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Summary The functional gene for human recombination signal se- 
quence-binidng protein (RBP-Jk) and corresponding processed psudo- 
genes have been isolated from various species, such as Drosophila, Xenopus, 
mouse, and human. Here we report the isolation of another two genomic 
pseudogenes of human RBP-Jk, named K2 and K7, from a cosmid library 
of Hela cells. The nucleotide sequences of both genes exhibited more 
than 95 ~ homology to the functional human gene for RBP-Jk. More- 
over, they did not contain any intron sequences and were interrupted by 
several stop codons in all frames. In situ hybridization demonstrated 
that the pseudogenes, K2 and K7, were localized at chromosomes 9p13 
and 9q13, respectively. Their physical maps differed from those of the 
true functional gene and of the pseudogenes reported previously by Ama- 
kawa et al. (1993). 
Key Words RBP-Jk, pseudogene, cosmid, in situ hybridization, phys- 
cal map 

INTRODUCTION 

The variable (V), diversity (D), and joining (J) recombinations of immuno- 
globulin genes require conserved recombination signal sequences (RS), namely, 
a heptamer CACTGTG and a T-rich nonamer GGTTTTTGT, which are separated 
by a spacer sequence of either 12 or 23 nucleotides (Tonegawa, 1983; Honjo and 
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Habu, 1985; Korenberg et al., 1986). The enzymes involved in V-(D)-J recom- 
bination as recombinases should recognize the conserved signal sequences, catalyz- 
ing site-specific cleavage and ligation of cleaved ends. To date, four genes have 
been suggested to be involved in the V-(D)-J recombination. These are RAG-1 
(Mombaerts et al., 1992), RAG-2 (Shinkai et al., 1992), the scid gene (Lieber et 
al., 1988; Fulop and Philips, 1990) and RBP-Jk. The RBP-Jk gene has been iden- 
tified in various species, such as Drosophila, mouse, and human (Furukawa et aI., 
1991, 1992; Matsunami et al., 1989; Kawaichi et al., 1992; Amakawa et al., 1993), 
as have analogous pseudogenes (Amakawa et al., 1993). 

The RBP-Jk gene has been shown to have been highly conserved during evolu- 
tion from Drosophila to human (Furukawa et al., 1991; Amakawa et al. 1993). 
The Drosophila RBP-Jk protein is 75~  identical to its murine counterpart (Furu- 
kawa et al.. 1991). The human and mouse RBP-Jk proteins are 98~  identical 
(Amakawa et al., 1993). These proteins have molecular masses of 60 kDa and 
contain a region of 40 amino acids that is homologous to the integrase motif 
(Hamaguchi et al., 1989; Matsunami et al., 1989). Recent studies demonstrated 
the specific binding of mouse RBP-Jk and human RBP-2N to the sequences 5'- 
CGTGGGAA-3' and 5'-TGGGAAAGAA-3', respectively (Tun et al., 1994; Dou 
et al., 1994). The function of this protein in recombination remains to be ascer- 
tained. However, the Drosophila homolog of RBP-Jk was found to be the Sup- 
pressor of Hairless (Furukawa et al., 1991, 1992; Schweisguth and Posakony, 1992), 
which participates in the regulation of neurogenic expression, an observation that 
suggests that RBP-Jk may play a role in the regulation of gene expression. Dou 
et al. (1994) recently reported that RBP-2N may have a general role in transcriptional 
repression. Two types of processed pseudogene for human RBP-Jk have been 
isolated and an evolutionary mechanism for their generation has been proposed 
(Amakawa et al., 1993). However we don't know how many genes are present 
in human chromosomes. Moreover the genomic organization of these genes in- 
cluded pseudogenes are unknown. In order to understand the structural organ- 
ization of RBP-J~, we have isolated and characterized the genomic clones of RBP- 
J~. We report here the genomic structure and the chromosomal location of two 
newly identified pseudogenes, K2 and K7, from a cosmid library of Hela cells. 
These pseudogenes are different from the pseudogenes reported by Amakawa et 
al. (1993). 

