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Abstract

A human homolog (RALY) of the mouse Raly gene was isolated and sequenced, and shown to encode a novel protein
isoform containing a 16 amino acid in-frame insert in the variable region of the protein. Analysis of the corresponding region
of the mouse Raly gene demonstrated that this novel protein isoform is also present in the mouse. Comparative analysis of
RALY cDNA and EST sequences suggests the presence of additional alternatively processed RALY transcripts. As in the

mouse, the human RALY gene is widely expressed as a 1.7-kb transcript. © 1999 Elsevier Science B.V. All rights reserved.
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The mouse Raly (hnRNP associated with lethal
yellow) gene, which was previously isolated and char-
acterized in our laboratory [1] and by others [2], is
closely linked to the agouti gene on chromosome 2.
A spontaneous deletion of 170 kb, which includes the
entire coding region of the Raly gene, causes the
recessive embryonic lethality observed in the mouse
mutation, lethal yellow [3]. Raly is a ubiquitously
expressed gene of unknown function, which encodes
a new member of the heterogeneous nuclear ribonu-
cleoprotein (hnRNP) gene family, and is similar in
sequence to human hnRNP C [1,2,4]. We were inter-
ested in the human homolog of Raly because it could
play a similar critical role in human embryonic de-
velopment. Here we describe the cloning of a human
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homolog of Raly, different from previously published
forms of the mouse and human Raly proteins, and
also describe alternative processing of Raly in the
human and mouse.

Using a cross-species hybridization approach, we
isolated and sequenced RALY by screening a human
testis cDNA library (Clontech) with a *?P-labeled
5’-non-coding fragment of the mouse Raly cDNA,
corresponding to nucleotides 8§7-169 [1]. The cDNA
sequence of human RALY (hRALY, GenBank Ac-
cession number AF148457) is 1589 bp long and con-
tains a 306-amino acid open reading frame (ORF)
with putative 5'- and 3’-untranslated regions of 298
and 370 bp, respectively. Sequence alignment of this
ORF to the predicted mouse Raly (mRaly) protein
(PIR|A47318, [1]) revealed that the human protein
has 89% overall identity and 96% similarity, but con-
tains an additional 16 residues inserted in-frame after
the first 109 amino acids (see below). While this work
was in progress, the cDNA sequence of the p542
gene, isolated from a human B-lymphoblastoid cell
line, was reported [5]. p542 was first recognized as an
autoantigen in individuals infected with the Epstein—
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Barr virus [6], and later identified as a human homo-
log of mRaly due to the great similarity between the
two genes [5]. Interestingly, this form of human
RALY (p542) also lacks the additional 16 amino
acids found in the hRALY isoform reported here.
Fig. 1B shows a Clustal W sequence alignment com-
parison of the human and mouse Raly proteins, and
the human and mouse hnRNP C1 and C2 proteins.
To avoid confusion, the isoform of human RALY
cloned by us is designated as hRALY, whereas the
previously cloned isoform is designated as p542. In
addition to the 16-amino acid insert in hRALY (dou-
ble underlined in Fig. 1B), there are three amino acid
differences between hRALY and p542 (marked by
colons under the sequence in Fig. 1B). Compared
to hRALY, there is one extra residue in p542 (a
serine at position 215 in p542) in the glycine-rich
motif, which is the most divergent region between
the human and mouse Raly proteins (single underline
in Fig. 1B). There are also two amino acid differences
between hRALY and p542 (positions 215 and 216 in
hRALY); curiously, these residues are identical be-
tween hRALY and mRaly, but different in p542.
These amino acid changes between hRALY and
p542 may represent polymorphic differences in the
human RALY gene and protein, or different tissue
sources from which the cDNA clones were isolated.

Until recently, hnRNP C-related proteins were tra-
ditionally divided into two distinct domains; an N-
terminal RNA-binding domain (RBD) and a C-ter-
minal auxiliary domain [7,8]. The RBD (90-100 ami-
no acids) is a well-characterized domain, evolutionar-
ily conserved from yeast to man, and found in many
hnRNPs and other RNA-binding proteins [7]. It as-
sembles into four-stranded antiparallel B-sheets and
two a-helices [9], and was shown to bind poly U
tracts in vitro [10]. Most of the similarity between
the Raly and hnRNP C proteins lies within this re-
gion (~ 80% identity). The structure and function of
the auxiliary domain (about 200 amino acids) are not
well known. Four distinct regions within the auxili-
ary domain of hnRNP C were revealed recently
[11,12] (Fig. 1A). Following the RBD, there is a re-
gion called variable due to the high degree of varia-
bility in the length of this region. Next, there is a
region consisting mostly of basic residues (basic re-
gion), and a leucine zipper motif that is characterized
by the presence of hydrophobic residues at every

