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The ABC1 (ABCA) subfamily of the ATP-binding cassette
(ABC) transporter superfamily has a structural feature that
distinguishes it from other ABC transporters. Here we report the
cloning, molecular characterization and tissue distribution
of ABC2/ABCA2, which belongs to the ABC1 subfamily. Rat
ABC2 is a protein of 2434 amino acids that has 44.59%,, 40.0 9,
and 40.8 9, identity with mouse ABC1/ABCA1, human ABC3/
ABCA3 and human ABCR/ABCAA4 respectively. Immunoblot
analysis showed that proteins of 260 and 250 kDa were detected
in COS-1 cells transfected with ABC2 having a haemagglutinin
tag, while no band was detected in mock-transfected cells. After
incubation with N-glycosidase F, the mobilities of the two
proteins increased and a single band was detected, suggesting

that ABC2 is a glycoprotein. Photoaffinity labelling with 8-
azido-[a-**P]ATP confirmed that ATP binds to the ABC2 protein
in the presence of Mg?". RNA blot analysis showed that ABC2
mRNA is most abundant in rat brain. Examination of brain by
in situ hybridization determined that ABC2 is expressed at high
levels in the white matter, indicating that it is expressed in the
oligodendrocytes. ABC2, therefore, is a glycosylated ABC trans-
porter protein, and may play an especially important role in the
brain. In addition, the N-terminal 60-amino-acid sequence of
the human ABCI1, which was missing from previous reports, has
been determined.
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INTRODUCTION

The ATP-binding cassette (ABC) transporter superfamily is one
of the largest gene families known; it encodes highly conserved
proteins involved in the energy-dependent transport of a variety
of substrates across membranes, including ions, sugars, amino
acids, peptides, polysaccharides and proteins [1]. Over 500
members have been identified to date in prokaryotes and
eukaryotes [1,2]. In mammalian cells, the typical ABC protein
consists of four domains: two membrane-spanning domains
(MSDs), usually containing six transmembrane segments through
which solute crosses the membrane and determines substrate
specificity, and two nucleotide-binding domains (NBDs) located
at the cytosolic face of the membrane, which couple ATP
hydrolysis to solute movement [3]. Another type of ABC protein,
a half molecule, consists of one NBD and one MSD, and exerts
its function as a dimer with the same or structurally similar
polypeptides [3].

ABC proteins have diverse functions: the multidrug resistance
proteins MDR1 and MDR2 function as an active transporter of
chemotherapeutic drugs and as a flippase respectively [4,5]; the
cystic fibrosis transmembrane conductance regulator CFTR
functions as a chloride channel [6]; and the sulphonylurea
receptor SUR regulates potassium channel function [7,8]. ABC
proteins have received considerable attention because many
mammalian ABC proteins have been associated with clinically

relevant phenotypes, such as cystic fibrosis [6], adrenoleuko-
dystrophy [9], persistent hyperinsulinaemic hypoglycaemia of
infancy [10], congenital jaundice [11] and intrahepatic cholestasis
[12].

Among several subfamilies in the ABC transporter super-
family, the ABC1 (ABCA) subfamily is unique in that the
members have a structure distinct from that of the other
subfamilies: they have a large domain between the first NBD and
the second MSD, interrupted by an extra hydrophobic segment
[13]. To date, four members have been identified as belonging to
the ABCI subfamily: ABC1/ABCAL [13], ABC2/ABCA2 [13],
ABC3 (ABC-C)/ABCA3 [14], and ABCR/ABCA4 [15-17].
Recently the genes encoding ABC1 and ABCR have been
determined to be the causal genes for Tangier disease [18-20] and
Stargardt’s macular dystrophy [15] respectively, and are proposed
to be flippases [21] for intracellular cholesterol and protonated
N-retinylidene-phosphatidylethanolamine [22] respectively, sug-
gesting that the members of this subfamily function as flippases.
Intriguingly, the nematode Caenorhabditis elegans gene ced-7,
which is involved in the engulfment of cell corpses during
programmed cell death, encodes a protein similar to the ABC1
subfamily proteins [23], suggesting that this subfamily is also
associated with the engulfment of mammalian apoptotic cells.
ABC2, a member of the ABCI1 subfamily, is known to be
abundant in the brain [13]. In a previous paper, ABC2 gene
expression was amplified in an ovarian carcinoma cell line
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resistant to the chemotherapeutic agent oestramustine [24],
suggesting that ABC2 may function as a transporter of the
oestradiol-mustard conjugate, but the complete structure and
function of ABC2 remain unknown.

In the present study we cloned and sequenced the full-length
rat cDNA for ABC2, and studied its molecular properties and
distribution in various tissues. Since ABC2 mRNA is expressed
abundantly in the brain, we examined the distribution of ABC2
mRNA in the brain by in situ hybridization. During the alignment
of the amino acid sequences of the ABC1 subfamily, we assumed
that the N-terminal region of human ABCI is missing, and thus
we isolated and determined the nucleotide sequence of the 5"-end
of the cDNA encoding the N-terminus of the human ABCI
protein.

