTTTTTACTACCACTC-
CAAA-3 (reverse); and CLAMP, 5-TTGAAGTGAATG-
GAGAAAATGTAG-3 (forward) and 5-TGATACGGCTTC-
CTGACTTTGTC-3 (reverse). Results were normalized to
B-actin data.

Results ,

The PDZK1 C-Terminal Domain Is Required for Up-Regulation of SR-BI
Expression. CHO-K1 cells expressing various deletion mutants of
PDZK1 were established (Fig. 14) and transiently transfected
with SR-BI. SR-BI protein expression increased 4- to 5-fold in
the cells coexpressing SR-BI and full-length PDZK1 (Fig. 13).
We also examined the effect of PDZKI on SR-BI expression
using ral hepatoma Fao cells, which intrinsically express SR-BI
but not PDZXI. Expression of PDZK1 in Fao cells was achicved
by infection with an adenovirus vector. The same degree of
up-regulation of SR-BI protein was observed in this hepatoma
cell line (Fig. 1C). However, none of the PDZK1 deletion
mutants lacking the C-terminal region were able to up-regulate
the SR-BI protein (Fig. 13). Even the mutant lacking only 66 aa
at the C terminus was less effective than the full-length PDZK1.
These results suggest that PDZK] is capable of up-regulating the
SR-BI protein and that a region within the C-terminal 66 aa is
indispensable for the up-regulation.

PNAS | September 20, 2005 | vol. 102 | no.38 | 13405

BIOCHEMISTRY



A 1 523

Full length PDz i S Pz 2 o PD2 3 P02 4
1 214 '
PDZ 1,2
1 322
PDZ1,2,3 POzt S PDZD S ppr a3

PDZ1,2,3,4

B

SR-BI

{Fold)
C —- W s;

) SR-Bl protein

Lac Z

SR-BI

PDZK1

Fig. 1.  The C-terminal region of PDZK1 is required for SR-Bl up-regulation.
(A) Schematic representation of various deletion mutants of PDZK1. (B) West-
ern blot analysis of SR-Bf from CHO-K1 cells constitutively expressing various
deletion mutants of PDZK1 and transiently transfected with SR-BI. The graph
represents relative quantities of SR-BI proteins in these Western blot analyses.
(C) Western blot analysis of SR-BI and PDZK1 from cell lysates of Fao cells
transduced with the recombinant adenovirus construct of PDZK1. LacZ is a
control. The data represent at least three independent experiments.

PDZK1 Is Phosphorylated at the Ser Residue in the C-Terminal Region.
PDZKI1 possesses multiple potential phosphorylation sites
within the C-terminal 66 aa, as indicated by the NetPhos
database (available at www.cbs.dw.dk/services/NetPhos). To
examine whether the C-terminal region of PDZK]1 is phosphor-
ylated in cells, we constructed three C-terminal deletion mutants
(namely, A457-523, A478-523, and A5(00-523), corresponding to
deletions of the indicated amino acids. The C-terminal deletion
mutants and full-length PDZK1 were transfected into CHO-K1
cells and metabolically fabeled with [*?Plorthophosphate. The
expressed proteing were immunoprecipitated with anti-PDZKI
mAb. Western blotting with the anti-PDZK 1 mAb revealed that
similar levels of wild-type and mutant PDZKI proteins were
expressed (Fig. 24). A #P-labeled protein band comigrating with
PDZXKI1 was detected in the CHO cell extract, indicating that
PDZK1 is a phosphorylated protein. However, all of the tested
C-terminal deletion mutants resulted in significant reduction of
3p-labeling. These data demonstrate that the phosphorylation
of PDZKI occurs in a region within the C-terminal 66 aa.
We then analyzed phosphoamino acids of PDZK] labeled with
[¥*P)orthophosphate. As shown in Fig. 2B, PDZKI was phos-
phorylated on Ser residues but not on Thr or Tyr residues.

Ser-509 of PDZK1 Is Phosphorylated. Based on the database search
for potential phosphorylation sites within the C-terminal 66 aa, we

13406 | www.pnas.org/cgi/doi/10.1073/pnas.0506679102

azp

Western

pH 3.5 electrophoresis

pH1.9 elecirophoresis

Fig.2. PDZK1isa phosphorylated protein. (4) Autoradiography (Upper) and
the Western blot analysis of PDZK1 (Lower). CHO-KI cells were transiently
transfected with an expression plasmid of C-terminal deletion mutants of
PDZK1 (A457-523, A478-523, and A500-523) and incubated with
[32PJorthophosphate. {(B) Phosphoamino acid analysis of #2P-labeled PDZK1.
Circles indicate where the phosphoamino acid standards migrated. P-Ser,
phospho-Ser; P-Thr, phospho-Thr; P-Tyr, phospho-Tyr.

chose three potential sites of Ser phiosphorylation (namely, Ser-509,
Ser-516, and Ser-518). To determine whether these Ser residues
were phosphorylated, we constructed respective Ala substitution
mutants as shown in Fig. 34. Transfection with these mutants into
CHO-KI cells and metabolic labeling with *?P revealed that S509A
was no longer phosphorylated in transfected cells, whereas S516A

A
I HPARDRTL?AASHSSSN?EDTVM e COOH

509 516 518

Fig.3. Ser-509 of PDZK1 is phosphorylated. (4) Schematic representation of
potential sites of Ser phosphorylation in the PDZK1 C-terminal region. (8)
Autoradiography (Upper) and the Western blot analysis of PDZK1 (Lower).
CHO-Kicells were transiently transfected with various single-paint mutants of
PDZK1 (S509A, $516A, and 5518A) and labeled with [32PJorthophosphate.

Nakamura et al.
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Fig. 4. PKA phosphorylates PDZK1. (A) Recombinant GST-PDZK1 or GST-
S509A mutant fused protein expressed by E. coli was incubated with or
without PKA in the presence of [y-32P]ATP. (8 and C) Metabolic labeling with
[*2Plorthophosphate of CHO-K1 cells constitutively expressing PDZK1 were
performed inthe absence or presence of 10 pM forskolin (8) or 10 uM H-89(C).
Autoradiography (Upper) and CBB staining (Lower) are shown. The data
represent at least three independent experiments.

and S518A were phosphorylated (Fig. 383), thus implicating Ser-509
as a critical site of PDZK1 phosphorylation.

PDZK1 Ser-509 Is Phosphorylated by PKA in Vitro and in Cell Culture,
According to ref. 24, Ser-509 was found to be a potential PKA
target Ser. To examine whether Ser-509 can be directly phos-
phorylated by PKA, we incubated the recombinant PDZK] with
the purified catalytic subunit of PKA in the presence of
[y-”P]ATP We found that PKA phosphorylated PDZK!
in vitro, whereas PKA did not phosphorylate the SS509A mutant
to any extent (Fig. 44). Next, we treated CHOQ-KI cells that
constitutively express PDZK 1 with the PKA inducer forskolin or
the PKA inhibitor H-89 in the presence of [P2PJorthophosphate.
Endogenous PDZKI was then immunoprecipitated and sub-
jected to CBB staining and autoradiography. The CBB-stained
=70-kDa band was found to be PDZK1, as judged from the fact
that this =70-kDa band in SDS/PAGE (Fig. 4 B and C Lower)
reacted with anti-PDZK1 Ab by Western blot analysis and could
not be detected by performing the same procedures with pa-
rental CHO-K1 cells (data not shown). Phosphorylation levels of
PDZKI were significantly increased by {orskolin (Fig. 48) and
reduced by H-89 (Fig. 4C). These in viro and cell-culture
experiments demonstrated that PDZK1 Ser-509 is phosphory-
lated by PKA.

