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Proteins with RNA recognition motifs (RRMs) have important roles in a great many aspects of RNA
metabolism. However, this family has yet to be systematically studied in any single organism. In order to
investigate the size of the RRM gene family in Drosophila melanogaster and to clone members of this family,
we used a polymerase chain reaction (PCR) with highly degenerate oligonucleotides to amplify DNA fragments
between the RNP-1 and RNP-2 consensus sequences of the RRM proteins. Cloning and sequencing of 124 PCR
products revealed 12 different RRM sequences (RRM1 to RRM12). When PCR products were used as probes
in genomic Southern and Northern (RNA) analyses, 16 restriction fragments and 25 transcripts, respectively,
were detected. Since the combinations of nucleotide sequences represented in the PCR primers correspond to
only 4% of the RRM sequences inferred to be possible from known RRM sequences, we estimate the size of the
RRM gene family in the order of three hundred genes in flies. In order to gain insight into the possible functions
of the genes encoding the RRMs, we analyzed the sequence similarities between the 12 RRMs and 62 RRM
sequences of known proteins. This analysis showed that the RRMs of functionally related proteins have similar
sequences and are clustered together in the RRM gene tree. On the basis of this observation, the RRMs can be
divided into three groups: a heterogeneous nuclear ribonucleoprotein type, a splicing regulator type, and a
development-specific factor type. This result suggests that we have isolated good candidates for both

housekeeping and developmentally important genes involved in RNA metabolism.

In eukaryotes, there is substantial posttranscriptional me-
tabolism of RNA. The major events of RNA metabolism
include capping, polyadenylation, splicing (and alternative
splicing), transport, localization, translation, and turnover
(for reviews, see references 6, 7, 10, and 20). In all of these
processes, trans-acting factors must recognize particular
parts of RNA molecules and, in many cases, particular
species of RNA molecules. Work during the last few years
has shown that many, but by no means all, of the proteins
that bind to RNA share a loosely conserved domain of about
80 to 90 amino acids referred to as an RNA recognition motif
(RRM) (also referred to as RNP-CS type RNA-binding
domain, RNP-80, and RNP motif; for reviews, see refer-
ences 3, 14, 23, and 34).

RRM is a loosely conserved RNA binding domain which
has 21 conserved amino acid residues spread across an 80- to
90-amino-acid region, with the most conserved sequences
being the RNP-1 octapeptide and RNP-2 hexapeptide (14).
Recently, the three-dimensional structure has been worked
out for the RRM of U1A protein (21, 37), and this structure
seems to be conserved in other members of the RRM gene
family (23).

Studies of several RRM-containing proteins have shown
that this motif can confer the ability to bind single-stranded
nucleic acids, although for most proteins in this family,
experimental evidence for RNA binding is currently lacking.
A proteolytic fragment of the heterogeneous nuclear ribonu-
cleoprotein (hnRNP) Al protein containing only two RRM
repeats retained RNA binding activity (29, 40). The region
that is responsible for RNA binding in members of this
family has been also defined by protein truncation experi-
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ments. For example, only one motif of the four repeated
RRMs present in the poly(A)-binding protein of Saccharo-
myces cerevisiae is enough to retain poly(A) binding activity
(46). Similarly, studies of the Ul 70K protein (42) and the
U1lA protein (51) have shown that a single RRM in these
proteins with minimal flanking sequences retains the ability
to specifically bind Ul RNA. Within the RRM, the RNP-1
consensus sequence seems to be involved in RNA binding.
UV cross-linking (35) and filter binding assays (52) have
shown that RNP-1 is directly involved in single-stranded
nucleic acid binding. In addition, Scherly et al. (50) showed
that in exchanges of RNP-1 between the UlA and U2B"
proteins, the binding specificity of these proteins follows the
sequences around RNP-1. These data suggest that the bind-
ing specificities of at least some proteins in this family reside
in RRM, rather than in unique flanking sequences. However,
studies of the RNA binding affinities of the La-encoded (9)
and Ro-60K (12) proteins show that sequences outside the
RRM are also required for RNA binding in some members of
this family.

While many members of this family, such as hnRNP
proteins (11, 30, 56), small nuclear ribonucleoprotein
(snRNP) proteins (18, 54, 57), and poly(A)-binding proteins
(45), carry out functions in basic housekeeping aspects of
RNA metabolism, other RRM-containing genes have devel-
opmentally important regulatory roles. For example, the
elav gene of Drosophila melanogaster contains RRMs (43)
and has been shown to encode a nervous system-specific
function necessary for the differentiation of neural cells (44).
In addition, two of the regulatory genes that control sexual
differentiation in D. melanogaster, Sex-lethal (SxI) and
transformer-2 (¢ra-2), also contain RRMs (1, 4, 16). Both the
Sx! and tra-2 genes control the splicing patterns of the
pre-mRNAs produced by other genes in the regulatory
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hierarchy governing sexual differentiation (2, 38). Since
RRM-containing genes carry out a diverse array of house-
keeping and regulatory. functions, the consensus sequence
that defines this family probably represents a general RNA
binding domain.

The fact that Sxl, tra-2, and the recently identified human
splicing factor ASF (15) or SF2 (27) regulate alternative
splicing events and encode proteins with sequences that
place them in this family of RRM-containing proteins is
particularly intriguing, since few trans-acting factors that
regulate alternative splicing decisions have been identified.
In contrast to the small number of genes known to regulate
alternative splicing decisions, many genes that are regulated
by alternative splicing are known (for reviews, see refer-
ences 8 and 55). Thus, there are probably many, as yet
unidentified, trans-acting factors that control these alterna-
tive splicing decisions. :

Indeed, for many aspects of RNA metabolism, only a
small fraction of the gene products that are involved in these
processes is currently known. Since many of the known
proteins that interact with RNA contain RRM sequences, we
reasoned that the isolation and characterization of new
members of the RRM family would increase our understand-
ing of RNA metabolism. To estimate the size of this gene
family in D. melanogaster and to isolate new sequences
encoding proteins with RRMs, we used the polymerase
chain reaction (PCR) (47) to amplify RRM sequences.
Twelve new sequences encoding RRMs have been isolated.
This brings the known number of RRM-containing proteins
in D. melanogaster to nearly 20. A sequence comparison and
a numerical analysis of the RRM sequences suggest that
functionally related RRM-containing proteins have signifi-
cant sequence similarities in their RRMs, and thus it may be
possible to obtain clues as to the functions of uncharacter-
ized RRM proteins by their similarity to RRM proteins of
known function.

