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Abstract Despite the completion of the sequencing of
the entire genome of Arabidopsis thaliana (L.) Heynh.,
the exact determination of each single gene and its
function remains an open question. This is especially
true for multigene families. An approach that combines
analysis of genomic structure, expression data and
functional genomics to ascertain the role of the members
of the multidrug-resistance-related protein (MRP) gene
family, a subfamily of the ATP-binding cassette (ABC)
transporters from Arabidopsis is presented. We used
cDNA sequencing and alignment-based re-annotation
of genomic sequences to define the exact genic structure
of all known AtMRP genes. Analysis of promoter re-
gions suggested different induction conditions even for
closely related genes. Expression analysis for the entire
gene family confirmed these assumptions. Phylogenetic
analysis and determination of segmental duplication in
the regions of AtM RP genes revealed that the evolution
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of the extraordinarily high number of ABC transporter
genes in plants cannot solely be explained by polyplo-
idisation during the evolution of the Arabidopsis ge-
nome. Interestingly MRP genes from Oryza sativa L.
(rice; OsM RP) show very similar genomic structures to
those from Arabidopsis. Screening of large populations
of T-DNA-mutagenised lines of A4. thaliana resulted in
the isolation of AtMRP insertion mutants. This work
opens the way for the defined analysis of a multigene
family of important membrane transporters whose
broad variety of functions expands their traditional role
as cellular detoxifiers.

Keywords ABC transporter - Arabidopsis -
Functional genomics - Gene family evolution -
MRP genes

Abbreviations aa: amino acid - ABC: ATP-binding cas-
sette - dag: days after germination - EST: expressed
sequence tag - MDR: multi-drug resistance protein -
MRP: multi-drug-resistance-related  protein - MSD:
membrane-spanning domain - NBD: nucleotide-binding
domain - nt: nucleotide - PGP:  p-glycoprotein - SA:
salicylic acid

Introduction

The first complete genomic sequence of a flowering plant
provides invaluable insight into the inventory, compo-
sition and organisation of higher-plant genes. One
striking result of the analysed data was the significantly
higher proportion of gene families in the Arabidopsis
genome than in prokaryotic and other eukaryotic ge-
nomes. It was assumed that this form of gene multipli-
cation is mostly due to duplication of chromosome
segments (Arabidopsis Genome Initiative 2000; Blanc et
al. 2000). The functional definition of each gene of a gene
family is the challenge of Arabidopsis post-genomics.
Although the functional analysis of ABC transporters
is a field of increasing research interest in recent years,
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little is known about their biological function in plants.
Additionally, there is an increasing number of reports
supporting the assumption that the function of these
proteins is not limited to the so-called phase-111 detox-
ification (Martinoia et al. 1993; Kreuz et al. 1996), but
that they are also involved in ion transport regulation,
auxin distribution, peroxisomal fatty acid transport, Fe
incorporation in proteins or protochlorophyllide trans-
port (Gaedeke et al. 2001; Kushnir et al. 2001; Moller et
al. 2001; Zolman et al. 2001; Martinoia et al. 2002).
Dealing with the genomics of such a large gene family as
the ABC transporters creates several difficulties that
have to be overcome. The large number of ABC trans-
porter genes have to be ordered in a reasonable way into
subgroups that facilitate the functional analysis of these
groups. A subfamily of ABC transporters can be defined
as a group of paralogous genes that exhibit the same
exon—intron pattern. In some cases, such as the 4/tM RP
genes, even more than one subgroup can be found on the
basis of splicing patterns. A critical analysis of the data
compiled in the public databases such as the MIPS
database (http://mips.gsf.de/proj/thal/) has to be done,
because in many cases annotation based on gene pre-
diction programs produces conflicting results. Therefore,
the more intimate knowledge of a gene family and its
biology can strongly support the genomics work. Direct
use of data from the public databases without re-anno-
tation might give a first impression of a gene family like
the ABC transporters (Sanchez-Fernandez et al. 2001).
However, a detailed analysis of the combination of
predicted genomic data and expressed sequences of
genes provides a more complete view of this gene family.
Such an analysis might also help to facilitate the eluci-
dation of gene function. Several aspects of genome
analysis such as (i) investigation of the physical structure
of genes by comparing cDNA /expressed sequence tag
(EST) sequences and genomic sequences to determine
splicing patterns, putative start and stop sites of a gene;
(i) analysis of gene origin in a genome by chromosomal
segmental or gene duplication, as well as promoter and
regulator sequence analysis; and (iii) isolation of mu-
tants for the investigated genes, provide a great amount
of data which support the functional analysis of an en-
tire gene family.

A structural characteristic of all ABC transporters is
the combination of integral membrane-spanning
domains (MSDs) with cytoplasmic nucleotide-binding
domains (NBDs). ABC proteins that consist of only one
pair of these functional domains are called “half-size”
ABC transporters, which can form a “full-size” ABC
transporter through dimerisation of two independent
polypeptides. ““Full-size” ABC transporter proteins
consist of a combination of two MSDs and NBDs each.
The arrangement of these domains as MSD-NBD-
MSD-NBD is characteristic of the two subgroups
MDR/PGP (multidrug-resistance protein/p-glycopro-
tein) and MRP (multidrug-resistance-related protein).
The mirror-image structure NBD-MSD-NBD-MSD is
the hallmark of the PDR (pleiotropic drug resistance)

and the ABCl-like transporters, as well as the PMP70
ABC transporters (Martinoia et al. 2002). A total of 53
genes for full-size ABC transporters have been found in
the nearly completed Arabidopsis genome sequence
(Arabidopsis Genome Initiative 2000). Twenty-two of
these belong to the AtMDR subfamily, which contains
the majority of all full-size ABC transporter genes. The
closely related MRP gene family consists of 14 members,
whereas for PDR-like ABC transporter genes 15 mem-
bers could be found. The remaining two full-size ABC
transporter genes, AtABCI and AtPXAl/Ped3p/CO-
MATOSE (Zolman et al. 2001; Footitt et al. 2002;
Hayashi et al. 2002), are single-copy genes without any
paralogs in the Arabidopsis genome.

Here we describe a comprehensive analysis of the
AtMRP gene family, which is still the best characterised
group of ABC transporters in plants to date. However,
most genes of this gene family are only poorly charac-
terised. To present a comprehensive impression of this
gene family, several methods of analysis have been
combined. This diverse array of procedures will help us
to ask revealing questions about the specific functional
role of each and every member of this large gene family
of Arabidopsis membrane transporters.