PDZK1 Expressed in Liver Is Phosphorylated. Although mutagenesis
studies using CHO-K1 cells showed the importance of the Ser
site for PDZKL phosphorylation, it was not clear whether
Ser-509 was phosphorylated in vivo. To answer this question, we
established specific Abs against synthetic peptides corresponding
to amino acids 503-514 of rat PDZK]I in which Ser-509 was
phosphorylated (Fig. 54). By using a phospho-specific Ab (anti-
509-P-PDZK1) that was dcvclopLd to detect Ser-509 phoxphm-
ylation, a prominent immunoreactive band was detected in the
recombinant PDZKI1 when the recombinant PDZK1 was incu-
bated with PKA, whereas no anti-509-P-PDZKI immunoreac-
tivity was detected when the recombinant PDZK] was incubated
without PKA (Fig. 58). In a Western blot analysis (Fig. 5C),
anti-509-P-PDZK] detected PDZKI in rat liver extract but not
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C 509-P -
PDZK1 mAb__ PDZK1 pAb

Rat GS5T- BRat GST-
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Fig.5. PDZK1 expressed inthe liver is phosphorylated per se. (A) Preparation
of Abs against phospho-Ser-509. The underlined phosphorylated peptide was
synthesized for immunization. (8) The recombinant PDZK 1 expressed by E. coli
was incubated with or without PKA and then subjected to Western blotting
using anti-PDZK1 mAb (Left), anti-509-P-PDZK1 pAb (Right). (C) Western blot
analysis of PDZK1 from rat liver membrane extract (70 kDa) and the recom-
binant GST-PDZK1 fused protein (96 kDa) using anti-PDZK1 mAb (Left) and
anti-509-P-PDZK1 pAb (Right).

the recombinant PDZKI produced by L. coli. These results
showed that Ser-509 of PDZKY expressed in rat liver was
phosphorylated.

SR-BI Protein Level Is Affected by the PDZK1 Phosphorylation State.
Because we found that PDZKI is phosphorylated at position
Ser-509, we examined next whether PDZK1 phosphorylation
could regulate SR-BI protein expression. Wild-type PDZK1 and
the PDZK I S509A mutant were overexpressed in rat hepatoma
Fao cells by using recombinant adenovirus vectors (Fig. 6). The
amount of SR-BI protein increased =+4-fold in Fao cells trans-
duced with an adenovirus vector harboring PDZKI1 (Ad-
PDZK1), as compared with Ad-LacZ. However, transduction of
Fao cells with Ad-PDZK! S509A mutant did not alfect the
amount of SR-BI protein. These results suggested that PDZK]
phosphorylation of Ser-509 is one of the key factors regulating
SR-BI protein levels.

Glucagon Increases PDZK1 Phosphorylation as Well as Hepatic SR-BI
Expression. Next, we investigated physiological conditions regu-
lating PDZK] phosphorylation in rat liver. Reports (25-28) have
indicated that the administration of glucagon to laboratory

LacZ PDZK1 SH09A PDZK1

PDZK1}

Fig. 6. SR-Bl protein level is regulated by PDZK1 through phosphorylation.
Western blot analysis of SR-BI (Upper) and PDZK1 (Lower) from cell lysates of
Fao cells transduced with the recombinant adenovirus of PDZK1 or 5509A
PDZK1. LacZis a control. The results of this figure are representative of atleast
three independent experiments.
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Fig. 7. Glucagon increases PDZK1 phosphorylation and hepatic SR-Bl ex-
pression. Five rats were injected twice daily with 400 g of glucagon or a
vehicle for 2 days. Rats were killed 2 h after the lastinjection. {(A) Total and HDL
cholesterol levels. (8) Western blot analysis of SR-BI, PDZK1, phosphorylated
PDZK1, and a-actin fromrat liver homogenates of two representative animals,
{C) Quantitative analysis of SR-Bi and PDZK1 transcripts. Total RNA purified
from rat liver was subjected to real time RT-PCR for measuring SR-Bl and
PDZK1 transcripts, as described in Materials and Methods.

animals as well as humans decreases plasma HDL cholesterol
levels. To our knowledge, no information is available regarding
the effects of glucagon on hepatic SR-BI in vivo. The actions of
glucagon are mediated by the glucagon receptor linked to a
heterotrimeric G-protein complex, leading to increased cellular
levels of cAMP and activation of PKA. We hypothesized that the
reduction ol plasma levels of HDL by glucagon is due to the
up-regulation of SR-BI protein expression through PDZKI
phosphorylation by PKA.

To determine the influence of glucagon on hepatic SR-BI
expression and PDZKI phosphorylation, rats were injected
twice daily with 400 pg of glucagon or a vehicle for 2 days before
they were killed. Total plasma cholesterot levels and plasma
HDL cholesterol levels were decreased significantly, as reported
in ref. 28 (Fig. 74). Upon glucagon treatment, the phosphory-
lated form of PDZK1 was increased by 3.6 * 0.2, whereas SR-BI
and PDZKI protein levels were increased by 1.8 £ 0.3 and 1.8
(.4, respectively. Glucagon treatment did not affect SR-BI and
PDZKI1 mRNA levels (Fig. 7C), indicating the posttranscrip-
tional regulation ol hepatic SR-BILand PDZKI expression by this

13408 | www.pnas.org/cgi/doi/10.1073/pnas.0506679102

hormone. These results suggested that PDZK1 phosphorylation
and protein expression were hormonally regulated, and that
up-regulation of hepatic SR-BI expression by glucagon is at least
partly due to elevation of PDZK] phosphorylation and/or its
protein expression.

Discussion

We previously showed that coexpression of PDZKI and SR-BI
in CHO cells resulted in up-regulation of SR-BI protein expres-
sion without affecting the SR-BI mRNA level (14). Moreover,
Kocher e al. (23) demonstrated that there is a 95% reduction in
SR-BI protein expression in the livers of PDZK1-deficient mice
compared with wild-type controls. These in vitro and in vivo data
indicate that PDZKI1 controls hepatic expression of SR-Bl in a
postiranscriptional fashion. In this study, we demonstrated that
the phosphorylation of Ser-509 in the C-terminal region of
PDZKI1 is required for SR-BI up-regulation in cuftured hepa-
toma cells. By using a phospho-specific Ab developed to detect
Ser-509 phosphorylation, we showed that Ser-509 of hepatic
PDZKI is phosphorylated.