MATERIALS AND METHODS

RNA preparation and ¢cDNA synthesis. Adult flies (2 g)
were homogenized in a Dounce homogenizer in 10-ml of
homogenization buffer (0.15 M NaCl, 1.5 mM MgCl,, 10 mM
Tris-HCI [pH 8.0], 0.5% sodium dodecyl sulfate). The super-
natant was extracted twice with phenol and then ethanol
precipitated. The pellet was resuspended in water and frozen
at —70°C. Poly(A)* RNA (20 pg) was purified by using
oligo(dT)-cellulose column chromatography. cDNA was
synthesized by adding 5 pg of poly(A)* RNA, 5 pg of
oligo(dT), 20 U of Moloney murine leukemia virus reverse
transcriptase, and 20 U of RNAsin to 50 ul of a solution
consisting of 50 mM Tris-Cl (pH 8.0), 5 mM MgCl,, 5 mM
dithiothreitol, and 50 mM KCIl.

PCR amplification of RNA recognition motifs. cDNA (100
ng) was amplified via PCR in 100-pl volumes of a solution
consisting of 50 mM KCl, 10 mM Tris-Cl (pH 8.3), 1.5 mM
MgCl,, 0.01% (wt/vol) gelatin, 0.45 mM (each) of the four
deoxynucleoside triphosphates, 1 nmol (each) of the degen-
erate primers, and 2.5 U of Taq polymerase. For the first 5
cycles, the reaction was incubated for 1 min (each) at 95, 48,
and 74°C; the annealing temperature was shifted from 48 to
55°C for the remaining 25 cycles. After amplification, 10 ul of
the PCR was analyzed by 2% agarose gel electrophoresis.
The rest of the PCR was digested with EcoRI and HindIII
and then cloned into a pSK vector (Stratagene). Single-
stranded DNAs were prepared from the clones and se-
quenced by the method of Sanger et al. (49).
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Northern and genomic Southern analysis. Samples (2 pg) of
poly(A)* RNA of adult flies or of restriction enzyme-
digested D. melanogaster genomic DNA was electrophore-
sed and transferred to Nytran membranes (Schleicher and
Schuell). Hybridizations were done using the conditions
described by Nagoshi et al. (38).

Computer analysis. The sequences of 47 genes with RRMs
were selected from the NBRF/PIR protein database (release
20) by using the PROFILE SEARCH program of the Uni-
versity of Wisconsin Genetics Computer Group (13) and
saved as a local data file named RRMdata. Each RRM
sequence was compared with the sequences in the RRMdata
file with the FASTA program of the University of Wisconsin
Genetics Computer Group looking for similar sequences.
The means and the standard deviations of the similarity
scores for each comparison were calculated to show the
significance of the similarity.

In order to construct a RRM gene tree, a sequence
distance matrix was calculated by using the DNA mutational
distance between different amino acids (26). Insertions and
deletions at each amino acid position were treated as three
mutational steps. The topology of the RRM gene tree was
calculated from the distance matrix using the neighbor-
joining algorithm (48).

RESULTS

Probes for RNA recognition motifs. The approach we have
taken to estimate the size of the RRM gene family and to
clone members of this family is based on PCR. RRM is a
region of 80 to 90 amino acids, across which there are about
21 conserved residues in the 19 family members identified at
the time we initiated this work (Fig. 1). The number of RRMs
in a given protein ranges from one to four, and thus 32 RRM
sequences were available to us. Clusters of conserved resi-
dues occur at only two positions in RRM (Fig. 1) and
represent the only portions of RRM where there is enough
conservation to design probes for oligonucleotide hybridiza-
tion screens and/or primers to amplify sequences from
members of this family via PCR. These two relatively
conserved subdomains are RNP-1, which is an octapeptide,
and RNP-2, which is a hexapeptide (14). However, there is
little, if any, constraint on the amino acid in the seventh
position in RNP-1. Thus, in designing degenerate oligonu-
cleotide pools corresponding to this region, we have focused
on the first six residues in RNP-1, the consensus sequence of
which is depicted in Fig. 2a. This consensus amino acid
sequence represents between 53 and 95% of the residues
found at these six positions in the RNP-1 sequences depicted
in Fig. 1. Assuming that all combinations of known amino
acid residues at each position in RNP-1 are possible, this
consensus sequence encompasses 29% of possible RNP-1
sequences. (Statistical calculations show that among the 32
RRMs available at the time we started this study, the
numbers of RNP-1 and RNP-2 with 0, 1, 2, etc. deviations
from the consensus sequence fit random expectations.)
RNP-2 is a sequence of six amino acids at the 5’ end of the
RRM and is less conserved than RNP-1. The most common
amino acids found at each position of the RNP-2 (Fig. 2a)
represent between 58 and 84% of the known amino acid
residues at these six positions. Again, assuming all combi-
nations of known residues are possible, this consensus
sequence represents about 14% of the theoretically possible
RNP-2 sequences.

The DNA sequences for RNP-1 and RNP-2 obtained by
reverse translation of the amino acid consensus sequences
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HUMAN UlsnRNP-70K TLFVARV-NYDTTESK---LRREFEVYGPIKRIHMVYSKRS-GKPRGYAFIEYEHERDMHSAY-KHADGKKIDGRR-VLVDVERGRT

UlsnRNP-A$1 TIYINNLNEKIKKDELKKSLYAIFSQFGQILDILVS----RSLKMRGQAFVIFKEVSSATNAL-RSMQGFPFYDKP-MRIQYAKTDS
-A$#2 ILFLTNL-PEETNELM---LSMLFNQFPGFKEVRLVP----G--RHDIAFVEFDNEVQAGAAR-DALQGFKITQNNAMKISFAKK