Materials and methods

Computational analysis of AtMRP sequences
and their genomic loci

The AtMRP genes were identified by comparison of the AtMRPI—
AtMRPS5 sequences (Lu et al. 1997, 1998; Tommasini et al. 1997,
Sanchez-Fernandez et al. 1998; Gaedeke et al. 2001) with entries in
the GenBank database (http://www.ncbi.nlm.nih.gov/BLAST) and
the Arabidopsis MIPS database (http://mips.gsf.de/proj/thal/db/
index.html) using BLASTP and TBLASTN algorithms (Altschul
et al. 1990, 1997). Putative protein sequences were derived from
annotation of the sequences and aligned with Clustal X (Thomp-
son et al. 1997). Only sequences meeting the following two criteria
were included in the 4tMRP gene family: they had to contain two
Walker A and B boxes, and ABC motifs at conserved positions
with preceding transmembrane domains (Martinoia et al. 2002). In
addition, the homology of AtM RP sequences had to be highest to
other characterised members of this gene family and not to other
members of the ABC proteins. Sequence annotations differing be-
tween the databases or aberrant sequences were either re-annotat-
ed, based on alignment or identical intron position. In questionable
cases, either the corresponding EST sequences were compared us-
ing BLASTN in the GenBank EST database or cDNA sequences
were isolated and sequenced. Multiple alignments were processed
with MEGALIGN (DNASTAR) and corrected manually to de-
termine the homology scores.

To construct a phylogenetic tree with the program package
PHYLIP version 3.6 alpha (http://evolution.genetics.washing-
ton.edu/phylip.html) the AtMRP amino acid sequences were
aligned together with chosen representatives of MRPs and PGPs
from other species. Therefore, a PAM matrix (Dayhoff 1979) was
calculated in PROTDIST and the program NEIGHBOR was em-
ployed to construct a neighbour-joining tree (in both programs
default settings were used). In a successive bootstrap analysis (100
replicates) the topology of the tree was confirmed.

To analyse chromosomal segment duplications of loci bearing
AtM RP genes, their map positions in the Arabidopsis genome were
determined based on the sequence information of the BAC or P1
clones that harbor the genes. Comparison of the surroundings of



AtMRP loci with each other allowed duplicated segments in the
Arabidopsis genome to be found. To find other homologous loci
(lacking AtMRP genes), BLASTN searches in the non-redundant
Arabidopsis GenBank database with coding sequences flanking the
AtMRP genes were performed. If at least three sequences in the
proximity (<50 kb) of a particular AtMRP showed significant
homology (BLAST cutoff 10 '°) to sequences of another genomic
contig of similar size, both loci were analysed in more detail. For
this purpose genomic contigs of at least 100 kb were compared
using BLAST 2 sequences (http://www.ncbi.nlm.nih.gov/blast/
bl2seq/bl2.html). Two loci were regarded as duplicated when at
least eight different genes appeared in the considered region with
nucleotide identities of more than 75% and mostly identical ori-
entation.

Transcript levels of AtMRP genes

To analyse the expression levels of AtMRP genes in different or-
gans and developmental stages, reverse transcription—polymerase
chain reaction (RT-PCR) experiments were performed. To achieve
specific amplification of individual genes in the RT-PCR reaction
one pair of PCR primers was designed for each AtMRP gene. The
primers were denoted as follows: gene name (M RPI to MRP14)-S
(sense) or (MRPI to MRPI14)-AS (antisense). Each primer pair
spanning at least one intron was tested with genomic DNA and
cDNA as template. PCR products were sequenced to ensure
identity with the template sequence. The pairs of primers used to
amplify the different 4tMRP genes by RT-PCR were:

® AtMRPI-S, ccgcagaaatcctettggtettgatg; AtMRPI-AS, gtgaatcat
caccgttagcettctetgg;

® AtMRP2-S, ccgcagaaatcctettggtettgatg; AtM RP2-AS, ccttgtaag
tggtgtgagtcatetttgg;

o AtMRP3-S, ccactgcttctgttgacactg; AtMRP3-AS, gaggtgtactcag
ccacaage;

® AtMRP4-S, ctggaacggtgtcaactcaaggatgttg; AtMRP4-AS, attccg
gcagatcggagagcegtactctt;

® AtMRP-5S, cacttggacgagcattactga; ArMRP5-AS, ftcttctaatag
ccgtgeagga,

® AtMRP6-S, ggtcagagacaattggtgtge; AtMRP6-AS, accttggtctagg
agcaggac;

® AtMRP-7S, aactggtgtgtcttggacgag ; AtMRP7-AS, tcttgaatccgaa
cttgetgt;

o AtMRP-8S, ctctgcaagggagctgattaggatca; AtMRPS-AS, tggage
tatgtagcccttgggaataa,

® AtMRPY-S, gccactgettetgttgattet; AtM RP9-AS, gagecggecaaagtg
attagat;

o AtMRPIO-S, cgagegatgtcaacttaagga; AtMRP10-AS, gcaaacaacg
actgtctctee;

® AtMRPII-S, tcgctcacagattgaatacca; AtM RP11-AS, ccaccttgactc
attecattc;

® AtMRPI2-S, attcgcgaggaattcaagtct; AtMRPI12-AS, cacccacac
tcattccattct,

® AtMRPI3-S, tcagagcccttttetgtttca; AtMRP13-AS, tegtgttgtggag
tagggaag;

® AtMRPI4-S, ccacggcatcgatagataatg; AtMRP14-AS, gccgagttg-
taatgagaccaa.

As an internal control, the genes coding for the ribosomal protein
S16 (At5g18380) and actin2 (At3g18780) were chosen. PCR prim-
ers for these genes were:

® S16-S, ggegactcaaccagetactga; S16-AS, cggtaactcttctggtaacga;
® actin2-S, tggaatccacgagacaaccta;actin2-AS, ttctgtgaacgattcetg-
gac.

