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Abstract. The mdrl gene, first member of the human 
multidrug-resistance gene family, is a major gene in- 
volved in cellular resistance to several drugs used in 
anticancer chemotherapy. Its product, the drug-excreting 
P-glycoprotein, shows a bipartite structure formed by 
two similar adjacent halves. According to one hypothe- 
sis, the fusion of two related ancestral genes during evo- 
lution could have resulted in this structure. The DNA 
sequence analysis of the introns located in the region 
connecting the two halves of the human mdrl gene re- 
vealed a highly conserved poly(CA), poly (TG) se- 
quence in intron 15 and repeated sequences of the Alu 
family in introns 14 and 17. These repeated sequences 
most likely represent "molecular fossils" of ancient 
DNA elements which were involved in such a recombi- 
nation event. 

Key words: Gene evolution - -  Gene fusion - -  Mul- 
tidrug resistance - -  Human mdrl gene - -  P-glycoprotein 
- -  Intron - -  DNA sequence - -  Alu repeat  - -  
poly(CA) • poly(TG) microsatellite - -  Conservation 

Introduction 

The multiple-drug-resistance (MDR) phenotype, charac- 
terized as a cellular resistance to several, even unrelated 
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cytotoxic substances simultaneously, is frequently asso- 
ciated with the failure of anticancer chemotherapy. The 
mdrl gene is a major gene involved in this phenomenon 
and encodes the 170-kd membrane P-glycoprotein (Pgp) 
(Ueda et al. 1987). The Pgp sequence of 1,280 amino 
acids is organized in a bipartite structure of two similar 
adjacent halves, each encompassing a hydrophobic re- 
gion with six predicted transmembrane domains and a 
hydrophilic region with a nucleotide-binding domain 
(Chen et al. 1986). Because of the similarity shared with 
bacterial transport proteins, the Pgp is believed to be 
involved as a drug-efflux pump in an active transmem- 
brane transport driven by the hydrolysis of adenosine 
triphosphate (ATP) at the nucleotide-binding sites (Chen 
et al. 1986). The natural physiological role of the Pgp 
could therefore consist of a cellular detoxification mech- 
anism excreting different toxins with a broad substrate 
specificity. Under the selective pressure of cytotoxic 
drugs, the MDR phenotype often appears in surviving 
cells after Pgp overproduction, resulting from either 
mdrl gene amplification or activation (reviewed in 
Gottesman and Pastan 1993). The mdrl gene represents 
the first of two homologous members in the human mdr 
gene family localized on chromosome 7q21.1 (Callen et 
al. 1987). Both members could have originated from one 
common precursor gene by duplication (Chen et al. 
1990). Similar mdr gene families with three members 
were found in mouse, hamster, and rat (reviewed in 
Gottesman and Pastan 1993). It is tempting to believe 
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Fig. 1. Structural organization in the connecting region of the human 
mdrj gene. Exons and introns are represented by full black boxes and 
lines, respectively. Exon sizes were taken from Chert et al. (1990). 
Arrows indicate the location and orientation of the Alu repeated se- 
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quences. The location of the poly(CA) • poly(TG) sequence is repre- 
sented by a vertical white bar and that of  the homopyr im-  
idine, homopurine sequence (Pyr. Pur) by a hatched box. The scheme 
is drawn to scale as indicated below. 

that all mdr families derived from the precursor gene at 
the beginning of mammal appearance. 

Since most intron locations in the two halves of the 
human mdrl gene are different, a hypothetical evolution- 
ary mechanism has been proposed in which the bipartite 
structure of the precursor Pgp gene arose from the fusion 
of two related but independent genes rather than from the 
duplication of a single gene (Chen et al. 1990). In order 
to identify specific DNA sequences as potential "molec- 
ular fossils" accounting for an ancient gene fusion event, 
we analyzed the introns located in the region connecting 
the two similar halves of the human mdrl gene. 

Materials  and Methods  

Gene Source and Cloning. A human (Homo sapiens sapiens, Caucasian 
race, male adult) leucocyte genomic DNA library was screened by 
hybridization with human mdrl cDNA fragment 5A (Ueda et al. 1987) 
as a probe to isolate a positive phage )~ Charon40 clone with a human 
Sau3AI-BamHI insert of about 17 kb. This insert was digested by 
restriction endonuclease XbaI (Life Technologies, Gaithersburg, MD, 
USA) and the resulting fragments were subcloned into plasmid vector 
pUC19 (Pharmacia, Milwaukee, WI, USA) for sequencing. DNA ex- 
traction and gene cloning were as described for standard methods 
(Sambrook et al. 1989). 