U2snRNP-B"#1 TIYINNMNDKIKKEELKRSLYALFSQFGHVVDIVAL----KTMKMRGQAFVIFKELGSSTNAL-RQLQGFPFYGKP-MRIQYAKTDS

-B"#2 ILFLNNL-PEETNEMM---LSMLENQFPGFKEVRLVP----G--RHDIAFVEFENDGQAGAAR-DALQGFKITPSHAMKITYAKK

RORNP-60K MLFAKAI-CSQCSDIST--KQAAFKAVSEVCRIP---~---=-==~ THLFTFIQFKKDLK-ESMK-CGMNGRALRKAI-AD-WYNEKGG
UP2 KIFVGGL-SPDTPEEK-~--IREYFGGFGEVES IELPMDNKTN-KRRGFCFITFNQEEP

hnRNP C1/C2 RVFIGNL-NTLVVKKSD--VEAIFSKYGKIVGCSV--===-==- HKGFAFVQYVNERNARAAV-AGEDGRMIAGQV-LDINLAAEPK
La SVYIKGFPTDATLDD--~-IKEWLEDKGQVLNIQMRRTL--HKAFKGSIFVVFD---SIESAK-KFVETPGQKYKE-TDLLILFKDD

HAMSTER C23
RAT HDP #1

TLFVKGLSEDTTEET~---LKGSF--EGSV-RARIVTDRET-GSSKGFGFVDFNSEEDAKAAK-EAMEDGEIDGNK-VTLDYAKPKG
KLFIGGL-SFETTDES---LRSHFEQWGTLTDCVVMRDPNT-KRSRGFGFVIYATVEEVDAAM-NAR-PHKVDGRV-VEPKRAVSRE

#2 KIFVGGI-KED-TEEHH--LRDYFEQYGKIEVIE IMTDRGS~-GKKRGFAFVIFDDHDSVDKIV-IQK-YHTVNGHN-CEVRKALSKQ
MOUSE NUCLEOLIN #1 NIFIGNLNPNKSVAELKVAISEPFAKN-DLAVVDV----RT-GTNRKFGYVDFESAEDLEKAL--ELTGLKVFGNE-IKLEKPKPKG
#2 TLLAKNL-SFNITEDE---LKEVFEDALEIRLVS----- QD-GKSKGIAYIEFKSEADAEKNL-EEKQGAEIDGRS-VSLYYTGEKG

#3 TLVLSNL-SYSATEET---LQEVFEKATFIKVPQ----NQQ-GKSKGYAFIEFASFEDAKEAL-NSCNKMEIEGRT-IRLELQGPRG
#4 TLFVKGL-SEDTTEET---LKESFE--GSVRARIV-TDRET-GSSKGFGFVDFNSEEDAKAAK-EAMEDGEIDGNK-VTLDWAKPKG

FLY P9 #1 KLFIGGL-DYRTTDEN---LKAHFEKWGNIVDVVVMKDPRT-KRSRGFGFITYSHSSMIDEAQ-KSRP~HKIDGRV-VEPKRAVPRQ

#2 KLFVGAL-KDDHDEQS=---IRDYFQHFGNIVDINIVIDKET-GKKRGFAFVEFDDYDPVDKVV-LQKQ-HQLNGKM-VDVKKALPKQ
ELAV #1 SLFSSVG-EIESVK-L=---IRDKSQVYIDPLNPQAPSK-~---GQSLGYGFVNYVRPQDAEQAV-NVLNGLRLONKT-IKVSFARPSS
#2 NLYVSGL-PKTMTQQE~---LEAIFAPFGAIITSRILQNAGNDTQTKGVGF IRFDKREEATRAIIALNGTTPSSCTDPIVVKFSNTPG

#3 PIFIYNL-APETEEAA---LWQLFGPFGAVQSVKIVKDPTT-NQCKGYGFVSMTNYDEAAMAI-RALNGYTM-GNRVLQVSFKTNKA

SXL #1 NLIVNYL-PQDMTDRE---LYALFRAIGPINTCRIMRDYKT-GYSFGYAFVDF TSEMDSQRAI-KVLNGITVRNKR-LKVSYARPGG
#2 NLYVTNL-PRTITDDQ---LDTIFGKYGSIVQOKNILRDKLT-GRPRGVAFVRYNKREEAQEAI-SALNNVIPEGGSQPLSVRLAEEH
tra-2 GVFGLNT-NTSQHK-~=~- VRELFNKYGPIERIQMVIAQTR-QRSRGFCFIYFEKLSDARAAK-DSCSGIEVDGRR-IRVDFSITQOR
Ul 70K snRNP TLFIARI-NYDTSESK---LRREFEFYGPIKKIVLIHDQ-ESGKPKGYAFIEYEHERDMHAAY-KHADGKKIDSKR-VLVDVERART
YEAST SSB AEFFGTD-ADSISLPM---RKMRDQHTGRIF-~-~~----- TSDSANRGMAFVTF SGENVD IEAKAEEFKGK~-VFGDRELTVDVAVIRP
PABP #1 SLYVGDL-EPSVSEAH---LYDIFSPIGSV-SSIRVCRDAITKTSLGYAYVNFNDHEAGRKAI-EQLNYTP IKGRL-CRIMWSQRDP
#2 NIFIKNL-HPDIDNKA---LYDTFSVFGDILSSKIATDEN--GKSKGFGFVHFEEEGAAKEAI-DALNGMLLNGQE-IYVAPHLSRK

#3 NLYVENI-NSETTDEQ---FQELFAKFGPIVSASLEKDAD--GKLKGFGFVNYEKHEDAVKAV-EALNDSELNGEK~-LYVGRAQKKN

#4 NLFVKNL-DDSVDDEK---LEEEFAPYGTITSAKVMRTEN--GKSKGFGFVCFSTPEEATKAI-TEKNQQIVAGKP-LYVAIAQRKD

E.coli Rho N1 NMGLENL-ARMRKQDI---IFAILKQHAKSGED IFGDGVLE-ILODGFGFLRSADSSYL--AGPDDIYVSPSQIRR-FNLRTGDTIS

T4 GP32 CQYISKNDLYNTDNKEYSLVKRKTS YWANILVVKDPAAPEN-EG-KVFKYRFGKKIWDK INAMIAVDVEMGETPVD~VTCPWEGANF
CONSENSUS LFVGNL L F FGV RGFGFV.F A IG vv

IYIRG I Y I K AIY v II

RNPII RNP I

FIG. 1. Amino Acid Sequences of RNA recognition motifs. 32 RNA Recognition Motifs are aligned by the method of Kenan et al. (23).
The conserved features are in bold type and include the most highly conserved segments denoted RNP-1 and RNP-2. The consensus sequence
is shown at the bottom of the figure. The amino acid sequences were obtained from the following references: Ul snRNP 70K protein (42),
U1 snRNP-A (54), U2 snRNP-B" (18), Ro RNP-60K (12), UP2 (30), hnRNP C1/C2 (56), La (9), helix-destabilizing protein (11), UP1 (59),
nucleolin (32), fly p9 (19), fy ELAV (42), SXL (4), tra-2 (1), fly Ul 70K snRNP (33), SSB1 (22), polyadenylate-binding protein (45);
Escherichia coli Rho protein (41); and T4 gp32 (28).

