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Abstract. A bovine BAC clone containing a processed lam-
inin receptor pseudogene (LAMRI1P) has been isolated and
characterized. A 2,901-bp sequence was produced from the
clone, of which 1,187 bp represented seven identifiable exon-
like domains, but no intervening sequences. The pseudogene
sequence reveals several transversions and transitions, as well
as insertions and deletions. A premature stop codon motif is
present at nucleotide position 115 located in the exon-2-like
domain. Physical mapping of the gene was performed by
FISH and RH panel mapping and assigned LAMRIP to

BTA4q24— 26 with the closest linkage to BM6458 (19 cR,
LOD score of 11.6). The functional laminin receptor putatively
plays an important role in the transmission of bovine spongi-
form encephalopathy (BSE). In this process, the receptor sup-
posedly acts as the binding site for prion proteins to enter mam-
malian cells. Considering the existence of several human lami-
nin receptor pseudogenes forming a complex family, any
knowledge of even pseudogene sequences might be helpful to
isolate the functional bovine laminin receptor gene.
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The 67-kDa laminin receptor (67 kDa LR) is a non-integrin
cell surface receptor that mediates high-affinity interactions
between mammalian cells and laminin, a glycoprotein of the
extra-cellular matrix. After isolation and characterization of a
c¢DNA clone representing the 67 kDa LR it became evident that
the corresponding mRNA only contains a coding potential for a
32-kDa polypeptide. The translated protein finally turned out
to possess a molecular mass of 37 kDa (Yow et al., 1988; Rao et
al., 1989). The protein was called 37-kDa laminin receptor pre-
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cursor (37 kDa LRP) assuming that the mature 67 kDa LR is
assembled either by homodimerization of two 37 kDa LRP
molecules or by heterodimerization of one 37 kDa LRP and a
second so far unknown protein (Castronovo et al., 1991; Buto et
al., 1998).