DNA Sequencing and Sequence Analysis. DNA sequencing was 
performed using the dideoxynucleotide method (Sanger et al. 1977) on 
double-stranded DNA templates with T7 DNA polymerase (Pharma- 
cia) and synthetic primers. DNA sequence data were analyzed by the 
Hibio DNAsis software (Hitachi, Yokohama, Japan). 

Length  Po lymorph i sm  Analys is .  In  the  c a s e  o f  t he  
poly(CA), poly(TG) sequence in intron 15 of human mdrl gene, a 
310-bp region covering this sequence was amplified by the polymerase 
chain reaction (PCR) performed in 25 gl on 100 ng of genomic DNA 
(or 50 pg of plasmid DNA) using 0.75 units of native Taq DNA 
polymerase (Perkin Elmer, Roche Molecular Systems, Branchburg, 
NJ, USA)  wi th  12.5 pmo l  s ense  ( C A - s t r a n d )  p r ime r  5 ' -  
AGTCAAAACACCCACAAAAAAT-3'  and 12.5 pmol antisense (TG- 
strand) primer 5'-CAACTTCATTTCCTGCTGTCTA-3", 5 ~tCi c~-32P 
dATP (800 Ci/mmol) in 200 gM each of dATP, dCTP, dGTP, and 
dTTP, 10 mM Tris-HC1 pH 8.3, 50 mM KC1, and 1.5 mM MgC12. The 
initial denaturation was performed for 5 rain at 95°C; the amplification 
encompassed 30 cycles of 1 min at 95°C, 2 min at 59°C, and 3 min at 
72°C and was followed by a final extension step of 10 min at 72°C. 
PCR products were then cleaved by staggered-cutting PstI endonu- 
clease (Life Technologies) and electrophoresed on a 4% denaturing 
polyacrylamide gel to separate the sense (CA) and antisense (TG) 
strands. The strand fragments were then visualized by autoradiography 

and the fragment size determined by comparison to a phage M13 se- 
quencing ladder run in parallel as a size standard. Direct sequencing of 
the PCR products was performed by the Sanger method as described 
above, after electroeluting the samples out of the gel. 

Results 

We analyzed the DNA nucleotide sequences of introns 
14, 15, 16, and 17 in the region connecting the two 
similar halves of the human mdrl gene. In intron 14 
(total size: 3,316 bp, EMBL Data Library Accession 
Number: X78081), we previously identified a homo- 
pyrimidine • homopurine sequence (Pyr. Pur) (total size: 
410 bp, nucleotide position (starting at the 5"-end of the 
intron with +1): 935-1344), followed by a cluster of 
inverted Alu repeated sequences: Alu 1 (total size: 269 
bp, position: 1345-1479 and 1767-1900), interrupted by 
the insertion of Alu 2 (total size: 287 bp, position: 1480- 
1766), and Alu 3 (total size: 278 bp, position: 2757- 
3034) (Pauly et al. 1995; Fig. 1). 

Intron 15 (total size: 863 bp, EMBL Data Library 
Accession Number: X69317), representing the "hinge" 
between the two halves of the gene, harbors an almost 
homogenous tandemly repeated sequence of the dinucle- 
otide d(CA. TG) (total size: 32 bp, position 687-718) 
(Figs. 1, 2). While most of such DNA sequences, also 
known as microsatellites, exhibit a high degree of length 
polymorphism consisting in a variable number of tandem 
repeats (VNTR) from one individual to another in one 
species (Weber and May 1989), we showed that the 
poly(CA)-poly(TG) in intron 15 of the human mdrl 
gene is very stable in length and has thus been well 
conserved during evolution: length polymorphism anal- 
ysis performed on 110 unrelated Caucasian individuals 
only revealed two cases of a heterozygous deletion of 5 
dinucleotides at the 3'-end of the repeated sequence (po- 
sition 709-718), as confirmed by direct sequencing (Ge- 
nome Data Base identification number: 42187, Fig. 3). 
The high length stability in the case of this imperfect 
dinucleotide repeated sequence is consistent with the ex- 
istence of a correlation between the level of length poly- 
morphism and the structural heterogeneity of a short tan- 
demly repeated sequence: the interspecific comparison 
of the polymorphism and the sequence of evolutionarily 
conserved microsatellites between several mammalian 
species revealed a decrease in the number of allele sizes 
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Fig. 2. Structural organization and DNA nucleotide sequence of the 
coding strand in the poly(CA) • poly(TG) sequence region in intron 15 
of the human mdrl gene. The poly(CA), poly(TG) sequence is under- 
lined with a double broken line, the hybridization sites of the PCR 
primers used in length polymorphism analysis with single broken lines, 
the PstI restriction site with stars, and the cleavage position of the PstI 
endonuclease is indicated by a vertical arrow. The nucleotide position 
is shown at the left-hand margin and starts with +1 at the Y-end of 
intron 15. Number 1888 refers to the eDNA residue position and cor- 
responds to the start of exon 16 (Chen et al. 1990). 