Three lines of evidence suggest that Ser-509 of PDZK1 is
phosphorylated by PKA. First, the sequence around Ser-509
matches the potential phosphorylation site of PKA. Second, the
recombinant PDZKI is phosphorylated by PKA in vitro. Third,
the phosphorylation fevel of PDZK1 in cultured cells isincreased
by a PKA activator and reduced by a PKA inhibitor. It has been
demonstrated that the dual-specific A kinase-anchoring protein
2 (D-AKAP2), a member of the PKA-anchoring protein family
(AKAP) binds to the fourth PDZ domain of PDZKI in the
kidney (20, 29), which is close to the Ser-509 position. D-AKAP2
is also expressed in the liver (30). It remains to be determined
whether it interacts with PDZK1 in the liver.

The sequence around Ser-509 of PDZKI also matches the
consensus phosphorylation motif for p70 S6 kinase (p70S6K)
(24). Interestingly, the C-terminal region of p70S6K contains a
sequence capable of binding to a PDZ domatn. Indeed, p7056K
has been reported (31) to interact with a PDZ domain-
containing protein, called Neurabin, that exists in neuronal cells.
In preliminary experiments, we found that p70S6K can phos-
phorylate Ser-509 in PDZKL! in vitre. Stimulation of hepatoma
cells with insulin is known to activate p70S6K (32). Therefore, it
is plausible that diverse extracellular events can lead to PDZKI1
phosphorylation, thus controlling SR-BI expression levels.

The phosphorylation level of PDZK1 was reduced by approx-
imately one half when Ala was substituted for Ser-518 in
3P-incorporation experiments (Fig. 3B). Therefore, it is possible
that PDZK! is also phosphorylated at position Ser-518. How-
ever, the Ser-509-to-Ala substitution leads to complete suppres-
sion of phosphorylation, which indicates that Ser-518 is phos-
phorylated after Ser-509 is phosphorylated. Whether the
PDZK1 C-terminal region has other phosphorylation sites be-
sides the Ser-509 location remains to be determined.

Glucagon, being a major regulator ol plasma glucose con-
centration (33), has an important role in carbohydrate metab-
olism. The effects of glucagon are mediated by the cAMP
second-messenger systen, including PKA. Glucagon also in-
fluences cholesterol metabolism. Conditions with increased
glucagon levels are associated with reduced plasma cholesterol
levels (34, 35), and the administration of glucagon to labora-
tory animals as well as humans decreases plasma cholesterol
levels (25-28). However, the physiological role of this phe-
nomenon remains unclear. Glucagon has been shown to
increase the number of hepatic low-density lipoprotein (LDL)
receptors and concomitantly decrease plasma cholesterol and
apoprotein B levels (28). According o ref. 28, the plasma HDL
cholesterol tevel was decreased also by glucagons treatment, as
we observed in this study (Fig. 74). Our results show that
glucagon increases expression of the HDL receptor SR-Bl in
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the liver. Overexpression of hepatic SR-BI leads (o reduced
plasma DL levels (7, 8), which supports the hypothesis that
increased SR-BY expression is responsible for reduced plasma
HDL levels. Furthermore, glucagon was shown to enhance
cholesterol uptake into bile in rats (36). HDL cholesterol is
known to be a major substrate source for bile acid production
in both rats and humans (37). Overexpression ol SR-BI
markedly promotes the hepatic uptake of HDL cholesterol,
thus Tacilitating the secretion of cholesterol into bile (7, 10).
One explanation for our results is that glucagon administration
to rats leads to enhanced PDZKI phosphorylation via PKA,
which subsequentily leads to enhanced SR-BI protein expres-
sion, regulated at a posttranscriptional level. However, it
cannot yet be proven that the phosphorylation of PDZK] leads
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to the described SR-BI elevation because glucagon treatment
leads not only to an elevation of SR-BI but simultaneously 1o
a 2-fold elevation of PDZK], respectively. Use of mouse
models such as PDZKI knockout mice and SR-BI knockout
mice, as well as transgenic animals expressing only the PDZK1
mutant where Ser-509 is substituted by Ala, would bring us
further toward solving this problem.

In conclusion, we demonstrated in this study that phosphor-
ylation of the PDZK1 C-terminal region is crucial for up-
regulation of SR-BI protein expression and that PDZK1 phos-
phorylation is hormonally regulated. A major question that
remains to be answered is how the phosphorylation of the
PDZK] C-terminal region is involved in the up-regulation of
SR-BI levels.
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Purpose. Multidrug-resistance-ussociated protein 2 (Mrp2) shows a broad substrate specificity toward
amphiphilic organic anions, This study identified key functional groups of ligand molecules for binding
to rat Mrp2, determined their relative locations, and examined substrate specificity through receptor
mapping using three-dimensional (3D) quantitative structure-activity relationship (3D-QSAR) analysis.
Methods. Ligand-binding conformations were estimated using conformational analysis (CAMDAS) and
molecular superposition (SUPERPOSE) methods to clarify the substrate specificity of rat Mrp2 in
relation to 3D ligand structures.

Results. Two types of binding conformations of ligands for rat Mrp2 were identified. 3D-QSAR com-
parative molecular-field analysis (CoMFA) revealed a statistically significant mode! for one type, in
which the steric, electrostatic, and log P contributions to the binding affinity for rat Mrp2 were 63.0%,
33.4%, and 3.6%, respectively (n = 16, ¢ = 0.59, n = 3,1* = 099, and s = 0.08).

Conclusions. The 3D pbarmacophore of ligands for rat Mrp2, and the ligand-binding region of rat Mrp2,
were estimated. Ligand recognition of rat Mrp?2 is achieved through interactions in two hydrophobic and
two electrostatically positive sites (primary binding sites). The broad substrate specificity of rat Mrp2
might result from the combination of secondary (two electrostatically positive and two electrostatically
negative sites) and primary binding sites.

KEY WORDS: binding conformation; 3D phahnacophore; 3N-QSAR,; rat Mrp2; substrate specificity.

INTRODUCTION

The liver is one of the most important organs in the
detoxification of xenobiotics, and biliary excretion is a major
pathway for their elimination. Compounds in the circulating
blood are taken up by hepatocytes and are then metabolized
and/or excreted into the bile. Many kinds of drugs and their
metabolites are transported across the sinusoidal and bile
canalicular membranes via carriers. The mechanism of trans-
port across the bile canalicular membrane has been charac-
terized using isolated canalicular membrane vesicles (CMVs),
which revealed that several types of primary active transport-
ers are respousible for ligand efflux from the hepatocytes into
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the bile, Among them, multidrug-resistance—associated pro-
tein-2 (Mrp2; gene symbol ABCC2) has an important role in
the biliary excretion of many organic anions and glutathionc
or glucuronide conjugates (1-3).

Mrp2 is ari ATP-binding cassette (ABC) transporter,
which possesses two highly conserved ABC regions. The Eisai
hyperbilirubinemic rat (EHBR), which has a hereditary Mrp2
deficiency owing to the insertion of a nonsense mutation (4),
and the GY/TR' rat (S) have both helped to reveal the im-
portance of Mrp2 in the biliary excretion of various types of
organic anions, In the EHBR, the biliary excretion of Mrp2
substrates is drastically decreased, and the ATP-dependent
uptake of Mrp2 substrates into CMVs prepared from EHBRs
is greatly reduced compared with those prepared from normal
rats.

