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Five cloned genes encoding the mouse ribosomal protein L30 were isolated from a recombinant DNA library
and characterized by restriction mapping and nucleotide sequence analysis. Only one of these genes has introns
and is expressed; the others are inactive processed pseudogenes. The expressed gene consists of five exons and
four introns spanning 2,723 nucleotides. Transcripts of this gene are processed into the mature L30 mRNA by
pathways that exhibit both constraints and flexibility with regard to the order of intron excision. The L30
mRNA which is 457 to 468 nucleotides in length excluding the polyadenylic acid tail, exhibits some
microheterogeneity at its 3' end and encodes a basic protein of 115 amino acids. The 5' portion of the rpL30
gene has some novel features which are remarkably similar to the previously characterized mouse rpL32 gene.
These include homologous sequences in the -60 to -340 region, the absence of a good TATA consensus
sequence, and the presence of a palindromic pyrimidine sequence that spans the cap site.

A eucaryotic ribosome is composed of four RNA compo-
nents and ca. 75 distinct structural proteins (56). The genes
encoding these proteins belong to the so-called housekeep-
ing category, i.e., their activity is required for the growth
and maintenance of all cell types. Although the mechanisms
that regulate and coordinate ribosomal protein (rp) gene
expression in eucaryotes are still largely unknown, some
initial observations have suggested that regulation can occur
at both transcriptional (10, 40) and translational (12, 38, 40)
levels. To improve our understanding of these regulatory
mechanisms it is important to know whether the genes
specifying different rp's have any common structural fea-
tures. Accordingly, efforts are currently being made to
identify and characterize rp genes in several eucaryotic
species.
Our laboratory has been concerned with mammalian rp

genes, particularly those of mice. Although previous studies
demonstrated that mammalian genomes contain multiple
copies of each rp sequence (8, 29, 30), more recent analyses
(9, 18, 38; M. Wagner and R. P. Perry, manuscript in
preparation) as well as data presented here indicate that
most of these copies are processed pseudogenes which are
not expressed. In this communication we describe the iden-
tification and sequence characterization of the expressed
gene for rpL30. A comparison of this sequence with that of
another mouse rp gene, rpL32, has revealed distinctive
common features, some of which appear to be shared by
other genes in the housekeeping category.

MATERIALS AND METHODS
Materials. Restriction enzymes and T4 ligase were pur-

chased from New England Biolabs. T4 polymerase was
obtained from Bethesda Research Laboratories; T4 polynu-
cleotide kinase was obtained from P-L Biochemicals, Inc.;
reverse transcriptase was from Life Sciences, Inc.; and S1
nuclease was from Miles Laboratories, Inc. [-y-32P]ATP
(2,000 Ci/mmol) was supplied by Amersham Corp., and
[cx-32P]dATP (800 Ci/mmol) and [a-32P]dCTP (800 Ci/mmol)
were supplied by New England Nuclear Corp. RNA and
DNA were isolated from cultured MPC 11 mouse myeloma
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cells (25). Methods for DNA isolation, RNA isolation, and
blot hybridization have been described previously (34).

Screening and subcloning. A library constructed from
BALB/c sperm DNA partially digested with AluI and HaeIII
was obtained from Davis et al. (7) and screened with an L30
cDNA probe (29) by the methods described previously (30).
Restriction enzyme maps were determined by analysis of
single and double digests of the genomic clones and by a
modification of the partial-digest mapping procedure de-
scribed by Schibler et al. (44), in which ClaI was used in
place of SmaI. Since there are Clal sites in both arms of
Charon 4A, we were able to map the genomic clones from
both ends. Because Clal is sensitive to methylation (27), it is
necessary to propagate the recombinant phage in a dam-
host.

Regions from the rpL30-1 phage containing the entire gene
(3.2-kilobase [kb] PstI-PvuII fragment) and the 5' adjacent
fragment (4.5-kb HindIII-PstI fragment) were subcloned.
Portions of the 3.2-kb fragment were further subcloned to
obtain the 5' flank (0.2-kb PstI-SacI fragment), IVS 3 (0.5-kb
HindIII-HindIII fragment), and 3' flank (0.3-kb SacI-PvuII
fragment) probes (see Fig. 6). Segments spanning the regions
hybridizing to the L30 cDNA from rpL30-2 (1.75-kb XbaI-
XbaI fragment), rpL30-3 (6.8-kb BamHI-BamHI and 1.3-kb
HindIII-HindIII fragments), and rpL30-4 (2.4-kb SalI-EcoRI
fragment) were also subcloned for use in sequence analysis.
The fragments were subcloned into pBR322 or the series

of pUC vectors described by Vieira and Messing (53) and
propagated in HB101 or JM83, respectively. Plasmids were
isolated by the alkaline-sodium dodecyl sulfate method (2).
Fine-structure restriction mapping of the subclones was
done by the partial-digest protocol of Smith and Birnstiel
(47).
DNA sequencing. Sequencing reactions were done by the

chemical cleavage method of Maxam and Gilbert (26), with
formic acid substituted for piperidine formate in the G + A
reaction (24). Fragments were end labeled with T4 polynu-
cleotide kinase and strand separated (26) or restricted with a
second enzyme, yielding a single labeled end. The chemical
reaction products were routinely electrophoresed on three
separate gels, a 20% (50-cm) and two 6% (80-cm) urea-poly-
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acrylamide (30:1) gels (26), yielding an average of 200 to 300
nucleotides of sequence per labeled end.
Primer extension protocol. A 65-base-pair Hinfl fragment

was isolated from the third exon of rpL30-1 (see Fig. 4) and
end labeled with T4 polynucleotide kinase and [y-32P]ATP
(26). This primer (5 x 106 cpm) was annealed to 10 ,ug of
polyadenylated [poly(A)+] cytoplasmic RNA in 80% formam-
ide-0.4 M NaCl-10 mM PIPES [piperazine-N,N'-bis(2-
ethanesulfonic acid); pH 6.5] at 50°C (4) for 18 h. The
hybridization reaction also contained 30 ,ug of nonpolyad-
enylated RNA. The poly(A)+ RNA was purified by chroma-
tography on oligodeoxythymidylic acid-cellulose to remove
unhybridized primer (0.2% of the counts per minute eluted
with the RNA) and extended by avian myeloblastosis virus
reverse transcriptase (5). The extended product was elec-
trophoresed in a 60-cm 6% urea-polyacrylamide sequencing
gel together with an unrelated sequenced fragment as a size
marker.