In humans, LR/LRP is involved in tumor progression and
also acts as the major receptor for Sindbis (Wang et al., 1992)
and tick-borne encephalitis virus (Protopopova et al., 1997).
Recently yeast two-hybrid screening identified the 37 kDa LRP
also as the putative receptor for the prion protein (PrPsc) (Rie-
ger et al., 1997), the causative agent of transmissible spongi-
form encephalopathy (TSE) (Prusiner, 1982). Cell binding and
internalization studies on neuronal and non-neuronal cells con-
firm the hypothesis that the 37 kDa LRP acts as the binding site
enabling PrPc/PrPsc to invade mammalian cells. Moreover,
although oral intake of PrPsc-contaminated fodder has been
highlighted as the route of infection with bovine spongiform
encephalopathy (BSE), still little is known about how the exoge-
nous infectious agent enters the intestinal mucosa. The mecha-
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<exon 1 exon 1> <exon 2
bos e oo oo CGT 3
homo TGCCTGTCTTTTCCGTGCTACCTGCAGAGGGGTCCATACGGCGTTGTTCTGG ATTCCCGT 60
LAMRIP ~  mmmmmmmmmmmmmmm e TTGTTCTGG GCTCCTGT 17
* %
bos CCTAACTTA AAGGGAAGCTTTCACAATGTCCGGAGCCCTTGATGTCCTGCAAATGAAGGA 63
homo CGTAACTTA AAGGGAAACTTTCACAATGTCCGGAGCCCTTGATGTCCTGCAAATGAAGGA 120
LAMR1P CATGATTTA A-GGGAAGCTCTCACAATGTCCAGAGCTCTTGGTGTCCAGCGAATGAAGGA 76
* ok ok kkk Kk kkkkk kk kkkhkkkhkhkkkk kkkk kohkkk kkkkk kk kkkokkkokkk
bos GGAGGATGTCCTCAAATTCCTTGCAGCAGGAACCCACTTAGGTGGCACCAACCTTGACTT 123
homo GGAGGATGTCCTTAAGTTCCTTGCAGCAGGAACCCACTTAGGTGGCACCAATCTTGACTT 180
LAMR1P AGGGGATGTCCTCAAGTTCCTTACAGTGGGAATACTCTGAGCTGGCATGGATCTTGACTT 136
Kk kkkkkkkkk Kk Kkkkkk kkk  kkkk Kk Kkk kk Kkkkkk * K kk KKKk KK
exon 2> <exon 3
bos CCAAATGGAACAGTACATCTACAAAAGGAAAAGTGATG GCATCT-ACATCATAAATCTCA 182
homo CCAGATGGAACAGTACATCTATAAAAGGAAAAGTGATG GCATCT-ATATCATAAATCTCA 239
LAMR1P CCATATGGAACACTACATCTACAAAAGGAAAAGTGATA ATGTCTTACATCATAAATCTGA 196
Kkk KKK KKAKK Kkkkkkhk Kk khkkhkkhkkkkk Kkk Kk kkkkkkkkkkk K
bos AGAGGACGTGGGAGAAGCTTCTGTTGGCCGCTCGGGCCATTGTCGCCATTGAAAACCCGG 242
homo AGAGGACCTGGGAGAAGCTTCTGCTGGCAGCTCGTGCAATTGTTGCCATTGAAAACCCTG 299
LAMR1P AGAAAATCTGAGGGAAGCTTCTGCTAGAAGCTTATGCCATTGTTCGCAGGAAAAACCTGA 256
* ok k * *k ok kkkkkkkkkk k% * ok k *k kkkkk * % % % ok k ok ok
exon 3> <exon 4
bos CTGATGTCAGTGTCATATCCTCCAGGAATACTGGCCAG CGAGCTGTGCTGAAGTTTGCTG 302
homo CTGATGTCAGTGTTATATCCTCCAGGAATACTGGCCAG AGGGCTGTGCTGAAGTTTGCTG 359
LAMR1P CTGATGTCAGTGTCATTTCCTCCAGGAATACTGACCAG AGAGTTGGGCTGATGTTTGCTG 316
khkhkhkhkhkhkhkhkhdhhd *k *hkhkkhkhhdkdkhhkhhkhkhhk *hkkx * ok kk kkkokk kkkkkkkk
bos CTGCCACTGGAGCCACTCCTATCGCTGGCCGCTTCACTCCGGGAAACTTCACTAACCAGA 362
homo CTGCCACTGGAGCCACTCCAATTGCTGGCCGCTTCACTCCTGGAACCTTCACTAACCAGA 419
LAMR1P CTGCCACTAGAGCTACTCATATTGCTGGCTGTTTCACTTCTGGAACCTTCACTCACCAGA 376
Ik kkkkkk kkkk Kkkk Kk Kkkkkk X Kkkkkk X Kkkk Kkkkkkx Kk kkkk
bos TCCAGGCCGCATTCAGGGAGCCA- - - - —=-=-=---- AGGCTTCTGGTGGTCACCGAT 406
homo TCCAGGCAGCCTTCCGGGAGCCA-— -~ == === ==~~~ ~~ CGGCTTCTTGTGGTTACTGAC 463
LAMR1P TCCAGACAGCCTTCTGGGAACTGCTAGCCTTCTGAGAACAGCCTTCAGGAGGTTACTGAT 436
KkkKkk K Kk kkk Kkkk Kk X kkkk ok kKK Kk k%
bos CCCAGGGCTGACCACCAGCCCCTCACGGAAGCCTCTTACGTGAACCTGCCAACCATTGCC 466
homo CCCAGGGCTGACCACCAGCCTCTCACGGAGGCATCTTATGTTAACCTACCTACCATTGCG 523
LAMR1P CCCATTA--GACCACCAGCCTCTCACAGGGATGTCTTATGCTAACCTGTCCACC-TTGCT 493
*ok ok K Kk kkkkkkk Kk Kkkkk * Kkkkkk K kkkkk Kk kkk kkkk
Fig. 1. Alignment of the 37 kDa LR/LRP oxon 4
mRNA, the human 37 kDa LR/LRP mRNA and
thebovine[J\thJI’sequenceﬁfheputaﬁvestan bos CTGTGCAACACGGACTCTCCTCTGCGCTACGTGGACATTGCCATCCCGTGCAACAACAAG 526
codon, the premature stop codon, the duplication ~ homo CTGTGTAACACAGATTCTCCTCTGCGCTATGTGGACATTGCCATCCCATGCAACAACAAG 583
AGCCTTC, and the 3’ poly A tail are bold and  LAMR1P CTGTGTAACAGAGACTCTCTTCTGGACTTTGTGGACATTGCCATCCTAGGCAGCAACAAG 553

underlined in the LAMR P sequence.

kkkkk Khkkk *k kkkk Khkkk * % Khkkkhkkkkkkkkkkk* *kk kkkkKk kK

nism involved in transmission and the contact between PrPsc
and the central nervous system, the major site of TSE/BSE
pathology are also still unknown. The 37 kDa LRP is suspected
to play an important role in all these processes.