These findings demonstrate that a wide range of organic
anjons can be substrates for Mrp2, which include: nonconju-
gated organic anions such as dibromosulfophthalein (6,7), ce-
fodizime (B-lactam antibiotic) (7), pravastatin (a 3-hydroxy-
3-methyl-glutaryl-coenzyme A reductase inhibitor) (8), temo-
caprilat (an angiotensin-converting enzyme inhibitor) (9), the
carboxylate forms of CPT-11 and its active metabolite (SN-38,
which is 4 topoisomerase inhibitor) (8), and a cyclic anionic
peptide (BQ-123, which is an endothelin antagonist) (10); glu-
tathione conjugates such as leukotriene C, (11) and DNP-SG
(12); and glucuronide conjugates such as bilirubin glucuro-
nide (13), E3040 glucuronide (14,15), and SN-38 glucuronide
(16).
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Model of the 3D Pharmacophore of Ligands for Rat Mrp2

Clearly, rat Mrp2 accepts many organic anions as sub-
strates. However, its broad substrate specificity has not been
investigated in terms of the three-dimensional (3D) structures
of ligands (17), and the complete 3D structure has not been
determined for any mammalian transporter. Elucidating the
structural characteristics of the ligand-binding region of rat
Mrp2 would be useful for understanding its broad substrate
specificity. Therefore, in the current study, we investigated
the binding conformation of ligands to rat Mrp2, the key
tunctjonal groups for binding to Mrp2 (3D pharmacophore),
and the 3D quantitative structure-activity relationships (3D-
QSAR) between ligands and rat Mrp2. Our combined
method comprised the following three procedures: first, con-
formational analysis (CAMDAS) (18); second, a molecular
superposition procedure (SUPERPOSE) (19); and third, 3D-
QSAR analysis by comparative molecular-field analysis
(CoMTFA) (20). These techniques are described in more detail
in the following section.

MATERIALS AND METHODS

Conformational Analysis: Sampling of a Set of Conformers
of a Molecule

X-ray structural analysis of protein-ligand complexes has
revealed that the binding conformation is one of the stable
conformations of a ligand molecule. To generate a set of con-
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formers of ligands, we used the automated program Confor-
matjonal Analyzer with Molecular Dynamics and Sampling
(CAMDAS), which was developed by Tsujishita and Hirono
(18). CAMDAS performs high-temperature molecular dynam-
ics (MD) ealculations for a target molecule and for sampled
conformers that appear during the MD. It then ¢valuates the
similarities between each of the sampled conformers in terms
of dihedral angle values, clusters similar conformers together,
and, finally, prints out the clustered conformers. In this way,
CAMDAS can find the representative conformers from an
arbilrarily given structure of the molecule.

To estimate the binding conformation of ligands to rat
Mrp2, MD dynamics calculations were executed for 18 li-
gands (a training set for constructing QSAR models compris-
ing compounds 1-16 and a test set for verifying the QSAR
models comprising compounds A and B), and many conform-
ers were sampled; their chemical structures are shown in Figs.
1 and 2. An MD calculation for sampling was performed for
800 ps with an integral time step of 0.001 ps using an MM?2
force field (21) without electrostatic and hydrogen-bonding
interactions. The temperature of the system was maintained
at 1200 K, and the length of the covalent bonds was fixed
using the SHAKE algorithm throughout the MD simulations.
Conformers were sampled at every 100 steps and preclustered
with dihedral angles during the MD simulations. If the differ-
ence between conformers was within £30°, they were grouped
together. Subsequently, reclustering of the sampled conform-
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Fig. L. Chenical structures of the compounds in the training set, with property spheres, K., and C log P values.
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Km = 207 pM

B MX-68

hydrophobic
hydrogen acceptor or negative charge

hydrogen donor or positive charge

OO0

hydrogen donor/acceptor

Fig, 2. Chemical structures of the compounds in the test sct, with
property spheres, K., and C log P values.

ers was performed with dihedral angles within +30°. Before
the clustering, each conformer was minimized until the root-
mean-square (rms) of the gradients of the potential energy
was below 0.004 kcal mol™ A%,

Molecular Superposiﬁonﬁ Selection of the Candidnte
Binding Conformations

X-ray crystallographic studies of protein-ligand com-
plexes have demonstrated that when ligands bind to a given
protein, such as a receptor or a transporter, the atomic groups
in the ligands that interact with amino-acid residues of the
protein occupy the same 3D space, Based on this information,
we carried out molecular superposition for ligand molecules
using the SUPERPOSE program developed by Iwase and
Hirono (19). The program superposes two molecules based
on the physicochemical properties of the atomic groups,
which is useful for elucidating a pharmacophore and estimat-
ing a binding conformation by distinguishing it from among
the many conformations that are generated by high-
temperature MD calculations.

Five types of physicochemical properties are considered
in the program, including hydrophobic (aromatic), hydrogen-
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bond donors, hydrogen-bond acceptors, and hydrogen-bond
donors/acceptor. Each type is represented as a sphere with a
predefined radius and is assigned to a functional group in a
molecule. After molecular superposition, the overlaps of the
spheres are scored.

The program works as follows. First, a large molecule
with its physicochemical properties represented by spheres is
fixed at the center of a large box, and another smaller mol-
ecule, also with spheres representing its physicochemical
properties, is translated and rotated in the box. The transla-
tional increment is 1 A, and the center of mass is translated
onto the body-centered-cubic lattice-points made in the cir-
cumscribed large-volume rectangular box. The rotation is
performed on each of the lattice points. The ranges of the
three Eulerian angles are 0° < ¢, ¢ < 360°, and 0° < 9 =< 180°.
The rotational increment is 4°. Second, at every translation or
rotation, the property spheres that overlap are determined by
calculating the distances between the spheres of the mol-
ecules. Third, overlaps of the spheres are scored so that points
are added when atomic groups with the same physicochemical
properties overlap, and points are subtracted when atomic
groups with different physicochemical properties overlap, ac-
cording to the scoring table (19). Atomic groups without
overlaps are not scored.

These three operations are repeated to determine the
orientation with the highest score and the smallest rms devia-
tion (zmsd) of the distances of the overlapped atomic groups
between the two molecules.

3D-QSAR Analyses: Determination of the Binding
Conformation Using CoMFA.

The SUPERPOSE program identified several plausible
binding conformations. We therefore carried out comparative
molecular field analysis (CoOMFA) to determine the binding
conformation of ligands to rat Mip2 and to obtain 3D struc-
ture-activity relationships.

Table I, Results of Conformational Analysis by CAMDAS

Number of
Number of AE conformers within
conformers (kcal/mol) 12 kcal/mol
Training set
1 7777 15.570 3846
2 16 14.406 15
3 262 18.565 234
4 876 18.877 798
5 251 16,972 240
6 7777 13.951 5723
7 3121 1112.579 1576
8 479 54432 316
9 264 32.593 180
10 2547 1013.488 2387
11 3957 978.039 3530
12 5937 53.872 1533
13 177 13.669 176
14 3078 52.334 2832
15 3069 1028.764 2915
16 5135 32.084 3856
Test set
A 36 480.492 20
B 7177 86.823 4966

PN St e
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Selecred the top conforitations of J
(Score is between 14 and 15)
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Selected the top conformations of 1
(Score is berween 16 and 17)

Selecied the top conformations of 1
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conformer in

compound5
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Selected the top conformations of |
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Selected she top conformations of |
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[

Selected the top conformations of 1
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§ - wnformer in
compond9 .
180confomers)

Selected the top conformations of 1
(Common pharmacophores are 4)

2 candidares for
" binding confprmation

Fig. 3. Flowchart of SUPERPOSE.