MATERIALS AND METHODS
Cloning of the ABC2 ¢cDNA

A fragment of mouse ABC2 cDNA (corresponding to nucleotides
+2957 to + 5219 relative to the putative translation start of the
rat ABC2 cDNA) [13] was amplified by reverse transcriptase—
PCR (RT-PCR) using total RNA extracted from mouse brain, as
described previously [25]. A total of 7.2 x 10° plaques of a rat
cDNA library (Stratagene) were screened using a *?P-nick-
translated partial mouse cDNA fragment as a probe under the
standard hybridization conditions: hybridizations were carried
outin 5 x SSC (1 x SSCis0.15 M NaCl/0.015 M sodium citrate),
509, formamide, 2 x Denhardt’s solution (1 x Denhardt’s is
0.029%, Ficoll 400/0.02 %, polyvinylpyrrolidone/0.002 9%, BSA),
20 mM sodium phosphate buffer, pH 6.5, 0.1 %, SDS, 100 xg/ml
sonicated and denatured salmon testis DNA, 10 9%, (w/v) dextran
sulphate and 1x 10° c.p.m./ml *2P-labelled probe at 42 °C for
16 h [24]. The nylon membranes were washed in 0.1 x SSC/0.1 9%,
SDS at 50 °C for 1 h before autoradiography. To obtain the
upstream portion of the rat ABC2 ¢cDNA, the same library was
rescreened using the DNA fragment of the isolated rat ABC2
clone as a probe. DNA sequencing was performed on an ABI377
automated DNA sequencer (Perkin Elmer Applied Biosystems)
by using a Bigdye Terminator Cycle Sequencing Ready Reaction
kit (Perkin Elmer Applied Biosystems) after subcloning of
appropriate DNA fragments into pGEM3Z (Promega). Both
strands were sequenced.

To obtain the 5-end of the rat ABC2 cDNA, rapid ampli-
fication of cDNA ends (RACE) was carried out by the using the
5’-RACE system (version 2.0; Life Technologies, Inc.) according
to the manufacturer’s instructions. Briefly, the first-strand DNA
was synthesized from rat brain total RNA using the antisense
primer 5-TCCAGACGTTGGTGCAGTGC-3" (nucleotides
383-364 relative to the putative translation start site of the rat
ABC2 cDNA). The original mRNA template was removed by
treatment with RNase H, and then a homopolymeric tail was
added to the 3’-end of the cDNA using terminal deoxynucleotidyl
transferase and deoxyCTP. The tailed cDNA end was amplified
by PCR using the second antisense primer 5-CAGGAAGCC-
AAACTCATCAC-3" (nucleotides 255-236 relative to the puta-
tive translation start site of the rat ABC2 cDNA), and the
amplified DNA was cloned into pGEM-T vector (Promega)
followed by sequencing.

To obtain the 5’-end of the human ABC1 cDNA, nested PCR
was carried out using Marathon-Ready cDNA according to the
manufacturer’s instructions (Clontech). In the nested PCR,
the antisense primer 5'-GAACCCAAGGAAGTGTTCCTGC-3’
(nucleotides 151-130 of the registered human ABC1 cDNA) and
the antisense primer 5'-GTAGCTCAGCCGAACAGAGATC-
3’ (nucleotides 78-57 of the registered human ABC1 cDNA)
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were used for the first and second PCR respectively. The PCR
product of approx. 400 bp was inserted into pCR2.1 (Invitrogen),
and the sequence was determined.

RNA blot analysis

To study the tissue distribution of the ABC2 mRNA, total
cellular RNA was prepared from various rat tissues by the
guanidinium isothiocyanate/CsCl procedure [25]. For RNA
transfer blots, 20 ug of total RNA from the various rat tissues
was denatured with formaldehyde, subjected to electrophoresis
onal9, (w/v)agarose gel, and transferred to a nylon membrane
[25]. Hybridization was carried out as described above with a
32P-labelled DNA fragment (nucleotides 1369-1888 relative to
the putative translation start site of the rat ABC2 cDNA). The
membrane was washed as described above and exposed to X-ray
film with an intensifying screen at —80 °C for 4 days.

Cell culture and transfection

The culture and transfection of COS-1 or COS-7 cells was carried
out as described previously [7,8]. Briefly, cells were plated on
35 mm culture dishes at a density of 2 x 10 cells per dish 24 h
before transfection, and cultured in Dulbecco’s modified Eagle’s
medium (450 mg/dl glucose) supplemented with 109, (v/v) fetal
calf serum. A portion of 2 ug of rat ABC2 expression vector
(pCMVrABC2) was transfected into cells with Lipofectamine
and Opti-MEM 1 (Life Technologies, Inc.), according to the
manufacturer’s instructions. For immunoblot and ATP-binding
analyses, pPCMVrABC2-HA was constructed, in which DNA
encoding the human influenza haemagglutinin (HA) tag
(YPYDVPDYA) was introduced into the 3’-end of the coding
region of ABC2 in pPCMVrABC?2 using PCR.

Preparation of crude membranes

Crude membranes were prepared as described previously [26].
Briefly, for immunoblot analysis, COS-1 cells were taken 3 days
after transfection with pPCMVrABC2-HA or pCMYV vector alone
and washed three times with PBS, suspended in buffer A
[consisting of 50 mM Tris (pH 7.5), | mM EDTA and a protease
inhibitor cocktail (10 xl/ml) (Sigma)], homogenized and then
centrifuged at 10000g at 4°C for 1h. The pellets were
resuspended in 500 ul of buffer A and stored at —80 °C until
immunoblot analysis. For ATP-binding analysis, crude mem-
branes were prepared from COS-7 cells under the same con-
ditions, except that nitrogen cavitation was used as described
previously [27].

