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80 ABC protein genes are encoded by the Escherichia
The majority of proteins belonging to the ATP-binding coli genome alone [4] and the existance of 29 ABC pro-

cassette (ABC) superfamily catalyzes translocation of teins has been predicted for Saccharomyces cerevisiae
substrates across biological membranes. Employing a re- [3]. Several ABC family members have been identified
verse transcription–PCR approach with degenerate in humans, most of which have been associated withprimers, we have identified a full-length cDNA from rat

clinically relevant phenotypes [5]. Intensively charac-hepatocytes encoding a novel ABC transporter termed
terized mammalian transporters include several pro-umat (ubiquitously expressed mammalian ABC half-
teins of the full-transporter type, consisting of twotransporter). The deduced sequence of 836 amino acids
transmembrane domains alternating with two nucleo-comprises an N-terminal membrane anchor domain and
tide binding folds. Examples are the human MDR (mul-a single conserved C-terminal nucleotide binding fold,
tidrug resistance) and MRP (multidrug resistance asso-specifying umat as an ABC half-transporter. While the
ciated) proteins, overexpression of which contributes tofirst 250 amino acid positions are highly divergent from
a multidrug resistant phenotype in tumor cells [6], orother ABC transporters, clusters of conserved residues

are evident along the rest of the protein. The greatest the CFTR (cystic fibrosis transmembrane conductance
sequence similarity was observed with the fission yeast regulator) protein, which has been associated with in-
heavy metal tolerance protein hmt1 (44.5% identity in a herited cystic fibrosis [7]. Mammalian ABC proteins of
626-amino-acid overlap). Umat mRNA, expressed in all the half-transporter type exhibit one transmembrane
tissues analyzed, was most abundant in testis. Substan- anchor domain and a single nucleotide binding fold,
tial umat mRNA expression in cultured primary rat he- and are functional as components of dimeric structures.
patocytes suggests that hepatocyte cultures should rep- Characterized hemitransporters include peroxisomal
resent an adequate model for investigation of umat func- transporters [8] or the ER membrane-situated TAP
tion and regulation. q 1998 Academic Press proteins which are involved in antigen presentation [9].

Some ABC-family members have been shown to play a
protective role by altering the localization of potentially
toxic substrates; this is exemplified by the fission yeastThe superfamily of ATP-binding cassette (ABC)
hmt1 transporter (mediating compartmentalization ofproteins consists of numerous members identified
heavy metal ion complexes into the vacuole) [10] orthroughout prokaryotic and eukaryotic kingdoms which
MDR1 and MRP proteins which catalyze extrusion ofexhibit domains highly conserved during evolution [1].
xenobiotics (MDR1) or conjugates (MRP) through theIn particular, ABC proteins are characterized by one
cytoplasmic membrane [6]. Mammalian liver, as a ma-or two nucleotide binding folds which comprise the con-

served Walker A and B motifs [2] and the SGG(Q) ABC- jor site of biotransformation and detoxification of xeno-
family signature [3]. The majority of ABC proteins cat- biotics, has been shown to express several members of
alyzes ATP-dependent transport of endogenous or ex- the ABC transporter superfamily [11]. To identify novel
ogenous substrates across biological membranes. Over mammalian ABC transporters in hepatocytes, an

RT(reverse transcription)-PCR approach was used, em-
ploying degenerate primers corresponding to regions
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trophoresis through formaldehyde/agarose gels (20 mg/lane). Stain-hemitransporter displaying greatest similarity to the
ing of gels with ethidium bromide was performed to ensure equalfission yeast heavy metal tolerance protein hmt1 was
loading of lanes. Subsequently, RNA was transferred to Hybond Nobtained. Ubiquitous expression of corresponding nylon membranes (Amersham, Braunschweig, Germany) by capil-

mRNA in all analyzed rat tissues led to the name umat
(ubiquitously expressed mammalian ABC half-trans-
porter).

MATERIALS AND METHODS

Isolation of cDNA fragments from hepatocytes by degenerate PCR.
Primary rat hepatocytes from adult male Wistar rats (220 g b.w.)
were isolated by collagenase perfusion [12]. Total RNA was purified
from freshly isolated hepatocytes by guanidinium thiocyanate phenol
extraction according to [13]. First strand cDNA was synthesized us-
ing Superscript II RNase H0 reverse transcriptase (Gibco/BRL, Eg-
genstein, Germany) with 1 mg of total RNA primed by oligo (dT).
Degenerate oligonucleotide primers, complementary to regions con-
served among ABC protein members [14], were used to amplify ABC
protein cDNA fragments from rat hepatocyte cDNA. The degenerate
forward primer was S1: 5*-GGC GGA TCC TCN GGN KSN GGN
AAR AGY AC-3 * the reverse primer S2 : 5*-CGG GAA TTC TCN
ARN GCR CTN GTN GSY TCR TC-3* (N for A/G/C/T; K for G/T; S
for G/C; R for A/G and Y for C/T) [14]. PCR conditions were: 1 min
at 94 7C, 2 min at 45 7C and 2.5 min at 72 7C for 35 cycles using 50
pmol primer. For discrimination of PCR products, the cDNA frag-
ments were cloned by the TA cloning method (Invitrogen, Carlsbad,
CA, USA) and sequenced. Sequence-PCR and automatic sequencing
were performed according to the manufacturers’ instructions with
the Dye Terminator sequencing kit in an automated fluorescence
model 377 sequencer (Applied Biosystems, Foster City, CA, USA).

