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SUMMARY: The amino acid sequence of the rat 40s ribosomal subunit protein S28 was 
deduced from the sequence of nucleotides in a recombinant cDNA. Ribosomal protein S28 has 
69 amino acids and has a molecular weight of 7,836. Hybridization of the cDNA to digests of 
nuclear DNA suggests that there are 8-10 copies of the S28 gene. The mRNA for S28 is about 
450 nucleotides in length. Rat S28 is homologous to Saccharomyces cerevisiae S33. 0 1991 
Academic Press, Inc. 

Ribosomes are complex ribonucleoprotein organelles that catalyze peptide bond formation 

and protein synthesis in all organisms in the biosphere; those in eukaryotic cells have 70 to 80 

proteins and 4 species of RNA (1). An effort is being made to determine the primary structure 

of all of these molecules for a single mammalian species, the rat. The purpose is to establish a 

data base that will assist in solving the structure of the particles. Knowledge of the structure of 

ribosomes is presumed to be essential (albeit perhaps not in itself sufficient) for a rational, 

molecular account of the function of the organelle. As a part of this endeavor we report here the 

covalent structure of rat ribosomal protein S28 which we have inferred from the sequence of 

nucleotides in a recombinant cDNA. 

MATERIAL, AND METHODS 

The recombinant DNA procedures and the methods used to determine the sequence of 

nucleotides in nucleic acids have been described or cited (2, 3). An oligodeoxynucleotide probe 

for the cDNA encoding rat ribosomal protein S28, based on the sequence of amino acids in a 

cyanogen bromide peptide prepared from the protein, was synthesized. The probe was a mixture 

of 288 different oligodeoxynucleotides, each 26 bases in length, complementary to the sequence 

encoding IIRNVKGPV (residues 42-50 in S28). The oligodeoxynucleotides were synthesized on 
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a solid support by the methoxyphosphoramidite method using an Applied Biosystems, 380B, 

DNA synthesizer (4). The sequence of amino acids in a cyanogen bromide fragment from S28 

was determined by Edman degradation in an automated gas phase sequencer. 

RESULTS AND DISCUSSION 

The Sequence of Nucleotides in Recombinant cDNAs Encoding Rat Ribosomal Protein S28 

A random selection of 20,000 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 an oligodeoxynucleotide probe that was 

synthesized to be complementary to the sequence of nucleotides predicted to be present in the 

mRNA for rat ribosomal protein S28. Three clones gave a positive hybridization signal with the 

probe. The DNA from the plasmids of the 3 transformants was isolated and digested with 

restriction endonucleases. These clones had inserts that ranged in length from 350 to 400 

nucleotides. One of the clones was selected, pRS28-1, and the sequences of nucleotides from 

both strands of the cDNA and overlapping sequences for each restriction site were obtained. 

The cDNA insert in pRS28-1 is 298 nucleotides long and has a 5’ noncoding sequence 

of 11 bases, a single open reading frame of 210, a 3’ noncoding sequence of 77 plus a long 

poly(A) stretch (Fig. I). In the other two reading frames the sequence is interrupted by 

termination codons. The open reading frame begins at an ATG codon at a position that we 

designate +I and ends with a termination codon (TGA) at position 208; it encodes 69 amino 

-1 
TCTCCGCCATC 

+1 30 60 
ATGGACACGAGTCGCGTGCAGCCCATCAAGCTGGCTGGGGG 
MDTSRVQPIKLARVTKVLGR 
1 10 20 

90 120 
ACCGGATCGCAGGGACAGTGCACGCAGGTGCGAGTGGAATACCAGCCGC 
TGSQGQCTQVRVEFMDDTSR 

30 40 

150 180 
TCTATCATCCGAAACGTCAAAGGCCCCTGTTCGAGAGGGTGATGTGCTCACCCTGTTGGAG 
SIIRNVKGPVREGDVLTLLE 

50 60 

210 240 
TCAGAAAGAGAAGCTCGO\GGTTGCGCTGACCTTGCTTGCTGCTGGGTTCTGGATATCCGCTCC 
SEREARRLR* 

70 

270 
TTAGCCCATGGAATGACCTGCAACTG'TTAAATAAATAAAGCATTTGTATTC(A)n 

Thesequence of nucieotides in the &VA insert in piasmid pRS28-I and the amino Fig. 1, 
acid sequence encoded in the open reading frame. The positions of nucleotides in the cDNA 
inserts are given above the residue; the positions of amino acids in protein S28 are designated 
below the residue. 
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acids (Fig. 1). The initiation codon occurs in the context AUCAUGG which deviates little from 

the optimum ACCAUGG (5). The hexamer AATAAA that directs post-transcriptional cleavage- 