Immunoblot analysis

Crude membranes were prepared from COS-1 cells transfected
with pCMVrABC2-HA or pCMYV alone, as described above.
The crude membrane proteins (20 xg) were boiled in SDS
reducing sample buffer, electrophoresed on an SDS/79,-
polyacrylamide gel, and transferred to a nitrocellulose membrane
(Hybond®; Amersham) by electroblotting overnight at 4 °C at
200 mA [26]. For N-glycosidase F treatment, a 20 ug portion of
crude membrane proteins was incubated with 4 units of N-
glycosidase F (Boehringer Manheim) for 3 h at 37 °C, and then
subjected to SDS/PAGE and electroblotting as described above.
The membrane was blocked for 1 h at room temperature in 59,
defatted milk in 1 x PBS-T [1 x PBS (136.9 mM NacCl, 2.7 mM
KCl, 10.1 mM Na,HPO, and 1.8 mM KH,PO,), pH 7.4, and
0.19, Tween 20]. After washing with 1 x PBS-T, the membrane
was incubated with 1:1000-diluted high-affinity anti-HA rat
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antibody (Boehringer Manheim) for 2 h at room temperature.
After washing with 1xPBS-T, the membrane was incubated
with 1:800-diluted horseradish peroxidase-conjugated anti-rat
IgG (Biosys) for 1 h. After washing with 1 x PBS containing
0.39% Tween 20 and then with 1 xPBS-T, proteins were de-
tected using an enhanced chemiluminescence system (ECL®;
Amersham), according to the manufacturer’s instructions. Pro-
tein concentrations were determined using the BCA assay
(Pierce).

Interaction of ABC2 with 8-azido-[«-**P]ATP

Crude membrane proteins (50 xg) from COS-7 cells transiently
expressing ABC2-HA fusion protein were incubated with 50 uM
8-azido-[x-**P]ATP (ICN Biomedicals), 2 mM ouabain, 0.1 mM
EGTA and 40 mM Tris/HCI (pH 7.5) in a total volume of 6 ul
for 10 min at 0 °C in the presence or absence of 3 mM MgSO, (or
1.5mM EDTA) or 2 mM ATP. Proteins were UV-irradiated for
5 min (at 254 nm; 5.5 mW /cm?) on ice. ABC2-HA fusion protein
was immunoprecipitated with anti-HA antibody. Samples were
electrophoresed on an SDS/7 9,-polyacrylamide gel and auto-
radiographed.

In situ hybridization

Sprague-Dawley rats (2 months old) were anaesthetized with
sodium pentobarbital (50 mg/kg body weight; intraperitoneal)
and killed by decapitation. The brain was quickly removed and
frozen in liquid nitrogen, and stored at —70 °C until used.
Frozen 7-um-thick sagittal sections were cut with a cryostat
(Microm HMS500) and thaw-mounted on 3-aminopropyl-
triethoxysilane-coated slides. The plasmid containing a 311-bp
ABC2 cDNA fragment (nucleotides 4593-4903 relative to the
putative translation start site of the rat ABC2 cDNA) was
transcribed with SP6 RNA polymerase and labelled with
[?*S]CTP (1250 Ci/mmol; NEN) to generate the antisense cRNA
probe. The same plasmid was transcribed with T7 RNA poly-
merase (Boehringer Mannheim) to generate the sense probe. The
hybridization histochemistry was performed as described pre-
viously [28]. In brief, after being fixed with 4 9, paraformaldehyde
in PBS for 30 min, the sections were treated with proteinase K
(20 ug/ml for 10 min) and acetylated with 0.259, acetic an-
hydride in triethanolamine. Hybridization was carried out at
55°C overnight in a solution containing 509, formamide,
300 mM NaCl, 10 mM Tris/HCI, 1 mM EDTA, 1 x Denhardt’s
solution, 10 mM dithiothreitol, 0.259, SDS, 200 xg of Escher-
ichia coli tRNA (Sigma) and 1 x 10° c.p.m./ul riboprobe. The
hybridized sections were treated with 20 #g/ml RNase A, and
washed at 55 °C with 2 x SSC and then 0.2 x SSC for 40 min
each. After dehydration through a graded series of ethanol baths
(containing 300 mM ammonium acetate) and air drying, the
sections were exposed to Beta-max Hyperfilm (Amersham) for 1
week at room temperature.

RESULTS
Cloning of rat ABC2 ¢cDNA

Based on the partly known sequence of the mouse ABC2 cDNA,
a 2260-bp DNA fragment corresponding to the first NBD was
amplified from mouse brain mRNA by RT-PCR and then
radiolabelled. Using the radiolabelled DNA fragment as a probe,
a rat brain cDNA library was screened, and 14 A clones were
isolated from over 100 positive clones. Two overlapping clones,
ArABC2-1-1 and ArABC2-1-23, were subcloned and sequenced.
The nucleotide sequence identity between the mouse ABC2

cDNA fragment we used as a probe and the corresponding
region of the rat ABC2 cDNA is 93.59,. To obtain more of the
sequence upstream, a 520-bp DNA fragment located at the 5'-
end of rat ABC2-1-1 (corresponding to nucleotides 1369-1888
relative to the putative translation start site of the rat ABC2
cDNA) was radiolabelled and then used as a probe for further
screening of the rat brain cDNA library; 26 A clones were
isolated, and one clone, ArABC2-3-16, was subcloned and
sequenced.