Completion of 5*- and 3 *- cDNA ends by RACE. The 5*-cDNA
terminus of the cDNA fragment clone 29 which represented a novel
sequence was completed by the 5*-RACE (rapid amplification of
cDNA ends) method [15, 16] using the system obtained from Gibco/
BRL. In brief, first strand cDNA synthesis was performed with total
hepatocyte RNA with the 29p oligonucleotide in reverse orientation
as the gene-specific primer (primer position indicated in Figure 1).
Following addition of an oligo(dC)-anchor sequence to the 5*-end, the
first strand cDNA was subjected to PCR using an anchor primer
(Gibco/BRL) and the 29b primer in reverse orientation (position indi-
cated in Figure 1). The PCR conditions for long template PCR were
20 sec at 947C, 1 min at 60 7C and 5 min at 68 7C for 30 cycles,
using the ExpandTM polymerase mixture purchased from Boehringer,
Mannheim, Germany. After reamplification, the resulting 5*-cDNA
fragment was cloned and sequenced. The 3*-cDNA terminus was
obtained by the 3 *-RACE method [15]. In brief, after generation of
first strand cDNA with an oligo(dT)-adaptor primer (Gibco/BRL),
the 3 *-end was amplified using the universal amplification reverse
primer (Gibco/BRL) and the 29b forward primer, followed by a second
and third round of amplification with the primer 29p in forward
orientation. The 3 *-cDNA amplification product was cloned and se-
quenced. The full-length cDNA encoding the novel ABC transporter
was assembled from overlapping 5*-, 3 *- and intermediate cloned
cDNA fragments. The full sequence was confirmed by independent
RT-PCR amplification and sequencing of new overlapping fragments
at least twice: overlapping PCR fragments were generated with the
primer pairs (29e for/29p rev) and (29c for/29f rev), respectively, FIG. 1. Nucleotide sequence of the rat ABC transporter cDNA
whose positions are indicated in Figure 1. encoding the mammalian ABC half-transporter umat. The start co-

don (*), stop codon (**), and a putative polyadenylation signal arePrimary rat hepatocyte cell culture. Primary rat hepatocytes iso- indicated in bold. Regions corresponding to primers used for amplifi-lated by collagenase perfusion were cultured in serum-free MX-83 cation of cDNA fragments by PCR (29b, 29c, 29e, 29f, 29p, S1 andmedium [17] in the presence of 1 mM insulin and 20 mM hydrocorti- S2) are in bold and underlined, ‘‘for’’ denoting forward and ‘‘rev’’sone as described previously [18] for up to 4 days. indicating reverse primer orientation. The nucleotide sequence
shown here has been deposited in the EMBL Database under Acces-Northern blot analysis. Total RNA was isolated from rat tissues

and hepatocyte cultures according to [13] and was separated by elec- sion No. AJ003004.
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FIG. 2. Amino acid alignment of the deduced rat umat protein product in comparison to the yeast atm1 protein [14], the fisson yeast
heavy metal transporter hmt1 [10], the known partial sequence of the murine ABC7 transporter [25] (EMBL U43892), and the rat mdr1b
sequence [26]. Alignment was performed with the ClustalW program [27]. Conserved residues are indicated in bold; motifs of the ATP-
binding cassette are designated by A (Walker A), B (Walker B), and C (ABC family signature). Four of the eight predicted membrane-
spanning sections whose positions appear conserved in respect to other ABC transporters are underlined.

lary blotting and hybridized to individual umat-specific antisense (primer S1) and to part of the Walker B motif (primer
oligonucleotide probes (designated 29b, 29p and 29c), the positions S2). Multiple PCR products were obtained, ranging from
of which are indicated in Figure 1. The probes had been end-labelled approximately 370 to 450 bp in length. Discrimination ofby T4-polynucleotide kinase (Boehringer, Mannheim, Germany) [19].

differing cDNA fragments was achieved by cloning and
sequencing. Of 23 cDNA clones analyzed, 22 sequences

RESULTS AND DISCUSSION were identified as partial ABC protein encoding regions,
of which 11 clones represented rat mdr2 or tap transport-