at these chromosomal  loci l inked to interrupt ions in their 
repeated sequence (P6pin et al. 1995). Point  mutat ions,  

as well  as short insert ions and deletions in the microsat-  
ellite sequence,  could possibly  prevent  a replicat ion slip- 

page recognized as the p redominan t  molecular  mecha-  
n i sm generat ing new allele sizes at microsatel l i te  loci not  

only  in vitro, but  also in v ivo  (P6pin et al. 1995). 
In  in t ron 16 (total size: 547 bp, E M B L  Data Library 

access ion number :  X69318) ,  there was no par t icular  

D N A  sequence,  except one pa l indromic  sequence 5'-  
(T)8(A)8-3" (total size: 20 bp, posi t ion 325-344) .  

However ,  in the 5 '  part of  intron 17 (EMBL Data 

Library accession number :  X83289),  we discovered an-  
other A l u  repeated sequence,  which we named  A l u  4 

(total size: 255 bp, posi t ion 841-1095,  Figs. 1, 4). A l u  4 

shows a high degree of  similari ty (78%) to the A l u  con- 
sensus  sequence  descr ibed  e l sewhere  (Br i t ten  et al. 
1988). The structure exhibits the organizat ion of  a typical  
A l u  element,  the latter encompass ing  a head-to-tail  tan- 
dem dimer  of  about  300 bp f lanked by two direct re- 

peated sequences (Zuckerkandl  et al. 1989, Fig. 4). How-  
ever, the usual  3 ' - te rminal  po lyadenine  tail f requent ly  
observed in the case of  classic Alu  repeated sequences 
and which could be expected, in this case of  inverted 
orientat ion,  as a po ly thymine  sequence at the Y-end,  has 
been  deleted and/or merged into the T-r ich direct repeats. 

D i s c u s s i o n  

The gene fus ion hypothesis  suggests that the m d r  pre- 
cursor gene originated f rom the fus ion of two related, but  
independent  ancestral  genes dur ing evolut ion (Chen et al. 
1990; and Introduction).  This  recombina t ion  event  could 
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Fig. 3. Length polymorphism analysis of the poly(CA) • poly(TG) 
sequence in intron 15 of the human mdrl gene. a Size determination of 
PCR products by denaturing gel electrophoresis. PCR products were 
cleaved and analyzed according to Materials and Methods. Lanes 1-7: 
Unrelated Caucasian individuals homozygous for the most frequent 
allele Z (genotype (Z, Z), tandem repeat number: 16, PCR product size: 
310 bp). Lane 8: Caucasian individual heterozygous for the 709/718 
deletion (genotype (Z, Z-10), tandem repeat numbers: 16, 11 (deleted), 
PCR product sizes: 310, 300 bp (dl.)). Lane 9: Negative control with 
water. Lane 10: Positive control with a recombinant pUC19 plasmid 
harboring intron 15 of the human mdrl gene. The fragment size (bp) is 
indicated at the right-hand margin. The PstI-fragments covering the 
poly(CA) • poly(TG) region have a size of 184, 174 bp (dl.) for the 
sense (CA) strand and of 180, 170 bp (dl.) for the antisense (TG) strand, 
respectively, b Nucleotide sequence determination of PCR products by 
direct dideoxynucleotide sequencing. PCR products were purified and 
sequenced according to Materials and Methods. WT: PCR product 
corresponding to allele Z with a "wild type" sequence. DL: PCR 
product corresponding to allele Z-10 with the 709/718 deleted se- 
quence. The nucleotide sequence from position 687 to 724 (cf. Fig. 2), 
as determined in each case, is represented in a vertical orientation in 
the center. The accurate position of the 709/718 deletion is indicated by 
full lines. 

have occurred in a c o m m o n  ancestor  of  the modern  
mammals .  The repeti t ive D N A  sequences,  name ly  the 
poly(CA) • poly(TG) sequence in intron 15 and the A l u  