Determination of 3' ends with Si nuclease. A 385-base-pair
Hinfl-BamHI fragment was isolated from the 3.2-kb PstI-
PvuII subclone of rpL30-1. This fragment contains most of
exon 5, 310 nucleotides of 3' flanking sequence, and a few
nucleotides of the pUC 12 vector. The fragment was labeled
with T4 polymerase and [cx-32P]dATP by an adaptation of the
method of O'Farrell (37). Briefly, the fragment was incu-
bated for 2 min at 37°C with 2.5 U of T4 polymerase in 33
mM Tris-acetate (pH 7.9)-66 mM potassium acetate-10
mM magnesium acetate-0.5 mM dithiothreitol in the ab-
sence of deoxynucleotide triphosphates. Then, 50 ,Ci of
[a-32P]dATP and unlabeled dCTP, dGTP, and TTP were
added to a concentration of 0.1 ,uM, and the polymerization
reaction was allowed to progress for 5 min at 37°C. Unlab-
eled dATP was added to a final concentration of 0.1 ,uM, and
the reaction was incubated for an additional 5 min to ensure
complete polymerization. The end-labeled fragment was
strand separated on a 5% acrylamide-bis gel (60:1) as
described previously (24). The anti-coding strand was iden-
tified by sequence analysis, and 13,000 cpm of labeled DNA
was hybridized for 6 h at 45°C to 3 ,ug of poly(A)+ RNA in
50% formamide-0.6 M NaCI-10 mM PIPES (pH 6.5) (17).
The hybridization mixture was digested with 4,000 U of S1
nuclease (Miles) in 0.5 ml of 160 mM NaCl-30 mM sodium
acetate-3 mM zinc acetate at 37°C for 30 min (45). The
undigested material was ethanol precipitated, denatured in
80% formamide, and electrophoresed on a 6% sequencing
gel along with the sequenced fragment as the size marker
(52).

Analysis and display of sequence data. The computer
programs used during sequence acquisition, compilation,
and subsequent analysis are implemented in the Institute of
Cancer Research SEQuence program package and are drawn
and modified from many sources (see references 14, 16, 23,
50, 51, and 54). The programs for sequence display were
provided by Bob Stodola, Institute for Cancer Research.

RESULTS
Isolation and characterization of the rpL30 genomic clones.

The partial cDNA for the rpL30 mRNA hybridizes to at least
15 discrete fragments of different sizes and intensities in an
EcoRI digest of BALB/c DNA (see Fig. 6; 30). To charac-
terize these sequences in more detail, we isolated several
genomic clones from a recombinant DNA library prepared
from BALB/c sperm DNA. Five nonoverlapping segments
containing sequences that hybridize to L30 cDNA were
identified. These cloned segments, which account for six of
the EcoRl fragments observed in the genomic DNA hybrid-

ization pattern, were characterized by fine-structure restric-
tion mapping and were designated rpL30-1 to rpL30-5. To
delineate the regions containing the L30 mRNA sequences
and to locate repetitive sequences in the vicinity, we di-
gested the cloned DNA with various restriction enzymes and
analyzed the digests by the method of Southern (49) with
32P-labeled L30 cDNA and 32P-labeled total mouse DNA
probes (Fig. 1). All of the genes were flanked by repetitive
DNA sequences. For three of them, rpL30-2, rpL304, and
rpL30-5, the restriction fragment containing the L30 mRNA
sequences also contained some repetitive DNA. Sequence
analysis, discussed below, indicated that some of this repet-
itive DNA included members of the B2 family (19).

Sequencing of the L30 cDNA and rpL30-1. Comparison of
the restriction maps of the genomic clones with that of the
cDNA suggested that rpL30-1 might represent an intron-con-
taining gene: the region of rpL30-1 that hybridized to cDNA
was interrupted by restriction sites not present in the cDNA
(i.e., HindIll, EcoRI, and BamHI), and moreover, a 0.56-kb
HindIII fragment that did not hybridize to the cDNA mapped
internal to fragments containing cDNA sequences (Fig. 1).
Therefore, the appropriate regions ofrpL30-1 were subcloned
into plasmid vectors and sequenced with the cDNA accord-
ing to the strategies shown in Fig. 1.
The sequence data (Fig. 2) confirmed that rpL30-1 does

indeed contain introns. The cDNA sequence was located
between nucleotides 443 and 2711 of rpL30-1 and found to be
interrupted by two introns of 1,278 and 626 nucleotides.
There is only one nucleotide difference between the cDNA
sequence and the corresponding portions of the rpL30-1
gene: a neutral A G-+ substitution at position 517. Since the
cDNA was derived from cultured L-cells, which originated
from a mouse of the C3H strain, whereas the genomic clone
was constructed from DNA of the BALB/c strain, we
suspect that this substitution represents a strain polymorph-
ism.
The cDNA sequence contains a single extended open

reading frame of 108 codons. When the amino acid sequence
predicted by these codons was compared with the previ-
ously determined amino acid sequence of 32 N-terminal
residues of rat liver L30 (55), we observed that the mouse
and the rat L30 proteins are identical from residues 7 to 32.
Moreover, a search of upstream sequences of the rpL30-1
gene revealed a separate segment which could code for the
missing six amino acids and the initiating methionine resi-
due. Since appropriate splice junction sequences were also
identified, the 3' boundary of the N-terminal encoding exon
was tentatively assigned (Fig. 2). The identification of the 5'
end of this gene required additional information as discussed
below.