The atomic charges of each conformer were calculated
using the semiempirical molecular orbital program package
MOPACY3 MNDO/ESP, in order to evaluate the electro-
static field in CoMFA. Conventional CoMFA was performed
using the QSAR option of SYBYL (Tripos, Tnc., St. Louis,
MO, USA), with the Michaelis constant (K} (22) of each
ligand included as bioactive data, as shown in Figs. 1 (training
set) and 2 (test set). For the K, -determination experiments,
CMVs were prepared from male Sprague-Dawley (SD) rats,
and the transport study was performed using the rapid-
filtration techunique, as described previously (11,12). All of the
compounds were mainly excreted into the bile via rat Mrp2,
as biliary excretion in EHBRs and/or the ATP-dependent
uptake of each compound into CMVs prepared from EHBRs
was disrupled. Therefore, the K, values for the uptake into
CMVs prepared from SD rats corresponded to those for rat
Mrp2.

Two calculations were carried out, using an sp® carbon
probe atom with a charge of +1 and either the steric and
electrostatic components or the steric, electrostatic, and cal-
culated log P (Clog P) components. The calculated values of
log P were estimated using the CLOGP program (Daylight,
C.1S. Inc., Rochester, NY, USA). The CoMFA QSAR equa-
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tions were calculated with the partial least squares (PLS) al-
gorithm. The optimal number of compounents in the final
CoMFA PLS mode] was determined using the cross-validated
R? (g?) values obtained from the leave-one-out cross-
validation technique. The CoMFA PLS model with the high-
est ¢* values was selected to estimate the binding conforma-
tion of ligands for rat Mrp2.

RESULTS

Sampling of a Set of Conformers of Each Ligand

Using the CAMDAS program, we carried out conforma-
tional analyses of ligand molecules bound to rat Mrp2. The
high-temperature MD calculation was used with a potential
function without an electrostatic interaction term and a hy-
drogen-bonding term to avoid undesirable intramolecular in-
teractions (Figs. 1 and 2). The CAMDAS calculations gave
many conformers of the 18 compounds, as shown in Tabie L,
The sets of conformers of compounds 1-9, the structures of
which were significantly different from one another and showed
relatively low K_ values, were used by the SUPERPOSE

o (Gandi date)

{Candidate2)

The: dFeplzyed woleoule I ocopoundl.

Fig. 4. (a) Property spheres common to compounds 1-9. (b) Stereo
views of superposed compounds in the training set (yellow molecule:
compound 1).
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Table II. Results of COMFA

Candidate 1 Candidate 2
Field type ST+EL ST+EL+Clog? ST+EL ST+EL+ClogP
Cross-validated q? 0.03 0.01 0.36 059
Boress 1.21 1.15 0.80 0.64
No. of components 7 6 3 3
Conventional 1? : 1.00 1.00 0.99 0.99
F 30122.14 211433 485.66 613.30
s 0.01 0.03 0.09 0.08
Contribution (%) ST 56.6 53.1 60.2 63.0
EL 43.4 40.5 39.8 334
Clog P* — 6.4 — 3.6

St, steric field; EL, electrostatic field; CoMFA, comparative molecular-field analysis.

“log P calculated by CLOGP.

program to determine the 3D pharmacophore of the ligand
and to obtain the candidate binding conformations.

Selection of Candidate Binding Conformations

As shown in Table I, relatively stable conformers with
molecular energies within 12 keal/mol from the global mini-
mum were selected as the conformers to be superposed. The
cutoff value of 12 kcal/mol was confirmed in our previous
study (19). For each ligand, the atomic groups that the prop-
erty spheres were assigned to are shown in Figs. 1 (fraining
set) and 2 (test set).

Initially, 3846 conformers of compound 1 and 15 con-
formers of compound 2 were superposed (Fig. 3). Each oves-
lap was ranked on the basis of the SUPERPOSE score and
the rmsd. As a result, we selected 30 conformers of compound
1 that represented good overlaps, with scores ranging be-
tween 14 and 15, Next, these 30 conformers of compound 1
and 234 conformers of compound 3 were superposed. As a
result, we selected 16 conformers of compound 1 that showed
good overlaps with conformers of compound 3, with scores
ranging between 16 and 17. The 16 selected conformers of

compound 1 were then superposed to 798 conformers of com-
pound 4. No change was observed in the number of good
overlaps at this stage, with scores ranging between 16 and 20
for all of the conformers. All 16 conformers of compound 1
were therefore superposed with 240 conformers of compound
8. There were only two good overlaps for the superposition of
compound 1 with compound 5, with four commonly over-
lapped functional groups. Using the same method, the se-
lected conformers of compound 1 were superposed to con-
formers of compounds 6-9 (Fig. 3). We finally obtained two
conformers of compound 1 that were cousidered to be good
candidates for the binding conformation. Figure 4a shows the
common property spheres; namely, the pharmacophores ob-
tained by superposition using compounds 1-9.

Next, each candidate for the binding conformation was
superposed to conformers of compounds 10-16 in the training
set. The atomic groups that the ligand property spheres were
assigned to are shown in Fig. 1. In this way, candidate binding
conformations of compounds 10-16 were obtained. We then
estimated the molecular alignment of ligand molecules (com-
pounds 1-16) that were essential to CoMFA (Fig. 4b). The

Table ll. The Values of log(1/K,,) Calculated Using the Final CoMFA QSAR Model Compared with
Experimental Data

Experimental Calculated Residual
Compounds in the training set
1 Leukotriene C4 6.60 6.70 -0.10
2 p-Nitrophenyl glucuronide 470 4,60 0.10
3 SN-38 glucuronide, lactone 5.64 5.63 0.01
4 SN-38 glucuronide, carboxylate 6.02 5.90 0.12
§ E3040 glucuronide 5.42 536 0.06
6 Leukotriene D4 5.82 577 0.05
7 N-acetyl leukotriene B4 528 533 -0.05
8 (8)-Grepafloxacin-glucuronide 5.00 5.00 0.00
9 (R)-Grepafloxacin-glucuronide 477 4.83 -0.06
10 1-Methotrexate 3.52 347 0.05
11 24-Dinitrophenyl-S-glutathione 4.68 4.76 -0.08
12 BQ-123 453 446 0.07
13 SN-38, carbogylate 416 4.25 -0.09
14 Temocaprilate 4,03 4.09 -0.06
15 5-Methyltetrahydrofolate 390 3.84 0.06
16 CPT-11, carboxylate 3,63 3.69 -0.06
Compounds in the test set
A BQ-485 519 5.10 0.09
B MX-68 3.68 4,16 -0.48
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two candidates of binding conformation of ligands for rat
Mip2 generated two types of molecular alignments, as shown
in Fig, 4b, We also obtained binding conformation candidates
for compounds A-B for the test set using a similar method to
the training set. The test set was used to evaluate the predic-
tive power of the CoMFA model obtained using the training
set.

