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SUMMARY: The amino acid sequence of the rat 40S ribosomal subunit protein S9 was deduced
from the sequence of nucleotides in a recombinant cDNA. Ribosomal protein S9 has 193 amino
acids, the NHZ-terminal methionine is removed after translation of the mRNA, and has a
molecular weight of 22,360. Hybridization of the cDNA to digests of nuclear DNA suggests that
there are 14 to 16 copies of the S9 gene. The mRNA for the protein is about 1,000 nucleotides
in length in part because of an especially long 5' noncoding region (103 nucleotides). Rat S9 is
related to ribosomal proteins from other eukaryotes, Saccharomyces cerevisiae YS11 and
Dictyostelium discoideum rp 1024, and to the eubacterial, archaebacterial, and chloroplast family
of $4 ribosomal proteins. We have identified the product of the Trypanosoma brucei gene U as
the homolog of rat ribosomal protein §9. = 1993 acagemic Press, Inc.

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
they 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
undertaking, we report here the sequence of amino acids in rat ribosomal protein §9. Rat S9 is
related to Escherichia coli ribosomal protein S4 which latter is essential for the initiation of the
assembly of 30S ribosomal subunits (2) presumably by establishing the mature conformation of
165 tRNA (3). E. coli strains bearing mutations in S§4 (designated ram for ribosome assembly

mutation) have a very high translational error rate (4).

MATERIALS 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 (5-7). Rat ribosomal protein S9 was
isolated from a fraction of all the 40S subunit proteins (8) by high performance liquid
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chromatography in a reverse phase column (Bio-Rad, Hi-Pore C4) with a 0 to 60% acetonitrile
gradient containing 0.1% trifluoroacetic acid at a flow rate of 0.8 ml/min. The sequence of the
NH,-terminal 27 amino acids was determined by Edman degradation in an Applied Biosystems,
Model 470A, automated gas phase sequencer. In addition, a cyanogen bromide fragment of S9
was isolated and the amino acid sequence of 30 residues (positions 93-122) were determined.
These two amino acid sequences were used to design primers for the polymerase chain reaction
(9). The DNA generated in this way was 320 nucleotides in length and was made radioactive
by the random primer method (10).

RESULTS AND DISCUSSION

The Sequence of Nucleotides in a Recombinant cDNA Encoding Rat Ribosomal Protein 59
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

(5, 6) was screened for clones that hybridized to the oligodeoxynucleotide probe that was

generated in the polymerase chain reaction and that was related to amino acid sequences in rat
ribosomal protein §9. Two clones gave a positive hybridization signal with the probe. The DNA
from the plasmids of the 2 transformants was isolated and digested with restriction endonucleases.
These clones had ¢cDNA inserts of about 300 bases and preliminary analysis of the sequences of
nucleotides indicated that they encoded only a part of S9. The cDNA insert in one of these
plasmids, pS9-1, was made radioactive and used to screen a third rat ¢cDNA library (kindly
provided by M. Brownstein, NIH). Seven clones hybridized to this probe. One clone, pcD-S9-
30, was selected and the sequence of nucleotides in both strands of the cDNA was determined.

The cDNA insert in pcD-S9-30 has a 5’ noncoding sequence of 26 bases, a single open
reading frame of 585, a 3' noncoding sequence of 76 and a long poly(A) stretch (Fig. 1). In the
other two reading frames the sequénce is interrupted by termination codons. Primer extension
experiments established that the 5' noncoding sequence is actually 103 nucleotides long (results
not shown), longer than in pcD-§9-30, indeed, amongst the longest of any rat ribosomal protein
mRNA. The open reading frame begins at an AUG codon at a position that we designate +1 and
ends with a termination codon (TAA) at position 583; it encodes 194 amino acids (Fig. 1). The
initiation codon occurs in the context AACATGC; the consensus is ACCATGG (11). The
hexamer AATAAA that directs posttranscriptional cleavage-polyadenylation of the 3' end of the
precursor of the mRNA (12) is at position 640-645, 16 nucleotides upstream of the start of the

poly(A) stretch.
The Primary Structure of Rat Ribosomal Protein §9
The rat ribosomal protein encoded in the open reading frame in pcD-$9-30 was identified

by the correspondence of the amino acid sequence encoded in the plasmid DNA with two amino
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GGCGCAGCGGGCCTAGCCTAGTCAAC

+1 30 60 90
ATGCCGGTCGCCAGAAGCTGGGTTTGTCGCARAACCTATGTGACCCCACGGAGACCCTTCGAGARATCGCGTCTCGACCAGGAGCTAARG
M PV ARSWUVCRIKTTYV VTZPRIZERPTFEIKSU RILDG QELK
1 10 20 30

120 150 180
TTGATTGGAGAGTATGGACTCCGGAACARACGTGAGGTGTGGAGGGTCAAATTTACCCTGGCGAAGATTCGTAAGGCTGCCCGGGAGCTG
L I 6 E Y GLRNZE KU REUVWRVYIKTFTIULAZEKTIIZRIEKAHARIEL