MATERIALS AND METHODS 

Screening o f  a human genomic D N A  library. A cosmid library was con- 
structed from the genomic DNA of Hela cells, which was partially digested with 
Sau3A and then ligated to the cosmid vector pWE15 (Toyobo, Tokyo). The 
screening of the library (a total of 2.5 • 10" cosmid clones was screened) by colony 
hybridization with a probe of 1.7-kb EeoRI  digested DNA fragment of RBP-Jk 
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(Sambrook et al., 1989; Amakawa et al., 1993; Feinberg and Vogelstein, 1983). 
NucIeotide sequencing. The cosmid cloned DNAs were sequenced directly 

(Slightom and Sieu, 1992) by a modified method as described by Tang et al. (1993). 
Restriction maps o f  cosmid clones. The restriction maps of the cosmid-cloned 

K2 and K7 DNA were generated by a new method. DNAs were completely 
digested with EcoRI and their restriction fragments were recovered. Each recovered 
fragment of DNA was subcloned into the EcoRI-digested pBluescript SK + vector 
(Stratagene, La Jolla, CA). Each subcloned DNA was purified and sequenced 
from both flanking regions of each DNA insert with M13 universal primers. 
Oligonucleotide DNAs as reverse primers were digested on the basis of the nucleo- 
tide sequence of each subclone from the 3' to the 5' direction and were synthesized 
on a DNA synthesizer (model 380B; Applied Biosystems, Foster City, CA). Then, 
the cosmid DNA of K2 or K7 was directly sequenced using the primers. A search 
was made for homology between the nucleotide sequences of cosmid clone K2 
or K7 generated with reverse primers and those of the respective subclones generated 
with M13 universal primers to identify linked subclones. If the nucleotide sequence 
generated by a reverse primer from a given cosmid clone was homologous to the 
nucleotide sequence generated by a M13 universal primer from one of the subclones, 
this subelone should be linked to another subclone containing the nucleotide se- 
quence of the reverse primer that was used for directly sequencing of the previous 
cosmid clone. Likewise, the linked subclones containing different EcoRI DNA 
fragments of K2 or K7 were ordered. 

In situ chromosome hybridization. The preparation of biotin labeled probe 
of cosmid DNAs, in situ chromosome hybridization and G-banding were carried 
out as described previously (Lichter et al., 1988, 1990; Zabel et al., 1983). 

RESULTS AND DISCUSSION 

In the course of screening a Hela cell cosmid library for human RBP-Jk genes, 
we obtained two clones, K2 and K7, which hybridized specifically with human 
RBP-Jk cDNA clone PCR-3 (Amakawa et al., 1993). As shown in Fig. la, the 
EeoRI-digested DNA fragments of K2 were different from those of K7. They 
were also different from those of the functional human RBP-Jk gene and the pseudo- 
genes reported by Amakawa et al. (1993). The DNA fragments of K2 and K7 
that had been digested with EcoRI were allowed to hybridize with probe c, derived 
from mouse RBP-Jk DNA, as described by Amakawa et al. (1993). The results 
(see Fig. lb) showed that the sizes of hybridized DNA fragments of K2 (3.8 and 
1.4 kb) and K7 (3.8 and 1.7 kb) were different from those of the human RBP-Jk 
gene (18.0, 3.8, 3.5, 2.5, and 2.1 kb) and those of two known pseudogenes (one, 
3.5 and 2.7 kb; the other, 3.8 and 2.7 kb; Amakawa et al. (1993). The EeoRI  
restriction maps of K2 and K7 were compared with the physical maps of the human 
RBP-Jk gene and the corresponding pseudogenes (Amakawa et al., 1993) and it 
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Fig. 1. (a) Results of agarose gel (l ~ )  electrophoresis of EcoRI-digested genomic DNA 
from K2 (lane 1) and K7 (lane 2). Lanes marked M contain fragments oflambda 
D N A  that had been digested with HindIIl .  (b) Southern blot analysis of EcoRl-  
digested genomic DNA from K2 and K7 with probe c from the mouse gene for 
RBP-Jk (Amakawa et al., 1993). The hybridized DNA fragments are indicated 
by arrowheads (1.4, 3.8 kb, lane 1 ; 1.7, 3.8 kb, lane 2). 

K2 E E E E E EE E 

1.4 3.8 

K7 E E E E E E E EE 

cosmid clone t I I  i t i , J  
1.7 3.8 

I 
l O k b  

Fig. 2. Genomic structures of pseudogenes K2 and K7. E indicates a restriction site 
of EcoRl .  Solid boxes indicate the regions specific to probe c from the mouse 
gene for RBP-Jk (Amakawa et aL, 1993). 
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was  concluded that they were different clones (see Fig. 2). These data indicated 

that cosmid  clones K 2  and K7 were new genomic  clones o f  h u m a n  RBP-Jk, isolated 

f rom a cosmid  library o f  Hela  cells. 