Sequence analysis of rpL30-2, rpL30-3, and rpL30-4. To
investigate the structure of other members of the rpL30 gene
family, we subcloned the appropriate regions of three addi-
tional genomic clones (rpL30-2, rpL30-3, and rpL30-4) and
determined their sequences by the strategies shown in Fig.
1. All three of these genes bear the structural hallmarks of
processed genes which probably arose from cellular mRNA
intermediates. They lack introns, contain a polyadenylic
acid-rich stretch 3' to the cleavage-polyadenylation recogni-
tion signal (AATAAA), and are flanked by direct repeats or
their remnants (Fig. 3). Although sequence analysis of
rpL30-5 was not done, the relative location of the BglI and
SacI sites at the 3' end of the gene is identical to that in the
cDNA and L30-4 (Fig. 1), suggesting that it is also a
processed gene. The sequence analysis also revealed the
presence of repetitive elements belonging to the mouse B2
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FIG. 1. Restriction maps and sequencing strategies of the rpL30 gene family. Filled bars on the lines mark cDNA hybridizing fragments.
Open bars beneath the lines mark regions containing repetitive sequences; the thickness of the bar is proportional to the intensity of the
hybridization signal with total mouse DNA. 'R'", Artificial EcoRI site derived from linkers used in the construction of the gene library; R,
EcoRI; H, Hindlll; B, BamHI; C, ClaI: L. Sall:

-

, Hinfl; 7, BstNI; S, Sacl; P, PstI; f MspI; T BglI; T , BglII; V. XbaI; V, Pvull;
T , Avall; T , HphI; T, Taql; '? AccI: ¶. DdeI. Only the enzyme sites used for end labeling are shown. The location of B2-like
sequences is shown by thin hatched boxes.
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-450 -400 -350
AAACCGTCGC'AAAAGGGGTGTGTGTCCTACGGAGICGGCAAACAGGAAGATCAGCGGCGGGTGGACAGAGATGCCTCCGCTCCTGTGAGCAGTCACGGGGTAAACCGGCGGTCCGGGGTCC

-300 -250
TCCCGGAGCACGCCCAAGACAACGTCAGGCGGAGACCAGCCCAGAGAGiGCCGTGCCTGCCGCCTCGCCACGGAGCCCTAGGCCTCGTCGTCAGCTCCCATCGAGCTCCGGCTCTCCGCGGt'

-200 -150 - 00
GTCAGCCCGCTGCAGCAGAACAAACGCCCAGAACCGAAGGCCGGAGCCCAGACGCCGCAGCAGCCCAGCCTGCGTTGTAACCCGGTCCCCATAGCAACCAACTACCGCAGACTACTCCGCA

-50
EXON I

AGCGCTGTTCTGCTTGTGACCCGGACCGGCTTCTCTTCCGCTTCCGGTCCCACAATCCTCTGTCGGCCTAGAAGAGCTTTGCATTGTGGGAGCTCCTT CTTTCTCGCTCCCCGGCCGTC
50 100-

TTGGCGGtTGGTG"9GiGGAGTGAGCTCTGCGGGIGTAAACGATTAGGCGGCTCGGGGAGCTCCGCTAGCTGGTGTTTGACGCTCTGG'ATTATAATCCTCTCTTCTGTCCTCTGTGTATGC
150 200 ,50

EXON 2 I
TAG GTTGGGGGTTGTCCCGCACCTAAGGCAGGAAG ATG GTG GCC GCA AAG AAG ACG GTGAGTGAAGCCGATCGGGCCCGGAAGCCGGTTCACGTGGAGAGCTGGGTCGGGCC
I Met Val Ala Ala Lye Lye Thr

300 3 5
GGIGGCCCATAGATTTGAGCACACTGC'GTGGACGACTTGTCGCTGACGTTTCAGGGTCTCAAAGTGAATCCGAGAGCCTCTTTGTATGGTCTCAGACATCATGAAA^GCGTTCAGTTCCAGAA

400 450
IEXON 3

ATCTGGAACTGAGTTTGGTTTTAGATGACTGCAAGTGGTGTTCAAGTCTCAAACGTTTGCATTGTAG; AAA AAG TCT CTG GAG TCG ATC AAC TCT AGG CTC CAA CTT
Lye Lys Ser Leu Clu Ser lie Aen Ser Arg Len Cin Leu

500 G 550
GTT ATG AAA AGT GGG AAG TAC GTG CTG GGC TAC AAA CAG ACT CTG AAG ATG ATC AGA CAA GGC AAA GCG AAG TTG GTT ATC CTT GCC AAC
Val Met Lye Ser GVy Lye TyV Val Leu Gty TrV Lys Gin rhr Leu LyV Met lle Arg CGn Gly LVe Ala LyV Leu Val lle Leu Air Asn

600 650
TCCA GCT TTG A GTAATGGAGGGAACCTGGATGTGTGCAGCCTATTGTAAATTCACTGTGCAGTATCCAGCATTGGGAAGAAGAATAATGATGGTTGCTTTCTGATGTTT

