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The primary structure of rat ribosomal protein S24
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The amino acid sequence of rat ribosomal protein 524 was deduced from the sequence of nucleotides in a recombinant cDNA. $24 contains 133

amino acids and has a molecular mass of 15 413. Hybridization of the cDNA to digests of nuclear DNA suggests that there are 12-16 copies

of the 824 gene. The mRNA for the protein is about 600 nucleotides in length. Rat $24 is homologous to Xenopus laevis S19 and related to Halobac-
terium morismortui ribosomal protein S15.
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1. INTRODUCTION

An effort is being made to determine the sequences
of amino acids in all of the proteins in the ribosomes
of a single mammalian species, the rat [1]. These data
are necessary, although it may not be sufficient, for a
solution of the structure of the organelle and for a
coherent account of the biochemistry underlying its
function in protein synthesis. As a part of this under-
taking, we report here the sequence of amino acids in
rat ribosomal protein S24. Mammalian ribosomal pro-
tein S24 can be crosslinked to initiation factor eIF-3 [2]
which is necessary for the binding of mRNA to
ribosomes and, hence, it is located at the site where the
factor binds and where initiation of translation of
mRNA occurs.

2. EXPERIMENTAL

The recombinant DNA procedures and the methods used to deter-
mine the sequence of nucleotides in nucleic acids were either describ-
ed or cited before [3]. The NH;-terminal amino acid sequence of a
mixture of rat ribosomal proteins S23 and S24 was determined by
Edman degradation using an Applied Biosystems, Model 470A,
automated gas phase protein sequencer. Radioactive rat ribosomal
protein S24 ¢cDNA was hybridized to restriction enzyme digests of
genomic DNA [4], and to a preparation of rat liver poly(A)* mRNA
[5). The computer programs, RELATE and ALIGN [6], were used to
assess possible evolutionary relationships between rat S24 and other
ribosomal proteins. The scoring matrix was Dayhoff’s MDM *78 [6].

3. RESULTS AND DISCUSSION

Two ¢DNA libraries of 30000 and of 20000 indepen-
dent transformants were contructed from poly(A)*
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mRNA prepared from regenerating rat liver [3]. A ran-
dom selection of 25000 cells from each library was
screened for clones that hybridized to a cDNA (gene-
rously provided by F. Amaldi) that encoded Xenopus
laevis ribosomal protein S19 [7]. Related rat and
Xenopus ribosomal proteins have similar sequences of
amino acids [1]. Three colonies gave a positive hybridi-
zation signal with the probe. DNA from the plasmids
of the 3 transformants was isolated, digested with
restriction endonucleases, and analyzed by gel electro-
phoresis. One of the clones, designated pS24-5, had an
insert approximately 450 nucleotides in length and
Southern blot hybridization with the oligonucleotide
probe confirmed that it contained cDNA for a protein
related to X laevis S19; it was later identified as rat
ribosomal protein S24. The length of the rat S24 coding
sequence was anticipated from the molecular weight of
the protein [8] to be about 400 nucleotides. The se-
quences of nucleotides were determined in both strands
of the cDNA insert in pS24-5 and in overlapping se-
quences for each restriction site.

The ¢cDNA insert in pS24-5 contains 466 nucleotides
and includes a 5’ noncoding sequence of 32 nucleo-
tides, an open reading frame of 402 nucleotides, and a
3’ noncoding sequence of 32 nucleotides (fig.1). In the
other two reading frames the sequence is interrupted by
many termination codons. The open reading frame
begins at an ATG codon at a position that we designate
+1 and ends with a termination codon (TAG) at
nucleotides 399-402; it encodes 133 amino acids
(fig.1). The initiation codon occurs in the context
AUCAUGA which deviates from the optimum
ACCAUGG [9]. The 3’ noncoding sequence lacks the
hexamer AATAAA which is the recognition sequence
directing post-transcriptional cleavage-polyadenylation
of the 3’ end of pre-mRNA [10]. The first nine
nucleotides of the $S24 cDNA (positions — 32 through
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Fig.1. The sequence of nucleotides in the cDNA insert in plasmid pS24-5 and the amino acid sequence encoded in the open reading frame. The
positions of the nucleotides in the cDNA insert are given above the residue; the positions of amino acids in protein S24 are designated below
the residue.

—24 in fig.1) are pyrimidines, i.e. TCCTCCTTT.
Pyrimidine sequences have been reported to be present
in the 5’ untranslated region of many eukaryotic ribo-
somal protein mRNAs [1] and may play a role in the
regulation of their translation.