~RBP: ATCCCCTC~GGTTTTCCTCAGTCTCCACGTACGTC~CTCAAAGCGCGT~CTAAAA~CCGGATAAC~GGAG~GCTC~CC~ 80 
~2,: t t c t t t g a a a c a t t a ~ t a t t c a g a a c g a a g g a g a a t g a t a c a g a t a c a c t g g c t g a g g t g t t t t g a g g t g c a t t g a a a ~ g  
K7: ................................................................................ 

HRBP: ~GAC~ACACGGAGGGCTTGCCCG~GGAGGAGCCGCCTGCGCATGCTCCATCGCCTGGGAAATTTGGTGAGCGGCCTCCAC 160 
~K2: ttccaagctgttacttaccttaacatgttcttgaggtaccatggcatggattaaaa a t t 
K7: ..... t ........... gg ........................ c ............ a t t 

HRBP: CTAAAcGACTTACTAGGGAAGCTATGCGAAATTATTTAAAAGAGCGAGGGGATCAAACAGTACTTATTCTTCATGCAAAA 240 
K2: g[~ t c 
K7: c ~ t c 

HRBP: GTTGCACAGAAGTCATATGGAAATGAAAAAAGGTTTTTTTGCCCACCTCCTTGTGTATATCTTATGGGCAGCGGATGGAA 320 
K2: t c c tt t c t 
KT: g tt t c t 

HRBP: GAAAAAAAAAGAACAAATGGAACGCGATGGTTGTTCTGAACAAGAGTCTCAACCGTGTGCATTTATTGGGATAGGAAATA 400 
K2: a t cagc t a 
K7: t ca gc a 

HRBP: GTGACcAAGAAATGCAGCAGCTAAACTTGGAAGGAAAGAACTATTGCACAGCCAAAACATTGTATATATCTGACTCAGAC 480 
K2: C t 
K7: c t 

HRBP: AAGCGAAAGCACTTCATTTTTTCTGTAAAGATGTTCTATGGCAACAGTGATGACATTGGTGTGTTC•TCAGCAAGCGGAT 560 
K2: a g g 
K7: 

HRBP: AAAAGTCATCTCCAAACCTTCCAAAAAGAAGCAGTCATTGAAAAATGCTGACTTATGCATTGCCTCAGGAACAAAGGTGG 640 
K2: t 
K7: g 

HRBP: CTCTGTTTAATCGACTACGATCCCAGACAGTTAGTACCAGATACTTGCATGTAGAAGGAGGTAATTTTCATGcCAGTTcA 720 
K2: 
K7: 

HRBP: •AG•AGTGGGGAG•CTTTTTTATTCATCTCTTGGATGATGATGAATCAGAAGGAGAAGAATTCACAGTCCGAGATGTCTA 800 
K2: a ac at g" [~ c 
K7: ac ~ c 

NRBP: CATCCATTATGGACAAACATG•AAACTTGTGTGCTCAGTTA•TGGCATGGCACTCCCAAGATTGATAATTATGAAAGTTG 880 
K2: t 
K7: aaaa 

HRBP: ATAAGCATACCGCATTATTGGATGCAGATGATCCTGTGTCA•AACTCCATAAATGTGCATTTTACCTTAAGGATACAGAA 960 
K2: 
K7: c t 

HRBP: AGAATGTATTTGTGCCTTTCTCAAGAAAGAATAATTCAATTTCAGGCCACTCCATGTCCAAAAGAACCAAATAAAGAGAT 1040 
K2: g 
K7: t g 

HRBP: GATAAATGATGGCGCTTCCTGGACAATCATTAGCACAGATAAGGC~GAGTATACATTTTATGAGGGAATGGGCCCTGT~C I]20 
K2: g 
K7: g 

HRBP: TTGCCCCAGT•ACTCCTGTGCCTGTGGTAGAGAGCCTTCAGTTGAATGGCGGTGGGGACGTA•CAATGCTTGAACTTACA 1200 
K2: 
K7: c 

HRBP: GGACAGAATTTCACTCCAAATTTACGAGTGTGGTTTGGGGATGTAGAAG•TGAAACTATGTACAGGTGTGGAGAGAGTAT 1280 
K2: gg 
K7: c gg 

HRBP: GCTCTGTGTCGTCCCAGACATTTCTGCAT~CCGAGAAGGTTGGAGATGGGTCCGGCAACCAGTCCAGGTTCCAGTAACTT 1360 
K2: 
K7: 

HRBP: TGGTCCGAAATGATGGAATCATTTATTCCACCAGCCTTACCTTTACCTACACACCAGAACCAGGGCCACGGCCACATTGC 1440 
K2: g 
K7: ttg 

HRBP: AGTGTAGCAGGAGCAATCCTTCCAGcCAATTCAAGCCAGGTGCCCCCTAACGAATCAAAcAcAAACAGCGAGGGAAGTTA 1520 
K2: c t 
KT: 

