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SUMMARY: The amino acid sequence of the rat 40S ribosomal subunit protein S23 was
deduced from the sequence of nucleotides in a recombinant cDNA. Ribosomal protein S23 has
142 amino acids, the NH,-terminal methionine is removed after translation of the mRNA, and
a molecular weight of 15,666. Hybridization of the cDNA to digests of nuclear DNA suggests
that there are 6 to 13 copies of the S23 gene. The mRNA for the protein is about 650
nucleotides in length. Rat S23 is identical to a human ribosomal protein and is also related to
Saccharomyces cerevisiae S28, to Tetrahymena thermophila S12, and to the prokaryotic S12
family of ribosomal proteins. = 1994 academic Press, inc.

An attempt is underway to determine the structure of eukaryotic ribosomes. The endeavor
is motivated by a desire to provide a rational account of the biochemistry underlying the function
of the organelle in protein synthesis. It is by no means certain, perhaps not even likely, that
knowledge of the structure will lead pari passu to an understanding of the function of ribosomes.
However, it is difficult to imagine being able to describe function in molecular detail without
knowledge of the structure of the particle. At any rate, if one has undertaken to attempt to solve
the structure it is obvious that a requisite is the sequences of nucleotides and of amino acids in
the constituent nucleic acids and proteins. A commitment has been made both to the larger
enterprise, i.e. to the solution of the structure of mammalian (rat) ribosomes, and to the
acquisition of the chemical data (1). As a part of this undertaking, we report here the amino acid

sequence of rat ribosomal protein S23.

MATERIAL AND METHODS

The recombinant DNA procedures and the methods used to determine the sequence of
nucleotides in the nucleic acids have been described or cited (2-4). Two oligodeoxynucleotide
probes were prepared based on amino acid sequences that are identical in Saccharomyces
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cerevisiae 828 (5) and in Tetrahymena thermophila S12 (6); the sequences are KQPNSAIRKC
and GDIPGVRFK. The first probe was a mixture of 256 different oligodeoxynucleotides, each
29 nucleotides in length; the second was a mixture of 192, each 26 bases long. The
oligodeoxynucleotides were synthesized on a solid support by the methoxyphosphoramidite
method using an Applied Biosystems, Model 380B, DNA synthesizer.

RESULTS AND DISCUSSION

The Sequence of Nucleotides in a Recombinant cDNA Encoding Rat Ribosomal Protein $23

A random selection of 24,000 cells from two cDNA libraries of 20,000 and 30,000
independent transformants that had been constructed from regenerating rat liver poly(A)*mRNA
(2, 3) was screened for clones that hybridized to two oligodeoxynucieotide probes that were
related to amino acid sequences predicted to occur in rat ribosomal protein S23. Four clones
gave a positive hybridization signal with the probes. The sequence of nucleotides in both strands
of the cDNA insert in one of these clones, pS23-14, was determined. The ¢cDNA insert is 501
nucleotides long, has a 5' noncoding sequence of 28 bases (if the 12 additional bases in a second
c¢DNA, pS23-18, are included), a single open reading frame of 432 nucleotides, and a 3'
noncoding sequence of 41 bases and a poly(A) stretch (Fig. 1).

The open reading frame in pS23-14 begins at an AUG codon at a position that we
designate +1 and ends with a termination codon (TAA) at position 430; it encodes 143 amino
acids (Fig. 1). The initiation codon occurs in the context AAGATGG; the consensus sequence
is ACCATGG (7). The hexamer AATAAA that directs posttranscriptional cleavage-
polyadenylation of the 3' end of the precursor of the mRNA (8) is at position 456-461, 12
nucleotides upstream of the start of the poly(A) stretch. The first 9 nucleotides of the 5'
noncoding sequence are pyrimidines, i.e. CTTTCTCTC (Fig. 1). The 5' end of most, if not all,
eukaryotic ribosomal protein mRNASs have pyrimidine sequences (1) that are presumed to have

a role in the regulation of their translation (9).

The Primary Structure of Rat Ribosomal Protein 523

The rat ribosomal protein encoded in the open reading frame in pS23-14 was identified
as S23 by transcription of the plasmid DNA, translation of the RNA transcript in a rabbit
reticulocyte lysate containing (*H]leucine, and electrophoresis of the radioactive product in two
dimensions in polyacrylamide gels (Fig. 2). Ribosomal protein S23 has not been resolved from
S24 by conventional ion-exchange chromatography or by electrophoresis in polyacrylamide gels
containing sodium dodecyl sulfate (10); albeit in the latter procedure the band is diffuse and
gives the impression of two proteins with slightly different molecular weights (10). The two
proteins are not completely resolved by electrophoresis in two dimensions in polyacrylamide gels

containing urea either, although, in the best of circumstances the configuration of the single spot
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Fig. 1. The sequence of nucleotides in the cDNA inserts in pS23-14 and pS23-18 and
the amino acid sequence encoded in the open reading frame. The positions of the nucleotides
in the cDNA are given above the residue; the positions of the amino acids in protein S23 are
designated below the residue. The initial and terminal nucleotides in pS23-14 and pS23-18
are designated by the vertical of the bent arrows. The amino acid residues in bold letters
were determined also by Edman degradation of peptides from 523.

clearly indicates that they are separate proteins (but not in Fig. 2A). The translation product
obtained from the pS23-14 transcript aligns with the S23/S24 spot (Fig. 2). The amino acid
sequence of S24 was determined before (11) and it is different than the one encoded in pS23-14.
In addition, a preparation that contained S23 and $24 was hydrolyzed with acid, the peptides
separated, and the amino acid sequences determined by Edman degradation using an automated
gas phase sequencer. The amino acid sequence in two of those peptides (residues 2-16 and 115-
125; given in bold letters in Fig. 1) corresponded to amino acid sequences in pS23-14 and do not
occur in S24 (11).