are very degenerate (Fig. 2a). The numbers of sequences in
the 18 nucleotides of RNP-1 and RNP-2 are 16,384 and
294,912, respectively. We initially attempted to perform
oligonucleotide hybridization screens of libraries using de-
generate oligonucleotide probes made against RNP-1. These
probes gave poor signal-to-noise ratios and large numbers of
false-positives results, so we turned instead to PCR. We
expected PCR to provide higher specificity by allowing
primers to RNP-1 and RNP-2 to be used simultaneously. In
order to keep the degeneracies of the PCR primers relatively
low, we used the 14 nucleotides at the 3’ ends of the RNP-1
and RNP-2 to make PCR primers (Fig. 2a). A single pool of
degenerate primers for RNP-1 and 4 pools of nonoverlapping
degenerate primers for RNP-2 was made (Fig. 2b). Eight
nucleotides containing a restriction enzyme site were incor-
porated at the 5’ end of each primer to facilitate cloning of
the PCR-amplified products. These extra nucleotides also
increased the stability of the hybrids after the first round of
PCR amplification.

Amplification of RNA recognition metifs. In order to am-
plify the sequences between RNP-1 and RNP-2, we carried
out first-strand cDNA synthesis with D. melanogaster adult
poly(A)* RNA. We used mRNA as the starting material,
since this allowed us to predict the size of the amplified
products from RRM-containing genes. In all known RRMs,
the RNP-1 and RNP-2 sequences are a relatively fixed
distance apart, so the amplified product would be expected

to be 130 to 140 nucleotides (Fig. 3). In addition, in genes
with more than one RRM, these motifs are also a relatively
constant distance apart, so the amplified product for a gene
containing two RRMs would be expected to be 370 to 410
nucleotides (Fig. 3).

The products of the cDNA synthesis were amplified with
the PCR primers depicted in Fig. 2b in a two-step PCR. The
first 5 rounds of the PCR reaction were conducted at 48°C
(low stringency), and the subsequent 25 rounds of the PCR
reaction were conducted at 55°C (high stringency). The
products of the PCR reaction were then separated on agar-
ose gels (Fig. 3). The reactions carried out with RNP-2
primers RNP-2-1, RNP-2-2, and RNP-2-4 yielded products in
the size ranges expected from genes containing one and two
RRMs. However, PCR with primer RNP-2-3 consistently
failed to produce products in the size ranges expected. This
primer was subsequently found to contain a 3’ overlap with
the RNP-1 primer, which led to the two primers priming off
of one another rather than the cDNA.

To determine whether the PCR products in the 140- and
400 nt size classes (hereafter referred to as the S and L size
classes, respectively) represented RRMs and to determine
whether RRMs from more than one gene were present in
these bands, we cloned the PCR products and sequenced 124
clones. Of these clones, 119 had open reading frames with
the expected conserved residues between RNP-1 and RNP-2
(Fig. 4), suggesting that they represented RRM sequences.
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RNP CONSENSUS L Fse Vi Gao Nss Lies
ISO ISS K22 G25

DNA SEQUENCE ATT TTC ATN AAN AAN CTN
CC TG GG GG T
TG

5 3
PCR PRIMERS == == == o

HindIII linker + TTC ATN AAN AAN CT
TG GG GG T

1. RNP-1 primer
2. RNP-2-1 primer
3. RNP-2-2 primer
4. RNP-2-3 primer
S. RNP-2-4 primer
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RNP-1

RSO GBS FSJ AJD FBS Vvo
K42 G44 Izs

CGN GGN TTT GGN TTT GTN
AA cC C CA

3 5

-

CCN AAA CCN AAA CA + EcoRI linker
G G GT

S'-tcgaatt cNAYRAANSCRAANCC-3'
5'-tcaagcttTTYRTNAARAAYYT-3'
5'-tcaagctt TTYRTNGGNGGNYT-3"'
5'-tcaagctt TTYRTNAARGGNYT-3'
5'-tcaagcttTTYRTNGGNAAYYT-3"'

FIG. 2. RRM Consensus sequences used to generate PCR primers. (a) The RRM consensus amino acid sequences for RNP-1 and RNP-2
derived from the known RRM sequences from Fig. 1 are shown. The number adjacent to each amino acid indicates the frequency that the
amino acid is found at that position among the known RNP consensus sequences. The possible DNA sequences encoding these RNP
consensus sequences are indicated. Degenerate PCR primers for the RNP consensus sequences were made using the 14 nucleotides at the 3’
end of each consensus sequence and 8 nucleotides containing a restriction enzyme site at the 5’ end of each primer. (b) Sequences of the PCR
primers used to amplify cDNA fragments containing RRMs are listed. Sequences in capital letters are complementary to cDNAs containing
the indicated RNP consensus sequences defined above. Sequences in lowercase type are linker sequences that create a EcoRI or HindIII site
used to facilitate cloning of PCR-amplified fragments. The nucleotide ambiguities in the primer sequences were shown using the letter codes
for nucleotides proposed by the International Union of Biochemistry (39). S means C or G, R means A or G, Y means T or C, and N means

AorGorCorT.

Each of the 119 clones had one of 12 different RRM
sequences, and these 12 different types of RRM sequences
were named RRM1 to RRM12. Of 124 clones sequenced, 5
had one of two sequences which did not appear to be derived
from an RRM sequence.

Size of the RRM gene family. The frequencies with which
the individual RRM sequences were represented among the
124 clones sequenced varied substantially (Fig. 4). The
different levels at which these genes were represented could
be due either to the use of RNA as the starting material for
the amplification or to different efficiencies of amplification
for those RRMs. This result suggests that the 124 clones we
sequenced may not have been enough to isolate RRM
sequences amplified at low levels and led us to ask the next
two questions. Are there unidentified RRM sequences am-
plified at low levels? Is there any way we can increase the
level of amplification for weakly amplified RRM sequences?