40 50 60

210 240 270
TTGACGCTGGACGAGAAGGATCCTCGGCGTCTGTTTGAAGGCAACGCTCTGCTGAGACGACTTGTTCGAATTGGGGTGCTGGATGAGGGE
L TLDEJZ XD PRI RLTFEGNALTLE RIRTLUVZRTIGVLDEG

70 80 90

300 330 360
AAGATGAAGCTGGATTACATTCTGGGCCTGAAGATTGAGGATTTCTTGGAGAGAAGGC TGCAGACCCAGGTCTTTAAGCTGGGCCTGGCC
X M XL DYILGLXTIZEDTFTULTERZRILOQTQVTFIXTLSGTILARA

100 110 120
420 450
AAATCTATTCACCATGCCCGTGTGCTCATCCGCCAACGTCACATCAGGGTCCTCAAGCAGGTGGTGAACATCCCATCTTTCATTGTTCGC
XK § I # HA RV L I RQRUHTIRVILEKO QVVDNTIU®PST FTIVR
130 140 150

480 510 540
CTGGACTCTCAGAAGCACATTGACTTTTCCCTCCTTTCTCCTTATGGTGGTGGCCGCCCAGGACGAGTGAAGAGGARGAATGCCAAGAAR
L DS Q KHIDTFSLLS?PYGGGRUPGRUV KR RIEKNATKK

160 170 180

570 600 630
GGCCAGGGTGGTGCTGGAGCTGGTGATGATGAGGAAGAGGATTAATTAATTARTTAATACCTTGTTGCACTGGAGGATTGTCTAGTTTTC
G Q 6 GA G A GDDUEEETD >

190

660
CCGTTGACARATAAMACAGAATTGATACTTG (A)

Fig. 1. The sequence of nucleotides in the cDNA insert in pcD-59-30 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 S9 are designated below the
residue. The amino acid residues in bold letters were determined also by Edman degradation of
S9.

acid sequences in S9 determined by Edman degradation: the NH,-terminal 27 residues and 30
in a cyanogen bromide fragment (positions 93-122), (cf. Fig. 1). In addition, the amino acid
composition inferred from the sequence of nucleotides in pcD-89-30 and that determined from
an hydrolysate of the protein (13) are in close agreement (Table I).

The molecular weight of rat ribosomal protein S9, calculated from the sequence of amino
acids deduced from pcD-59-30, is 22,491; close to the 21,200 estimated before (13) from SDS-
PAGE of the purified protein. The NH,-terminal methionine encoded in the S9 mRNA is
removed after translation. Thus, the mature processed S9 has 193 residues and the molecular
weight is 22,360.

Protein S9 has an excess of basic residues (25 arginyl, 19 lysyl, and 4 histidyl) over
acidic ones (11 aspartyl and 13 glutamyl) (Table I). The basic residues, as is common for
ribosomal proteins, tend to be clustered; for example, 7 of the 12 residues at positions 169-180.
The carboxyl-terminal 6 residues are acidic. Indeed, there are a number of highly charged

regions in S9 and one notable hydrophobic district (positions 140-149).
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TABLE I. Amino acid composition of rat ribosomal protein S9

Amino Acid A B
Alanine 11 10
Arginine 28 25
Aspartic acid and asparagine 15 11 +4
Cysteine n.d. 1
Glutamic acid and glutamine 19 13+7
Glycine 17 16
Histidine 4 4
Isoleucine 11 11
Leucine 24 25
Lysine 19 19
Methionine 1 2%
Phenylalanine 7 7
Proline 7 7
Serine 7 7
Threonine 5 5
Tryptophan n.d. 2
Tyrosine 5 4
Valine 14 14
Residues 194*

The amino acid composition (in numbers of residues) was determined either (A) from an
hydrolysate of purified S9 (13) or inferred (B) from the sequence of nucleotides in pcD-S9-30.

*The NH,-terminal methionine is removed after translation of the mRNA, thus the mature
protein has 193 residues.

The Number of Copies of the S9 Gene

The cDNA insert in pcD-$9-30 was made radioactive and used to probe separate digests
of rat liver DNA made with the restriction endonucleases BamHI, or EcoRl, or HindIII (6). The
number of hybridization bands suggest that there are 14 to 16 copies of the S9 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.