Determination of the Binding Conformation by CoMFA

CoMFA calculations were carried out using the two mo-
lecular alignments. The atomic charges of each conformer
were calculated using MOPACY93 MNDO/ESP to evaluate
the electrostatic field in CoMFA. Conventional CoMFA was
performed with the QSAR option of SYBYL. For each mo-
lecular alignment (candidate 1 and candidate 2), two types of
calculations were carried out together with an sp® carbon
probe atom with a +1 charge: the first uscd steric and elec-
trostatic fields, and the second used steric and electrostatic
fields along with calculated values of log P (C log P). The
CoMFA QSAR equations were calculated with the PLS al-
gorithm. The optimal number of components in the final
CoMFA PLS model was determined using the cross-validated
R? (g?) values obtained by the leave-one-out technique. The
cross-validated R? (g%) values, the standard error of the pre-
dictive sum of squares (Sp..ss), and the standard error of the
estimate (%) are listed in Table II for each candidate. The
CoMEA PLS model with the highest q* values was assumed
to best explain the binding conformation.

2 p-Nitrophenyl glucuronide

6 Lenkotriene Dy

9 R-Grepafloxucirglucuronide 10 L-Metholrexate

13 SN-38, carboxylate 14 Temaosapriiste

3 SN-38 glucuronide, kectone

1 N-acetyl levkotriene By

& Z ot arthe )ﬂl %’! élv )

“/\[;/I\il:l B MX-68
Ny
15 5-Methyltetrahydratolate 16 CrEag, cnrbnu)nte%
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A good CoMFA model with three PLS components was
obtained using the steric and electrostatic fields along with C
log P for candidate 2. The final COMFA model had a g* value
of 0.59 with six PLS components, an s, value of 0.64, an 1
value of 0.99, and a standard error of 0.08, The experimental
and calculated values of log(1/K,) for each compound in the
training set are listed in Table 1IL. The property spheres
shown in Fig. 5 illustrate the important atomic groups for the
binding of each ligand molecule to rat Mrp2.

We also investigated the predictivity of the final CoMFA
niodel using the test set of compounds. The values of log(1/
K..) calculated using the CoMFA model of candidate 2 with
the steric field, electrostatic field, and C log P showed good
agreement with the experimental values (Table IIT). We
therefore concluded that the 3D structure of candidate 2 re-
flects the binding conformation of ligands for rat Mrp2. In the
test set, the calculated value of log(1/K ) for BQ-485 (5.10)
compared well with the experimental value (5.19), whercas
the calculated value of MX-68 contained a larger ecror (0.48).
This might be the result of the difficulties of determining the
atomic charges of MX-68, which has a pteridine ring, using
MOPACS3 MNDO/ESP.

Figure 6a shows a contour map of the steric field from the
final CoMFA model, together with the binding conformation of
compound 1: the green contours indicate areas in which bulky
atomic groups are sterically favorable for the binding affinity,
and the yellow contours indicate areas in which bulky groups are
unfavorable for the binding affinity. Figure 6b shows a contour

e

- Q"l"l

A BQ-485

11 z‘dabimnoph:nybs-glumﬂdone 12 BQA

Q9

Q3 hydrophobic
i) ..+ hydeogen scceptor or negative charge

Fig. 5. Atomic groups involved in the binding of each ligand molecule to Mrp2/ABCC2.
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(a) Steric field

X O edmaboule oo monnd L

Green : Areas in which bulky atomic groups are sterically favorable for the binding affinity.

t Areas in which bulky groups are unfavorable for the binding affinity.

(b) Electrostatic field

)
T

/ :
7

\
N j\!a’\
L

Vodlnn ot icomp L

Blue: Areasinwhich atomic groups with positive charges are favorable for the binding affinity.

Red : Aress in which atomic groups with negative charges arefavorable for the binding affinity,

Fig, 6. Stereo views of contour maps obtained from the final COMFA model. (a) Steric field. (b) Electrostatic field.

map of the electrostatic field from the {inal CoMFA model,
together with the binding conformation of cornpound 1: the blue
contours indicate areas in which atomic groups with positive
" charges are advantageous to the binding of ligand with rat
Mirp2, and the red contours show areas in which atomic

groups with negafive charges are favorable for the binding of -

ligand with rat Mrp2. The areas shown in the contour map are
of great importance for explaining variation in the binding
affinities of ligands with rat Mrp2.

DISCUSSION

Pharmacophore of Ligands for Rat Mrp2

We have identified a plausible binding conformation of
ligands to rat Mrp2 by making full use of ligand-based drug

design techniques. In this conformation, four property
spheres that are common to all ligands were identified using
the SUPERPOSE calculation. We propose that the spatial
arrangement of the four functional groups expressed by these
property spheres represents a 3D pharmacophore of ligands
for rat Mrp2. Figure 7 shows a stereo view of these four
property spheres along with the 3D structure of compound 1
and its structural formula. It appears that two hydrogen bond-
acceptor groups (A1l and HA2) and two hydrophobic
groups (FHP1 and HP2) are essential for the binding of ligands
to rat Mrp2 and that these groups constitute the 3D pharma-
cophore. Figure 8 shows the relative distances between the
four property spheres that represent the essential functional
groups for ligand binding. The distances are as follows: HA1-
HA2, ~50 &ARING;; HAL-HP1, ~5.3 &ARING; HAI-
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HP2, ~5.5 &ARING;; HA2-HP1, 4.7 &ARING;; HA2-HP?2,
3.2 &ARING; and HP1-HP2, 4.8 &ARING;.

Estimation of the Ligand-Binding Site of Rat Mrp2

A good CoMFA model was identified with the following
parameters: a > value of 0.59 with six PLS components, an
Spress Value of .64, an 1% value of 0.99, and a standard error of
0.08. We suggest that the success of the CoMFA was a result
of the use of the molecular alignment obtained using SUPER-
POSE. This represents a unique and distinctive approach, in
which the binding conformation and 3D pharmacophore of a
ligand are estimated using ligand-based drug design tech-
piques and are then applied to the molecular alignment,
which is essential to CoMFA,

On the basis of the 3D pharmacophore and the contour
map obtained from the CoMFA calculation, we have esti-
mated the structure of the ligand-binding site of rat Mrp2
(Fig. 9). The four primary binding sites correspond to the 3D
pharmacophore, comprising the four functional groups that
are essential for the binding of ligands to rat Mrp2. The model
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also suggests that secondary binding sites, which correspond
to specific contour levels in the CoMFA contour map, are
important in explaining the variation of the binding affinities
of ligands to rat Mrp2.

In conclusion, we propose that both hydrophobic and
electrostatic interactions have vital roles in the binding of
ligands to rat Mrp2. Ligand recognition seems to be achieved
through interactions in the two hydrophobic sites and the two
electrostatically positive sites (primary binding sites). More-
over, the broad substrate specificity of rat Mrp2 might be
achieved by combinations of the secondary binding sites (two
electrostatically positive sites and two electrostatically nega-
tive sites) with the primary binding sites.