The RT-PCRs were performed in a final volume of 25 pl con-
taining the following mixture: 1x PCR buffer, 0.2 mM dNTPs,
1 uM of both 5" and 3’ primers, 1 U Taqg DNA polymerase (Pro-
mega, Catalys, Wallisellen, Switzerland) and adjusted amounts of
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first-strand cDNA. Total RNA was purified from plants using the
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and stored at
—-80 °C after quantification by spectrophotometry. After DNAse
treatment (DNase, RQ1, RNase free; Promega, Catalys), first-
strand cDNA was prepared using M-MLV reverse transcriptase,
RNaseH minus, point mutant (Promega, Catalys) as indicated by
the manufacturer and stored at —20 °C. First-strand cDNA was
diluted 10- to 100-fold before being used as template in the PCR.
After a 3-min denaturation step at 94 °C, 35 PCR cycles (94 °C for
45 s, 58 °C for 45 s and 72 °C for 1 min) were performed.

Semi-quantitative RT-PCR

The cDNA synthesis reactions were performed exactly as indicated
above. For PCR amplification, 0.5 MBq o-[>*P]ATP (110 TBq/
mmol) was added to the PCR mixture using the following set of
dNTPs: 0.07 mM dATP, 0.2 mM dGTP, 0.2 mM dTTP and
0.2 mM dCTP. The number of PCR cycles was variable for both
the control gene (S16) and the AtMRP genes. The linearity of
amplification was verified by taking aliquots during the PCR after
the elongation step of the PCR (72 °C). The radioactive PCR
products were then separated by gel electrophoresis in 2% agarose
gels. After incubation in 0.25 M HCl for 10 min and two washes in
2x SSC (0.03 M Na-citrate, 0.3 M NaCl, pH 7.4), the PCR prod-
ucts were transferred onto nitrocellulose membranes (Porablot NY
plus; Macherey and Nagel, Diiren, Germany) via vacuum-transfer
for 2 h. The membranes were then subjected to overnight autora-
diography (BIOMAX-MR; Kodak). The incorporation of radio-
active nucleotides was quantified using a phosphoimager (BioRad,
Rheinach, Switzerland).

Tissue culture of Arabidopsis seedlings

Seeds were surface-sterilised by immersion in a saturated aqueous
solution of calcium hypochlorite [Ca(OCl),] for 10 min. After a
short centrifugation (3,000 g), seeds were first washed with 70%
ethanol and then four times with sterile distilled water. The seeds
were incubated overnight at 4 °C in water, before placing them on
0.6% (w/v) bactoagar plates containing the following nutrient so-
lution (11): 0.099 g myo-inositol, 2.5 mM Mes—-KOH (pH 5.7),
10 g sucrose, 0.132 g (NH4),HPO,4 and 0.163 g Hoaglands salts
(H-2395; Sigma). After 7 days in the phytotron (25 °C, 16 h light
and 70% humidity), seedlings were harvested and frozen in liquid
nitrogen for RNA extraction.

Results
Annotation of 4tMRP genes

To employ the information from completely sequenced
eukaryotic genomes one has to ensure that the annota-
tion of the genes of interest is correct. As annotation of
the gene sequences of Arabidopsis is still in progress, we
decided to verify the annotation of all database entries
from the GenBank and MIPS databases for M RP genes
and also to search for not yet annotated M RP genes in
the genomic sequence of A. thaliana generated by the
Arabidopsis Genome Initiative (2000; see also Materials
and methods). Using this approach, we found 16 se-
quences with significant homologies to known MRP
genes in the Arabidopsis genome.

As the next step of this analysis we determined the
exact gene structure — showing exon and intron regions —
of the putative AtMRP genes. This is mandatory to
verify if all these sequences actually belong to the
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AtMRP gene family or to other groups within the ABC
transporter superfamily. The identification of pseudog-
enes would also be possible this way. For this purpose
we included all available ESTs, cDNA sequences and
protein sequence entries in our analysis. In cases where
no such information was available, comparison- and
alignment-based annotations were performed. For those
genes where all these mentioned processes led to unsat-
isfactory or uncertain results the cDNA of the corre-
sponding genes was isolated and sequenced.

As seen in Table 1, out of the 16 putative 4tMRP
gene sequences one is missing: in the case of Atlg71330
it could be shown that the genomic sequence has a high
homology to AtMRP3, but the annotated gene encodes
just for one membrane-spanning region (data not
shown). This sequence seems to be a remnant of an
ancient gene duplication from an ancestral gene of
AtMRP3 and cannot be accounted as an M RP gene due
to its aberrant structure.

For another gene, AtMRP15, the result of the an-
notation process was a matter of debate. Although the
genomic sequence was nearly identical to that of
AtMRP9 (>99% nucleotide identity) the predicted
amino acid (aa) sequence differed by more than 400 aa.
This difference is due to three point mutations and an
insertion of 230 bp in the N-terminus of AtMRP15
leading to the truncation of almost the complete first
MSD. This structural aberration made it questionable
whether AtMRP15 is a functional member of the MRP

Table 1. List of MRP genes in Arabidopsis thaliana. All charac-
terised or putative AtM RP genes are listed in the first column. The
second column shows the chromosomal location. Column 3 lists
the protein entry codes of the MIPS Arabidopsis thaliana database
(MATDB; http://mips.gsf.de/proj/thal/db). Accession numbers for
the BAC clones (bacterial artificial chromosomes) and the available
cDNA entries in GenBank are listed in the fourth and fifth col-
umns. The lengths of the predicted proteins are given as the number
of amino acids (4A4). The length of the coding sequence (CDS), as

gene family in Arabidopsis. This assumption was also
supported by expression analysis (see below), leading to
the exclusion of this gene sequence from further con-
siderations.

Structure of AtMRP genes

The predicted aa sequences of all found AtMRP genes
lay within a length of 1,146-1,623 aa (Table 1) and
showed the topology of full-length ABC transporters of
the MDR/MRP class (MSD-NBD-MSD-NBD). Also,
the three conserved sequence motifs (Walker A and B
boxes and the ABC transporter consensus motif) were
found in all nucleotide-binding domains of the AtMRPs
(data not shown). In particular cases, differences from
the consensus sequences occurred, which have also been
described for other Arabidopsis ABC proteins (Davis
and Coleman 2000; Martinoia et al. 2002).