The Size of the mRNA Encoding Rat Ribosomal Protein §9
To determine the size of the mRNA coding for S9, poly(A)+mRNA from rat liver was
separated by electrophoresis and screened for hybridization bands using radioactive pcD-59-30

c¢DNA. One distinct band of about 1,000 nucleotides was detected (data not shown).
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Comparison of the Sequence of Amino Acids in Rat §9 with Ribosomal Proteins from Other
Species

The sequence of amino acids in rat 89 was compared, using the computer programs
RELATE and ALIGN (14), to those in more than 1,200 other ribosomal proteins contained in
a library that we have compiled; the program TFASTA (15) was used to search the GenBank
DNA data base. Rat S9 is related to Saccharomyces cerevisiae YS11 (16) - the RELATE score
is 46.2 S.D. units and in an alignment of the amino acid sequences there are 129 identities in 193
possible matches (67% identity; the ALIGN score is 70.5); and to Dictyostelium discoideumn tp
1024 (17) - the RELATE score is 33.1 and in an alignment of the amino acid sequences there
are 111 identities in 184 possible matches (60% identity; the ALIGN score is 57.0). In addition,
rat ribosomal protein S9 is related to the eubacterial, archaebacterial, and organelle family of S4
proteins: to Halobacterium marismortui S4 (18) - the RELATE score is 12.2 and in an alignment
of the amino acid sequences there are 59 identities in 171 possible matches (the ALIGN score
is 24.8); to E. coli S4 (19) - the RELATE score is 3.3 and in an alignment there are 38 identities
in 131 possible matches (the ALIGN score is 5.4); to Zea mays chloroplast S4 (20) - the
RELATE score is 8.5 and in an alignment there are 36 identities out of 114 possible matches (the
ALIGN score is 8.5).

It has been remarked before (1, 21) that the amino acid sequences of archaebacterial
ribosomal proteins are closer to their eukaryotic than to their eubacterial homologs, although, the
organization of archaebacterial genes mimics that of the eubacteria. This pattern holds for rat
S9; it is more closely related to H. marismortui S4 (35% identity) than to E. coli $4 (29%
identity) and H. marismortui $4 is more closely related to rat S9 (35% identity) than to E. coli
S$4 (23% identity). The relationship is even more striking when one inspects the alignments of
the amino acid sequence of H. marismortui S4 with rat S9 and with E. coli S4: there are three
regions of close identity between rat 89 and H. marismortui S4 that together span most of the
two molecules and few gaps are needed for the alignment; on the other hand, to align H.
marismortui 84 (171 amino acids) with E. coli S4 (203 amino acids) a number of long gaps are
required and there are only two shorter regions of extended identity (comparison not shown).
Indeed, the inference that rat S9 is related to E. coli S4 would be tenuous at best without the
amino acid sequence of H. marismortui S4 to link them. In this respect the amino acid sequence
of the archaebacterial ribosomal protein serves as a kind of Rosetta stone that allows one to
identify related eukaryotic and eubacterial ribosomal proteins.

It should be noted that E. coli S4 is a primary 165 rRNA binding protein (2); indeed,
many of the E. coli ribosomal proteins that can be correlated with a eukaryotic protein are
primary TRNA binding proteins (unpublished observation of the authors). The implication is that

rat S9 may serve a function similar to that of E. coli S4; S9 may help to organize 18S rRNA in
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preparation for the association of other ribosomal proteins. We cannot, however, identify a
sequence of amino acids that is conserved in rat S9 and in the eubacterial and archaebacterial S4
family that would support even a provisional designation as the rRNA binding module. Finally,
rat S9 might play a role in translational fidelity just as its eubacterial homolog S4 does (4).

In Trypanosoma brucei there are two fructose bisphosphate aldolase genes that are close
to each other in the genome but amidst a number of unrelated genes (22). One of these has been
designated U, however, the protein encoded by U was not identified (22). A search of the
GenBank DNA data base has revealed that U encodes the T. brucei homolog of rat ribosomal
protein S9 - the RELATE score is 35.0 and in an alignment of the amino acid sequences there

are 115 identities out of 186 possible matches (62% identity; the ALIGN score is 66.1).

Tripeptide Repeats in S9

There are five tripeptides in S9 whose amino acid sequences are repeated - LDE, RLD,
PRR, RVL, and RRL (Table II). RRL occurs three times in S9, the others twice. The LDE
tripeptide is unique to S9, i.e. it does not occur in any of the other 65 rat ribosomal proteins
whose sequence has been determined; the other tripeptides occur in one or more additional rat
ribosomal proteins (Table II). We cannot say whether the occurance of any of these tripeptide
repeats is statistically significant and if they are what their contribution is (if there is any) to the
structure or the function of the S9 ribosomal protein. It is worth noting that the PRR tripeptide
has some resemblance to a nuclear localization signal (23).

The determination of the sequence of amino acids in rat 89 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

TABLE II. Tripeptide repeats in rat ribosomal protein S9

Tripeptide Position in S9 Occurance in other rat
ribosomal proteins

LDE 63-65; 87-89

RLD 24-26; 150-152 L9

PRR 16-18; 68-70 L23a; S6°; S16; S8

RVL 127-129; 136-138 L3; L35; PO, S6; S11; S13;
S18; S19

RRL 69-71; 79-82; 108-110 L5; L19; L29; L35; L37a;
$6°; S15; $28; S14; L.29;
L34

*Indicates a ribosomal protein in which the tripeptide occurs twice.
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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 TRNA.
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