A Cys Pro Ala Leu Ar
700 ?750 800

GGACCTTGCTTTGGTGTTGTTTTTTGTAAATGTACCTTTGAGGCACGTTGTGTGACAGGAGGTATACAAATGATACACGCAGACTCGGGGGAAGCCCGATCCCGAATTTTTCAAGGTTTGAA
850 900

GTGTTAACACTCCGCTTCATGTGCCTGTTTTAGTTTAGAAAA'ATTCTGGCTGGATTATGGAGGTGATGGTATCATGAAATCACCTATTTGGCAGGGTCCAATTTTCTGAACACGTTCATTC
950 1000

rTGATTAACTATTTTAACTCGAACCTAACAAGTATTTTAAGTAAGCTGAAGAAGCTTGTGTAGTATACGCTCCTTGATTTTTCTATGGCAATTGTACACCTCTTCAGCCTTTTATGTAGGT
t050 1100 1150

CTCTATACTTAGTGGCAGAGTTTGGAATGTTTGGTCTTATTTTAAACCTTTGCCAGTCGATTCGATAGCGGCAGCGTAGACATTCATTACTAAATTACAACCTCAGACTCAGTGGGTCCAG
1200 1250

GCTGGAGCTTCAAGTTGATCTCTCATAAGTACTTTGGAGTACTGGCGGTACGCGGGGCCACATTCTAAGCTCAAGGCTCCGAGGAATTTTC AAAATCTTAATAATTTGTATCCTTTAACTT
¶300 1350 1400

GGCACTGAAGTATTTATTTTTTGGGTAATATTATCAGCAGCCCTTATGTAGTATCACTGTATAGTAGGTGGTTTAAGAGGGCTTACTTTTTTAGGTTTCTGACCCTCCACTCCACCTTCCT
1 450 1500

ATTATTCTTTGCCTTCGTTTCTTTGATTAAAATGGAGTATATACTTGTTGCTGACACGAGATTCTCCTGGTGTTGTGAGGTGCCTGATGTGAATGCTGGAAACTGAACTTTCTTAAGAGC A
1550 1600 1650

GTACAAGCTTTCAGTGAACCATATCTCCAGGCCAGCATTGGCTTTTTTATGTCTATTATACCCTTTTCTAGTTTTTAAGTAACTTACACATTTTAAACTTAGTAAATTGAAACATGAATAC
1 700 750

AATGTACTTTAATATTGGATACTACCTCCAAAAAGTTAGGTATTTAATTATCACAATACACTAGTAAAAGGATCCATGATAATCAGGACAGCTAGAATCTTTTTTAAGAGTTGGAAGTGAT
1800 1850

EXON 4
TTAGTTACTGTTAAAAAGGCCTCACCAATTTGTCACAAGTCTGTCAGTACCTTGGTATGGCATTTTATTTGACTTTTTGTTGTTCCCTAAGIG AAA TCT GAA ATA GAG TAC TAT

g Lys Scr CuI le CGu Tyr ryr
1900 1950

GCC ATG TTG GCT AAA ACT GGG GTC CAT CAC TAC AGT GGC AAT AAT ATT GAA CTG GGC ACA GCG TGT GGA AAA TAC TAC AGA GTA TGC ACA
Ala Met Leu Ala Lys Thr Gly Val His His ryr Ser Gly Asn Asn lie Clu Leu ciy Thr Ala Cys Gly Lys Tyr ryr Arg Val Cys rhr

2000 2050
CTG GCT ATC ATT GAC CCA G TATTGTTTTTAAAATTATATTTTTTTCTAATGCAAGTGCTTATTAGACAGTGGCTTTGGTTCAACTTTGATATTAAGAATTTTGTTTAATGCAAC
Leu AtLo lite Ile Asp Pro G

2100 2150 2200
TTCTAGGACAACTGGGGCAGCACAGTGAAACTCTTTGTCCCTCTACCCCTCTCAACCCCTCTTACCATACCTCCCCTTGGGAAGAAAAGTTTGGTAGAAGGTGAACGAGATAAAATTTTAC

2250 2300
CACCTCT'TTGTTGCTT6GGGGATAAAT'AGTTTGTGGTAAATCCCTGCATTCTATTTTATTTTGAGCTTkGAAATTTTAGTTGCCTTGTAGAACACTGCGAATATTCTCGCTGTTCTGATTCT

2350 2400 2450

GTGATAATCAGGACAGGCTAG;ACATTCGCTATAGTA'AGACCA TGCATGTGTCCCCAGACCTAGTTCTTTACTTCAGTCTGGTTATC'TAAATGCTGGTGAC AGACCATCTGATTCATTATTT
2500 2550

GTATAGGATGGCTGAGATTTTAAGGTATTTTTAAGTGATTTTAAGAGTGATAGC'CGAAACAATTGCACGTAGTGCTAATCTGCCTTCTTACCTAAAGAACAAGTAGGGGAATTCTTTAATT
2600 2650

EXON 5
ATTAGTTGCCATTAAATGACTTGTAAAACTATTATTTTATTTTCTAG GT GAT TCT GAT ATT ATT AGA AGC ATG CCA GAA CAG ACT GGT GAG AAG TAA ACAAGA

ty Asp Ser Asp Ite lie Arg Ser Met Pro Glu Gin Thr Giy CGu Lye
2700 2750

AAGTTTTCCTTTAATAAAACTTTGCCAGXGCTCCTTTTGAIAAAACATGGTGTCTGTTTGCTTTCTAACATTTAGCTTTCTTGAAACCACAGGCAAGACTTGGGTGAGAAGTTATACTGCT
2800 2850 2900
TGGTTTTCATTTTGCTGGGGFTTTGTTAAAAGATTGTACACTGTATCACTATGCAAAATGTGTGGACCAGAGAAGTGTTTGAGTGTATATTTTCAATATTGAAATGCACATTTGTGGTGAT