The genomic sequence of bovine LR/LRP is so far un-
known, while the human LR/LRP gene is characterized and
consists of 8,171 bp organized in 7 exons and 6 introns (Jackers
et al., 1996; GenBank Acc. No. HSU43901). Grosso et al.
(1991) earlier published a sequence representing the bovine 37
kDa LR/LRP mRNA (GenBank Acc. No. NM_174379). Fur-
ther mammalian LR/LRP sequences are described for Mus
musculus and Rattus norvegicus (Strausberg et al., 2002; Gen-
Bank Acc. Nos. BC055886 and BC060578). Comparisons of
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the mammalian LR/LRP sequences reveal a high level of con-
servation between species (Rao et al., 1989).

Here we report the characterization and chromosomal as-
signment of a bovine LR/LRP pseudogene.

Materials and methods

BAC library screening and sequencing of a BAC clone

Initially — with the intention to isolate the bovine functional 37-kDa LRP
gene — a genomic BAC Library (Bov Bac II, No. 754; Buitkamp et al., 2000)
was screened by PCR. To do so, primers (LAMEx4-1: 5-GCTGTGCTGA-
AGTTTGCTGCT-3" and LAMEx4-2: 5-CATGGGATGGCAATGTCC-
ACA-3’) were designed based on human genomic 37 kDa LRP sequence