seventh position and also at the fourth position.
The basic region and the leucine zipper in hnRNP
C are similar in organization to the basic leucine
zipper motif of DNA-binding proteins and have
been suggested to function as a novel RNA-binding
motif [12]. The C-terminal region of the hnRNP C
proteins is rich in acidic residues (acidic region).
Although this region does not show a great deal of
sequence identity between the Raly and hnRNP C
proteins, suggesting a different function for these
two groups of proteins, the Raly proteins do have
numerous acidic residues in this region, many of
which are identical between the Raly and hnRNP
C proteins. There is a glycine-serine-rich stretch
within the C-terminal regions of the Raly proteins
(33 residues in mRaly, and 27 and 28 residues in
hRALY and p542, respectively; single underline in
Fig. 1B), which is absent in the hnRNP C proteins.
The 28 amino acid region of p542 was identified as a
cross-reactive epitope in autoimmune diseases [6].

As can be seen in Fig. 1B, the 16-amino acid in-
frame insert that is alternatively processed in the
hRALY protein (double underlined) is located within
the variable region, at the same location where the
hnRNP C1 and C2 proteins differ by the 13-amino
acid insert in C2. Therefore, not only do RALY and
hnRNP C have considerable sequence similarities,
but they are also processed in a similar manner.
The insertion of small peptides in hnRNP proteins
by alternative splicing might be a general mechanism
for diversification among hnRNPs. For example, two
other members of the hnRNP family, the A2 and Bl
proteins, also differ by only a 12-amino acid insert in
B1 [4].

Because hRALY and p542 appear to be two iso-
forms of the same protein, we were interested in de-
termining if the mRaly protein is also alternatively
processed, with a 16-amino acid insert in the same
region of the protein. To this end, we performed
reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis [1] across this region of the
mouse mMRNA, using RNA from several different
tissues. Two primers were used (Fig. 1C) that should
amplify a 244-bp fragment from the previously pub-
lished mRaly isoform (GB|L17076, [1]). If the mRaly
gene also contains a 16-amino acid insert, we would
expect to identify PCR fragments of 244 and 292 bp
in length. As shown in Fig. 1C, in addition to a 244-
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A leucine _
RBD variable basic zipper acidic

| ] | 1 ] ]

1 95 155 190 220 303
hRALY 1 MSLKLQASNVTNKNDPKSINSRVFIGNLNTALVKKSDVETIFSKYGRVAGCSVHKGYAFVQYSNERHARAAVLGE 75
p542 1 MSLKLQASNVTNKNDPKSINSRVFIGNLNTALVKKSDVETIFSKYGRVAGCSVHKGYAFVQYSNERHARAAVLGE 75
mRaly 1 MSLKIQTSNVTINKNDPKSINSRVFIGNLNTAVVKKSDVETIFSKYGRVAGCSVHKGYAFVQYANERHARAAVLGE 75
hhnRNPC1 1 MASNVTNKTDPRSMNSRVFIGNLNTLVVKKSDVEAIFSKYGKIVGCSVHKGFAFVQYVNERNARAAVAGE 70
hhnRNPC2 1 MASNVTNKTDPRSMNSRVFIGNLNTLVVKKSDVEAIFSKYGKIVGCSVHKGFAFVQYVNERNARARAVAGE 70
mhnRNPC1/C2 1 MASNVTNKTDPRSMNSRVFIGNLNTLVVKKSDVEAIFSKYGKIVGCSVHKGFAFVQYVNERNARAAVAGE 70