In order to address the first question and to find out what
portion of the amplified RRM sequences were identified by
the sequence analysis, we used genomic Southern analysis
to determine how many genes were represented in each of
the PCR L and PCR S products. We probed Southern blots
of restriction digests of wild-type (Canton S) DNA with
probes prepared from each of the PCR L and PCR S
fragments (Fig. 5). The three PCR L fragments each hybrid-
ized with a single major band. The PCR S1, S2, and S4
probes hybridized with seven, three, and three prominent
bands, respectively, suggesting that they contained se-

quences from at least that many genes. The fact that the
EcoRI digestions and the BamHI digestions gave compara-
ble numbers of bands and that these numbers are close to the
number of RRM sequences plus the two nonspecific se-
quences identified by sequencing the PCR products suggests
that 12 to 14 RRM sequences were amplified in the PCR.
Therefore, the genomic Southern analysis showed that we
may have identified essentially all of the RRMs present in the
PCR products.

Probing of Northern blots of poly(A)* RNA from wild-
type (Canton S) adults with probes prepared from each of the
PCR S and PCR L products showed about 25 transcripts
hybridized to these probes (Fig. 5). The fact that these
probes in aggregate detected 16 bands in genomic Southern
analysis and about 25 bands in Northern analysis suggests
that some of these transcripts may come from the same gene
and be due to alternative promoter usage or alternative
processing events.

In order to test whether we could overcome the problem
of biased amplification of RRM sequences, part of which
resulted from the different concentrations of RRM gene
transcripts in the mRNA substrate used for PCR, fly
genomic DNA instead of cDNA was used as the template
with the three pairs of PCR primers described above. The
amplification of genomic DNA with these primers was less
efficient and produced more size classes of products than
when cDNA was used as the template (Fig. 3). Since any
introns present in RRMs will be present in genomic DNA,
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Genomic DNA cDNA
PCR Southern Hyb. PCR

I=1.1-2 1=4 I-1 1I-2 1-4 I-1 1-2 1-3 I-4

400

RNA BINDING DOMAIN | RNA BINDING DOMAIN I

CONA Template — A HWN VA 1
RNP Il RNP | RNP Il RNP |
e
The Size of -~
PCR Products iy il
= >
- <

400bp

FIG. 3. Agarose gel electrophoresis of PCR products. PCR prod-
ucts amplified from both cDNA and genomic DNA using the
degenerate primers shown in Fig. 2 were electrophoresed through a
2% agarose gel and visualized by ethidium bromide staining. The
numbers above each lane indicate which RNP-2 primer was used in
conjunction with the RNP-1 primer to generate the corresponding
reaction products. The diagram at the bottom of the figure illustrates
how amplified products of 140 and 400 bp could be generated from
cDNA. Products of these sizes are denoted with the letters S for the
small 140-bp products and L for the large 400-bp products. PCR
products amplified from genomic DNA were analyzed by Southern
hybridization (Southern Hyb.) The probe was made from the
gel-purified cDNA PCR products L and S.
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we could not predict the size of products amplified from
RRMs. To determine which fragments in the genomic am-
plification come from the RRMs represented in the cDNA
PCR fragments, a probe containing all the PCR L and PCR S
products of the cDNA amplification was used to probe a
Southern blot of the genomic PCR products. Less than half
of the amplified bands from the PCR-amplified genomic
DNA hybridized with the probe (Fig. 3). Even though we
cannot rule out nonspecific amplifications from the noncod-
ing sequences of the genomic DNA, considering that the
same PCR primers amplified RRM sequences very specifi-
cally from cDNAs, the larger number of amplified fragments
from the genomic DNA suggest that some of the fragments
represent RRM genes that are either not expressed or
expressed at lower levels in the adult stage. Therefore, the
number of RRM sequences which can be amplified from D.
melanogaster (not just from adult mRNA) using the degen-
erate PCR primers is greater than the 12 which were identi-
fied from adult cDNAs.

Numerical analysis of RRM sequences. As a first step in
gaining insight into the functions of these RRMs, we ana-
lyzed the sequence similarities between the 12 RRMs re-
ported here and the 62 RRMs found in 47 RRM-type RNA-
binding proteins reported in the literature. The sequence
comparison of these RRMs were done in two ways.

First, each of the 12 RRM sequences was compared with
the 74 RRM fragment sequences using the FASTA homology
searching program (13). Because the RRM itself contains a
loosely conserved consensus sequence, we looked for simi-
larities between the RRM sequences both in the RRM
consensus sequence and in regions where there are normally
no known constraints on the use of amino acids (23).
Considering just the amino acids that make up the RRM
consensus sequence, 10 of 12 RRM sequences had levels of
similarity to previously identified RRM sequences that were
substantially greater than those found among random pairs
of RRMs. Moreover, these 10 RRM sequences also have
similarities to those RRM sequences in the nonconserved

RRM1 TTTGTCGGCAATTTGGGCTCCTCGGCGTCCAAGCACGAG--~-ATAGAAGGCGCATTTGCCAAATATGGACCCCTGCGAAACGTGTGGGTGGCC:! -CGCAATCCACCAGGTTTCGCCTTTGTC
F VGNULGS S A S KUHE I EGAF AKYGPLRNVWUVA R NP P G F A FV
RRM2 TTTGTCGGGAATCTGCCGCAAGGCCTTGTGCAGGGCGAT --~GTGATCAAAATATTCCAGGACTT TGAGGTGAAGTACGTGCGGCTGGTGAAGGACC T- CAG=-==TTCAAAGGCTTCGGCTTCATC
F VGNILUPOQGTLVQGD VIKITFOQDTFEVIKYVRILVYVKDRTETD Q F K 6 F G F I
RRM3 TTTGTCGGTGGCTTGAGCT! AACGACT TCCGCGATCACT TCGGCAAATATGGCGAGATCGAGAACAT CAATGTCAAGACAGATCCCCAGACCGGT -~ —-—-CGG---TCCCGAGGCTTCGCGTTCATC
F VG GL S WETTTEKE L RDHF G K Y EI ENINUVKTDZPOQTG R S R G F A F I
RRM4 TTCGTGGGAGGCCTATCCACTCAGACGACCGTGGAAACG-~--CTGCGCGGATTCTTTAGTCAGTTCGGTATCGTGGCCGATGCGGTGGTCTTGCGGGATCCGGTGAGCAAC -~~~ ~~CAT-~~TCTAGGGGCTTCGGCTTCATG
FVGGL STOQTTVET L RGFFSQFGIVADAVVYVLRDTPVSN H 8 R G F G F M