The method described here for determining the binding
conformation of ligands represents a powerful tool in cases
where ligands have the same binding mode to the target pro-
tein. Of course, it should be noted that different binding
modes might exist for some ligands; however, all of the li-
gands used in this analysis appeared to have the same binding
mode, according to the results of the CoMFA. We believe
that our data will be useful in the development of new com-

Fig. 7. A stereo view of the four property spheres that represent a 3D pharmacophore of Igands for Mrp2/ABCC2 and the 3D structure of

A.l

—'—NH3+

Hydrogen Acceptor : HALHA?2
Hydrophobic : HP1,HP2

compound 1 together with its structural formula.
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compounds using the CoMFA QSAR model in order to
/ "A evaluate their affinity for Mrp2.
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7-Hydroxystaurosporine (UCN-01) is a protein kinase
inhibilor anticancer drug currently undergoing a phase
IX clinical trial. The low distribution velumes and sys-
temic clearance of UCN-01 in human patients have been
found to be camsed in part by its exiraordinarily high
affinity binding to human wl-acid glycoprotein (hAGP).
In the present study, we photolabeled hAGP with
[PHIUCN-01 without further chemical modification, The
photolabeling specificity of [SHIUCN-01 was confirmed
by findings in which other hAGP binding ligands inhib-
ited formation of covalent bonds betweem hAGP and
[PHIUCN-01. The amino acid sequence of the photola-
beled peptide was concluded to be SDVVYTDXE, corre-
sponding o residues Ser-183 to Lys-161 of hAGP. No
PTH derivatives were detected at the 8th cyele, which
corresponded to the 160th Trp residue. This strongly
implies that Trp-160 was photolabeled by FHIUCN-01.
Three recombinant hAGP mutants (W264, WI122A, and
W160A) and wild-type recombinant hAGP were photola-
beled by [PHIUCN-0L. Only mutant WiG0A showed a
marked decrease in the extent of photoincorporation.
These results strongly suggest that Trp-160 plays a
prominent role in the high affinity binding of PHJUCN-
01 to BAGP. A docking model of UCN-01 and hAGP
arcund Trp-160 provided further details of the binding
site topology.

Human «l-acid glycoprotein (hAGP)! is an acute phase pro-
tein with a molecular mass of 41 to 43 kDa and is heavily
glycosylated (45%) (1). 1t contains sialic acids, which cause it to
be negatively charged {pl = 2.7--3.2) (2). Its glycosylation pat-
tern can change depending on the type of inflanmation (3). The
biological function of hAGP is not clear, although studies using
in vivo models of inflammation indicate that it plays anti-
inflammatory and immunomodulating voles and has protective
effects (4, 5). The “basal” level of hBAGP is ~20 pmolliter, but
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hAGP levels can increase by 5-10-fold in response to stress,
infection, or an inflammatory response to neoplasm (6, 7). In
addition to increases in hAGP plasma concentration in certain
cancers, changes in the expression of genetic variants of hAGP
can occur according to the specific type of cancer (8). The levels
of hAGP vary widely and hetervgeneously among cancer pa-
tients; according to the type of disease, the composition of
hAGP consists of various isoforms and degrees of glycosylation
(9). Studies have shown that increases in circulating hAGP
alter the pharmacokinetic disposition and pharmacelogical ac-
tion of numerous drugs that bind to it (10-12). For example.
increased hAGP levels associated with advanced tumers alter
the pharmacokinetics of Imatinib (STI571), a tyrosine kinase
inhibitor, in leukemia patients (13). hAGP also appears to be
an independent predictor of response and a major objective
prognostic factor of survival in patients with non-small cell
lung cancer treated with docetaxel chemotherapy (14). Thus,
hAGP is an important modulator of drug pharmacokinetics and
pharmacodynamics in anticancer therapeutics.
7-Hydroxystauresporine (UCN-01} has an indolocarbazole
moiety and was originally isolated as a selective inhibitor of a
Ca®’- and phospholipid-dependent protein kinase {protein ki-
nase C (PKC)) {(15). UCN-01 is a derivative of staurosporine,
which oceurs naturally, inhibits numerous other kinases, and
has greater selectivity for PKC than does staurosporine (16,
17). UCN-01 can mediate 3 distinct cellular effects in vitro: cell
cycle arrest, induction of apoptosis, and potentiation of DNA
damage-related toxicity (18-20). It exhibits anticancer activity
against human and murine tumor cell lines that have aberra-
tions in cellular signal transduction (21-24). Unlike other com-
pounds with an indolocarbazole moiety, UCN-01 preferentially
induces G, phase accuroulation in various cell lines, and one of
its mechanisms of action is clearly mediated by dephosphoryl-
ation of retinoblastoma protein and inhibition of cyclin-depend-
ent kinase 2 (CDK2), an intraceliular retinoblastoma protein
kinase that regulates the transition from the G, to S phase
(25). In addition, UCN-01 enhances the anticancer effects of
several important chemotherapeutic drugs, including mitomy-
cin C, cisplatin, and 5-fluorouracil, in vitro and in vive (26-28).
UCN-01 is cwrvently in the phase II study of its effects on
relapsed or refractory systemic anaplastic large cell and ma-
ture T-cell lymphomas {29, 30). UCN-01 was initially adminis-
tered as & 72-h continuous infusion every 2 weeks, based on
data from in vitro and xenograft preclinical models. However,
in the first few patients, the drug had an unexpectedly long
haltlife (>30 days), which was 100 times longer than the

This paper is available on fine at bitp://www.jbcorg



UCN-01 Binding Site on Human «l-Acid Glycoprotein

NHCH,
FiG, 1. Chemical structure of [FHJUCN-01, *, *H-1abeled position.

half-life observed in preclinical models. The distribution vol-
umes (0.0796~0.158 liter/kg) and systemic clearance
{0.0407 ~0.252 ml/h/kg) in the human patients were found to be
extremely low. This pharmacokinetic behavior of UCN-01 in
humans can partly be attributed to its specific high affinity
binding to hAGP, which causes slow dissociation of UCN-01
from hAGP and thereby limits its disposition and elimination
(31, 32). 'The binding constant for UCN-01 and hAGP, 8 X 10°
m~', is the highest value ever reported for protein binding
studies (33).

Several protein binding studies of hAGP had been conducted
using a variety of techniques including equilibrium dialysis,
ultrafiltration, chemical modification, and displacement (34—
37). In a recent study, we identified the key factors contributing
to the unusually high binding affinity between UCN-01 and
hAGP: the substituent at C-7 of the UCN-01 molecule, and the
Trp residues of hAGP (38). Crystallographic structural analy-
sis has become more common and appears to be a good method
for analysis of ligand-protein interaction, but there have heen
no reports of crystallographic structural analysis of hAGP,
Certain experimental techniques allow direct evaluation of 1i-
gand-protein complexes, which can elucidate the binding chem-
istry of hAGP. Photoaffinity labeling is an essential comple-
ment to modeling and mutagenesis and allows direct,
unambiguous identification of the contact region between a
binding protein and its specific photoactivatable ligands (39~
41). There is no photoaffinity labeling study that has led to the
direct determination of labeled amino acid residues in hAGP.
In the present study, we used [PHJUCN-01 (Fig. 1) as a pho-
toaffinity labeling agent to characterize the binding site of
hAGP. Also, single residue mutants of recombinant hAGP
(W25A, W1224A, and W160A) were produced in order to deter-
mine which Trp was involved in the high affinity binding of
[PHIUCN-01. Finally, we constructed models of the docking of
UCN-01 into the binding cavity, using a three-dimensional
molecuiar model of hAGP.