__ (~~<<<<<<<>>,,>>>>
2950 3000

ACAATAATATCTAATCAGAAGGTCATTTGGTGTTTTTAATCACTATTTTATATACTCAGGTAAGATCTCTCACTTAACCTAGAGTTT%GCAGTGT

FIG. 2. Sequence of rpL30-1 gene. The cap site as determined by primer extension and homology to the processed genes is numbered 1.
The exons are boxed, and the predicted protein product of the gene is shown. The cDNA sequence begins at position 443, terminates at
position 2712, and is identical to the fusion of exons 3, 4, and 5 except for the A -- G substitution at position 517. The true palindromic
sequence at the cap site is underlined, and an inverted repeat in the 3' flank is designated by <<< >>> symbols. Flanking and intron
sequences with homology to another mouse rp gene are underlined.
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--40 -20 1 20 38 146 160
RPL30-1 TCTGTCGGCCTAGAAGAGCTTTGCATTGTGGGAGCTCCTT CCTTTCTCGCTCCCCGGCCATCTTGGCGGCTGGTGTTG GTTGGGGGTTGTCCCGCACCT
RPL30-2 CCTCCCCTCCTTCCGNGCCCAATG AAAACTCACATTOG A
RPL30-3 CAGTTCTTAAGTAGATATCATCAT CTCTCC GATT TG T C-A T-T-GTA-
RPL30-4 TGTATGCATAAATAAATAAATCTGC AACAAACAA-C C-

CCCGCCCCCCCCC180 198 443 460 480 500 520
AAGGCAGGAAGATGGTGGCCGCAAAGAAGACG AAAAAGTCTCTGGAGTCGATCAACTCTAGGCTCCAACTTGTTATGAAAA GTGGGAAGTACGTGCTGGGCTACAAACAACTCTGAAGA
C A-

T G- A T-G-T G AA-A A-- GTGG
T--- -T- T C G

540 560 580 588 1876 1880 1900 1920
I

TGATCAGACAAGGCAAAGCGAAGTTGGTTATCCTTGCCAACAACTGTCCAGCTTTGAG GAAATCTGAAATAGAGTACTATGCCATGTTGGCTAAAACTGGGGTCCATCACTACAGTGGCAT__
-C C C A T T

-A C

1940 1960 1980 1997 2624 2640 2660
ATAATATTGAACTGGGCACAGCGTGTGGAAAATACTACAGAGTATGCACACTGGCTATCATTGACCCAG GTGATTCTGATATTATTAGAAGCATGCCAGAACAGACTGGTGAGAAGTAAA

c- _

2680 2700 2720 2740 2760 2780
*Ir( I~~~~~~~~~~I

CAAGAAAGTTTTCCTTTAATAA AACTTTGCCAGAGCTCCTTTTGAAAAACATGGTGTCTGTTTGCTTTCTAACATTTAGCTTTCTTGAAACIUCAGGCAAGACTTuGTGuitAGAAGTT ATA
A-AAAAAAAAAAAAAACAAAAAA AAAAAAAAACAAA ALAAAACTCTAACATTQrCCCAGCAGCTCATAGCTCTGTTAAGA

--C---- -G C-TT -CC AAAATCTCTACCCAAGGTAT.GGGGTCTATGGAGAAGAGGTGGAAAGATCGTAAGAGCCAGAGGTGGGC
ACAACAAACAAACAAACAAA AAACAAACAAAACACAAAAGGACCAAAAAGCCGGCAGGGAGATGACTCCC

FIG. 3. Sequences of three processed genes and their flanks compared with a spliced version of the intron-containing gene rpL30-1 and
its flanks. The sequences are numbered according to the intact rpL30-1 gene shown in Fig. 2. The lines indicate identity with the rpL30-1
sequence. Gaps are inserted to maintain optimal alignment. Exon junctions are separated by gaps and marked by the boundary positions.
Terminal direct repeats are boxed. The 16-nucleotide insert in rpL30-4 is shown beneath the location of its insertion. rpL30-2 is 1.3% divergent
at the nucleotide level; its encoded protein would differ from that of rpL30-1 by only one residue. rpL30-3 is 10.3% divergent and has a
nucleotide inserted at position 491 which causes a frame shift; it could encode a 59-residue protein of which only 21 amino acids would be
homologous to the authentic rpL30 protein. rpL30-4 is 3.8% divergent and would encode a protein with six amino acid replacements.

family (19) on the 3' flank of rpL30-2 and the 5' flank of
rpL30-4 (sequence data to be published elsewhere, location
shown in Fig. 1).

Since the position of the flanking direct repeats usually
delineates the 5' end of the mRNA sequence within 1 or 2
nucleotides (J. H. Rogers, Int. Rev. Cytol. Suppl., in press),
we compared the sequences immediately downstream of
these repeats in the three processed genes. Except for a
16-nucleotide insertion in rpL30-4, the sequences were very
similar (Fig. 3), thus predicting a 5' untranslated region of
ca. 70 nucleotides. When this 70-nucleotide sequence was
compared with the 5' portion of the rpL30-1 sequence,
homology was lost 32 nucleotides upstream of the AUG
codon and regained 107 to 145 nucleotides further upstream.
The homologous stretches were bounded by appropriate 5'
and 3' splice junctions (32). The predicted spliced RNA from
rpL30-1 is shown with flanking 5' and 3' sequences and
compared with the three sequenced processed genes in Fig.
3. This analysis suggests that rpL30-1 has a 5' untranslated
exon of 38 base pairs and a cap site that is located in a
pyrimidine stretch. It is noteworthy that there is no TATA
box in the usual location 30 base pairs upstream of the
predicted cap site.
Mapping of the 5' end by primer extension. To determine

whether the 5' exon sequence predicted from the analysis of
the processed genes is, in fact, present in mRNA, we used
the method of primer extension. In this experiment, a
65-base-pair Hinfl fragment was isolated from the coding
region of rpL30-1, hybridized to cytoplasmic poly(A)+
mRNA, and used to reverse transcribe the mRNA sequence
into a cDNA copy. The length of the extended product was
used to identify the cap site (Fig. 4). The extension product
was 183 + 1 nucleotides long. This is precisely the length
expected if the predicted 5' exon were spliced onto the exon
containing the AUG codon. No other major products were
observed in this experiment.