RRMS TTTGTTGGCGGACTAAGTAGT TGTTGGCT TCGGCGTGGTTGTCGTAGTGGTGGTAGTGGTCGT TGGCTTCTTGGT TGTCGT TG TGGTAGTGGGCTTTGGCCTGGT TGTAGTAGTTGTCGTCTTGGTAGTGGGT TCGGTT TCGTC
FVGGULSSCWTILRRGT CRTSG GG GSGRUWNTILLGT CRTCGSGLWRGCSSCRLGSGFGFUV
RRM6 TTTGTGGGAGGCCTCAGTTGGCAGACAAGTCCAGAGAGC-~~TTACGCGATTACTTCGGACGT TACGGTGATATCTCAGAGGCTA' A CC GC-===== -AGA---TCCAGAGGTTTTGCGTTTGTC
F VG GL S W QTS ZPE S L RDYFGRYGDTI SEA AMVYMEKDTPTTR R S R G F A F V
RRM7 TTCGTTGGCGGCCTATCCT 'GACGCAGGAGAAC -~ CTGTCGCGCTACTTCTGCCGCTTCGGGGACATCAT TGACTGTGTGGTGATGAAGAACAACGAGAGCGGC -====~ AGG-=-~TCGCGCGGCTTTGGCTTCGTT
F VG GL S WETTGQEN L SRYFCRTFGDTITIDTCVVMKNINESSG R S R G F G F V
RRM8 TTTGTGGGAGGTCTGCCCTACGGAGTGCGCGCAGCGGAT ~~~TTGGAGCGCTTTTTCAAAGGC TACGGCCGCACACGCGACATCCTCATC: AAA AATGGCTACGCCTTCATG
F VGGLPY GV RARAD L ERFF KGYGRTRDTITILTI K N G Y A F M
RRM9 TTCGTCTACAACCTGGCGCCCGAGACCGAGGAGAACGTG-=~CTGTGGCAACTGTTTGGGCCCTTCGGAGCAGTGCAATCTGT TAAGGAGATTCGTGATCTGCAGAGCAAC-~~==~] -AAG-~--TGCAAGGGCTTTGGCTTCGTC
F VY NULAPETTETENYV L WQULF GPF AV QS V KETIURDILZG QSN K C K G F G F V

RRM10

TTTGTGAACTACT TGCCACAGACGATGTCGCAGGACGAG---ATCCGTTCGTTGT TCGTCAGTTTTGGCGAGGTGGAGAGCTGCAAGTTGAT!
I RS LF VST FGEVEST CHKTLTIRDIKYVTSG

-- -CAAAGTCTG--~-GGCTACGGATTCGTG

FVNYULPOQTMSAOQDE Q s L G Y G F V
RRM11 TTCGTGGGGAACCTGGCTCCTCGGCGCTCCAAGCCACGA~~~GAT GCATTT AATATGGACCCC GTGTGGGTGGCC: CGCAAT! TCGCTTTCGTC
F VG NULAPRR RS KPR D RS AFAKYGPULRNVWUVA R NP P G F AFV
RRM12 TTCGTGGACAACCTGGATAGCTCAGTGTCCGAGGACCTG-~~-CTAATCGCCCTCTTCAGC >CCGTC AAATCATTCGGGAA >Ct SGATCCATATGCCTTCATC
F V D N D S Vs EDL L I ALF STMGPVKSTCHKTITIRE P G ND P Y ATF
Cons. F VG N L L F F G v R R 6 F G F V
I X G 1 Y I K .4 Y A I

FIG. 4. DNA and amino acid sequences of PCR-amplified RRM fragments. The PCR-amplified RRM fragments were cloned and 124
independent clones were sequenced, and the amino acid sequences were derived from the DNA sequences. Twelve different kind of RRM
sequences were identified, and two unrelated sequences were found. The number of times each RRM sequence was found in the 124
sequences is shown at the right side of the sequence. The conserved (Cons.) amino acids are identified at the bottom of figure.
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Northern Analysis

s1 s2 sS4 Ll L2 L4

FIG. 5. Northern and genomlc Southern hybridization with cDNA PCR products. Two micrograms of poly(A)* RNA from adult
Drosophila flies was used in each lane for Northern hybridization, and 1 pg of Drosophila genomic DNA digested with EcoRI (RI lanes) or
BamHI (BH lanes) was used in the Southern hybridizations. The probe for each hybridization was made from one of the six groups of cDNA
PCR products (S and L from cDNA PCR reactions 1, 2, and 4, respectively). The probe used in the hybridization is given over each lane.

sites of the RRM (Fig. 6). RRM3, RRM4, RRM6, and RRM7
have similarities to the RRM sequences of hnRNPs, while
RRM1, RRMS, and RRM11 have similarities to the RRMs of
human ASF or SF2, and RRM2, RRM9, and RRM10 have
similarities to the RRMs of elav.

As a second approach to identify the possible functions of
the proteins encoding the RRMs, we analyzed the relation-
ships of the RRM sequences by a numerical approach which
has been used to compare phylogenical relationships of
proteins from various species. A distance matrix of the RRM

Rhus FVGGLPYGVRAADLER-FFKGYGRTRD ILIKN-—-~~~ GYAFM
ASF .hum VO L ED IRV TEDVE YE-YGATRD IDLKNRRGGEEFARY
RRM1 wcm.cssz;sxnznlzcumt chmlwvm- _ANPBGEARY
b)

hnRNPA. hum FVGGIKEDTEEHHLRDYFEQYGKIEVIEIMIDRGSGKKRGFAFV
RRM3 L SNE P TR IR EDROE SR VKLU ROTORILGFAPT
ArG.mou VT SN PSKKDE KD YSTKEGRVVDCT TRMD BN CASROR G 1
RRM6 E."}ééf.éilvo’}'éPESLRll)}!‘GRYGDISEAMVW(I‘);T'!'RA;IIRGFAFV
nrp.xen FIGGLééééTQéGLéE;éSHFééVKéCL¢$R$$L4K£;;GFG§§
RRM7 E.'\'féél‘.SWETTQENLSRYFCRFGDIIDCV‘IJ'DIQKNNESGlltélli!:;;‘éF:":I
RRM4 VeSO VR TLRGI P SCR G IVAD AVY LRDPVARES LEF GFM
hnRNPA.rat Lo EDIP LK ILEYP GG GE VRS TRLPMUNKTRERAC GF T
c)