repeated sequences in introns 14 and 17 of  the region 



821 AGAATTGTTRTTATTTTTTGRGTCTCGCTCACTCTCGCCCAGGCTAGAGT 
>>,>>>>>>>> 

871 GCAGTGGTGCGAACTCGGCTCACTGCAGCCTCTGCCTCCTGGGTTCAAGC 

921 GATTCTCCTGCCTCAGCCTCCTGTGTAGCTGGGATTATAGGCCTGCACCA 

971 CCATGCCTGGCT~ATTTTTGTATTTTTAGTAGAGATAGGACTTCACCATG 

1021 TTGGCCAGGGTGGTCTTGAACTCCTAACCTCAAGTGATCCACCTACTQGC 

1071 ATGAGCTGCCATGCTGGCCTCTAGAATTATTTTTTGTGT CTGCTCTGTGC 
>>>>>>>>>>> 

Fig. 4. Structural organization and DNA nncleotide sequence of the 
coding strand of AIu4 in intron 17 of the human mdrl gene. The AIu 
repeated sequence named Alu4 is flanked by direct repeated sequences 
indicated by arrowheads. The head-to-tail tandem-arranged monomers 
of the Alu element are separated by a T-rich spacer sequence which is 
underlined by a broken line. The nucleotide position is shown at the 
left-hand margin and starts with +1 at the 5'-end of intron 17. 

connecting the two similar halves of the human mdrl 
gene, most likely represent "molecular fossils" of an- 
cient DNA elements which could have been actively in- 
volved in the underlying mechanism. 

A DNA looping or wrapping event pairing the chro- 
mosomal regions containing the related ancestral genes 
most probably represented the first main step in this re- 
combination process. Repetitive DNA sequences of the 
alternating pyrimidine-purine (CA. TG) n motif with a 
number n of tandem repeats up to 30 have been demon- 
strated to spontaneously and stably associate with each 
other into four-stranded DNA complexes (Gaillard and 
Strauss 1994). They are dispersed throughout the whole 
mammalian genome with an estimated copy number of 
about 105 and frequency of once every 30-60 kb (Weber 
and May 1989). In addition, DNA strands of different 
Alu repeated elements can temporarily hybridize to an- 
other on the basis of their sequence similarity, and in this 
way, even distant genomic regions can be brought into 
close vicinity. Alu repeated sequences are even more 
frequent than poly(CA), poly(TG) sequences, with an 
estimated copy number of at least 4.5 x 105 per genome 
(Zuckerkandl et al. 1989), giving a minimal frequency of 
once every 6-7 kb. The number of these repeated se- 
quences is thus high enough to allow an association at 
any genomic location between large regions containing 
at least one entire average-s ized gene. Both the 
poly(CA) • poly(TG) sequence located in intron 15 and 
the Alu repeated sequences in introns 14 and 17 could 
thus have induced or at least facilitated DNA pairing. 

Genetic exchange between the paired DNA strands 
logically constituted the second main step in recombina- 
tion. Poly(CA). poly(TG) sequences were shown to 
adopt a left-handed Z-DNA conformation in the appro- 
priate conditions in vivo (Lancillotti et al. 1987), to in- 
teract with eucaryotic recombination enzymes (Fishel et 
al. 1988; Gaillard and Strauss 1994), and to enhance 
reciprocal exchange between similarly structured DNA 
strands at crossing-over points within their vicinity dur- 
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ing gene conversion events (Bullock et al. 1986; Treco 
and Arnheim 1986; Wahls et al. 1990). Maximum stim- 
ulat ion of r ecombina t ion  was observed  when a 
poly(CA) - poly(TG) sequence was present in both of the 
paired DNA molecules, but the presence of a single se- 
quence of this type, like in the case of intron 15 of the 
human mdrl gene, is enough to account for a recombi- 
nation event. This was shown in experiments with DNA 
substrates where only one contained a (CA)3o sequence 
and preferentially acted as the recipient of a DNA frag- 
ment (Wahls et al. 1990). The ancestor of the evolution- 
arily highly conserved poly(CA) • poly(TG) sequence lo- 
cated in intron 15, representing the "hinge" between the 
two parts of the human mdrl gene, appears as the only 
potential DNA sequence exhibiting the appropriate prop- 
erties to have likewise promoted a gene fusion event 
connecting two similar, but independent genes into the 
precursor Pgp gene. 

Furthermore, DNA sequences of the homopyrim- 
idine- homopurine (Pyr-Pur  or Y .  R) type have been 
shown to be able to adopt a nonconventional spatial 
structure different from the classic B-helix as defined by 
Watson and Crick and are therefore supposed to disable 
the normal chromatin organization in the region where 
they are located (Liu and Chan 1990). Such genomic 
regions are likely to be free of histones and readily ac- 
cessible to enzymes involved in retroposition and recom- 
bination processes, favoring not only the generation of 
retroposon clusters like those found in the human nu- 
cleophosmin (B23) gene (Liu and Chan 1990) and in the 
human mdrl gene (Pauly et al. 1995), but also the ap- 
pearance of preferential recombination sites. The pres- 
ence of a homopyrimidine • homopurine sequence, such 
as the one we identified in intron 14 of the human mdrl 
gene (Pauly et al. 1995), therefore is yet another argu- 
ment in favor of the gene fusion hypothesis. 
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