All 14 AtMRP genes described in Table 1 share aa
identity of 27.8% up to 90.2% (Table 2). The degree of
identity is even higher if only the C-terminal part of the
genes is considered. The relationships between the
AtMRP genes are also supported by phylogenetic anal-
ysis. A phylogenetic tree of these genes, together with
several other ABC genes from yeast and man, shows
that the AtMRP genes form a common cluster together
with their homologs from other species (Fig. 1). These
data let us subdivide the AtMRP genes into at least two

the genomic sequence from translation start to stop codon of the
open reading frame, is listed in base-pairs (column 7); the number
of exons per gene is given in column 8. To determine the coding
sequence of the AtM RP genes, BLAST searches with the annotated
CDS were made using all GenBank ESTs in TAIR (http://arabid-
opsis.org/BLAST). When necessary, cDNA sequences of 4tMRP
genes were isolated and sequenced to confirm the annotation. nd
Not determined

Gene Locus MIPS- BAC-Acc. Gene-Acc. AA CDS Exons Reference Remarks
Code (genomic)

AtMRPI 1/T4K22 At1g30400 AC025295  AF008124 1,622 9,559 28 Lu Intron

et al. 1997 in 5-UTR
AtMRP2 IIT29F13  At2g34660  AC003096  AF020288 1,623 9,121 26 Luetal 1998 —
AtMRP3 II/MJG19  At3gl13080  AP000375 U92650 1,515 5,232 8 Tommasini -

et al. 1997
AtMRP4 II/F17A22  At2g47800  ACO005309  AF243509 1,516 5,440 11 Sanchez- -

Fernandez

et al. 1998
AtMRP5 1/F20D22 Atlg04120  AC002411  Y11250 1,514 5,549 11 Gaedeke Intron

et al. 2001 in 5-UTR
AtMRP6 II/MJG19  At3g13090  AP000375 AY052368 1,466 5,158 9 - Referred

as MRPS8

AtMRP7 II/MJG19  At3g13100  AP000375 AJ507129 1,493 5,315 9 - -
AtMRPS8 II/MXL8  At3g21250 AB023045  AJ507057 1,294 4,823 11 - -
AtMRP9 111/T209 At3g60160  ALI138658  — 1,470 5,180 10 - -
AtMRPI10  1II/F17J16  At3g59140 AL163527 - 1,454 5,183 11 - -
AtMRPI1 1/T4K22 Atlg30420 AC025295 — 1,488 7,501 26 - -
AtMRPI2  1/T4K22 Atlg30410 AC025295 — 1,488 7,661 26 - -
AtMRPI13  1I/T5E7 At2g07680  AC006225 — 1,146 6,254 25 - -
AtMRPI14  1IIJF26K9  At3g62700 AL162651 - 1,539 5,300 9 - -
AtMRPI5  IIIJT2711S  At3g60970  AL358732  — nd nd nd - Pseudogene




Table 2. Homology between AtMRPs. Homology scores of amino
acid sequences are given for AtMRPI to AtMRP14 as percent
identity of amino acids. Homologies of genes at homeologous loci
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are indicated in italics and homologies between clustered genes are
indicated in bold. AtMRP15 has been excluded from this com-

parison for reasons explained in the text

At- At- At- At- At- At- At- At- At- At- At- At- At-
MRP2 MRP3 MRP4 MRP5 MRP6 MRP7 MRPS§ MRP9 MRP1I0 MRPI1 MRPI2 MRPI3 MRPI14

AtMRP1  87.0 31.5 333 33.1 33.7 322 32.7 34.4 332 67.9 70.1 30.8 31.4
AtMRP2 - 31.5 33.1 33.1 339 32.7 322 34.5 33.6 68.6 70.6 30.6 31.2
AtMRP3 - 40.8 49.5 65.7 66.2 40.0 49.1 40.9 31.1 30.6 29.7 399
AtMRP4 - 40.7 41.7 40.0 37.5 40.0 37.6 324 32.1 27.8 82.0
AtMRP5 - 48.4 47.4 40.8 50.7 41.5 329 32.7 29.3 40.3
AtMRP6 - 81.8 41.4 50.3 43.5 33.9 33.8 324 39.8
AtMRP7 - 40.0 48.7 42.1 334 33.0 31.1 38.1
AtMRPS - 41.8 45.4 32.7 322 40.6 36.2
AtMRP9 - 42.4 334 333 31.7 37.7
AtMRP10 - 33.0 32.6 31.0 35.9
AtMRPI11 - 90.8 30.6 30.4
AtMRPI12 - 31.0 30.4
AtMRP13 - 26.3

AIPGP1 APGP2 which show a high aa sequence identity to each other

i - (67.9-90.8%; Table 2), form a distinct subgroup of

HsPGPa genes with a particular exon—intron structure. Here we

find 26 or 27 introns distributed across the entire coding

sequence. Only in AtMRPI was an additional intron

Clade found in the 5 UTR, which is missing in the same region

of the most related AtMRP2 gene. Compared with

AtMRP4 AtMRP14 AtMRPI11]12 the coding sequences of AtMRPI and 2

AtMRP10 differ by one additional intron in the C-terminal part,

AT e leading to the extension of the predicted aa sequence of

Hs

AtMRP9

Clade |

Fig. 1. Phylogenetic tree of the AtMRP gene family and other
ABC transporter genes from Arabidopsis thaliana, yeast (Sacchar-
omyces cerevisiae) and humans (Homo sapiens). Accession numbers
for AtMRPs are given in Table 1. Yeast ABC transporters ScYCF1
(P39109), ScBAT (P32386), and human ABC transporters
HsMRP1 (P33527), HsMRP2 (NP000383), HsSURI (Q09428),
HsCFTR (M28668), HsPGP1 (P08183), and HsPGP3 (P21439)
were used for comparisons. In addition, selected ABC transporters
from the PGP/MDR gene subfamily from Arabidopsis were
included in the comparison: AtPGP1 (At2g36910), AtPGP2
(At4g25960), AtPGP3 (At4g01820), AtPGP4 (At2g47000)

different clades. Members of clade I cluster with their
non-plant homologs, whereas clade II seems to form a
distinct plant-specific lineage. AtM RP13 branches at a
point in this tree clearly distinct from both mentioned
clades. Its aberrant intron—exon structure, as well as the
lack of sequence homology to any other AtMRP gene,
makes it impossible to group this gene within the two
AtMRP clades.

The classification into different clades or subfamilies
is also reflected by the different exon—intron structures of
the AtMRP genes (Fig. 2): AtMRPI, 2, 11, and 12,

AtMRPI1 and 2 by more than 100 aa.