RRM9 FVYNLAPETEENVLWOLFGRFGAVOSVKE IRDLQSNKCKGFGFY

elav-3.dro

RRM2

RRM10

elav-1l.dro

R N N N o S A
FIYNLAPETEEAALWQLFGPFGAVQSVKIVKDPTTNQCKGYGFV

Lo e
FVGNLPQGLVQGDVIKIFQDFE VKYVRLVKDRETDQFKGFGFI

FVNYLPQTMSQDEIRSLFVSFGEVESCKLIRDKVT——======me=-x

B 1l
IVNYLPQTMTEDEIRSLFSSVGE IESVKLIRDKSQVYIDPLNPQAPSKGQSLGYGFV

FIG. 6. Alignments of similar RRM sequences. Only identical amino acids are marked. Vertical bars ( | ) indicate the identical amino acids
at the residues which do not belong to the RRM consensus sequence, while colons (:) indicate the identical amino acids at residues that are
part of the consensus sequence of the RRM. (a) splicing component-like RRMs; (b) hnRNP-type RRMs; (c) nerve-specific protein-type RRMs.
Abbreviations: hum, human; mou, mouse; xen, Xenopus laevis; dro, D. melanogaster.
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HDP.bov
hnRNPA1.hum
HDP-1.rat
hnRNPB.xen
hnRNPA2.hum
hnRNPA.hum
Hrb87.dro
Hrb3.dro
pen.dro
hnRNPH sac
rrm4.dro
rrmé.dro
nrpi.xen
rrm7.dro
aba.mai

arg.mou
rmm3.dro
hnRNPA-2.bov

A1

hnRNPA.hum
HOP-2.rat
HDP.dro
pen-2.dro
tra2.dro
hnRNPC1.hum
hnRNPC1.rat
snRNP70K.dro
snRNP70K.hum
snRNP70K.xen
tbp2.sta
nucleolin.chk
nucleolin.mou
nucleolin.ham
Bj6-1.dro
p16-1.mou
p16-2.mou
Asf.hum
rrm1.dro
rrmi1.dro
rrm8.dro
Bj6-2.dro
PABP-3.sac
PABP.dro
PABP-4.hum
PABP-4.sac
PABP-2.hum
PABP-2.sac
PABP-3.hum
rho.eco
op32.44
rrmS5.dro
gp10.pha
prp24-1.sac
prp24-2.sac
prp24-3.sac
RNP28-1.tob
RNP31.tob
RNP33-1.tob
RNP28-2.tob
NTRNP33.tob
RNP33-2.tob
Nsr-1.sac
elav-3.dro
rm9.dro
rm2.dro
Eif4B.hum
Nsr-2.sac
mmi2.dro
PABP-1.hum
PABP-1.sac
SxH1.dro
elav-2.dro
Sxl-2.dro
rmm10.dro
elav-1.dro
carp.mal

FIG. 7. RRM gene tree constructed from the sequence distance
matrix of the 74 RRM sequences, using the neighbor-joining algo-
rithm. Only the topology of the tree is shown here. When there was
more than one RRM in a gene, each RRM was given a number after
a hyphen. The references for most sequences may be found in
Kenan et al. (23), others are shown in the legend to Fig. 1.
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sequences was calculated by using the DNA mutational
distance between different amino acids (26). An RRM gene
tree was then constructed using the neighbor-joining algo-
rithm (48), and the topology of the tree is shown in Fig. 7.
The tree shows that hnRNPs, snRNPs, nucleolins, splicing
factors, poly(A)-binding proteins, prokaryotic proteins, and
several plant proteins which seem to have a similar function
fall into separate distinct clusters. Proteins that are involved
in tissue-specific functions are found elsewhere in the tree.
RRM3, RRM4, RRM6, and RRM7 are clustered with
hnRNPs, while RRM1, RRMS8, and RRM11 are clustered
with the splicing factor ASF or SF2, and RRM2 and RRM9
are clustered with the RRM of D. melanogaster nervous
system-specific gene elav. RRMS is clustered with prokary-
otic RRMs. The RRM tree does not shown RRM10 clustered
with any of the RRMs. However, the sequence comparison
between RRM10 and the first RRM of ELAV revealed that
they share an almost identical amino acid sequence except
for a 13-amino-acid gap in RRM10. Since we used three
mutational changes for a single amino acid gap to construct
the RRM gene tree, the 39 mutational changes calculated
from the 13-amino-acid gap in the alignment of RRM10 and
ELAV’s RRM overshadowed their similarity in the con-
struction of the gene tree. Overall, 11 of the 12 RRMs that
we isolated have sequence similarity to three groups of
RRMs of what are likely to be functionally distinct classes.
These classes are an hnRNP type, a splicing regulator type,
and a nerve-specific protein type. The remaining RRM did
not show sequence similarity with known RRMs, nor did it
cluster with known RRMs in the RRM gene tree.

DISCUSSION

The availability of data bases has led to the identification
of a number of consensus sequences found in families of
proteins with related functions or properties (for examples,
see references 17, 31, 36, and 53). These consensus se-
quences range from substantial blocks of highly conserved
amino acids to rather loosely conserved blocks of amino
acids. The RNA recognition motif (RRM) that characterizes
the family of RNA-binding proteins that we have focused on
here is representative of loosely conserved domains. At the
protein level, RRM extends over a region of approximately
90 amino acids, only 21 of which are conserved between
family members. Moreover, for a number of these conserved
residues, it is the amino acid type (i.e., aliphatic, basic,
aromatic) rather than the specific amino acid that is con-
served. At the DNA level, the conservation of the RRM is
not recognizable, making it very difficult to use hybridiza-
tions to isolate other members of this family. Low-strin-
gency or oligonucleotide hybridizations, which are the clas-
sic approaches to isolating homologous genes, often give too
many false-positives results. PCR allows these problems to
be overcome and provides an efficient procedure for isolat-
ing genes containing weakly conserved consensus se-
quences. First, using two primers at a time increases the
stringency of the screens. Second, when cDNA is used as a
template, the size of the amplified products can be predicted,
providing another criteria for distinguishing the real products

Abbreviations: bov, bovine; hum, human; xen, Xenopus laevis; dro,
D. melanogaster; sac, Saccharomyces cerevisiae, mai, maize; chk,
chicken; sta, Staphylococcus aureus; mou, mouse; ham, hamster;
eco, E. coli; pha, phage; mal, malaria.
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from those produced by nonspecific amplification. Last, the
amplified products can be sequenced directly to confirm that
they have the expected sequence. Here, even though each of
the PCR primers we used was only 14 bases in length and
had degeneracies ranging from 250- to 1,000-fold, we were
able to isolate RRM-containing genes with a high degree of
specificity.