_t*t***'t*.*_****x****** _****t**_*tit**.. ***t**t_***** *k*.***** * *
hRALY 76 NGRVLAGQTLDINMAGEPKPDR-PKGLKRAASAIY--=-=--———————— SGYIFDYDYYRDDEYDRLFDYRGRLS 135
p542 76 NGRVLAGQTLDINMAGEPKPDR-PKGLKRAASAIY--—-——-—————-—-Se————— RLFDYRGRLS 119
mRaly 76 NGRVLAGQTLDINMAGEPKPNR-PKGLKRAATAIY-—-————————————mm e RLFDYRGRLS 119
hhnRNPC1 71 DGRMIAGQVLDINLAAEPKVNRGKAGVKRSAAEMYG--—-—-———-——-—= SSFDLDYDFQR-DYYDRMYSYPARVP 131
hhnRNPC2 71 DGRMIAGQVLDINLAAEPKVNRGKAGVKRSAAEMYGSVTEHPSPSPLLSSSFDLDYDFQR-DYYDRMYSYPARVP 144
mhnRNPC1/C2 7. DGRMIAGQVLDINLAAEPKVNRGKAGVKRSAAEMYGSVPEHPSPSPLLSSSFDLDYDFQR DYYDRMYSYPARVP 144
* * .**t i***_* * Kk Kk * * * ok *. . i * *.
hRALY 136 PVP--VPRAVPVKRPRVTVPLVRRVKTNVPVKLFARSTAVTTSSAKIKLKSSELQAIKTELTQIKSNIDALLSRL 208
p542 120 PVP--VPRAVPVKRPRVTVPLVRRVKTNVPVKLFARSTAVTTSSAKIKLKSSELQAIKTELTQIKSNIDALLSRL 192
mRaly 120 PVP--VPRAVPVKRPRVTVPLVRRVKTTIPVKLFARSTAVTTGSAKIKLKSSELQTIKTELTQIKSNIDALLGRL 192
hhnRNPC1 132 PPPPIARAVVPSKRQRVSGNTSRRGKSGFNSKSGQRGSS-KSG----KLKGDDLQAIKKELTQIKQKVDSLLENL 201
hhnRNPC2 145 PPPPIARAVVPSKRQRVSGNTSRRGKSGFNSKSGQRGSS- KSG----KLKGDDLQAIKKELTQIKQKVDSLLENL 214
mhnRNPC1/C2 145 PPPPIARAVVPSKRQRVSGNTSRRGKSGFNSKSGQRGSSSKSG————KLKGDDLQAIKKELTQIKQKVDSLLESL 215
* Kk * K ** 2 * k Kk *t.*i * %k ok ok ok ok * * k *
hRALY 209 EQIAAEQKAN--—--——- PDGKKKGD--- - = RPPAPQENTTSEAGLPQG 271
p542 193 EQIAADEKAN------ PDGKKKGD--- GGGGGGGGSGGG G--GGSSRPPAPQENTTSEAGLPQG 256
mRaly 193 EQIAEEQKAN------ PDGKKKGD, GGSS NVGGGSS RLPAPQEDTASEAGTPQG 261
hhnRNPC1 202 EKMEKEQSK------- QAVEMKNDKSEEEQSSSSVKKDETNVKMESEGGAD-———-———-—-——-——— DSAEEGDLLDD 256
hhnRNPC2 215 EKMEKEQSK------- QAVEMKNDKSEEEQSSSSVKKDETNVKMESEGGAD-———-———-—————— DSAEEGDLLDD 269
mhnRNPC1/C2 216 EKIEKEQSKQADLSFSSPVEMKNEKSEEEQSSASVKKDETNVKMESEAGAD==-=—-———————— DSAEEGDLLDD 277
* .. * . * * *
hRALY 272 E-ARTRDDGDEEGLLTHSEEELEHSQDTDADDGALQ 306
p542 257 E-ARTRDDGDEEGLLTHSEEELEHSQDTDADDGALQ 291
mRaly 262 E-VQTRDDGDEEGLLTHSEEELEHSQDTDAEDGALQ 296
hhnRNPC1 257 DDNEDRGDDQLELIKDDEKEAEEGEDDRDSANGG 290
hhnRNPC2 270 DDNEDRGDDQLELIKDDEKEAEEGEDDRDSANGG 303
mhnRNPC1/C2 278 DDNEDRGDDQLELK-DDEKEPEEGEDDRDSANGEDDS 313
* * * * * * * *
C bp
292 hRaly 110 SGYIFDYDYYRDDFYD 125
mRaly 110 SGYSFDYDYYQDYFCA 125