The composite sequence of 8040 bp contains a single open
reading frame beginning with the first ATG in the cDNA
sequence, which predicts the amino acid sequence of a 2434-
residue protein (molecular mass 270913.5 Da) (Figure 1). No
termination codon was found either in the 44 bp of DNA up-
stream from the first ATG or in the additional 23 bp of DNA
further extended by 5-RACE. However, the first ATG is thought
to be a translation start site, because the nucleotide sequence
around it is consistent with the Kozak box [29]. The predicted
amino acid sequence of ABC2 shows 44.5 9%, 40.0 9, and 40.8 9,
identity with mouse ABC1, human ABC3 and human ABCR
respectively (Figure 1). Hydropathy analysis predicts that 14
hydrophobic segments (HI-H14 in Figure 1), seven in the first
MSD (H1-H7) and seven in the second MSD (H8-H14), are
conserved among ABC1, ABC2, ABC3 and ABCR. The amino
acid sequences of these proteins are conserved not only in the
NBD but also in the MSD, except for the regions between H1
and H2 and between H8 and H9. In addition, an approx. 40-
amino-acid sequence at the N-terminus of these proteins is well
conserved, further suggesting that the first ATG of ABC2 is a
translation start site. Although the membrane topology of ABC2
is still unknown, there are four possible cAMP-dependent phos-
phorylation sites (Ser-1118, Ser-1132, Ser-1454 and Ser-2196)
and seven possible protein kinase C-dependent phosphorylation
sites (Ser-1115, Ser-1242, Ser-1340, Ser-1382, Ser-1428, Ser-2064
and Thr-2146), at least in the two NBDs on the cytoplasmic side.
There also is a possible tyrosine kinase-dependent phosphoryl-
ation site (Tyr-1389) in the first NBD.

Isolation of the first methionine codon of human ABC1

It has been reported that the full-length cDNA for human ABCl1
contains a 6603-bp open reading frame, which encodes a poly-
peptide of 2201 amino acids [30]. Although the N-terminal
regions are conserved among the members of ABC1 subfamily,
as shown in Figure 1, this region is missing from the reported se-
quence of the human ABC1 [30]. We thought that the reported
sequence might not be the full-length cDNA for human ABCI,
because the reported human ABC1 cDNA was cloned by an RT-
PCR method using primers derived from mouse ABCI cDNA
[13]. We have found that there is no termination codon upstream
of the reported ATG initiator codon, and that the putative open
reading frame continues to the 5’-end of the reported human
ABCI1 cDNA sequence (EMBL/NCBI/GenBank accession no.
AJ012376). To determine the sequence of the full-length human
ABC1 cDNA, we attempted to isolate the N-terminal region of
the human ABC1 ¢cDNA by a 5-RACE reaction using human
placental cDNA. We isolated a 400-bp cDNA fragment which
contains another ATG codon 180 bp upstream from the reported
putative translation start site. There is a termination codon 9 bp
upstream from the newly identified ATG. Mouse ABC1 cDNA
contains ATG at the same position on the cDNA sequence
(EMBL database accession no. X75926), and the deduced 60-
amino-acid sequence of the 180-bp region upstream from the
reported putative translation start codon is identical with that of
the N-terminus of mouse ABC1 protein, except for the fourth
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Walker B
PPTSGSATIYGHDIRTEMDE IRKNLGMCPQHNVLFDQLTVEEHLWFY SRLKSMAQEET RKEMDKMIEDLELS —NKRHSLVQTLSGGMKRKLSVATAFVGGSRAI ILDEPTAGVDPYARRA
PPTSGTAYILGKDIRSEMSS! IRQN'LGVCPQENVLFDI@TVEEHIWFYARLKGLSEKHVKA!MEQMALDVGLPPSKLKSKTSQISGGMQRKLSVALAFVGGSKWILDEPTAGVDPYSRRG
PPTSGRAYISGYEISQDMVQIRKSLGLCPQHDILFDNLTVAEHRT YFYAQLKGLSRQKC PEEVKQMLHI IGLE-DKWNSRSRFLSGGMRRKLSIGIALIAGSKVLILDEPTSGMDAT SRRA
PPTSGTVLVGGRDIETSLDAVRQSLGMCPQHN I LFHHLTVAERMLFYAQLKGK SQEEAQL EMEAMLEDTGLH - HKRNEEAQDLSGGMORKLSVAIAFVGDAKVVILDEPTSGVDPYSRRS

IWDLILKYKPGRTILLSTHHMDEADLLGDRIAT I SHGKLKCCGS PLFLKGAYGDGYRLTLVKR PAEPGTSOEPGMASSPSGRPOLSNCSE MQVSQFIRKH
IWELLLKYRQGRTIILSTHHMDEADI LGDRIATISHGKLCCVGS SLELKNQLGTGY YLTLVKKDVESSLSSCRNSSSTVSCLKKEDSVSOSSSDAGLGSDHESDTLTIDVSAT SNLIRKH
IWDLLQRQKSDRTIVLTTHFMDEADLLGDRIATIMAKGELQCCGS SLFLKQOKYGAGYHMTLVK EPHCNP EDISQLVHHH

IWDLLLKYRSGRTI IMPTHHMDEADHOGDRIAIIAQGRLYCSGTPLFLKNCFGTGLYLTLVRKMKNIQ - SORKGSEGTCSCSSK -~ ~GFSTTC PAHVDDLTPEQVLDGDVNELMDVVLHH

VASSLLVSDTSTELSYILPSEAVKKGAFERLFQQLEHS LDALHLSSFGLMDTTLEEVFLKVSEEDQSLENSEADVKESRK DALPGAEGLTAVESQAGNLARCSELAQSQASLOSASSVES
VSEARLVEDIGHELTYVLPY EAAKEGAFVELFHEIDDRLSDLGI SSYGISETTLEEIFLKVAEESGVDAETSDGTLPARR NR
VPNATLESSAGAELSFILPRESTHR- - FEGLFAKLEKKQKELGIASFGAS I TTMEEVFLRVGKLYDSSMDIQA- == = —— IQLPALQ--YQHERRASDWA~ ==~ ————~=—=o——mmmme
VPEAKLVECIGQELIFLLPNKNFKHRAYASLFRELEET LADLGLSSFGLSDTPLEEIFLKVTEDSDSGPLFAGGAQQKRENVNPRH PCLGPRE-KAGQ-—-====--——-—com
H8 .
ARGDEGAGYTDGYGDYRPLFDNLQDPDSVSLQEAEMEALARVGQGSRKLEGWWLKMRQFHGLLVKRFHCARRNSKALC SQILLPAFFVCVAMTVALSVPEIGDLPPLVLSPSQYHN-YTQ
FGDKQSCLHPFTEDDAVDPNDSDIDPES-~-RETDLLS -GMDGKGSYQLKGWKLTQQQFVALLWKRLL IARRSRKGFFAQIVLPAVFVCIALVFSLIVPPFGKY PSLELQPWMYNEQYTF