Mapping of the 3' end. Comparison of the 3' ends of the
processed genes (Fig. 3) showed variability in the polyad-
enylation site. Although the cleavage-polyadenylation site of
the rpL30-2 gene agreed with that of the cDNA, the rpL30-3
and rpL30-4 genes contained an additional 11 nucleotides of
homology with the rpL30-1 gene. To determine whether this
3' variability among the processed genes is a reflection of
microheterogeneity of the site of cleavage-polyadenylation,
we examined the 3' end of cytoplasmic poly(A)+ RNA by Si
nuclease mapping (45).

El E2 E3
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I I I I ,1_SAAAAA
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__@_@W _ f*@ *UI N N *ef * e

f IJ _ e .., use
FIG. 4. Determination of the 5' end by primer extension. A Hinfl

fragment (P) from exon 3 of rpL30-1 (nucleotides 457 to 552) was
isolated, end labeled, and used to prime cDNA synthesis from
cytoplasmic poly(A)+ mRNA as shown in the schematic diagram.
The product (PE) and unextended primer were electrophoresed on a
6% acrylamide gel together with a size marker consisting of an
unrelated DNA fragment chemically cleaved by the Maxam-Gilbert
method.
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FIG. 5. Determination of the cleavage-polyadenylation sites of
rpL30 mRNA. The 3'-end-labeled antisense strand of the Hinfl-
BamHI fragment containing the region from nucleotide 2627 in exon
5 to nucleotide 3015 in the 3' flank was hybridized to cytoplasmic
poly(A)+ RNA and digested with S1 nuclease. The protected DNA
fragments were electrophoresed alongside the chemical-cleavage
products of the antisense strand. The sequence of the sense strand
is shown on the left with the nucleotides where polyadenylation
occurred in the cDNA, and processed genes are marked with an
asterisk. The corresponding bands in the Si nuclease-treated prod-
uct (+) are indicated on the right. The - lane is a control treated in
the same manner as + except that poly(A)+ mRNA was omitted
from the hybridization reaction.

A 365-base-pair fragment, containing most of exon 5 and
ca. 300 base pairs of 3' flanking DNA, was 3'-end labeled
with T4 polymerase and strand separated. The minus strand
was identified by sequence analysis, hybridized to the RNA,
and treated with S1 nuclease. The protected fragments were
electrophoresed on a 6% sequencing gel alongside the se-
quenced fragment (Fig. 5). The protected fragments showed
an exceptionally high degree of heterogeneity, considerably
greater than that normally associated with S1 nuclease
nibbling. This suggests that the polyadenylation site can
vary by as much as 14 nucleotides. When a correction of 1

nucleotide is made for the migration of a 3'-end-labeled

Si-treated product relative to a chemically cleaved fragment
(48), the two extremes (a C at 2712 and an A at 2723)
observed in the comparison of cDNA and processed gene
sequences are reflected in the array of protected fragments.
Except for this array of 90 + 7 nucleotide fragments, no
other protected fragments were detected, indicating that
there are no other functional polyadenylation sites farther
downstream. These results also suggest that there are no
other expressed L30 genes with substantially different 3'
untranslated regions. The mRNAs froni such genes would
have protected, short (-50-nucleotide) fragments corre-
sponding to the conserved coding region, and no such
fragments were detected.
Unique expression of the rpL30-1 gene. Our collection of

L30 genomic clones comprises only ca. 40% of the total
rpL30 gene sequences that are present in the mouse genome.
It is therefore important to determine whether rpL30-1 is
actually an expressed gene and whether there might be other
expressed intron-containing L30 genes which are not repre-
sented in our clone collection. Fortunately, these questions
could be answered by examining the expression of the
unique portions of the rpL30-1 gene, namely, its intron
sequences.

Specific probes for the third and fourth introns, IVS 3 and
IVS 4, respectively, were isolated and annealed with size-
fractionated nuclear poly(A)+ RNA from rapidly growing
myeloma cells (Fig. 6). These probes, which were shown by
a Southern blot analysis to be unique in the mouse genome
(Fig. 6A), hybridized to a set of discrete RNA components
of the same size as those revealed by the L30 cDNA probe
(Fig. 6B). Identical results were obtained with samples of
poly(A)+ nuclear RNA from three other mouse myeloma
lines (data not shown). Thus, the rpL30-1 gene is indeed
expressed. Moreover, except for the mature size mRNA,
there are no components that hybridize uniquely to the L30
cDNA. If another intron-containing rpL30 gene were ex-
pressed, one might expect to find additional cDNA-positive
components that are not recognized by the unique IVS
probes. Therefore, we conclude that rpL30-1 is likely to be
the only intron-containing gene expressed in these cells.
To determine whether there are any additional tnm0scribed

sequences in close proximity to the rpL30-1 getie and to
confirm the delineation of the 5' and 3' boundarik-, of the
rpL30-1 gene, we isolated and subcloned the two flanking
fragments (Fig. 6) and used them as hybridization probes
against the nuclear poly(A)+ RNA. Neither probe hybrid-
ized to any precursor or mature-size RNAs (Fig. 6B). This
lack of hybridization was not due to a technical problem
since both probes were capable of hybridizing to the correct-
size fragments of EcoRI-digested genomic DNA (Fig. 6A).
These results confirm that the sequences present in L30
mRNA are confined to a 2.75-kb region of the rpL30-1 gene
and further indicate that there are no other stable poly(A)+
RNAs produced from this region.