EXPERIMENTAL PROCEDURES

Materials—|"HJUCN-01 (12 Ci/mmol), UCN-01, UCN-02, and stau-
roaporine were supplied by Kyowa Hakko Kogyn Co, (Shizuoka, Japan),
hAGP (purified from cohn fraction VI) was purchased from Sigma.
Sequencing grade modified trypsin was purchased from Promega. All
other chemicals and solvents were of analytical grade. N-Glycosidase F
recombinant (PNGase F) was purchased from Roche Applied Science.
Plasma-derived AGP (pAGP), propranolol, and progesterone were pur-
chased from Sigma. Potassium warfarin wag donated by Bisai Co.
(Tokyo, Japan), Restriction enzymes, Escherichia coli JM108, the DNA
ligation kit, and the DNA polymerase Premix Tag® (EX Taq version)
were obtained from Takara Biotechnology Co. Ltd. (Kyoto, Japan). The
DNA sequencing kit was obtained from PerkinElmer Applied Biosys-
tems (Tokyo, Japan). The Pichia expression kit was purchased from
Invitrogen. DEAE Sephacel, phenyl-Sepharose Fast Flow, and Seph-
adex G-75 superfing were purchased from Amersham Biosciences.

Expression and Purification of Wild-type and Mutant rhAGP—Re-
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combinant BAGP (rhAGP) was expressed in the methylotropic yeast
Pichia pasteris using the expression vector pPICS, and was purified by
anionic exchange, hydrophobic interaction, and gel filtration chroma-
tography (42). The single residue mutants W256A, W122A, and W160A
were prepared using a QuikChange® XL site-directed mutagenesis kit,
following the procedure of Braman et ol. (43).

Purification of rhAGP--The growth meitinm was separated from the
yeast by centrifugation (6000 X g, 10 min, 4 °C), and the secreted
rbAGP was isolated from the medium as follows. The medium was
bronght to 60% paturation with ammonium sulfate at rcom tempera-
ture. The temperature was then lowered to 4 °C, and the pH was
adjusted to 4.0, After shaking for 12 h, the precipitated protein was
collected by centrifugation (12,000 X g, 60 min, 4 °C) and resuspended
in distilled water. Dialysis was performed for 48 h at 4 °C against 100
volumes of distilled water, followed by a further 24 h of dialysis against
100 volumes of 10 mM Tris-HCl buffer (pH 7.4). Then, the solution was
loaded onto a column of DEAE Sephacel. rhAGP was eluted with o
linear gradient of 0—1 M NaCl in 10 mM Tris-HCI buffer (pH 7.4). The
eluted rhAGP was loaded onto a column of phenyl-Sepharose Fast Flow.
Finally, rhAGP was purified using Sephadex G-75 superfine resin,

Photoaffinity Labeling of hRAGP—hAGP (50 p) was incubated with
IPHJUCN-01 (0.08 uM) in 100 gl of 20 mM Tris-HCl (pH 7.4) in a 1.5-ml
Eppendorf tube at room temperature in the dark for 60 min. The
incubatinon mixture was then placed on ice and irradiated for 30 min by
a 100-watt black light/blue lamp (310 nm, Ultra-Violet Products, Inc.,
San Gabriel, CA) at a distance of 10 cm. After irradiation, the photola-
beled hAGP was precipitated by adding 1 ml of acetone, followed by
centrifugation at 15 x 1000 rpm for 10 min, The pellet was washed with
1 mi of ethanol and centrifuged a second time.

SDS-PAGE und Electrobloiting—Photolabeled hAGP was analyzed
by SDS-PAGE using a 10% polyacrylamide gel (according to the methed
of Laemmli) and a sampling buffer (10 mm Tris-HCL, pH 7.6, 1% (w/v)
SDS, 20 muM dithiothreitol, 4 mM EDTA, and 2% (w/e) sucrose), The
concentration of protein was determined by Bradford assay using bo-
vine serum albumin as the standerd (44). After electrophoresis, the gel
was electrophoretically transferred onto a PVDF niembrane in a trans-
fer buffer (25 mw Tris, 198 mM glycine, 10% methanol) using a semidry
blotting assembly. The blotted membrane was stained with Coomassie
Brilliant Blue R250, followed by complete drying in air.

Autoradiograpic Analysis—For autoradiographic analysis, the dried
PVDF membrane was placed in contact with an imaging plate (BAS I,
Fuji Photo Film Co.) in a cassette (BAS cassette 2040) at room temper-
ature for 48 h, The imaging plate was scanned and analyzed using s
Bio-imaging Analyzer {model BAS FLA-3000 G; Fuji Photo Film Co.),
and was then analyzed using L Process V1.6 software (Fuji Film Science
Lab 98). The incorporation of radioactivity into individual fragments
was quantified using Image Gauge V3.1 software (Fuji Fitm),

Competition Experiments—In order to determine the photolabeling
specificity of the binding site of P"HJUCN-01, hAGP (50 pM) was incu-
bated with {SHIUCN-01 (0.08 uM) in the presence of competitors (250
M) prior to photolysis. The competitors were the UCN-01 analogues
staurosporine and UCN-02, the basic drug propranolol, the acidic drug
warfarin, and progesterone (representative steroid hormone). The pho-
tolabeled hAGP was separated by 10% gel SDS-PAGE and electro-
blotted onto a PVDF membrane before heing subjected to autoradio-
graphic analysis,

Reductive Pyridylethylation and Deglycosviution of hRAGP—After the
photolabeled hAGP was precipitated by acetone, 100 ul of the buffer
was added to the precipitate. Then, 10 ul of 1% SDS and 1 M 2-mercap-
toethanol were added to this solution, folfowed by reduction at 100 °C at
10 min. For deglycosylation of hLAGP, 10 u! of 10% n-octanoyl-N-methy-
glucamide (MEGA-8), 50 ul of deionized water and 2 units of PNGase FF
were added 1o the reduction solution, and the resulting solution was
incubated for 24 h. Then, 1 pl of 4-vinylpyridine was added, the mizture
was further incubated in a N, atmosphere for $0 min at room temper-
ature in the dark, and was then dialyzed for desalination.

Tryptic Digestion and Purification of Photolabeled hAGP Peptide
Fragments—Tryptic digestion was performed in 50 mM NH,HCO, (pH
7.8). After deglycosylation, deglycosylated hAGP was inenbated with
trypsin for 5 h at 37 °C. The ratio of trypsin to hAGP was 1:20 twiw).
Tryptic peptides were separated by reverse-phase C,4 coluon (5 pun,
4.6 = 250 mm, Vydac) high performance liquid chromatography (HPLC)
using an agueous acetonitrile gradient in the presence of 0.1% triflu-
vroacetic acid, The separated peptides were fractionated every 30 s; 200
wlof each fraction were added to 2.5 il of scintillation mixture; and the
radioactivity was determined using a LSC-500 liquid scintillation coun-
ter (Aloka, Tokyo, Japan). The fraction with the highest radicactivity
was collected in an Eppendorf tube, and was evaporated on a SpeedVac