* ® [ ]
PRGNFIPYANEERREYRLRLSPDASPQQLVSTFRLPSGVGATCVIKS PANGSLGPMLNLSSGESRLLAARFFDSMCLESFTQGLPLSNFVPPPPSPAPSDSPLS PDEDSLLAWNTSLPPT

VSNDAPE---~- DMGTQELLNALTKDPG PGTRCMEGN~=====——~=-=o—— PIP-DTPCLAGEED---WTISPVPQ

PMLRLTLGEYGRTVVP-FSVPGTSQLGQOLSEHLKDA ———
FSMDEPGSEQ-====~——~=—-ou- FTVLADVLLNKPG: FGNRCLKEG--WLPEYPCGNSTP WKTPSVSP
AGPETW-~- -TWAPSLPRLVHEPVRCTCSAQGTGF - - -SCPSSVGG-HPPQMRVVTGDILTDI TGI'II:VS EYLLFTSDRFRLH=-===--~---- RYGAITFGNIQ-KSIPAPIGTRTPLMVR
SIVDLFQNGNWT-~-—-] MKNPSPACQCSSDKIKKMLPVCP PGAGGLPPPQRKQKTADI LONLTGRNI SDYLVKTYVOI T AKSLKNK IWWNEFRYGGF SLGVSN: SQALPPSHEVNDAIKQM
-LQAEGQEPR: EVLGDL----~ EEFLI -
NITQLFQKQKWT--~-- QVNPSPSCRCSTREKLTMLPECPEGAGGLPPPQRTORSTEILQDLTDRNI SDFLVKTY PAL T RSSLKSKFWVNEQRYGGI S IGGKLPVVPITGEALVGFLSDL

Figure 1 For legend see opposite page
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H9