The rat ribosomal protein specified by pS24-5 was
identified as S24 by hybridization of the plasmid DNA
to poly(A)* mRNA and selection of the complimentary
mRNA. The latter was translated in a reticulocyte

(a)

Fig.2. Two-dimensional electrophoresis of the product of the transla-
tion of the hybrid-selected mRNA for S24. A reticulocyte lysate
(10 pl) was incubated with the mRNA selected with pS24-5 from a
preparation of rat liver poly(A)* mRNA and a sample (3 xI) was ex-
tracted with 67% acetic acid and the protein precipitated with 90%
acetone. Electrophoresis of the radioactive translation product
(labeled with [**S]methionine) was with 100 g of carrier protein
from 40 S ribosomal subunits. Electrophoresis in polyacrylamide gels
containing urea was from left to right in the first dimension and from
top to bottom in the second. (a) Fluorography of the gel; (b)
Coomassie brilliant blue stain of the gel.
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lysate and the radioactive product identified as S24 by
its migration on two-dimensional polyacrylamide gels
(fig.2). Ribosomal protein S24 has not been resolved
from S23 either by conventional ion-exchange chroma-
tography or by electrophoresis in polyacrylamide gels
containing sodium dodecyl sulfate [8]; albeit in the
latter procedure the band is diffuse and gives the im-
pression of two proteins with slightly different mole-
cular weights [8]. The two proteins are not completely
resolved by electrophoresis in two dimensions in poly-
acrylamide gels containing urea either, although, in the
best of circumstances the configuration of the single
spot clearly indicates that they are separate proteins (cf.
fig.3). The translation product obtained from the

Fig.3. Two-dimensional polyacrylamide gel showing the partial

resolution of S23 and S24. This is a region of a polyacrylamide gel

stained with Coomassie brilliant blue after electrophoresis in two

dimensions of a mixture of proteins from rat 40 S ribosomal subunits
showing partial separation of S23 and S24.
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mRNA selected with pS24-5 (fig.2) aligns with the
lower portion of the S23/S24 spot that has been
designated S24. A mixture of rat 40 S ribosomal
subunit proteins was resolved by high-performance li-
quid chromatography and a sample was isolated that
contained some S23 but was primarily S24. The predo-
minant sequence obtained from this preparation by
Edman degradation using a gas phase automated
sequencer was XXDTVTIXTRKFMTNRL which cor-
responds to the sequence of amino acids deduced from
the sequence of nucleotides in pS24-5.

The molecular weight of rat ribosomal protein S24,
calculated from the sequence of amino acids, is 15 413.
Protein S24 lacks tryptophan and cysteine and has a
large excess of basic residues (13 arginyl, 23 lysyl, and
4 histidyl) over acidic ones (5 aspartyl and 6 glutamyl)
(table 1). Many of the basic residues are clustered; for
example, 15 of the 26 residues between positions 93 and
118 are basic. Indeed, there are two hydrophilic regions
of the protein; positions 31-49 (8 of 18 residues are
charged); positions 80—118 (24 of 39 residues are
charged).

The cDNA insert in pS24-5 was made radioactive and
used to probe digests made from rat liver nuclear DNA
with the restriction endonucleases BarmmHI, EcoRI, and
HindIII [4]. The number of hybridization bands sug-
gest that there are 12—16 copies of the S24 gene (data
not shown). There are multiple copies of many other
mammalian ribosomal protein genes (cf. [1] for
references and discussion). However, in no instance has
it been shown that more than one of the genes is func-
tional. The presumption is that the genome contains
only one ribosomal protein gene that is expressed and
that the other copies are nonfunctional pseudogenes.

To determine the size of the mRNA for S24, glyoxy-
lated total poly(A)* mRNA from rat liver was
separated by electrophoresis and screened for hybridi-
zation bands using radioactive pS24-5 cDNA. One
band of about 600 bases was detected (data not shown).

The sequence of amino acids in rat ribosomal protein
S24 was compared, using the computer program
RELATE [6], to the sequence of amino acids in more
than 500 other ribosomal proteins contained in a
library we have compiled. Rat S24 is homologous to X.
laevis S19; the RELATE score is 52.1 SD units. In an
alignment of the amino acid sequences there are 129
identities out of 132 possible matches (the ALIGN
score is 57.3). The differences are two conservative
changes, an arginine in Xenopus to a lysine in rat at
position 93 and a glutamic acid to an aspartic acid at
position 133, and the insertion of a proline at position
131 in the rat sequence. Rat S24 is also related to
Halobacterium morismortui S15 — the RELATE score
is 10.7 and in the alignment there are 25 identities in 102
possible matches (the ALIGN score is 15.3). The se-
quence of amino acids in rat S24 was searched for inter-
nal repeats but none were found.
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Table 1

The amino acid composition (in numbers of residues) of S24 deter-
mined from the sequence of nucleotides in a recombinant cDNA

Alanine 7 Leucine 7
Arginine 13 Lysine 23
Aspartic acid ) Methionine 6
Asparagine S Phenylalanine 6
Cysteine 0 Proline 5
Glutamic acid 6 Serine 2
Glutamine 3 Threonine 13
Glycine 11 Tryptophan 0
Histidine 4 Tyrosine 4
Isoleucine 5 Valine 8

Residues 133

The determination of the sequence of amino acids in
rat S24 is a contribution to a set of data which it is
hoped will eventually include the structure of all the
proteins in the ribosomes of this mammalian species.
The primary purpose for the accumulation of these
data is to use it to arrive at a solution of the structure
of the organelle. However, the information may also
help in understanding the evolution of ribosomes, in
unraveling the function of the proteins, in defining the
rules that govern the interaction of the proteins and the
rRNAs, and in uncovering the amino acid sequences
that direct the proteins to the nucleolus for assembly on
nascent rRNA.
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