Processing pathway of the rpL30-1 transcript. The data
(Fig. 6) suggest two major pathways for the splicing of the
L30 pre mRNA:
(primary transcript) 2.9 L242.6

14 l l -14
2.3 Io,I2 >1.9 I>0.6 (mRNA)

According to this scheme, intron 4, which can be excised
either before or after introns 1 and 2, is always removed
before intron 3. It is apparent that there is not an interme-
diate for every possible combination of intron excisions,
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although since we are looking at steady-state RNA, very
short-lived intermediates might not be detectable. The 1.6-kb
component is not easily related to any predicted intermedi-
ate that contains all of the exons. However, it could repre-
sent a cleaved but unspliced derivative of the 1.9-kb com-
ponent which lacks exons 1, 2, and 3. Such processing
products have been previously observed in studies of other
pre-mRNAs (39) and may actually be normal splicing inter-
mediates (33).

DISCUSSION
Geomic structure and expression of the L30-1 gene. The

expressed gene for the mouse rp L30 contains five relatively
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FIG. 6. Blot analyses of mouse genomic DNA and nuclear
poly(A)+ RNA hybridized with L30 cDNA and genomic probes. (A)
EcoRI-digested DNA hybridized with five different probes as indi-
cated. The genomic fragments used as probes are shown as open
rectangles in the schematic diagram. Those for the 5' flank, IVS 3,
and 3' flank were subcloned as described in the text. The IVS 4
probe was an isolated 0.6-kb BstNI-EcoRI fragment. Restriction
enzyme symbols are the same as in Fig. 1. The numbers on the left
identify the five cloned rpL30 genes. The sizes of the EcoRI
fragments corresponding to the cloned genes are: rpL30-1, 11.5 kb
and 2.1 kb; rpL30-2, 2.7 kb; rpL30-3, 14.8 kb; rpL30-4, 19.0 kb;
rpL30-5, 9.4 kb. The sizes of the other EcoRI fragments are 25.0,
8.8, 7.2, 6.5, 5.5, 5.3, 5.0, 3.7, 3.35, and 2.3 kb. (B) Hybridization of
the same set of probes to poly(A)+ nuclear RNA from MPC 11 cells.
The relative sizes of the pre-mRNAs were estimated by comparison
with a set of ribosomal RNA components run in an adjacent lane and
stained with ethidium bromide. The absolute sizes in kb were
obtained by normalization to the 2.9- and 0.6-kb values given by the
sequence data (assuming ca. 150 to 200 nucleotides of polyadenylic
acid).
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short exons of 38, 53, 146, 131, and 100 nucleotides and four
introns of 107, 244, 1,278, and 626 nucleotides in length. It
has conventional splice junction consensus signals and an
AATAAA cleavage-polyadenylation signal at the appropri-
ate positions. The 5' exon is totally noncoding and very rich
(68%) in pyrimidine residues. We have noted that several
other genes with 5' noncoding exons are also in the house-
keeping category, e.g., cytoskeletal actin (35) and cyto-
chrome c (43). Moreover, many housekeeping genes have
pyrimidine-rich 5' ends, e.g., histones (46, 57), cytoskeletal
actins (31, 35), tubulins (21, 22), and other mouse rp genes
(9; Wagner and Perry, manuscript in preparation).
The rpL30-1 gene produces a 2.9-kb primary transcript

which is polyadenylated and spliced into mature L30 mRNA.
The pathway of intron splicing is neither random nor com-
pletely ordered. Intron 3 is always the last to be removed,
but intron 4 may be excised either before or after introns 1
and 2. The mRNA exhibits microhereogeneity at its 3'
terminus, the polyadenylic acid addition site varying from 14
to 28 nucleotides from the end of the AAUAAA signal. This
3' heterogeneity is apparently a chronic feature of rpL30
expression since it must have been present in the ancestral
animals in which the processed genes were created.
A very similar example of 3' microheterogeneity was

previously described for the yeast actin (11) and bovine
prolactin (42) genes. These genes and the rpL30 gene have
an interesting common property, namely that the AAUAAA
signal could be part of a metastable (AG- -4 kcal [ca.
-16.8 kJ]) stem and loop structure in the RNA transcript
(see below). Variation in the tendency to form this structure
among the RNA population might lead to imprecision in the
site of cleavage-polyadenylation.
The protein product encoded by the L30-1 gene contains

115 amino acids and has a mass of 12.8 kilodaltons. As
expected, it is basic in character: 18% of the residues are
arginine, lysine, and histidine, and only 7% are glutamic and
aspartic acid. The basic amino acids are mostly in the
amino-terminal half of the protein, whereas the acidic resi-
dues are predominantly in the carboxy-terminal half. This
property, which is also characteristic of another recently
elucidated mouse rp, rpL32, may be indicative of a ribosomal
RNA binding function (9).

