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found that RAG-2 failed to interact with Rchl. However, four
independent Rchl derivatives (representing different N-ter-
minal deletions of Rchl) showed 10- to 20-fold increases in
B-galactosidase expression in the presence of LexA-RAG-1.
Finally, transcriptional activation indicative of the functional
interaction of RAG-1 and Rchl was dependent on the pres-
ence of LexA operators (data not shown).

Rch1 Sequence. The sequence of the longest human RCHI
clone [Rch1-(33-529)] was determined (Fig. 1); it contains an
open reading frame of 1491 bp capable of encoding a protein
of molecular weight 55,000, a size consistent with the mo-
lecular weight observed by Western blot analysis with anti-
body directed against the influenza hemagglutinin epitope tag
included in the library vector (data not shown). The sequence
of three other RCHI1 derivatives was identical over the
approximately 300 bp sequenced, suggesting that they all
represented the same gene, as expected from the DNA
hybridization analysis. Because no obvious initial methionine
was apparent in the sequence, it seemed likely that some
N-terminal sequence was missing from the clone. The human
RCHI cDNA was used as a probe to isolate a 2.2-kb cDNA
from a mouse cDNA library derived from the pre-B cell 22D6
(1), and the N-terminal coding and 5’ untranslated sequence
was determined (Fig. 1). The first methionine in the sequence
is embedded in a near consensus Kozak sequence and is
downstream of stop codons in all three frames, suggesting
that it is the authentic initial codon. Other portions of the
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mouse cDNA were sequenced and found to encode a protein
so nearly identical to the predicted human Rchl that the
remaining sequence of the mouse cDNA was not determined.
A composite sequence from the mouse and human data was
used for sequence comparisons (see below). As was not
surprising given the strong sequence similarity between Rchl
and yeast SRP1 (see below), RCHI hybridizing sequences
were found in chicken and frog at a stringency comparable to
that seen for RAGI (data not shown).

Sequence comparison with the BLAST program (21) re-
vealed a striking degree of similarity between RCHI and a
yeast gene, SRPI, that was identified as a suppressor of
temperature-sensitive mutations in RNA polymerase I (22).
These two protein sequences are 47% identical and, allowing
for conservative substitutions, are 60% similar (Fig. 2).
Strikingly, both proteins contain eight nonidentical repeats of
a 42-amino acid sequence (Fig. 2). In SRP1, two of eight
repeats deviate from the 42-amino acid length, with one
containing 43 amino acids and one 45. These same repeats in
Rch1 are also longer, containing in both cases 43 amino acids,
with the additional amino acids in the same position as in
SRP1. One other repeat in Rchl has an additional 5 amino
acids. The amino acids showing the greatest degree of
conservation between human Rchl and yeast SRP1 are the
same amino acids that are conserved between internal re-
peats. More importantly, individual repeat sequences are
more highly conserved between human and yeast than be-
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TGAGTGTCCTGCACCACCTTTCGTGGAAATC TGAGCCGGCTGTACAGCTTTCCTCCTTTTTCC TGCAGCCATGTCCACGAACGAGAATGCTAACTTACCAGCTGCCCGACTTAACAGGTT
CAAGAACAAGGGGAAGGACAGCACAGAAATGCGTCGCCGCCGAATAGAAGTTAATGTGGAACTCAGGAAAGCTAAAAAGTGGCGTGC TGAAAAGAAGAACGTCAGCTCCTTTCCTGCCAG

ATGTGCACGAACGAGAATGCTAACTTACCAGCTGCCCGACTTAACAGGTTCAAGAACAAGGGGAAGGACAGCACAGAAATGCGTCGCCGCCGAATAGAGGTCAATGTGGAGCTGAGGAAA

M C TNENANTILUZPAARTLNR RTFIEKNIEKGI KT DS STEMRERIRIRIR RTIEUVNVETLRK
human GAGGTCAATGTGGAGCTGAGGAAA

GCTAAGAAG

A K KDD QML KRRNVYVSSFPDDATSUPLUO QENR RNNUOQGTVNWSV DD

GCTAAGAAGGATGACCAGATGCTGAAGAGGAGAAATGTAAGCTCATTTCCTGATGATGCTACTTC TCCGCTGCAGGAAAACCGCAACAACCAGGGCACTGTAAATTGGTCTGTTGATGAC

I VKGINSSNVENQQLAOQATO QA AARTI KTLTLSRETI KU QPZPTIUDNTITIRAGIL
ATTGTCAAAGGCATAAATAGCAGCAATGTGGAAAATCAGCTCCAAGCTACTCAAGCTGCCAGGAAACTACTTTCCAGAGAAAAACAGCCCCCCATAGACAACATAATCCGGGCTGGTTTG