rABC2 1721 K TAVRRVAQULYNNKGYHSMPTYLNSLNNATLRANL PRSKGNPAAYGITVTNHEM K TSASLS -LDYLTGOTOVV IATF T TVANSFVEASEVVELY
mABCl 1559 KKLLKLTKDTSADRFLSSLGRFMAGLDTKNNVKVWENNKGWHAISSFLNVINNAILRANLOKGE-NPSQYGITAFNHPLNLTKQQLSEVAIMTTSVDVLYSICVIFAMSFVPASFVVFLI
hABC3 1010 FRASVEGGGFNERCLVA---ASFRDVGERTVVNALFNNQAYHSPATALAVVDNLLFKLLC- - - ~GPHAS IVVSNFPQPRSALOAAKDOFNEGRKGFDIALNL - - LEAMAFLASTFSTLAV
hABCR 1584 GRIMNVSGGPITREASKEIPDFLKHLETEDNIKVWFNNKGWHALVSFLNVAHNATLRASLPKDR-SPEEYGITVISQPLNLTKEQLSEITVLITSVDAVVAICYIFSMSFVPASFVLYLT
H10 H11 H12
TABC2 1816 AEKSTKAKHLQFVSGCNPVIYWLANYVWDMLNYLVPATCCIIILFVFDLPAYTSPTNFPAVLSLFLLYGWSITE IMYPASFWFEVPSSATVFLIVINGE IGITATVATELLOLFEHDKDL
mABC1 1678 QERVSKAKHLQPISGVKPVIYWLSNFVWDMCNYVVPATLVIIIFICFQQKSYVSSTNLEVLALLLLLYGWSITPLMYPASFVFKI PSTAYVVLTSVNLFIGINGSVATFVLELFTNNK-L
hABC3 1121 SERAVOAKHVQFVSGVHVASFWLSALLWDLISFLIPSLLLLVVFKAFDVRAFTRDGHMADTLLLLLLYGWAI IPLMYLMNFFFLGAATAYTRLTIFNI LSGIATFLMVTIMRT - - PAVKL
hABCR 1703 QERVNKSKHLQFISGVSPTTYWVTNFLWDIMNYSVSAGLVVGIFIGFQKKAYTSPENLPALVALLLLYGWAVI PMMYPASFLFDVPSTAYVALSCANLFIGINSSATTFI LELFDNNRTL
H13 H14
rABC2 1936 KVVNSYLKSCFLIFPNYNLGHGLMEIAYNE--- --YINEYYAKIGQFDKMKSPFEWDI - ~VTRGLVAMIVEGFVGEFFLTIMCQYNFLRQPORLPVSTK -~ = - = = == o= PV-ED
mMABC1 1797 NDINDILKSVFLIFPHFCLGRGLIDMVKNQ--—---==--. AMADALERFGENRFV-SPLSWDL- ~VGRNLFAMAVEGVVFFLITVLIQYRFFIRPRPVKAKL P~ — === = = = PLNDE
hABC3 1239 EELSKTLDHVFLVLPNHCLGMAVSSFYENYETRRYCTSSE-VAAHYCKKYNIQYQENFYAWSAPGVGRFVASMAASGCAYLILLFLIETNLLORLRGT LCALRRRRTLTELYTRMPVLDE
hABCR 1823 LRFNAVLRKLLIVFPHFCLGRGLIDLALSQ---=-—--~=-~ AVTDVYARFGEEHS - ANPFHWDL - - LGKNLFAMVVEGVVYFLLTLLVQRHFFLSQWI AEPTKE-—— -~ -~ === — PIVDE
Walker A
rABC2 2031 DVDVASERQRVLRGDADNDM---VKIENLTKVYKSRKIGRILAVDRLCLGVRPGECFGLLGVNGAGKTSTFRMLTGDESTTGGEAFVNGHSVLKDLLOVOQSLGYCPQFDALFDELTARE
mABC1 1892 DEDVRRERQRILDGGGQNDI---LEIKELTKIYRRK---RKPAVDRICIGIPPGECPGLLGYNGAGKSTTFRMLTGDTPVTRGDAFLNKNS T LSNTHEVHQNMGYCPQFDA I TELLTGRE
hABC3 1358 DQDVADERTRILAPSPDSLLHTPLITKELSKVYEQR--VPLLAVDRLSLAVQKGECFGLLGFNGAGKTTTFRMLTGEESLTSGDAFVGGHRI SSDVGKVRQR IGYCPQFDALLDHMTGRE
hABCR 1918 DDDVAEERQRIITGGNKTDI---LRLHELTKIYLGT---SSPAVDRLCVGVRPGECFALLGVNGAGKTTTFKMLTGDTTVTSGDATVAGKST LTNT SEVHONMGYCPQFDAIDELLTGRE
Walker B
rABCZ 2148 HLQLYTRLRGIPWKDEAQVVRWALEKLELTKCADKPAGSYSGGNKRKLSTAIALIGYPAFIFLDEPTTGMDPKARRFIMNL I LDLIKTGRSVVLTSESMEECEAVCTRL A TMVNGRLRCL
mABCL 2006 HVEFFALLRGVPEKEVGKFGEWAIRKLGLVKYGEKYASNYSGGNKRKLSTAMALIGGPPVVF LDEPTTGMDPKARRFLWNCALSTVKEGRSVVL TSHSMEECEAT CTRMA TMVNGRFRCL,
hABC3 1476 MLVMYARLRGIPERHIGACVENTLRGLLLEPHANKLVRTYSGGNKRKLSTGIALIGEPAVIFLDEPSTGMDPVARRLLWDTVARARESGKAT I TTSHSMEECEALCTRLATMVOGOFKCL
hABCR 2032 HLYLYARLRGVPAEEIEKVANWSIKSLGLTVYADCLAGTYSGGNKRKLSTAIALIGCPPLVLLDEPTTGMDPQARRMLWNVIVSIIRKGRAVVLTSHSMEECEALCTRLATMVKGAFRCM
rABC2 2268 GSIQHLKNRFGDGYMITVRTKSSQ----- NVKDVVRPFNRNFPEAML KERHHTKVQYQLKSEHI SLAQVFSKMEHVVGVLGI EDYSVSQTTLDNVFVNFAKKQSDNVEQQEAEPSTLESP
WABCL 2126 GSVQHLRNRFGDGYTIVVRIAGSNP----DLKPVQEFFGLAFPGSVLKEKHRNMLQYQOLPSSLSSLARTFSTLSQSKKRLHIEDYSVSQTTLDOVFVNFAKDQS DD~ —— ——— <«
hABC3 1596 GSPQHLKSKFGSGYSLRAKVQSEGQQ--EALEEFKAFVDLTFPGSVLEDEHQGMVHYHLPGRDLSWAKVPGILEKAKEKYGVDDYSVSQI SLEQVFLSFAHLQPPTAEEGR* . . 1704
hABCR 2152 GTIQHLKSKFGDGYIVIMKIKSPKDDLLPDLNEPVEQFFOGNFPGSVORERHYNMLOFQY--SSSSLARIFQLLLSHKDSLLIEEYSVTQTTLDQVEVNFAKOQTESHDL PLEFRAAGASR
rABC2 2383 LGLLSLLRPRPAPTELRALVADEPEDLDTEDEGLISF-EEERAQLSFNTDTLCY . . .2434
MABCL 2228 ==——m—m-ommew DHLKDLSLHKNQTV-VDVAVLTSFLODEKVKESYV* . . 2261
hABCR 2270 QAQD*....2273

Figure 1

Comparison of the amino acid sequences of rat ABC2, mouse ABC1, human ABC3 and human ABCR

Amino acids are indicated in single-letter code. Identical amino acid residues among these proteins are shown in bold type. Predicted hydrophobic segments (H1—H14) and consensus Walker
Aand Walker B motifs conserved among these proteins are indicated. It is not known which of these hydrophaobic segments actually span the membrane (see the text). Potential N-linked glycosylation
sites in the region upstream from H1, between H1 and H2, and between H8 and H9 in ABC2 are indicated by closed circles. The deduced 60-amino-acid sequence of the N-terminus of human
ABC1 is identical with that of the mouse protein, except for the fourth amino acid residue, which is tryptophan in human ABC1 but is uncertain (shown as X) in the mouse protein.

amino acid residue, which is tryptophan in human ABC1 but is
unknown in the mouse sequence. In addition, the nucleotide
sequence downstream from the newly identified ATG of human
ABCI1 is highly similar to that of mouse ABCI1, while upstream
it is quite different (results not shown), indicating that the newly
identified ATG is the first translation start site of human ABC1.