Processed members of the rpL30 gene family. Our analyses
of four additional cloned L30 genes indicate that they are
processed genes. Recent studies of other mouse ribosomal
gene families, L18 (38a), L7 (18), L32 (9), and S16 (Wagner
and Perry, manuscript in preparation), indicate that many
members of these families are also processed genes and that
only one or at most a few are functional, intron-containing
genes.
The rpL30-3 gene, which has ca. 10% nucleotide sequence

divergence from the rpL30-1 gene, has a single nucleotide
insertion which causes a frameshift and unmasks an early
termination codon that is not normally in phase. Thus this
gene cannot produce an rp. The rpL30-2 and rpL30-4 genes,
respectively, show 1.3 and 3.8% divergence from the rpL30-1
gene, although in this case the nucleotide changes do not
result in a termination codon and the deletions or insertions
fall outside of the coding sequence. However, it is unlikely
that rpL30-2 is expressed. An mRNA from this gene would
bear a U -+ C substitution at position 2661, causing mispair-
ing and the probable generation of a 30-nucleotide fragment
in the Si nuclease protection experiment (Fig. 5); no such
fragment was observed. Similarly, if rpL30-4 were ex-
pressed, the 16-nucleotide insert in its 5' untranslated region
should have produced a corresponding longer product in the
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primer extension experiment (Fig. 4), and no such product
was observed. We conclude therefore, that the three se-
quenced L30 processed genes are in fact nonexpressed
pseudogenes.

Since the recombinant DNA library was initially screened
for L30 sequences under stringent hybridization and wash-
ing conditions (final wash, 0.015 M NaCl-0.0015 M sodium
citrate at 68°C), we expect that we have isolated and
characterized the more conserved processed members of the
rpL30 gene family. Thus, it is likely that most, if not all, of
the uncharacterized rpL30 genes are also pseudogenes.
Studies of two other mouse rp gene families have reached
similar conclusions with respect to the lack of expression of
the processed genes (9; Wagner and Perry, manuscript in
preparation).

Comparison of the structure of the expressed rpL30 and
rpL32 genes. In searching for elements that govern the
expression of rp genes one might predict at least two kinds of
sequences with regulatory roles: (i) those which control
transcription and RNA processing and (ii) those which might
play a role in translational control or mRNA stability. Since
the sequence of another expressed mouse rp gene (rpL32 [9])
was available, we compared it with the rpL30 sequence in
the hope of finding homologies and structural similarities
which might play a role in coordinating rp gene expression.
A comparative sequence analysis (Fig. 7) revealed several

interesting similarities, particularly in the 5' region. Both 5'
exons are noncoding, and both 5' untranslated regions are
very rich in pyrimidine residues. Both cap sites initiate with
a cytosine that is located in an almost perfect palindromic
pyrimidine stretch. In fact, the sequences surrounding the
cap site form an interesting common motif. Neither gene has
a canonical TATA box 25 to 30 nucleotides upstream of the
cap site, which apparently helps define the position of
polymerase II initiation (3). The appropriately located se-

quences most homologous to the TATA consensus are

TAGAAGA for rpL30 and CATCATA for rpL32. The G in
the third position of the rpL30 box is considered to be
particularly unfavorable for TATA function (3). Although
viral genes without TATA consensus sequences have been
identified (1, 6, 15), only a few nuclear genes lacking
these sequences have been found in higher eucaryotes (21,
28).
A computer program was used to compare sequences up

to 500 base pairs upstream of the cap sites. Confining our

search to homologies that are in close proximity (within 50
bases) of each other when the cap sites are aligned, we
identified a number of homologies in addition to the cap site.
Some of these homologous sequences, e.g., those designated
A, B, and C (Fig. 7), are located such that they could have a

role in regulating the transcription of the rp genes. One of the
homologies (C) is ca. 80 base pairs upstream from the cap, a

region that has been implicated in the transcriptional regu-
lation of several other eucaryotic genes (3). The absence of
a canonical TATA box and the presence of these common
sequences may provide the rp genes with a distinctive
promoter. Experiments are currently underway to test these
ideas.
A similar comparison of the intronic and 3' flanking

regions revealed a common sequence in the 3' portion of the
first intron and two homologous stretches, E and F, in the 3'
flanks. Further experiments will be needed to determine the
biological importance of these sequences. The sequence

TACTAAC, present in introns 1 and 2 of the L32 gene (9)
and shown to be required for proper splicing of yeast introns
(20), is absent in the rpL30 gene.

If translational control is an important mode of regulation
for the coordinate synthesis of ribosomal proteins, one might
hope to find some sequence homology between mature rp
mRNAs, possibly near the 5' end. We have already noted
the remarkably conserved cap site sequence. A further
comparison of the mRNA sequence identified another ho-
mologous segment near the beginning of the translated
region. This segment, designated I (Fig. 7), is similar in both
nucleotide and amino acid sequence, even though it is
interrupted by an intron in rpL30 and is uninterrupted in
rpL32. Two other homologous segments (II and III) were
found in the coding region. For these segments the nucleo-
tide homology is very good, but the translation products are
totally unrelated owing to a difference in reading frame.
Conceivably, these homologous sequences could be recog-
nized by a factor that enhances or blocks translation of the
mRNAs. Finally, we noted that both of these genes contain
a sequence at their 3' end (H) which could form a stem-loop
structure encompassing the AATAAA signal. However, the
estimated stability of the L30 structure (AG --3.6 kcal [ca.
-14.2 kJ]) is considerably greater than that of the L32
structure (AG -0.6 kcal [ca. - 2.5 kJ]).

It is important to keep in mind that the homologies
described above are in genes which are functionally related
but which have no obvious evolutionary relationship. When
regions of homology are identified in the cognate genes of
two different organisms or in evolutionarily related genes in
the same organism, one can argue either that the homologies
are vestigial remnants of the ancestral sequence which has
not yet diverged because insufficient time has elapsed or that
the sequences have been preserved because they are func-
tionally important. There is no such ambiguity for compari-
sons among rp genes, and therefore, any sequence homology
that is not due to random occurrence may be credited to
convergent evolution, presumably to fulfill a functional
requirement.
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