<exon 5

bos GGAGCGCACTCAGTGGGTCTGATGTGGTGGATGCTCGCCCGGGAAGTCCTGCGCATGCGT 586
homo GGAGCTCACTCAGTGGGTTTAATGTGGTGGATGCTGGCTCGGGAAGTTCTGCGCATGCGT 643
LAMR1P GGAACTCACTCAGTGGATCTGA-GTGGTGGATGCTAGCTCAGGAGGCTCTGCACATGTGT 612
Kkhkk Kk kkhkkkkkkkkk *k Kk Kk khkkkhkkkhkkkkk *k *x K*hkk * *hkkk Khkkk kK
bos GGCACCATCTCC =----==--- - - mmm oo oo oo oo oo mmmmm———— - - 598
homo GGCACCATTTCC ------ - - - o - s oo oo oo oo oo oo oo oo oo 655
LAMR1P GGTACCATTTCC ATGGTAGTAACACGACTGAGCGACTTCACTTTGACTTTTCACTTTCAT 672
Kk kkkkk Kkkk
bos = 0000 s - CGAGAGCACCC----- GTG 612
homto = - CGTGAACACCC----- ATG 669
LAMR1P GCATTGGAGAAGGAAATGGCAACCCACTCCAGTATTCTTGCCTGGAGAATCCCAGGGATG 732
* * % * Kk k * *
bos GGAGGTCATGCCGGACCTCTACTTCTA------ CAGAGA--------=-=-=-=---------- 645
homo GGAGGTCATGCCTGATCTGTACTTCTA------ CAGAGA--------~~-—=~-=--——— -~ 702
LAMR1P GGGGAGCCTGGTGGGCTGCTGTCTATGGGGTCGCAGAGAGTCAGACACGACTGAAAGTGA 792
*k Kk * kK * * * Kk * ok ok ok ok k
exon 5> <exon 6
bos 0 e e TCCTGAGGAG ATTGAAAA 663
homo = —---memm e TCCTGAAGAG ATTGARAA 720
LAMR1P CTTAGCTGTAGCAGCAGCAACATCATAGGAGGT CACACCTCATCCTGAAGAG ATTGCAAA 852
*hkkkkk khkkk K*kk kkk
bos GGAAGAGCAGGCAGCAGCTGAGAAGGCTG- -TGACCAAGGAGGAGTT - - TCAGGGTGAAT 719
homo AGAAGAGCAGGCTGCTGCTGAGAAGGCAG- -TGACCAAGGAGGAATT- -TCAGGGTGAAT 776
LAMR1P GCAA-AATGAGCCATTGCTGAAAAGGCAGAGTGACCAAGTAGGAACTGTTCGGCGTTAAT 911
**k Kk * % *hkkkk kkkkk * Khkkkkkkk Kkhkkk * *k k kk kkk
bos GGACTGCTCCAGCTCCAGAGTTCACGGCTGCTCAGCCTGAGGTGGCAGACTGGTCTGAAG 779
homo GGACTGCTCCCGCTCCTGAGTTCACTGCTACTCAGCCTGAGGTTGCAGACTGGTCTGAAG 836
LAMR1P AGGCTGGTCTAGTACCTGAGTTAACTGCTATTCAAT - TGAGATCACAGAGGTATCTAGAG 970
* kkk kx * *k Kkkkkk *k kkk * Kk k. *kkk Kk * ok ok k * ok Kk * *
exon 6> <exon7
bos GCGTGCAGGTGCCTTCCGTGCCCATTCAGCAGTTCCCCACTG AAGACTGGAGTGCTCAGC 839
homo GTGTACAGGTGCCCTCTGTGCCTATTCAGCAATTCCCTACTG AAGACTGGAGCGCTCAGC 896
LAMR1P - -GTTCAGGTGTTCTGGG-GCCGGTTCAGCAGT - CCCTATGG CAGGCGGAGGTGCTCAGC 1026
*k  kkkkkk * *  kk ok *hkkkkkkx *x Khkk * * * Kk *k Kx * kkkkkkk
bos CTTCCACTGAAGACTGGTCTGCAGCCCCCACCGCCCAGGCCACGGAATGGGTAGG AACCA 899
homo CTGCCACGGAAGACTGGTCTGCAGCTCCCACTGCTCAGGCCACTGAATGGGTAGG AGCAA 956
LAMR1P CCATCACTGAAGACTGGTCTGCAACCCATACTGCTCAGGTCACTAAATGGATAGG TACAA 1086
* *kkk Khhkkkkkkhkkdkhkkhkkk * *x *k kk Kkkkk Kkk *khkkkk kkkk * ok
bos CCACCGAGTGGTCGTAAGCTCTTCTTCCAGAC- - -AACTTGCAGAACTTCCACAAACTTC 956
homo CCACTGACTGGTCTTAAGCTGTTCT-------------~- TGCATAGGCTC-------- TT 994
LAMR1P GC-CTGAGTAGCCTGAAGTGGTTCATTCAGACTTTAAAATAGAAAATATAAAATAGAAAT 1145
* k* *xk * *x K * k% * k% * * Kk *
exon 7>
bos CACCRAAATGGAAATTTGGTTGATGGAAAATAAACT---GTTTCT 998
homo AAGCAGCATGGAAAAATGGTTGATGGAAAATAAACATCAGTTTCT 1039
LAMR1P AAGTGTGAGAGAAAG-TGTTTCTTTAAAAAAAAAAAAGAATTC-- 1187

* * * % Kk k *k kK * *xkkok kkx * %

(Jackers et al., 1996; GenBank Acc. No. HSU43901). A probe of 230 bp
length was amplified with the primers. PCR was performed in a total volume
of 25 ul using 20 to 100 ng genomic DNA and 0.5 U Taq polymerase (Qiagen,
Hilden, Germany). The selected region on the DNA was amplified by 34
cycles of PCR at 92°C for 30 s, 56°C for 30 s and 72°C for 45 s. PCR was
completed with a final elongation at 72 °C for 5 min. PCR screening of the
BAC library led to isolation of clone TUM_B754F13110Q2, which was
digested with several restriction enzymes. Restricted fragments were electro-
phoretically separated on a 0.8 % agarose gel and blotted onto a Hybond-N
membrane (Amersham Biosciences, Freiburg, Germany). Blots were hybrid-
ized overnight at 42°C with the non-radioactively labelled 230-bp probe
(ECL Labelling Kit; Amersham Biosciences). Restriction fragments match-
ing the audiogram pattern were excised from the gel and subcloned into the