Members of the 4tMRP genes clustered in clade 1T
show a consistent gene structure with eight introns spread
over the region between the two nucleotide-binding mo-
tifs. In contrast to all other 4tMRP genes the N-termini
of these genes are entirely intronless. With respect to the
gene structure, AtMRP13 is clearly an exception within
the AtMRP genes. We found no N-terminal extension
and a truncated first membrane-spanning region. The
positions of nearly all 24 introns found in this gene were
unique for AtMRP genes (Fig. 2). That AtMRPI3 is a
single-copy gene without close relatives in Arabidopsis
supports the impression that it is an exceptional member
of the AtMRP gene family.

It is noteworthy that the number, positions and
phases of introns are highly conserved within the men-
tioned clades: as can be seen in Fig. 2, only 2 out of 26
or 28 introns within the coding sequence of AtMRP
genes of clade I are at variable positions. One of the last
introns of AtMRP2 is missing and there is an additional
intron in AtMRP1I and AtMRP2 in the outermost 3’-end
of the coding sequence. The situation is similar for the
10 introns of AtMRP genes of clade II. Only the
introns 1 and 7 are missing in particular genes. Addi-
tionally, in AtMRP3 the introns 6 and 9 are also
not present. Apart from the described differences, all
genomic sequences encoding 4tMRP genes possess in-
trons identical in number, position and phase.

Preliminary results of the analysis of the rice genome,
which has been completely sequenced recently (Goff et al.
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2002; Yu et al. 2002), revealed a set of MRP genes
similar to those of Arabidopsis. Members of all described
AtMRP clades were also present in the grass genome.
Most interestingly, again only one homolog of At-
MRPI3 is encoded in the rice genome, but there seems
to be also just one representative of clade-I M RP genes.
Both rice orthologues of AtMRPI and 13 are nearly
identical in their genomic structure to their Arabidopsis
counterparts. For instance AtMRP1 and its rice ortho-
logue possess 27 introns in their coding sequences, of
which 25 are identical in phase and position. Similar
identities to AtM RP genes have also been observed for
all other MRP genes in Ory:za.

Expression of 4tMRP genes

The transcript levels of 4tM RP genes in different organs
of A. thaliana have been examined using RT-PCR.

Clade |
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Fig. 2. Intron—exon structure of AtMRP genes. Each AtMRP gene
has two transmembrane-spanning domains (MSD1 and MSD2;
grey bars) and two nucleotide-binding domains (NBD1 and NBD2;
black bars). Intron positions are indicated by triangles. The
patterns of the triangles indicate the phase of introns: phase-0
introns (intron located between two codons) are drawn in black,
phase-1 introns (intron located between first and second nucleotide
of a codon) are drawn in white, and phase-2 introns (intron located
between second and third nucleotide of a codon) are drawn in grey.
Introns that are variable within one clade are highlighted by grey
boxes

Gene-specific primers were designed in order to amplify
a cDNA fragment near the 3’-end of each gene. The RT-
PCR products were sequenced to verify that only the
transcripts of the corresponding gene were amplified.
This approach circumvented the problem of cross-hy-
bridisation with highly homologous gene sequences as in
Northern blot or cDNA array experiments.

RT-PCR experiments (see Material and methods)
with first-strand cDNAs from different organs as tem-
plate showed that almost the entire set of AtMRP
genes is expressed in leaves, roots, flowers, stems and
siliques (Fig.3). Only in siliques could transcripts of
AtMRP2 and AtMRP10 not be detected after ethidium
bromide staining of the gel. Consequently, we per-
formed an additional RT-PCR experiment in the
presence of o-[*>P]JATP using the same cDNA from
siliques as template. In this experiment, bands corre-
sponding to AtMRP2 and AtMRP10 were detected on
the autoradiograph, demonstrating low transcript levels
of these genes in siliques (data not shown). RT-PCR
analyses were also performed using RNAs isolated
from seedlings 1-7 days after germination. Expression
of all 14 AtMRP genes was detected throughout this
time period (Fig. 4a). However, 24 h after plating seeds
on agar plates, expression of 4tMRP8 and AtMRPII
appeared to be weak or missing completely. Semi-
quantitative RT-PCR using o-[*PJATP (Fig. 4b)
revealed that AtMRPS8 transcripts were detectable
in germinating seeds 1 day after plating, whereas
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Fig. 3. Expression of AtMRP genes in different organs. Different
organs (L leaves, R roots, FI/ flowers, St stems, Si siliques) from
Arabidopsis thaliana (ecotype Columbia) were collected and frozen
in liquid nitrogen. RNA extraction was performed using the
RNeasy plant mini Kit (Qiagen). Non-quantitative two-step RT—
PCRs were performed using cDNA templates prepared as indicated
in Material and methods. After 35 PCR cycles, amplified DNA
3’-end fragments were stained with ethidium bromide
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Fig. 4a—c. Expression of AtM RP genes in A. thaliana seedlings and
seeds. Seedlings at different developmental stages grown for 1 week
on agar-solidified medium were harvested from 1 day after
germination (dag) to 7 dag for semiquantitative RT-PCR (a).
Seedlings as well as seeds were frozen in liquid nitrogen and stored
at —80 °C before RNA extraction. Non-quantitative two-step RT—
PCRs were performed as indicated in Fig. 3. To show the
accumulation of mRNA for AtMRP8 and AtMRPI1 during the
first 3 dag, semi-quantitative RT-PCRs were performed on cDNA
templates at 1, 2 and 3 dag using primers that amplify SI6,
AtMRPS and AtMRP11 (b). At the indicated amplification cycles,
aliquots of 6 ul were collected from the PCR tubes after the 72 °C
elongation step and run on an agarose gel. After transfer of the
DNA onto nitrocellulose membranes, the PCR products were
revealed by autoradiography after hybridisation with gene-specific
probes. Differences in mRNA accumulation for all 4tMRP genes
in seedlings and seeds are shown in (¢)

AtMRPI1 was barely detectable at this stage. Expres-
sion of AtMRP was also analysed in dry seeds
(Fig. 4c). Transcripts were detected for AtMRP2, At-
MRP3, AtMRP5, AtMRP9 and AtMRPI4, suggesting
involvement of these transporters (i) in detoxification
processes of the seeds, (ii) in the late steps of grain
filling or (iii) in very early processes of mobilisation.
Although RT-PCR analyses of expression in organs
and during germination were performed under non-
quantitative conditions (Figs. 3, 4), in some cases ele-
vated transcript levels of a particular gene could be
observed: the expression of AtMRPI2 seemed to be
strongly induced in leaves, whereas AtM RP3, AtMRP6
and AtMRP7 showed elevated levels of expression in
roots. Although most of the 4tMRP genes exhibited
unaltered expression levels during germination, Ai-
MRPI, 2, 8, 11 and 14 showed a strong induction at

the second day after germination. In contrast, 4¢tM RP9
transcripts increased at day 3 after germination.