I PKF VS FLGRTUDTGCSU?PTIOQFESA AWALTNTIASGTSE- QTI KA AUV VD
ATTCCGAAATTTGTGTCCTTCTTGGGCAGAACTGATTGTAGTCCCATTCAGTTTGAATC TGCTTGGGCACTCACTAACATTGC TTCTGGGACATCAGAACAAACCAAGGCTGTGGTAGAT

G GA I PAVFISLULASUPHAHTISETU QA AVWALGNTIAGDTGSVFURIDIULUYV
GGAGGTGCCATCCCAGCATTCATTTCTCTGTTGGCATCTCCCCATGC TCACATCAGTGAACAAGC TGTC TGAGCTCTAGGAAACATTGCAGGTGATGGC TCAGTGTTCCGAGACTTGGTT

I K YGAVDUZPILULALTLAVPDMSSULACGYTU LU RNILTMWTTULSNILTGCRNIK
ATTAAGTACGGTGCAGTTGACCCACTGTTGGCTCTCCTTGCAGTTCCTGATATGTCATC TTTAGCATGTGGCTACTTACGTAATC TTACCTGGACACTTTC TAATCTTTGCCGCAACAAG

N P AR PI DAV EOQTITULUZPTTLV VR RILTILMHHDUDU®PEVILADTT CWATISYTULTT?D
AATCCTGCACCCCCGATAGATGCTGTTGAGCAGATTCTTCCTACCTTAGTTCGGC TCCTGCATCATGATGATC CAGAAGTGTTAGCAGATACCTGCTGGGCTATTTCCTACCTTACTGAT

G P NEURTIGMVVKTSGV VP QULVI KT LLSGASETLU?®PTIUVTUPALIRAIGNI
GGTCCAAATGAACGAATTGGCATGGTGGTGAAAACAGGAGTTGTGCCCCAACTTGTGAAGCTTCTAGGAGCTTCTGAATTGCCAATTGTGACTCCTGCCCTAAGAGCCATAGGGAATATT

VTGTDEQTQV VIDAGALAVTFUZPSTILILTNZPI KTNTIUQIEKEA ATUWTMS
GTCACTGGTACAGATGAACAGACTCAGGTTGTGATTGATGCAGGAGCACTCGCCGTCTTTCCCAGCCTGCTCACCAACCCCAAAACTAACATTCAGAAGGAAGCTACGTGGACAATGTCA

N I TA GUR QDOQTI Q VV NHGL VPFULV S VL SKADTFI KT QI KTEA AUVWA
AACATCACAGCCGGCCGCCAGGACCAGATACAGCAAGTTGTGAATCATGGATTAGTCCCATTCCTTGTCAGTG TTCTCTCTAAGGCAGATTTTAAGACACAAAAGGAAGCTGTGTGGGCC

VTNY TS GG TV EQ I VYLVHOCGTITIEUZPTLMNILILTA AIKIDTI KTIITLUVTI
GTGACCAACTATACCAGTGGTGGAACAGTTGAACAGATTGTGTACCTTGTTCACTGTGGCATAATAGAACCGTTGATGAACCTCTTAACTGCAAAAGATACCAAGATTATTCTGGTTATC

L DAISNTIFIOQAAEIZ KTILGETET KTLSTIMIEET GGG GTLUDI KTIEA ATLIGQNUHE
CTGGATGCCATTTCAAATATC TTTCAGGCTGCTGAGAAACTAGGTGAAACTGAGAAACTTAGTATAATGATTGAAGAATGTGGAGGCTTAGACAAAATTGAAGCTCTACAAAACCATGAA

N E S VY KA S L SLIZEIZ KYTFSVEETEEUDA QNVVPETTSETGTYTT FOQUVQQ
AATGAGTCTGTGTATAAGGCTTCGTTAAGCTTAATTGAGAAGTATTTCTCTGTAGAGGAAGAGGAAGATCAAAACGTTGTACCAGAAACTACCTC TGAAGGCTACACTTTCCAAGTTCAG

D GA PG TV F N F * 529
GATGGGGCTCCTGGGACCTTTAACTTTTAGATCATGTAGCTGAGACATAAATTTGTTGTGTACTACGTTTGGTATTTTGTC TTATTGTTTC TCTACTAAGAACTC TTTCTTAAATGTGGT
TTGTTACTGTAGCACTTTTTACACTGAAACTATACTTGAACAGTTCCAACTGTACATACATACTGTATGAAGCTTGTCCTC TGACTAGGTTTC TAATTTCTATGTGGAATTTCCTATCTT
GCAGCATCCTGTAAATAAACATTCAAGTCCACCCTTTTCTTGACTTCAAAAAA 2235

FiG. 1.