244

Fig. 1. Isoforms of the human and mouse Raly and hnRNP C proteins are derived by peptide insertion in the variable region.
(A) Domain structure of hnRNP C-related proteins [11,12]. Residues at the beginning and end of each region correspond to hnRNP
C2, as previously described [11]. (B) Clustal W sequence alignment of human RALY (hRALY in this report, AF148457; and p542,
GB|AAC28898 [5]), mouse Raly (mRaly, PIR|A47318 [1]), human hnRNP C2 and Cl (hhnRNPC2, SP|P07910 and hhnRNPCI,
PIR |A26885 [4]), and mouse hnRNP C1/C2 (mhnRNPC1/C2, GB|AADO03717, D.J. Williamson, J. DeGregori, H.E. Ruley, direct sub-
mission to GenBank). Residues identical in all sequences are marked by asterisks under the sequence. Residues reflecting conservative
changes are indicated by dots under the sequence. Gaps are represented by dashes between the residues. The 16-amino acid in-frame
insert that is alternatively processed in the hRALY protein is double underlined. The three amino acid differences between hRALY
and p542 are marked by colons under the sequence. The glycine—serine-rich region within the C-terminal regions of the Raly proteins
is single underlined. (C) RT-PCR analysis of mouse testis RNA for the presence of the alternate Raly transcript with an in-frame in-
sert in the variable region. Fragment sizes are shown in basepairs (bp) to the right of the ethidium bromide-stained gel. Primers used:
5'"-TGTCCAGTATGCCAATGAGC-3' (forward), corresponding to nucleotides 438-457; and 5'-GCGAACCAAAGGGACTGTAA-3’
(reverse), nucleotides complementary to 662-681 (GB|L17076, [1]). (D) Predicted amino acid sequence of the mRaly 16 amino acid in-
sert compared to the corresponding insert in hRALY.
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5'-untranslated RBD Variable B-L-Z Acidic 3'-untranslated
L | | | , hRALY
! | 16 aa I "proline-rich" 1" AF148457
ATG TAA pA
L - | M p542
ATG TAA PA L38696
testis AA431687
pancreas AA186593
Jurkat T-cells AA305850
foreskin melanocyte = Te——— N 48385
adult brain = mm _ ee— H46063
kidney (2 pooled tumors) - — Al308957
proline-rich
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proline-rich
- " Al279899
- TGA

36

Fig. 2. Putative alternative processing of hRALY transcripts based on comparative analysis of known RALY cDNAs and selected
RALY EST sequences. hRALY and p542 are full-length cDNAs encoding two human RALY isoforms, with and without a 16-amino
acid insert in the variable region of the protein, respectively. Bold lines represent sequences corresponding to the hRALY cDNA se-
quence and thin lines represent putative splicing. The tissue origin of each EST is shown on the left and the accession numbers of the
full-length RALY ¢cDNAs (hRALY and p542) and ESTs are shown on the right. Regions of the hRALY transcript that encode puta-
tive protein domains are indicated above hRALY. The basic and leucine zipper regions are marked as B-L-Z. ‘Proline-rich’ designates
a region in the 3'-untranslated portion of hRALY that is present in ORFs encoded by the germinal center B-cell and placenta ESTs.
The translation initiation codon (ATG) and the stop codon (TAA) within the cDNA sequences are indicated, as are the 36-bp inver-
sion and position of the putative TGA stop codon in the placenta EST.

bp fragment, a second larger fragment was observed
in mouse testis RNA. The same results were also
obtained for mouse brain and lung RNA (not
shown). Sequencing confirmed that the larger frag-
ment had an additional 48 nucleotides (GenBank
accession number AF148458) that encode an addi-
tional 16 amino acids in mRaly, exactly in the
same place as in the hRALY protein. Fig. 1D shows
the predicted amino acid sequence of the mouse in-
sert in comparison to the corresponding insert in
hRALY. Therefore, in addition to the previously de-
scribed alternative splicing of 83 bp of sequence in
the 5'-untranslated region of the mRaly transcript
[1,2], another form of alternative processing of
Raly is demonstrated here for both the human and
mouse genes, involving an in-frame inclusion of 16-
amino acids in the variable region of the protein.

A search of GenBank for RALY expressed se-
quence tag (EST) sequences that span the variable

region confirmed the presence of both isoforms in
human ESTs. For example, clones from human testis
(GBIAA431687), pancreas (GBI AA186593) and Jur-
kat T-cell libraries (GB|AA305850) were found to
contain the 16-amino acid insert, whereas a clone
from a foreskin melanocyte cDNA library
(GB|N48385) contained the RALY isoform without
the insert (Fig. 2). Interestingly, there was one
RALY EST (GB|H46063) from a human adult brain
library that splices out 87 bp of DNA, resulting in
the removal of the alternative 16 amino acids, as well
as the next 13 residues in the deduced protein se-
quence of hRALY (Fig. 2). It is not clear from one
clone whether or not this EST represents a legitimate
transcript. However, it is worth noting that, in addi-
tion to this clone, there are other unique RALY EST
sequences, at least suggesting the possibility of addi-
tional alternatively processed RALY protein iso-
forms (Fig. 2). For example, a kidney tumor EST
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Fig. 3. Expression analysis of the hRALY gene. A P-labeled
full-length hRALY c¢DNA clone was hybridized to a poly A"
RNA Northern blot (2 pg per lane, Clontech) of various hu-
man tissues (indicated above the blot). Positions of RNA size
markers, in kilobases (kb), are indicated on the right.