polylinker of the pGEM-4Z vector (Stratagene, Heidelberg, Germany) ac-
cording to standard protocols (Ausubel et al., 1995). Sequencing of the clones
was done with M 13-universal (5 GTAAAACGACGGCCAGT?3’) and M13-
reverse (5GGAAACAGCTATGACCATG3) oligonucleotides as sequenc-
ing primers using an ABI Prism 3100 Genetic Analyser (Applied Biosystems,
Weiterstadt, Germany). Sequences were trimmed to generate overlapping
contigs using the software Sequencer 4.1 (Gene Codes, Ann Arbor, Mich.,
USA). Primer walking was used to close remaining sequence gaps and to
ensure complete sequence for both strands. Sequence data were then sub-
jected to BLAST analysis (Altschul et al., 1997) and processed using program
ClustalW at EMBL (http://www.embl.de/). The nucleotide sequence re-
ported in this paper has been deposited with the GenBank Nucleotide
Sequence Database under accession number AY462060.
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Fluorescence in situ hybridization (FISH)

FISH was performed as described previously by Toldo et al. (1993) and
Solinas-Toldo et al. (1995) using bovine metaphase spreads (prepared from
peripheral lymphocytes) obtained from a normal, healthy bull. Prior to
FISH, the QFQ-banded spreads were photographed using a cooled CCD
camera. Hybridization signals were detected and amplified by incubation
with Streptavidin-Cy3 (Rockland, Gilbertsville, USA). The chromosomes
were then DAPI-counterstained (Sigma, Deisenhofen, Germany). The rela-
tive positions of the signals on the chromosomes were measured considering
the distance to the telomere and the length of the entire chromosome
enabling the calculation of the fractional length (Flgter).

Radiation hybrid (RH) panel analyses

To determine the chromosome location of the clone, a bovine radiation
hybrid panel was analysed (Williams et al., 2002; Research Genetics, Hunts-
ville, USA). Briefly, the RH panel of 94 clones was originally created by
exposing bovine fibroblast cells to 3,000 rad of X-ray and fusing the irra-
diated cells with non-irradiated HPRT-deficient hamster recipient cells
(Wg3H). A pair of primers (RH3: S"CTCTGCACATAGTGTGGTAC3’, and
RH4: 5TTGCAATCTCTTCAGGATGA3’), deduced from the obtained bo-
vine sequence was used for PCR amplification of a 255-bp fragment. The
panel DNAs were independently amplified twice in a reaction volume of
25 ul using 25 ng DNA and 0.5 U Q-Biogene Taq polymerase (Heidelberg,
Germany) at an annealing temperature of 55°C. PCR products were sepa-
rated on a 1% agarose gel. Two persons independently scored PCR products
and finally the RHMAP3.0 package (Lange et al., 1995) was used for a two-
point analysis of the marker against approximately 1,200 bovine microsatel-
lite markers already placed on the RH map.