162
382

502
40
80

622

120
742

160
862

200
982

240
1102

280
1222

320
1342

360
1462

400
1582

440
1702

480
1822

520
1942

2062
2182

Nucleotide sequence of the RCHI cDNA and the predicted amino acid sequence of the encoded protein. The nucleotide sequence

of the human Rch1-(33-529) cDNA used in the experiments presented in this paper is shown. In addition, the 5’ untranslated sequence and first
96 nucleotides of a mouse Rch1l cDNA are shown. The first AUG indicated in the mouse sequence appears to be the initial methionine (see text).
Nucleotides are numbered beginning with the first nucleotide of the mouse cDNA and continue through the overlapping region of the human
clone. The predicted amino acid sequence is also indicated. The position of the first amino acid present in Rch1-(245-529) is indicated in bold

type.
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Fi1G. 2. Rchl is 47% identical to SRP1 and contains eight degen-
erate internal repeats. An alignment between Rchl and SRP1 was
prepared by using the GCG BESTFIT program (23). Four gaps
indicated by dots or subscripted amino acids were introduced to
facilitate the alignment. Identities are indicated by vertical lines, and
conservative substitutions are indicated by double dots. The N- and
C-terminal highly charged regions are shown separated from the
internal repeats. A consensus sequence for the internal repeat
structure based on the repeats from both proteins is shown. The
probability score assigned by the BLAST program (21) for the se-
quence similarity identified between SRP1 and Rchl was 2.9 X e84,

tween repeats within each protein. Those amino acids not
conserved between repeats are also less conserved between
human and yeast. A consensus repeat based on the one
proposed for SRP1 (22), but including Rch1 sequence infor-
mation, is shown in Fig. 2. In both SRP1 and Rchl, the
repeated sequences are flanked by sequences rich in charged
residues, and the sequence similarity between the two pro-
teins extends to these flanking regions as well. Taken to-
gether, these data strongly suggest that RCH1 is the human
homologue of yeast SRP1.

Expresslon Pattern and Chromosomal Localization. The
expression of RCHI in various cell types was determined by
RNA hybridization. A single predominant RNA species with
an approximate length of 2 kb was observed in all the cell lines
examined, including the pre-B-cell lines 22D6 and 38B9, the
mature B cells WEHI231 and MPC11, the myeloma cell S194,
the pre-T-cell 2017, the mature T cells riIM11 and EL4, the
fibroblastoid cell lines NIH-3T3 and 16B (an NIH-3T3 de-
rivative expressing RAG-1 and RAG-2), and HeLa cervical
carcinoma cells related to the cells from which the library was
derived. The level of expression when normalized to human
glyceraldehyde-3-phosphate dehydrogenase was comparable
in all samples (representative data are shown in Fig. 3). Thus,
as was expected given that RCHI was isolated from a HeLa
cell library, and unlike the RAG genes, RCHI expression is
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Fi1G. 3. Rchl expression is not restricted to immature lympho-
cytes. Probe RX20 from human Rch1 and a probe specific for human
glyceraldehyde-3-phosphate dehydrogenase (GAPD) (25) were hy-
bridized sequentially to approximately 3 ug of total cellular poly(A)*
RNA from the cell lines indicated (ref. 1 and references therein; see
text for a description of cell lines). Subsequent hybridization with
RX20.5 from an independent Rch1 isolate showed the same hybrid-
ization pattern. Prolonged exposure reveals several larger RNA
species, presumably reflecting unprocessed RNA. Exposure for
lanes 1-4 was 16 hr for the RX20 probe, 2 hr for the GAPD probe,
and for lanes 5-8 it was 36 hr for RX20 and 4 hr for GAPD. Probes
RX20 and RX20.5 include the entire sequence of Rchl-(33—529) and
Rchl-(244—529), respectively; the GAPD probe is a Pst I fragment
encompassing the entire coding sequence.

not lymphoid-specific, nor is it confined to developmental
stages where V(D)J recombination is occurring.

RCH]1 was localized to human chromosome 17¢q23.1-23.3
(G. Duyk, personal communication). No region of this chro-
mosome is believed to be syntenic with mouse chromosome
16, where the scid mutation maps (24). Further, none of the
CHO cell mutants described that affect both DN A repair and
V(D)J recombination have defects mapping to human chro-
mosome 17 (9). Thus, RCHI does not appear to represent a
gene previously implicated in V(D)J recombination.