Characterization of ABC2 protein

To characterize the ABC2 protein, the HA epitope (YPYD-
VPDYA) was introduced into the C-terminus of the protein, and
immunoblot analysis was performed using anti-HA antibody.
The total membrane fraction of COS-1 cells transfected with
ABC?2 expression vector having an HA tag (pcMVrABC2-HA)
revealed two bands of molecular mass 260 kDa and 250 kDa
(Figure 2, lane 3), while those transfected with pCMYV vector
alone showed no band (Figure 2, lanes 1 and 2). Next, to
determine if these proteins are glycosylated, the membrane
protein was incubated with N-glycosidase F. After treatment
with N-glycosidase F for 3 h at 37 °C, the mobilities of the two
proteins increased, and a single band, of molecular mass slightly
less than 250 kDa, was observed (Figure 2, lane 4), indicating
that ABC2 is a glycoprotein.

To determine if the expressed ABC2 is functional, we examined
its ATP-binding ability. Membrane proteins from COS-7 cells
transiently expressing ABC2-HA fusion protein were incubated
with 50 uM 8-azido-[z-**P]ATP for 10 min at 0 °C in the presence
or absence of excess ATP (2 mM). The proteins were then

irradiated with UV light, and ABC2-HA fusion protein was
precipitated with anti-HA antibody. As shown in Figure 3 (lane
3), ABC2-HA fusion protein was photoaffinity-labelled as
proteins of 260 and 250 kDa in the presence of Mg**. The
photoaffinity labelling was strongly inhibited in the absence of
Mg?* (Figure 3, lane 4) and in the presence of excess ATP (Figure
3, lanes 5 and 6). No photoaffinity-labelled protein was observed
in membrane proteins from untransfected COS-7 cells (Figure 3,
lanes 1 and 2). These results suggest that 8-azido-[a-*>P]ATP
binds to the ABC2 expressed in COS-7 membranes in the
presence of Mg**.

Tissue distribution of ABC2 mRNA

An RNA blotting study revealed a single 10.5-kb transcript of
ABC2 that was expressed at high levels in the brain, at moderate
levels in the heart, kidney and lung, and at low levels in the
skeletal muscle, stomach, spleen, colon and pancreas (Figure 4).
No band was detected in the liver or small intestine. These results
are consistent with a previous report on the distribution pattern
of ABC2 mRNA in mouse tissues [13], except that an ABC2
transcript was detected in the liver, but not in the spleen, in the
mouse.

Expression of ABC2 mRNA in the brain

Because ABC2 mRNA is most abundant in the brain, we further
examined the expression levels in rat brain by in situ hybridization
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Figure 2 Immunoblot analysis of ABC2 protein expressed in COS-1 cells

Membrane proteins prepared from COS-1 cells transfected with pCMV vector alone (lanes 1 and
2) or pCMVrABC2-HA (lanes 3 and 4) were electrophoresed on a 7 %-polyacrylamide gel in the
presence of SDS. Before electrophoresis, proteins were incubated in the absence (lanes 1 and
3) or the presence (lanes 2 and 4) of N-glycosidase F for 3 h at 37 °C. For immunoblot analysis,
1:1000-diluted anti-HA rat antibody and 1:800-diluted horseradish peroxidase-conjugated anti-
rat IgG (Biosys) were used as the primary and secondary antibodies respectively. Proteins were
detected using an enhanced chemiluminescence system. The molecular masses of marker
proteins are indicated on the left, and the detected 260-kDa and 250-kDa bands are indicated
by arrows.

Figure 3 Photoaffinity labelling of ABC2 with 8-azido-[«-**P]JATP

Membrane proteins (50 zg) from untransfected COS-7 cells (lanes 1 and 2) or COS-7 cells
expressing ABC2—HA fusion protein (lanes 3—6) were incubated with 50 xM 8-azido-[a-
32PIATP in the presence of Mg®* (lanes 1, 3 and 5) or EDTA (lanes 2, 4 and 6) for 10 min
at 0 °C, followed by UV irradiation. For samples in lanes 5 and 6, reactions were carried out
in the presence of 2 mM ATP. ABC2—HA fusion protein was immunoprecipitated by anti-HA
antibody.

histochemistry (Figure 5). The signals for ABC2 mRNA were
detected intensely in the white matter of the corpus callosum,
anterior commisure, stria medullaris, optic tract, longitudinal
fasciculus pons and medulla, as well as the granular layer of the
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Figure 4 RNA blot analysis of ABC2 mRNA in various rat tissues

Portions of 20 g of total RNA from various rat tissues were denatured and electrophoresed
ina 1% (w/v) agarose gel, blotted on a nylon membrane, and hybridized with *P-labelled rat
ABC2 cDNA. For autoradiography, the nylon membrane was exposed to X-ray film with an
intensifying screen at —80 °C for 4 days. The ethidium bromide-stained gel before transfer is
shown below the autoradiograph. The sizes of the hybridizing transcript and of 28 S and 18 S
rRNA markers are indicated.

cerebellum, and moderately in the glomerular layer and internal
granular layer of the olfactory bulb, the dentate gyrus of the
hippocampus, the inferior colliculus and the brain stem. Many
silver grains of the ABC2 mRNA signal were found over the
oligodendrocytes.