polyadenylation of the 3’ end of the precursor of the mRNA (6) is at position 270-275, 12 

nucleotides upstream of the start of the poly(A) stretch. The first 5 nucleotides in the 5’ 

noncoding sequence are pyrimidines, i.e. TCTCC (Fig. 1). There are consecutive pyrimidines 

at the 5’ end of most, if not all, mammalian ribosomal protein mRNAs (cf. (1) for references and 

discussion) and the sequences may play a role in the regulation of translation (7). The 

pyrimidine stretch usually defines the 5’ end of a ribosomal protein mRNA and its presence there 

implies that the cDNA is full length; if that holds for the S28 mRNA the 5’ noncoding sequence 

is exceptionally short, only 11 nucleotides (Fig. 1). 

The Primary Structure of Rat Ribosomal Protein S28 

The rat ribosomal protein encoded in the open reading frame in pRS28-1 was identified 

as S28 by the exact congruence of the order of amino acids deduced from the sequence of 

nucleotides in the cDNA with the 33 residues (positions 36-68) in a cyanogen bromide peptide 

from the protein determined by Edman degradation using an automated gas phase sequencer. In 

addition, the amino acid composition inferred from the cDNA is very close to that obtained (8) 

from an hydrolysate of purified S28 (Table I). 

The molecular weight of rat ribosomal protein S28, calculated from the sequence of amino 

acids deduced from pRS28-1, is 7,836. Since the NH, terminus of S28 is blocked we do not 

know whether the initial methionine encoded in the S28 mRNA is removed after translation. 

However, the residue next to the first methionyl in S28 is aspartyl and it has been reported (9) 

that when the NH,-terminal methionine is acetylated (as may be the case in S28) the predominant 

penultimate amino acid is aspartic. 

Protein S28 has an excess of basic residues (11 arginyl and 3 lysyl) over acidic ones (4 

aspartyl and 5 glutamyl) (Table I). The protein is quite hydrophilic (23 of 69 residues are 

charged) especially the carboxyl-terminal half (where 17 of 39 residues are charged). S28 has 

no histidine, tryptophan, nor tyrosine. 

The Number of Copies of the S28 Gene 

The cDNA insert in pRS28-1 was made radioactive and used to probe digests of rat liver 

DNA made with restriction endonucleases BarnHI, EcoRI, or HindIII (3). The number of 

hybridization bands suggests that there are 8-10 copies of the S28 gene (data not shown). There 

are multiple copies of many mammalian ribosomal protein genes; however, where an analysis 

has been done only one of the genes has been found to be functional and the presumption is that 

the other copies are retroposon pseudogenes (cf. (1) for references and discussion). 
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TABLE I. Amino acid composition of rat ribosomal protein S28 

Amino Acid A B 

Alanine 

Arginine 

Aspartic acid and asparagine 

Cysteine 

Glutamic acid and glutamine 

Glycine 

Histidine 

Isoleucine 

Leucine 

Lysine 

Methionine 

Phenylalanine 

Proline 

Serine 

Threonine 

Tryptophan 

Tyrosine 

Valine 

Residues 

3 

10 

6 

nd. 

10 

6 

0 

2 

6 

3 

nd. 

1 

2 

5 

6 

n.d. 

0 

7 

2 

11 

4+1 

1 

5+4 

5 

0 

3 

6 

3 

2 

1 

2 

5 

6 

0 

0 

8 

69 

The amino acid composition (in numbers of residues) determined either (A) from an 
hydrolysate of S28 (8) or inferred (B) from the sequence of nucleotides in a recombinant cDNA. 

The Size of the mRNA Encoding Rat Ribosomal Protein S28 

To determine the size of the mRNA coding for S28 poly(A)+mRNA from rat liver was 

separated by electrophoresis and screened for hybridization bands using radioactive pRS28-1 

cDNA. One distinct band of about 450 nucleotides was detected (data not shown). 

Comparison of the Sequence of Amino Acids in Rat S28 with Ribosomal Proteins from Other 

Species 

The sequence of amino acids in rat 528 was compared, using the computer programs 

RELATE and ALIGN (lo), to those in more than 850 other ribosomal proteins contained in a 

library that we have compiled. Rat ribosomal protein S28 is homologous to Saccharomyces 

cerevisiae S33 (11); the RELATE score is 22.5 SD units and in an alignment of the amino acid 

sequences there are 49 identities in 67 possible matches (73%); the ALIGN score is 33.7 SD 

units. 
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The sequence of amino acids in S28 was searched for internal duplications and one 

possible repeat was found: MDTSR (at positions 1-S) and MDDTSR (at positions 3540). 

The determination of the sequence of amino acids in rat S28 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 mammalian 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 uncovering 

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