A C-Terminal Fragment of Rchl Inhibits V(D)J Recombi-
nation in Vive. We next asked whether Rchl overexpression
could affect V(D)J recombinase activity induced in fibro-
blasts by transiently transfected RAG-1 and RAG-2 DNA.
Expression of the nearly full-length Rchl clone [Rchl-(33-
529)] had little effect. Recombination frequencies were either
slightly higher or the same as in controls (Fig. 4). This result
might have been expected, given that HeLa cells already
express Rchl mRNA. However, we found that Rch1-(244—
529), a truncated derivative that interacts with RAG-1, de-
creased the recombination frequency. Because the effect was
not large, three different plasmid preparations of the trun-
cated clone were used in seven independent transfections,
each trial was done in duplicate or triplicate, and several
different plasmid preparations of the full-length Rchl clone
and the CDMS8 control were also used. The decrease was
repeatably 2- to 3-fold compared with the vector-only con-
trol. The ratio of recombination frequencies for parallel
transfections receiving Rch1-(33-529) versus Rch1-(244-529)
(Fig. 4) indicates that overexpression of the truncated clone
yields on average recombination frequencies ¥ of those with
the nearly full-length derivative.

DISCUSSION

We have identified a gene whose product interacts with the
RAG-1 protein in the two-hybrid assay. The highly specific
nature of the RAG-1-Rchl interaction argues against an
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Fi6. 4. Expression of truncated Rchl inhibits V(D)J recombina-
tion in HeLa cells. Hela cells were transiently transfected with
RAG-1 and RAG-2 expression plasmids M2CD7 and R2RCD2 (1, 2),
the pJH200 reporter construct (17), and either (i) CDM8 expression
vector alone (hatched bars), (ii) Rch1-(33-529) (empty bars), or (i)
Rch1-(244-529) (filled bars) in expression vectors. Seven indepen-
dent transfection assays are shown. For each assay, recombination
frequencies are shown normalized to the CDM8 control and repre-
sent the average of duplicate or triplicate transfections. The ratio of
recombination frequencies from cells transfected with Rch1-(33-529)
compared with those transfected with Rch1-(244-529) is shown for
each experiment in the line below the experiment number.

artefactual association of these two proteins. RCH clones
were obtained at a very low frequency (<10~5); only three
genes were positive for interaction with RAG-1, and each of
these genes was isolated repeatedly. Thus, RAG-1 protein
does not simply associate nonspecifically with numerous
human proteins. Further, the specificity tests indicate that
Rchl is likewise not promiscuous in its interactions.

The decreased recombination caused by a truncated de-
rivative of Rchl suggests that Rchl is involved in V(D)
recombination. Although we cannot exclude the possibility
that the truncated protein reduces recombination indirectly,
it is important to note that Rchl was identified by an entirely
independent assay that involves its ability to specifically
interact with RAG-1 in yeast. It seems unlikely that these two
distinct properties of Rchl are merely coincidental. Further,
if Rchl merely interacted with RAG-1 and prevented it from
functioning normally, but played no role in V(D)J recombi-
nation, the full-length and truncated proteins should have had
the same effect. Instead the nearly full-length and presumably
functional protein does not inhibit the recombination activity,
whereas the truncated protein acts as a dominant negative.
Thus, the specific interaction between Rchl and RAG-1
appears likely to be involved in the induction of V(D)J
recombination. :

Although the role of Rchl in V(D)J recombination remains
to be elucidated, the repeat structure of Rchl and its homol-
ogy with SRP1 may provide useful clues. Biochemical frac-
tionation indicates that SRP1 is localized to the nucleus, and
at least some of the protein appears to be associated with the
insoluble nuclear matrix/lamina/pore fraction (22). Immu-
nofluorescence microscopy of SRP1 in yeast supports this
conclusion, as a punctate staining pattern is seen near the
nuclear envelope, perhaps at the nuclear pores (22). While no
other known proteins have the same repeat structure as SRP1
and Rchl, other proteins with multiple internal repeats
(Schizosaccharomyces pombe nuc2*, S. cerevisiae Cdc23,
and ankyrin and members of the ankyrin repeat family) are
thought to form structures within the nucleus and to be
associated with integral membrane proteins (discussed in ref.
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22 and references therein). Although SRPI was isolated as a
suppressor of temperature-sensitive mutations in RNA poly-
merase I, no biochemical evidence of a direct interaction
between SRP1 and RNA polymerase I was found, nor was
SRP1 found in the nucleolus (22). Thus, it was suggested that
SRP1 may play some structural role in the nucleus which then
indirectly influences RNA polymerase I function. Interest-
ingly, SRPI is an essential gene in yeast.

By analogy with SRP1, the Rchl protein may be associated
with matrix/membrane structures in the nucleus. The recent
report that overexpressed RAG-1 gives a punctate staining
pattern in tissue culture cells is interesting in this regard (26).
It is appealing to speculate that Rchl might serve to bring
RAG-1 and other components of the recombinational appa-
ratus together into an active complex associated with specific
structures within the nucleus. The modification and rejoining
of the cut ends during recombination could be facilitated if
they were held in such a structure.

Note Added in Proof. It has recently been noted (27) Ithat the repeated
amino acid motif found in the armadillo protein of Drosophila is
found in SRP1 and a number of other proteins.
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