Identification of AtMRPI5 as a pseudogene

Another question was also answered by the application
of RT-PCR: AtMRP9 and AtMRPI5 are highly ho-
mologous. However, AtMRP15 is likely to be a pseud-
ogene because a deletion of 1 bp at position 513 and two
insertions of 1 bp each at positions 765 and 789 lead to a
premature stop after 549 bp. Therefore, only a truncated
MRP peptide of 183 aa could be encoded by the Atz-
MRPI15 gene. In addition, a 229-bp-long insertion at
position 943 disrupts the MRPI5 gene sequence. To
obtain experimental evidence for this assumption, we
performed RT-PCR experiments with primers specific
for AtMRP15. These experiments revealed no detectable
AtMRPI5 expression with ¢cDNAs from any of the
tested organs (Fig. 5). Because of the high rate of se-
quence identity between the two genes (99%) only the
sense primers were specific either for AtMRP9 or 15,
whereas the antisense primer matched both of them.
Although the gene-specific primers differed only in their
first two 3’ bases their specificity could be validated by
PCR on genomic DNA as template and subsequent
analysis of restriction polymorphisms (Fig. 5). None of
our experiments can exclude the possibility that Az-
MRPI5 is expressed under certain, but as yet untested,
conditions. The fact that all other 4tMRP genes are
constitutively expressed, at least at a low level, in all
organs analysed supports the assumption that this gene
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Fig. 5a, b. Expression of AtMRPI15 in different organs. a Using
the same procedure described in Fig. 3, no AtMRPI15 transcripts
were detected in the different organs tested. L leaves, R roots, F/
flowers, St stems, Si siliques, DNAg genomic DNA. b Using
genomic DNA as template, PCR products of similar size (758 bp)
were found for AtMRP9 and AtMRPI15 when using the primers
AtMRP9-S: cttgggattattcctcaagatcc, AtMRPI15-S: cttgggattattcet-
caagataa, and AtMRP9,15-AS: gagccggcaaagtgattagat (lanes U).
Both PCR-amplified DNA fragments were then digested with
Hincll and separated on agarose gels (lanes D). The digested DNA
fragments exhibited sizes predicted from genomic data (568 and
190 bp)

is rather a pseudogene than a transcribed member of the
AtMRP gene family.

Analysis of promoter sequences and up-regulation
of AtMRP genes

As little is known about the in planta function of At-
MRPs, the presence of known cis-regulatory elements
within a 1.5-kb promoter sequence of AtMRPI to 14
was examined by performing a PLACE database search
(http://www.dna.affrc.go.jp/htdocs/PLACE; Higo et al.

1999). Only motifs that were at least hexamers with a
minimum GC content of at least 2 GC nucleotides (nt)
per hexamer were included in this analysis. We found 20
motifs that met these criteria. Most motifs of this subset
were known to drive tissue-specific expression. As this
specificity could not be sufficiently tested by RT-PCR
experiments, only seven well-studied motifs were taken
into consideration.

The conserved binding site TTGAC(C/T) for WRKY
transcription factors, the W-Box (Eulgem et al. 2000;
Maeo et al. 2001), was found in all but one of the pro-
moter sequences (AtMRP9; Fig. 6). The TTGAC pent-
amer is invariant in all reports of WRKY protein/W-box
interactions and appears 49 times on both strands in all
AtMRP promoters. The second most abundant motif
TGTCTC of the auxin-responsive element is the binding
site for ARF1 (Ulmasov et al. 1997a, b), which was
found 18 times in 8 M RP promoters. Also, uncommon
motifs such as the Asl-like elements TGACGT (13 times
in 8 promoters) were found (Liu et al. 1994). Further
motifs are the G-box CACGTG, the ABA-response el-
ement ACGTGTC, two jasmonic acid (JA)-response
elements ACCGCC and two GCC-boxes (GCCGCC)
(Liu et al. 1997; Menke et al. 1999; Ohme-Tagaki et al.
2000; Uno et al. 2000; Rushton et al. 2002).

Despite the fact that none of the motifs was signifi-
cantly enriched in the MRP promoters according to
the statistically expected frequency per 1 kb promoter
sequence published by Maleck et al. (2000), we still
expected at least one of the most abundant motifs to be
functional. As an example, we focused on the hexameric
W-boxes (26 copies in 14 M RP promoters), which are
well characterised for their role in salicylic acid (SA)-
and pathogen-induced defense pathways (Eulgem et al.
2000; Maleck et al. 2000).

Treatments of plants with SA induced the expression
of AtMRP4, AtMRP6 and AtMRP7 (Fig. 7). Therefore,
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we examined the promoter sequences using MEME/
MAST (http://meme.sdsc.edu) to identify motifs com-
mon in these three regulatory regions. The consensus
sequences found with the algorithm did not contain
patterns that were unique to the three genes examined.
Thus, semi-quantitative RT-PCRs were performed to
confirm the induction of AtMRP4, 6 and 7 by SA.
Different PCR cycles for sampling aliquots showed that
SA treatment was responsible for the induction of at
least three of the AtMRP genes (Fig. 7).

Distribution of 4tMRP genes
in the Arabidopsis genome

Using the approaches outlined by several researchers
(Blanc et al. 2000; Paterson et al. 2000; Vision et al.
2000) to analyse the Arabidopsis genome revealed that a
large portion of the genome (58-64%) was arranged in
large chromosomal segmental duplications. As sequence
comparisons and analysis of the exon—intron structure
had already shown that most 4¢M RP genes have closely
related counterparts, it was obvious that the occurrence
of AtMRP gene pairs originating through duplications
of large chromosomal segments should be investigated.