~RBP:K7:K2: CACAAACGCCAGCACAAATTCAACCAGTGTCACATCATCTACAGCCACAGTGGTATC~ 1580 

Fig. 3. Comparison of the sequence of the human cDNA for RBP-Jk (HRBP; Ama- 
kawa et al., 1993) with those of the processed pseudogenes (K2 and K7) isolated 
in this study. Only non-homologous nucleotides in the sequences of K2 or K7 
are shown. Mutated stop codons of K2 or K7 are indicated by an open box 
with asterisks. The translocation start site and the stop codon of HRBP are 
indicated by an open box. Nucleotide sequences of K2 and K7 have been de- 
posited in GenBank under accession numbers L34543 and L34544, respectively. 
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Fig. 4. In situ hybridization on human chromosomes with a biotinylated fragment of 
K2 (a) or K7 (b) genomic DNA as probe. (a and b) Indirect immunofluorescence 
detection with propidium iodide counterstaining. (c and d) G-banding of the 
same chromosome as those shown in (a) and (b). The fluorescent and G-banding 
spots, indicated by arrows, are located at chromosome 9p13 and 9q13 (e). 

In  an at tempt to determine the nucleotide sequences o f  bo th  the K2 and the 
K7 clone, we synthesized several primers that  were based on the known nucleotide 
sequence of  the human  RBP-Jk gene (Amakawa  et  aL, 1993). First, five oligo- 
nucleotide reverse primers were designed, on the basis of  the complementary se- 
quence o f  the human  RBP-Jk gene f rom the 3' to  5' flanking region, and synthe- 
sized, as follows: 1, 5 ' -GCT G T A  G A T  G A T  G T  (positions 1,565-1,552 of  the 
sequence o f  the human  RBP-Jk gene, accession number :  L07872); 2, 5 ' -TTC T T G  
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AGA AAG GC (positions 987-974); 3, 5'-AAG GTT TGG AGA TG (positions 
580-567); 4, 5'-CTG CCC ATA AGA TA (positions 311-298); and 5, 5'-ACC AGT 
GTC ACA TC (positions 1,543-1,556). The cosmid DNA of K2 or K7 was then 
sequenced directly using these primers. As shown in Fig. 3, both K2 and K7 ex- 
hibited 95 ~ homology to the human RBP-J~ gene. A total of over forty mutations, 
including five (K2) and four (KT) stop eodons, were observed and neither sequence 
contained any introns. We also isolated cDNA clones that corresponded to K2 
and K7 by using the oligonucleotide probes of coding sequence of HRBP cDNA 
(data not shown). Thus, we suggest that both cosmid clones K2 and K7 represent 
new processed pseudogenes of human RBP-Jk. 

We next examined the chromosomal location of K2 and K7 genes by in situ 

hybridization (Fig. 4). Intense signals from both K2 and K7 were detected at 
chromosome 9p13 and 9q13 (Figs. 4, a, b, c, d, and e). As reported by Amakawa 
et al. (I993), the functional human gene for RBP-Jk was assigned to chromosome 
3q25 and two pseudogenes 1 and 2 were mapped to 9p13 and 9q13 respectively. 
They suggested that multiple copies of pseudogene 1 may exist at 9p13, and the 
single copy of pseudogene 2 may exist on 9q13. However we detected multiple 
copies of the RBP-Jk gene in two regions although the signal of 9p13 was more 
intense than that of 9q13. The locations of the functional gene and the pseudo- 
genes may differ for the following reasons. (i) The large introns interspersed within 
the functional gene as reported by Amakawa et al. (1993), of which DNA sequences 
different from those of the pseudogenes, could contribute to signals at different 
loci after in situ hybridization. (2) The human functional gene for RBP-J~ may 
have been evolutionarily conserved at chromosome 3q25 during duplication and 
the pseudogene, without introns, may have been generated by recombination muta- 
tion and/or translocation to chromosome 9p13 and 9q13. Chromosomal inversion 
between 9p13 and 9q13, with subsequent divergence by point mutations, nucleotide 
insertions and deletions, may have occurred during this duplication. More than 
four or at least four different genomic pseudogenes of human RBP-Jk may be 
present on human chromosomes. These pseudogenes did not contain any intron 
sequences. We should now try to isolate the remaining pseudogenes for human 
RBP-Jk, if they exist, and characterize their structures for a comparison with the 
true gene so that we can attempt to explain the evolutionary mechanism of genera- 
tion of pseudogenes. 
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