DISCUSSION

In the present study we have isolated the full-length cDNA for
rat ABC2, and have characterized the molecular properties of the
protein. Rat ABC2 is a glycosylated protein of 2434 amino acids
that has 40—45 9%, amino acid identity with other members of the
ABCI1 subfamily, including mouse ABC1 [13], human ABC3 [14]
and human ABCR [15]. In addition, we have shown that ABC2 is
most abundant in the brain, and that, in the brain, ABC2
mRNA is generally expressed in the white matter and is absent
from the grey matter and the glia limitans. Almost all of these
features are quite similar to the gene expression pattern of myelin
basic protein, but dissimilar to that of glial fibrillary acidic
protein [31,32]. This suggests that ABC2 gene expression in white
matter can be ascribed to the oligodendrocytes, and that ABC2
may be involved in the regulation of myelin formation and/or
synthesis, although it is possible that ABC2 is also expressed in
astrocytes, microglias or neurons.

Furthermore, we isolated the cDNA encoding the N-terminal
60 amino acids of human ABCI that were missing from the
previously reported sequence [13,30]. Alignment of the amino
acid sequences of human and mouse ABC1 [13,29], rat ABC2,
human ABC3 [14], and human [15], bovine [16] and mouse [17]
ABCR indicates that the approx. 40-amino-acid sequence at the
N-terminus, including the first hydrophobic segment (H1), is
strongly conserved among all the members of ABC1 subfamily
—this feature, as well as the existence of H8, uniquely dis-
tinguishes the ABCI1 subfamily from other subfamilies of the
ABC transporter superfamily [13,15]. Hydropathy analysis pre-
dicts that at least 14 hydrophobic segments (H1-H14 in Figure
1), seven in the first MSD (H1-H7) and seven in the second MSD
(H8-H14), are conserved among ABCI, ABC2, ABC3 and
ABCR. However, since the membrane topology of the ABCI
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Figure 5 Expression of ABC2 mRNA in rat brain

Localization of ABC2 mRNA in rat brain by in situ hybridization with antisense (A and B) and sense (C) 3S-labelled cRNA probes. (A) X-ray film autoradiogram of the signals for ABC2 mRNA
in a sagittal brain section. Signals were densely localized in the forceps minor and major corpus callosum (fmi, fmyj), the corpus callosum (cc), the dentate gyrus (DG), the anterior (aca), intrabulbar
(aci) and posterior (acp) parts of the anterior commissure, the stria medullaris (sm), the optic tract (opt), the longitudinal fasciculus pons (Ifp), the inferior colliculus (IC), and the granular layer
and the medulla of the cerebellum (Cb). (B) Signals of ABC2 mRNA in the cross-section of the olfactory bulb, which were dense in the glomerular layer (GI) and the internal granular layer (IGr).
(C) A control section was hybridized with a sense cRNA probe for ABC2. No specific labelling is visible in the olfactory bulb.

subfamily has not been determined, it is not known which of
these hydrophobic segments actually spans the membrane. The
number of transmembrane segments in the second MSD should
be even, because the second MSD is located between the two
NBDs. Illing et al. [16] have proposed a model for ABCR in
which there are two large extracellular loops, between HI1 and
H2 and between H8 and H9. By contrast, according to the model
proposed for ABC3 by Klugbauer and Hofmann [14], both H1
and H8 are not in the membrane and, therefore, there is a large
N-terminal domain and a large loop following the first NBD on
the cytoplasmic side. As proposed for ABCl1 and ABCR by
Luciani et al. [13] and by Azarian and Travis [17] respectively,
H8 may not span the whole length of the membrane, but only dip
into or cross the membrane twice on the cytoplasmic side. In the
present study, we show that ABC2 is a glycoprotein. In ABC2
there is one N-linked glycosylation site at the N-terminus (Asn-
14), and clusters of putative N-linked glycosylation sites in the
large loops between H1 and H2 (16 sites) and between H8 and
HO (six sites), as in other members of the ABC1 subfamily.
Determination of the N-linked glycosylation sites should provide
important insight into the membrane topology of the ABCI
subfamily.

Mutation in the ced-7 gene is known to block the engulfment
of cell corpses during programmed cell death in C. elegans.
Recently, Wu and Horvitz [23] identified the ced-7 gene, and
showed that the structure of the CED-7 protein is similar to that
of members of the ABC1 subfamily. Since mosaic analysis has
revealed that CED-7 functions in both dying cells and engulfing
cells during the engulfing process, these authors propose that
CED-7 functions to translocate molecules that mediate homo-
typic adhesion between the cell surfaces of the dying cell and the
engulfing cell [23]. Luciani and Chimini [33] have suggested that
ABCI1 might be a mammalian homologue of ced-7, by showing
that the expression of ABCI1 during embryonic development
correlates spatially and temporally with the areas of programmed
cell death, and that the abilities of macrophages to ingest
apoptotic cell bodies are severely impaired after blockade of
ABCI1 by injected antibody against this protein [33]. Recently,
however, ABCI has been shown to be the causal gene of Tangier
disease [18-20], the familial deficiency of high-density lipoprotein.
It was suggested that ABC1 functions as a flippase for cholesterol
from the inner leaflet of the lipid bilayer to the outer one, and
that the flipped cholesterol is then removed by the major high-
density lipoprotein, apolipoprotein A-I [34]. In addition,
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mutations of the ABCR gene are responsible for Stargardt’s
disease [15], a recessive form of macular degeneration, and a
study using ABCR knockout mice has revealed that ABCR
might function as a flippase for protonated N-retinylidene-
phosphatidylethanolamine [22]. We have shown that ABC2 is
strongly expressed in the white matter of the brain. Therefore
ABC2, which is homologous to ABC1 and ABCR, may also
function as a flippase for lipids or phospholipids, and/or may be
involved in the engulfment of cell corpses during programmed
cell death in mammalian cells, especially in the brain. Further
studies are needed to identify the cells expressing ABC2, as well
as to characterize of the function of this transporter protein.
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