The diverse array of metabolic processes that RNA mol-
ecules undergo in eukaryotes requires a large number of
trans-acting factors that recognize RNA in many different
ways. RRM has been found in a number of proteins involved
in diverse aspects of RNA metabolism, suggesting that this
gene family may be of substantial size. However, the mem-
bers of this family identified thus far have largely been
identified fortuitously, and thus a clear idea of the actual size
of this gene family has been lacking. We tried to estimate the
size of the RRM-containing protein gene family by amplify-
ing members of the family using highly degenerate PCR
primers which corresponded to known RNP-1 and RNP-2
sequences. The combinations of the nucleotide sequences of
PCR primers for RNP-1 correspond to only 29% of possible
RNP-1 sequences, whereas the RNP-2-1, RNP-2-2, and
RNP-2-4 primers correspond to only 14% of the possible
RNP-2 sequences. Thus, assuming the sequences present in
RNP-1 and RNP-2 are independent of one another, the PCR
products that could be amplified by the combinations of
primers we utilized represent only 4.1% (14% X 29%) of
possible RRM sequences. Using these PCR products, 12
RRM sequences were identified and 16 restriction fragments
were hybridized in the genomic Southern analysis. Theoret-
ically, this result suggests about 300 as the number of RRM
sequences in flies. However, there may be a difference
between the estimated and actual sizes of the RNA-binding
protein gene family for the following reasons. Only 32 RRM
sequences were available when we designed the PCR
probes. Also, those RNP-1 and RNP-2 sequences that were
the basis of the PCR primers came from all known prokary-
otic and eukaryotic members of this family, while only a
small number of these sequences were from D. melano-
gaster, which may increase the pool size of the consensus
sequences larger than that actually found in D. melano-
gaster, resulting in a higher estimation of the RNA-binding
protein gene family size. However, the facts that more than
30 different RRM sequences representing about 20 genes,
including the 12 RRMs reported here, are now identified
from D. melanogaster and that the 12 RRMs represent only
RRM genes expressed at adult stage suggest that 300 may be
a reasonable estimate.

The similarity between RRMs suggests that they may have
evolved from a common ancestor. Because functionally
important sites on proteins appear to be resistant to evolu-
tionary change, functionally related RRMs may show signif-
icant sequence similarity, even when they belong to different
species. So far, more than 50 RRM proteins with housekeep-
ing functions or developmentally regulatory roles in RNA
metabolism have been identified. As expected from the
diverse functions of the proteins with RRMs, they interact
with many classes of RNA molecules, with high specificities.
The studies on the Ul 70K (42), U1A and U2B" (5, 51), and
poly(A)-binding protein (46) showed that at least a portion of
RNA binding activities as well as binding specificities of
RRM-type RNA-binding proteins reside in the RRM se-
quences. Therefore, a systematic analysis of the RRM
sequences may reveal a connection between the sequence
distance or similarity and functional relatedness of the
RRMs. A search of the protein data base with the RRM
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sequences showed that some of the RRM sequences had a
high similarity to those of known proteins—hnRNPs, human
ASF or SF2, or D. melanogaster ELAV. However, some
RRMs did not have obviously high similarities to known
RRMs, even though their sequences appear to have an RRM
consensus sequence. To test whether these moderate simi-
larities indicate functional relatedness beyond that due to the
RRMs themselves, we analyzed the RRM sequences by a
numerical approach which has been used to find phylogeni-
cal relationships between species based on the sequence
distances of conserved proteins. The topology of the RRM
gene tree showed that functionally related RRMs are clus-
tered together and that RRMs with different functions are
separated into different clusters (Fig. 6). The fact that most
of the RRMs we have isolated cluster in this tree with RRMs
from proteins with known function suggests that these
RRMs may be functionally related to these proteins.

It is noteworthy that a large proportion of the RRM
sequences that we recovered are hnRNP-like. While this
may reflect the real constitution of the RRM gene family in
D. melanogaster, it is worth keeping in mind that the
degenerate PCR primers we used were designed from RRM
sequences in which hnRNPs were heavily represented.
Hence the high proportion of hnRNP-like sequences among
the RRMs may be a reflection of the primers used in the
isolation of RRMs. Regardless of the origin of the high
proportion of hnRNP-like sequences among the RRMs, the
identification of Drosophila genes that were clustered with
hnRNP proteins and have extensive similarities to these
proteins throughout the region spanned by the RRM sug-
gests that these RRMs may function as hnRNPs in RNA
metabolism. However, whether hnRNPs share a common
biological function is not known yet. Even though their
functions are not clearly understood (except for their high
nucleic acid affinities), the fact that they are clustered
together in the numerical analysis suggests that their func-
tions may be related at least in a biochemical sense.

The construction of the RRM gene tree and the discovery
of similarities between the RRMs and known components of
RNA metabolism provide clues as to the functions of par-
ticular RRMs. It will be interesting to see whether the
similarities between these genes extends beyond their
RRMs. We are in the process of currently testing this idea.
We have thus far found in the two cases (RRM1 and
RRMY9/RRM10) that we have examined in some detail (24,
25) that the functions of the genes encoding these RRMs are
indeed functionally related to those of the genes with which
they cluster in this tree (ASF [or SF2] and elav, respective-
ly). This finding strengthens the result of the numerical
analysis which showed sequence similarities between RRMs
and various types of RNA processing factors and suggests
that we may have identified genes involved in diverse
aspects of RNA metabolism. These clones thus provide a
means to study diverse aspects of RNA metabolism.

ADDENDUM

Recently we cloned and sequenced the rbpl2 gene that
encodes the RRM12 sequence. RRM12 was clustered with
the RRMs of poly(A)-binding proteins and rbpl2 showed a
high similarity to a human poly(A)-binding protein (58).
Therefore, together with the results from the analysis of rbp1
and rbp9 (24, 25), three genes we have analyzed so far show
extensive homology to the genes with which their RRM
sequences are clustered by the numerical analysis.
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