Results and discussion

Automated DNA sequencing of the clone was performed to
achieve a consensus sequence comprised of 2,901 bp (GenBank
Acc. No. AY462060). A total of 1,746 bp immediately starting
with the 5’-end of the sequence revealed no homologies to any
reported laminin receptor gene sequence, whereas the following
1,155 bp aligned specifically with laminin receptor sequences
of several species (Fig. 1). TUM_B754F13110Q2 isolated to
contain the bovine laminin receptor gene was finally confirmed
to harbor a processed pseudogene sequence, which was named
laminin receptor pseudogene 1 (LAMRI1P). Several character-
istics specific for processed pseudogenes were detected in the
sequence (Vanin, 1984; Ophir and Graur, 1997): First, the mul-
tiple alignment of LAMRIP, the bovine LR/LRP mRNA and
the human LR/LRP c¢cDNA (Fig. 1) provided evidence that
LAMRIP contains no intron sequences. According to that
observation, we defined exon-like regions throughout the se-
quence at positions 1 to 9 (exon 1), at positions 10 to 174 (exon
2), at positions 175 to 294 (exon 3), at positions 295 to 553
(exon 4), at positions 554 to 844 (exon 5), at positions 845 to
1008 (exon 6), and finally at positions 1009 to 1187 (exon 7).
Several transversions and transitions as well as small insertions
(<3 nucleotides) but only a few deletions exist between the
bovine LR/LRP mRNA and LAMRI1P. Apart from that, com-
plex insertions (>3 nucleotides) were found in the exon-4-like
and exon-5-like sequence segments (e.g. positions 400 to 415,
625 to 713, 760 to 765, and 772 to 834). Motif AGCCTTC at
nucleotides 402 to 408 is hereby a sequence duplication of the
base stretch 416 to 422, which corresponds to the coding region
in the functional gene. Translation start in both the bovine and
the human laminin receptor gene is located in the respective
exon 2 (Grosso et al., 1991; Jackers et al., 1996). An ATG motif
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was also present in the exon-2-like sequence of LAMRIP
between nucleotides 42 and 44 (Fig. 1). However, at position
115 a T—G transversion creates a stop codon motif (TGA).
This sequence alteration would prematurely terminate the
translation of a potential open reading frame. Moreover, a 3'-
poly A tail was found at the end of LAMRP1 (position 1170 to
1181), which replaces the functional polyadenylation site, nec-
essary for the formation of an intact 3’ terminus. Using the
EMBL program Repeat Masker (http://woody.embl-heidel-
berg.de/repeatmask/) a percentage of 46.55 of repetitive ele-
ments was identified in the exon-like sequence regions (14.9 %
are SINE elements and 31.65% are LINE elements). Compari-
son of the LAMRIP sequence of 1,155 bp with the bovine
mRNA revealed an overall nucleotide similarity of 58.5%.
LAMR P shows a proportion of A + T of 51.72 %.

RH mapping analysis by PCR was carried out with primers
designed from parts of the bovine sequence with no homologies
to any other known laminin receptor sequence in order to avoid
possible cross amplifications to the human 37 kDa LR/LRP
sequence. Present (1) versus absent (0) scoring of PCR results
(11100 10100 00010 01001 01001 01000 11000 00000 01000
00000 00100 10001 00100 10000 00001 01000 00000 00000
0000) and the following two-point analysis revealed close link-
age of LAMRIP to marker BM6458 at a distance of 19 cR
(LOD score 11.6). This marker has previously been mapped to
BTA4 (Bishop et al., 1994). Chromosome location of LAMR1P
was further confirmed by fluorescence in situ hybridization
(Fig. 2) with the most precise location at BTA4q24—q26
(number of chromosomes measured: 28; examined meta-
phases: 15; Flgter: 0.38 = 0.05). Processed pseudogenes derive
from mRNA presumably from retrotransposition-like integra-
tion events. Several reports indicate the lack of synteny be-
tween processed pseudogenes (Vanin, 1984) and their produc-
tive counterparts, although they are more likely to persist in loci
where they do not cause deleterious effects (Mighell et al.,
2000). Besides the functional gene on chromosome HSA3p21.3
- homologous bovine chromosomes are BTA1 and BTA22 — at
least 26 processed human laminin receptor pseudogenes exist,
which are indeed randomly distributed across the genome
(Jackers et al., 1996). None of the processed pseudogenes is
assigned to a human chromosome region homologous to
BTA4q24 — q26. If the genome structure in cattle is similar to
humans, further processed laminin receptor pseudogenes are
expected in cattle. First, the BAC-library screen with the
described oligonucleotides leading to the isolation of LAMRI1P
also revealed several (weaker) signals in further clones. Sec-
ondly, the laminin receptor is a multifunctional gene, thus tran-
scriptionally very active (Jackers et al., 1996). A large number
of processed pseudogenes belonging to a family are regarded as
an indicator for an increased transcription of the productive
gene in a cell (Vanin, 1984). Finally, although the knowledge of
vertebrate genome organization is still vague, results as present-
ed by Dunham et al. (1999) indicate that more pseudogenes
than calculated have to be expected. Exemplarily for human
chromosome 22, they report that 19% of the coding region
represented pseudogenes, 82 % of these were processed pseudo-
genes. Thus, the isolation of the productive gene from any gene
family is challenging. Mighell et al. (2000) reviewed for humans
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