The results of this analysis showed that 12 of the 15
AtMRP genes are located in duplicated chromosomal
segments (Fig. 8a). Only for AtMRP9, AtMRPI3 and
AtMRPI15 could no duplicated chromosomal segments
be found. The gene pair AtMRP9/AtMRPI15 seems to
have evolved through a genomic duplication event of a
different type (see below). AtMRPI3 is located in
the direct neighbourhood of the integration site of
mitochondrial genome segments in chromosome 2, for
which no duplication is known. In four of the six cases
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Fig. 7. Effect of salicylic acid (SA) on the expression of the
AtMRP genes. A. thaliana seedlings were treated with 1 mM SA for
24 h before RNA extraction. Two-step qualitative RT-PCRs (35
PCR cycles) were performed with the corresponding cDNA
templates. As the genes coding for AtMRP 4, 6 and 7 were
induced by SA, semi-quantitative RT-PCRs were run for At-
MRP4, 6 and 7, as well as for S16 at PCR cycles indicated. Under
these conditions the PCR was in the exponential phase of
amplification
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analysed the duplicated segments no longer harboured
any AtMRP gene.

As shown in Fig. 8a, only AtMRP4/AtMRPI14 and
AtMRPI1]/AtMRP2 are located on duplicated chromos-
omal segments, which also harbour duplications of the
corresponding AtMRP genes (Fig. 8b). In no other
cases (Fig. 8b) were AtMRP genes found at the ho-
mologous loci. This means that in these cases either the
AtMRP genes were lost during or after the duplication
event or that they were transposed to their actual po-
sition. Although there is a lack of highly homologous
gene pairs like AtMRP4/AtMRPI14 and AtMRPI/At-
MRP?2 for the other cases mentioned (see also Table 2),
this argument cannot rule out the possibility of trans-
position of an 4tM RP followed by the loss of one of the
copies.

Regarding the duplication of 4AtMRP9/AtMRPI15, it
is noteworthy that both genes show a high degree of
homology to each other, even on the nucleotide level
(95%). Moreover, they are not located on duplicated
chromosomal segments, but both genes are located on
chromosome 3, just about 100 kb apart from each oth-
er. Most probably they originated via transposition,
which is supported by sequence identity of 93% in the
858 nt upstream of the start ATG codon and 98%
identity in the 1,055 nt downstream of the stop codon of
AtMRP9 and AtMRPI5, respectively. In addition to the
remarkably high degree of sequence conservation in
non-coding regions, highly identical transposable ret-
roelements can be found just 3 kb upstream of both
genes. This event must be rather recent because of the
extraordinarily high degree of nucleotide identity be-
tween AtMRP9 and AtMRPI5.

The relative position of some AtMRP genes to each
other might also have consequences for their functional
relationship. In the cases of AtMRPI/AtMRPI2/At-
MRPI1 and AtMRP3/AtMRP6/AtMRP7, the three
genes are each arranged as tandem duplications (Fig. 8a,
b). In each cluster a pair of highly homologous genes
could be found accompanied by an AtMRP with sig-
nificantly lower homology. This observation gives rise to
the assumption that in both clusters two independent
duplication events took place. This model is supported
by the duplication event leading to AtMRPI and At-
MRP2. Although AtMRPI is found in close proximity
to AtMRPI2 and AtMRPII on chromosome 1 its
identity is highest toward A¢tMRP2 on the duplicated
chromosomal segment on chromosome 2 (Table 2,
Fig. 8). This means that the ancestors of 4zMRPI and
AtMRPI11]12 existed before this segment of the Ara-
bidopsis genome was duplicated, leading to the genera-
tion of an additional paralog — the ancestor of AtMRP2.
The tandem duplication that resulted in the split diver-
gence of AtMRPII and AtMRPI2 should have taken
place during or after this event. This assumption is
also supported by phylogenetic analysis showing that
AtMRPI and AtMRP2 are found on one branch
whereas AtMRPI1 and AtMRP12 are found on another
branch of the tree (Fig. 1).
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Arabidopsis genome. Mrp genes harboring loci are indicated as
vertical bars on the five chromosomes of Arabidopsis. Crosses mark
loci homeologous to Mrp-bearing regions, where this gene is
missing. Duplicated regions are connected with lines to each other.
Centromeric regions are marked with ellipses. b AtM RP genes (red
boxes) and their neighbouring genes (black and white boxes) are
shown in comparison to their homeologous loci on different
chromosomes. Chromosomes and BAC clones of the loci are given
at the upper or lower left edges of the corresponding figures. Genes
encoded by the upper strand are drawn as boxes sitting on top of
the chromosomes, whereas genes encoded by the lower strand are
drawn below the chromosomes. Homologous genes on homolo-
gous loci (black boxes) are connected by dotted lines and can be
identified by the same gene numbers, given either above or below
the genes. The same numbers with different letters are given for
genes that arose by tandem duplications

Gene structure and annotation of AtMRP genes

The AtMRP family represents a group of genes whose
coding sequences and genomic structures show a high
degree of conservation within the described clades. Ac-
cording to these features two subgroups of AtMRP
genes were defined. Each clade consists of genes with
nearly identical exon—intron distribution. The relation-
ship of these genes is also supported by the identity
scores between the genes within each subclade and the
positioning of the particular sequences in phylogenetic
trees.



Conservation of position and phase of introns helped
to determine the correct annotation of particular genes,
in some cases differing from database entries. According
to such considerations the first exon of AtMRPI1 was
re-annotated. This finding was validated by cDNA se-
quencing. Another example of alignment-based re-an-
notation has been shown for AtMRPI5 (see above):
according to the annotation in GenBank and MIPS this
gene consists of an AtMRP-like sequence with a trun-
cation of its N-terminal part. Comparison of nucleotide
sequences of AtMRP9 and AtMRPI5 showed that both
sequences are nearly identical. However, the AtMRPI15
sequence contains several single-bp deletions and inser-
tions in the part homologous to the first exon of At-
MRP9 as well as a bigger insertion of 229 bp, which
clearly disrupts the coding sequence. The resulting as-
sumption that this gene is a pseudogene rather than a
truncated version of a functional 4¢tM RP was validated
by RT-PCR experiments.