An RT-PCR strategy was employed with degenerate ers. By comparison to the EMBL database, the clone des-
primers to amplify cDNA fragments of sequences encod- ignated 29 was shown to represent a novel sequence. The
ing ABC proteins in hepatocytes. The degenerate primers full-length cDNA was obtained by rapid amplification of
corresponded to conserved regions of the ABC protein cDNA ends and assembly of overlapping 5*-, 3*- and in-

termediate cDNA fragments.nucleotide binding fold, namely to the Walker A motif
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The full-length cDNA consists of 2842 bp (up to the
poly-A tail). The longest open reading frame begins
with the sequence GCCATGG which matches the con-
sensus eukaryotic translation initiation motif [20] at
nucleotide position 155 (ATG) and ends with a TAA
termination codon at nucleotide position 2663 (Figure
1). A putative polyadenylation signal (AATAAA) [21]
is located in the 3 *-untranslated region at nucleotide
position 2823 (Figure 1). Provided that the first in-
frame ATG encodes the amino terminal methionine, a
deduced polypeptide of 836 amino acids with a pre- FIG. 3. Expression pattern of umat mRNA in primary rat hepato-
dicted molecular weight of 93.3 kDa would result. The cyte cultures and in rat tissues. (Top) Representative Northern blot

hybridization of total RNA (20 mg/lane) isolated from hepatocytes orpredicted peptide was analyzed in respect to potential
from tissues of an adult male rat (intest., intestine; skel. muscle,membrane spanning segments applying a modification
skeletal muscle). Hepato 1, 2, 3, and 4 denote hepatocytes cultivatedof the method according to [22] using the PSORT pro- for 1, 2, 3, or 4 days, respectively. Hybridization was performed to

gram [23]. Eight putative membrane spanning regions the 29b oligonucleotide. (Bottom) A rehybridization of the blot with
a rat b-actin oligonucleotide probe (phosphorimaging analysis).were defined, which is in line with a number of 5-10

transmembrane helices predicted for other eukaryotic
ABC half-transporters [3]. The N-terminal membrane-
anchoring domain and the following conserved single tion product to a specific membrane structure. How-

ever, as all mammalian hemitransporters identified soATP- binding fold (Figure 2) specify the novel protein
as an ABC half-transporter. Comparison to protein da- far have been shown to reside in an intracellular mem-

brane, including the related hmt1 transporter (situatedtabase sequences using the FASTA 3 program [24] re-
vealed closest similarity to other half-transporters pre- in the fisson yeast vacuolar membrane) or the atm1

protein (localized in the yeast inner mitochondrialviously identified: to the hmt1 protein in Schizosac-
charomyces pombe [10] (44.5 % identity in 626 amino membrane) [14], it appears likely that umat may be

associated with an intracellular membrane structureacid overlap), to a mouse transporter with unknown
function (ABC7 partial sequence [25], 41.2 % identity rather than with the cytoplasmic membrane.

The tissue distribution of umat mRNA expressionin 640 amino acid overlap) and to the atm1 protein of
Saccharomyces cerevisiae [14] (38.2 % identity in 637 was investigated by Northern blot analysis using total

RNA derived from a panel of male rat tissues. Hybrid-amino acid overlap), Figure 2. The novel ABC protein
demonstrated a more distant relationship to human ization of blots to the umat oligonucleotide probe 29b

(position indicated in Figure 1) led to detection ofand rodent MDR/mdr transporter isoforms, as exempli-
fied by comparison to the rat mdr1b protein in Figure mRNA with an approximate molecular weight of 3.4

kb (Figure 3). MRNA of the same molecular weight was2. The N-terminal part of the umat protein comprising
the first 250 amino acids represents a non-conserved, also detected by independent hybridizations to other

umat oligonucleotide probes (29c, 29p) which were com-individual feature of the umat transporter, as very lit-
tle similarity to other ABC transporters was found plementary to different cDNA regions (data not

shown). Umat mRNA was expressed in all tissues ana-(only approximately 11 % identity in residues com-
pared to the hmt1 protein in a 210 amino acid overlap, lyzed (lung, testis, spleen, small intestine, skeletal

muscle, brain, kidney and heart (Figure 3) and also inFigure 2). However, multiple clusters of conserved resi-
dues were evident along the rest of the umat protein. large intestine and total liver (data not shown). Ubiqui-

tous expression led to the name umat (ubiquitouslyHomology to other ABC transporters was highest in the
ATP binding fold domain, the novel hemitransporter expressed mammalian ABC half-transporter). Note-

worthy, exceptionally high expression was found in tes-exhibiting the typical features conserved among ABC
transporters, the Walker A and B regions and the inter- tis (Figure 3). The initial umat cDNA fragment had

been obtained by RT-PCR using total RNA isolatedmediate ABC family signature (Figure 2). In the pro-
tein region flanked by Walker A and B motifs which from rat hepatocytes. Moreover, umat mRNA was sta-

bly expressed in primary hepatocytes cultured for uphad been defined by the initial degenerate PCR strat-
egy, 70 % identity over 134 residues was observed be- to 4 days (Figure 3). Thus, primary hepatocytes consti-

tute an isolated cell population exhibiting high umattween the umat protein and the hmt1 half-transporter.
In analogy to other ABC half-transporters, it is as- expression and may represent an adequate model for

elucidation of umat regulation and for specification ofsumed that the umat protein is functional as part of
a dimeric transporter structure. Amino acid sequence function.

The umat-related hmt1 transporter has been shownanalysis by the PSORT program [23] did not suggest a
definite sequence targeting the primary umat transla- to confer heavy metal tolerance, presumably by trans-
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