(GBJAI308957) has sequence corresponding to nu-
cleotide 885 of hRALY cDNA spliced to nucleotide
1187, resulting in the removal of coding sequence for
half of the leucine zipper and most of the C-terminal
acidic regions of the protein. In another clone
(GBIAAS04617) from a germinal center B-cell li-
brary, hRALY nucleotide 794 is spliced to nucleotide
1282, resulting in the removal of coding sequence for
half of the basic domain, all of the leucine zipper
region and the acidic C-terminus, including the
stop codon (nucleotides 1217-1219). Skipping the
stop codon results in the continuation of the ORF
and an additional 29 amino acids (the EST sequence
does not contain any in-frame stop codon) that are
rich in proline residues. Similarly, an EST clone
(GB|AI279899) from a placenta library contains a
36-bp inversion around the stop codon (nucleotides
1207-1242 of hRALY cDNA), resulting in the re-
moval of the stop codon and the addition of 66 ami-
no acids that are rich in proline residues (as in the B-
cell clone above; Fig. 2), before reaching a new in-
frame stop codon. Again, additional experimentation
would be needed to determine the validity of these
apparently new transcripts and their functional sig-
nificance. Proline-rich peptides have been shown to

be involved in protein—protein interactions, especially
with Src homology 3 (SH3) and WW domains
present in a number of signaling and regulatory pro-
teins [13,14].

As previously shown for the mRaly gene [1,2],
hRALY is widely expressed as an ~1.7-kb tran-
script. Fig. 3 shows a poly AT RNA Northern blot
of various human tissues (Clontech) hybridized with
the 3?P-labeled full-length RALY cDNA clone. A
transcript size of ~1.7 kb is consistent with the
1589-bp cDNA clone, plus a poly A tail of approx-
imately 100 bases. The two RALY transcripts differ
in size by only 48 bases (that encode the 16 amino
acid insert in the protein) and are therefore seen to
co-migrate on the Northern blot. An additional hy-
bridizing fragment, slightly larger than 4.4 kb in size
and co-migrating with 28S RNA, may represent
cross-hybridization to 28S, partially processed
RALY message, or another, as yet unidentified,
RALY transcript. The p542 gene was reported to
be expressed as a single 4.4-kb transcript in three
B-cell lines, one T-cell line, and in HeLa (epithelial)
cells [5]. The authors did not report hybridization of
the p542 probe to a 1.7-kb transcript in these cell
lines. If these cell lines do not express the prominent
1.7-kb RALY message, it would indicate that this
RALY message is not necessary for cell viability.

Human RALY (p542) has been mapped by
the International RH Mapping Consortium to
chromosome 20, within the reference interval 39.9—
50.2 cM (http://www.ncbi.nlm.nih.gov/genemap/loc.
cgi?ID = 30442), close to the human AGOUTI gene
(reference interval 50.2-54.9 cM; http://www.
ncbi.nlm.nih.gov/genemap/loc.cgi?ID = 30442), which
is consistent with the large region of syntenic homol-
ogy between distal mouse chromosome 2 and human
chromosome 20q.

The work presented here has demonstrated that
both the human and mouse Raly genes are alterna-
tively processed to generate at least two protein iso-
forms that are similar in both overall sequence and
processing compared to the hnRNP C proteins. As
expected, the hRALY gene is widely expressed as a
1.7-kb message. In general, the hnRNP proteins ap-
pear to be modular in nature, with multiple func-
tional domains. Recent data on the hnRNP C pro-
teins are beginning to elucidate the potential
functional roles of these various domains [12,15].
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The generation of targeted mutations within specific
functional domains of the mRaly gene, and other
hnRNP genes, is one approach that may provide
significant insight into the in vivo function of these
domains.

We thank Jeff Schrick for providing the human
cDNA library membranes that were screened with
the mRaly probe. The work reported here was sup-
ported by the Office of Health and Environmental
Research, United States Department of Energy
under contract DE-ACO05-960R22464 with Lockheed
Martin Energy Research Corporation.
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