More examples of incorrect annotations and misin-
terpretations of the genome data were reported recently
(Martinoia et al. 2002). This review about full-size ABC
transporters in Arabidopsis showed that several genes
were annotated differently by MATDB and GenBank.
Either different coding sequences were given for the
same gene or particular genes were interpreted as
pseudogenes in one database but not in the other. There
were also cases of misinterpretation of the genomic data
throughout all databases. For AtPDR2 the annotation
suggested two separate genes.

In all cases mentioned, comparison of annotated aa
sequences with alignments of validated sequences of
homologs helped to improve the annotation. These ex-
amples show that alignment-based re-annotation of
genes can be a powerful tool to complement the methods
applied in gene annotation of completely sequenced
genomes. Programs like GENSCAN, GRAIL and
NETPLANTGENE, which have been employed exten-
sively to annotate the Arabidopsis genome, are based on
algorithms using canonical motifs in genomic sequences.
All these programs share the characteristic to neglect
structural similarities within individual gene families.
Experimental approaches to elucidate correct gene
structures like EST or cognate cDNA sequencing lead in
nearly all cases to the correction of at least one exon of a
gene (Brendel and Zhu 2002). But they often struggle
with different problems, which are connected with ge-
nome complexity, and also the cost of such approaches
has so far hampered the sequencing of all cognate
cDNAs from Arabidopsis.

Evolution of the AtMRPs

Another result of our analysis was the subdivision of the
AtMRP gene family into three major groups, as has
been described above. One remarkable finding was the
separation of this gene family into a clade (clade I) with
similarities to its human homologs and another one that
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seems to be more plant-specific (clade II). Furthermore
the characteristic exon—intron structures of the particu-
lar subgroups also imply a polyphyletic origin of this
gene family. This assumption is also supported by the
findings about MRP genes in the rice genome: as has
already been described above the three MRP clades
found for Arabidopsis were also found in rice. The ex-
istence of all three types of gene in grasses indicates an
early separation of these groups from each other and
therefore an independent evolution of each clade, at
least during angiosperm evolution.

The classification of particular AtMRP genes into
different subgroups is also supported by the evolution of
their genomic locations. The occurrence of chromoso-
mal segmental duplication in Arabidopsis, which can
only be analysed for entirely sequenced genomes, was a
rather unexpected finding (Blanc et al. 2000; Paterson
et al. 2000; Vision et al. 2000). However, this fact might
help to explain the evolution and phylogeny of a mul-
tigene family for which the AtMRPs serve as a role
model. Our results have shown, that the genes belonging
to clade I seem to have evolved from a single locus (see
above). The genesis of these genes also reflects the gen-
eral processes leading to the formation of the whole gene
family. In the beginning of the evolution of these At-
MRPI/2/11]12 genes, one ancestral gene underwent
tandem duplication that resulted in AtMRPI and 2.
During the polyploidisation of the ancestral Arabidopsis
genome the copy of AtMRPI2 must have disappeared
which left AtMRP2 alone. In the same time range an-
other tandem duplication took place at the first locus
leading to the formation of AtMRPII.

Although the scenario described above still leaves
open questions about the succession of some of its steps,
it is the most likely process according to the available
data. Also the development of the remaining members of
the AtMRP gene family showed striking parallels to it:
only in one additional case has the polyploidisation led
to the duplication of the M RP gene (see Fig. 8). In all
other cases the M RP genes are missing from the dupli-
cated loci. The homology among AtMRP3, 6 and 7 is
another indication of stepwise tandem duplication as
described above. Unfortunately the orthologous locus
does not harbour any MRP genes at all, so a direct
comparison between the development of the AtMRPI-
and AtMRP3-bearing loci and their duplicated regions is
not possible.

Functions of AtMRP genes

The classification of different groups within the AtMRPs
is not only interesting from the evolutionary point of
view, but might also have implications for their func-
tional characterisation. Although each AtMRP that has
been cloned and heterologously expressed in yeast shows
at least a weak glutathione-conjugate transport activity
and at least two AtMRPs transport glucuronide conju-
gates (Liu et al. 2001; Gaedeke et al. 2001), information
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about their functions in planta is still scarce. Mutant
analysis indicates that additional roles can be found for
MRPs in plants. A T-DNA knock-out mutant of At-
MRP5 (atmrp5-1) exhibits a clear phenotype, resulting
in reduced root growth and development of lateral roots,
changes in auxin distribution along the root as well as
changes in stomatal opening (Gaedeke et al. 2001).

A more subtle phenotypic analysis of other AtMRP
mutants might result in more obvious phenotypic dif-
ferences. However, one should keep in mind that the
lack of phenotypic alteration in particular mutants
might be masked by closely related isoforms sharing
identical functions. The number of tandem duplications
and the difference in numbers of MRPI homologs be-
tween Arabidopsis and rice indicate a redundant set of
particular members of this gene family in Arabidopsis.
This raises the question about the proper functional
analysis of these genes in Arabidopsis. Insertion muta-
genesis will provide clear indications about the role of
single genes in this model plant, but it will probably not
lead to the functional analysis of genes duplicated in
tandem. To solve this problem reverse genetic screens of
physically mutagenised lines might be the appropriate
way (Li et al. 2001).

Expression analysis of the MRP gene family showed
that the expression of three M RP genes was induced upon
SA treatment. Although we can now distinguish these
genes from the other 11 MRP genes by their response
towards a simple stimulus, the basis for this could not be
traced to either of the known cis-elements found by dat-
abase analysis. Previous work demonstrated that various,
isolated single cis-acting elements are able to trigger gene
expression specifically after stimulation by biotic and
abiotic stresses (Rushton et al. 2002). Recent identifica-
tion of potato genes induced during colonisation by
Phytophthora infestans detected induced transcripts of
one WRKY transcription factor, as well as one MRP-type
ABC transporter (Beyer et al. 2001) that shares 60%
identity to AtMRP3. Furthermore, earlier expression
studies for A1M RP1 to 4 using treatments with herbicides,
xenobiotics and compounds inducing oxidative stress also
showed a differential induction of AtMRP genes (Tom-
masini et al. 1997; Sanchez-Fernandez et al. 1998). These
findings also support our experimental approach. Taken
together, database analysis of cis elements in promoter
regions is helpful as a targeted approach to propose pos-
sible treatments that might affect the expression patterns
of not only genes of the MRP family. This approach
should be understood as a powerful strategy to gather
necessary information on the gene expression and func-
tional analysis of members of a gene family.
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