The molecular weight of rat ribosomal protein $23, calculated from the sequence of amino
acids deduced from pS23-14, is 15,797. However, the NH,-terminal methionine encoded in the
$23 mRNA is removed after translation, i.e. it is not in the NH,-terminal sequence determined
directly from the protein. The residue next to the initial methionine in S23 is glycine which

favors NH,-terminal processing (12). Thus, the mature processed S23 has 142 residues and the
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Fig. 2. Two-dimensional electrophoresis of the product of the translation of the RNA
obtained by transcriérrinn of the pS23-14 ¢DNA. A reticulocyte lysate (50 pl) was incubated
with the RNA and ['H]leucine and a sample (10 pl) was extracted with 67% acetic acid and
the protein precipitated with 90% acetone. Electrophoresis of the radioactive translation
product was with 80 pg of carrier protein from 408 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, Coomassie brilliant blue stain of the gel; B, fluorography of the

gel.

molecular weight is 15,666; the molecular weight estimated before (10) from SDS-PAGE of the
purified protein was 18,800.

Protein S23 has a large excess of basic residues (12 arginyl, 20 lysyl, and 5 histidyl) over
acidic ones (5 aspartyl and 6 glutamyl). The basic residues, as is common in ribosomal proteins,
tend to be clustered; for example, 15 of 30 amino acids at positions 2-31 and 5 of 8 at positions

135-142 (Fig. 1). S23 has no methionine.

The Number of Copies of the $23 Gene

The ¢cDNA insert in pS23-14 was made radioactive and used to probe separate digests of
rat liver DNA made with the restriction endonucleases BamHI, or EcoRl, or HirdIll (3). The
number of hybridization bands suggests that there are 6 to 13 copies of the S23 gene (data not
shown). Many other mammalian ribosomal protein genes have been found to be present in
multiple copies (cf. (1) for references and discussion). However, in no instance has it been
shown that more than one of the genes is functional; the presumption is that the other copies are

retroposon pseudogenes.
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The Size of the mRNA Encoding Rat Ribosomal Protein §23
To determine the size of the mRNA coding for $23, poly(A)*mRNA from rat liver was
separated by electrophoresis and screened for hybridization bands using radioactive pS23-14

cDNA. One distinct band of about 650 nucleotides was detected (data not shown).

Comparison of the Sequence of Amino Acids in Rar §23 with Ribosomal Proteins from Other
Species

The sequence of amino acids in rat S23 was compared, using the computer programs
RELATE and ALIGN (13), to those in more than 1,400 other ribosomal proteins contained in
a library that we have compiled; the program TBLASTN (14) was used to search the GenBank
DNA data base.

The comparison that yielded the closest identity was with a human protein that had been
identified as a homolog of yeast ribosomal protein S28 (15); the RELATE score is 54.9 S.D.
units. The amino acid sequences of the rat and human proteins are identical. Rat S23 is also
related to S. cerevisiae S28 (5) - the RELATE score is 45.1 and in an alignment of the amino
acid sequences there are 111 identities in 143 possible matches (78% identity); to T. thermophila
S12 (6) - the RELATE score is 38.8 and in an alignment there are 97 identities in 140 possibie
matches (69% identity). S23 is also related to the members of the eubacterial, archaebacterial,
and organelle S12 family of ribosomal proteins; representative examples are Halobacterium
halobium S12 (16) - the RELATE score is 28.9 and in an alignment there are 77 identities in 141
possible matches (55% identity); and Escherichia coli S12 (17) - the RELATE score is 3.7 and
in an alignment there are 33 identities in 112 possible matches (29% identity but see below).
Thus there is conservation of this protein across the three kingdoms suggesting it was a
component of an early ribonucleoprotein ribosome.

E. coli ribosomal protein S12, with S4 and S5, is essential for maintenance of accurate
translation (18) perhaps by tuning the structure of 16S rRNA (19, 20). A mutation in the lysine
at position 42 of E. coli S12, a residue that is in the streptomycin binding site, causes resistance
to the antibiotic and leads to increased accuracy of translation by the ribosomes (21). It is
noteworthy, that this lysine is conserved in rat S23 (it is at position 60) and is in a region where
the amino acid sequences of the rat and E. coli proteins are closely related - between residues
60 and 78 of rat S23 there are 12 identities in 18 possible matches, i.e. 67% identity, in an
alignment with residues 42 to 59 of E. coli S12 - there is one gap. There is one other conserved
region in rat S23 and E. coli S12 - between residues 112 and 126 of rat S23 there are 8 amino
acid identities and 2 conservative changes, i.e. 53% identity, or 67% similarity in an alignment
with residues 86-100 in E. coli S12. These comparisons strengthen the inference that rat S23 and

E. coli S12 are homologous and that they make similar contributions to the accuracy of
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translation. Mutations in the E. coli ribosomal proteins S4 or S5 (ram mutations for ribosomal
ambiguity) decrease the accuracy of translation (18, 22). The S. cerevisiae homologs of these
ribosomal proteins function in a like manner to affect the accuracy of translation (23). It is quite
likely that the mechanism of translational fidelity has been conserved during evolution (23) and
that rat S23, which is related to E. coli S12 and S. cerevisiae S28, participates in the process.
The determination of the amino acid sequence of rat ribosomal protein S23 is a
contribution to a data set which it is hoped will eventually include the structure of all the proteins
in the ribosomes of this species. The primary purpose for the accumulation is its anticipated use
in arriving 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 unraveling

the amino acid sequences that direct the proteins to the nucleolus for assembly on nascent rRNA.
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