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The primary structure of rat ribosomal protein S16
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The amino acid sequence of rat ribosomal protein S16 was deduced from the sequence of nucleotides in a recombinant cDNA and confirmed from

the NH,-terminal amino acid sequence of the protein. S16 contains 145 amino acids (the NH,~terminal methionine is removed after translation

of the mRNA) and has a molecular mass of 16304. Hybridization of the cDNA to digests of nuclear DNA suggests that there are 11-13 copies

of the S16 gene. The mRNA for the protein is about 700 nucleotides in length. Rat 816 is homologous to mouse S16 (there are 2 amino acid
changes and a residue is deleted) and related to Halobacterium morismortui ribosomal protein S3 and to Escherichia coli $9.

Ribosomal protein S16; Amino acid sequence; cDNA; (Rat)

1. INTRODUCTION

A commitment has been made to the determination
of the sequences of amino acids in all of the proteins in
the ribosomes of a single mammalian species, the rat.
The motivation for this compilation is the value it is
perceived that it will have in arriving at the solution of
the structure of the organelle and, perhaps, in enabling
one to provide 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 S16.

2. EXPERIMENTAL

The recombinant DNA procedures and the methods used to deter-
mine the sequence of nucleotides in the nucleic acids were either
described or cited before [1]. A probe for the cDNA encoding rat
ribosomal protein S16, based on the sequence of 10 amino acids
(residues 25-34) of the mouse ribosomal protein 816 [2], was con-
tained in a mixture of 32 different oligodeoxynucleotides, 29
nucleotides in length, that was synthesized on a solid support by the
methoxyphosphoramidite method using an Applied Biosystems,
model 380B, DNA synthesizer {3]; the oligonucleotides were purified
by polyacrylamide gel electrophoresis. The NH,-terminal amino acid
sequence of rat ribosomal protein S16 was determined by Edman
degradation using an Applied Biosystems, model 470A, automated
gas phase protein sequencer.

Radioactive rat ribosomal protein S16 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 516 and other
ribosomal proteins. The scoring matrix was Dayhoff’s MDM *78 {6].
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3. RESULTS AND DISCUSSION

Two cDNA libraries of 30000 and of 20000 indepen-
dent transformants were constructed from poly(A)*
mRNA prepared from regenerating rat liver [1]. A ran-
dom selection of 25000 cells from each library was
screened for clones that hybridized to an oligodeox-
ynucleotide probe that encoded a sequence of 10 amino
acids (residues 25—34) of the mouse ribosomal protein
S16 [2]. Homologous rat and mouse ribosomal proteins
have the same or very similar sequences of amino acids
[71. Five colonies gave a positive hybridization signal
with the probe. DNA from the plasmids of the 5
transformants was isolated, digested with restriction
endonucleases, and analyzed by gel electrophoresis.
One of the clones, designated pS16-8, had an insert ap-
proximately 540 nucleotides in length and Southern
blot hybridization with the oligonucleotide probe in-
dicated that it might contain cDNA for S16, The an-
ticipated length of the S16 coding sequence, calculated
from the molecular weight of the protein [8], is 465
nucleotides. The sequences of nucleotides from both
strands of the cDNA insert in pS16-8, and overlapping
sequences for each restriction site, were obtained.

The ¢DNA insert in pS16-8 contains 544 nucleotides
and includes a 5’ noncoding sequence of 52
nucleotides, ant open reading frame of 441 nucleotides,
and a 3’ noncoding sequence of 51 nucleotides (Fig. 1).
Long stretches of 2 of the 3 possible reading frames are
open; the third is interrupted by termination codons.
Of the two open reading frames only one starts with a
methionine codon and encodes the NH»-terminal se-
quence of S16 as determined directly from the protein
{but see later). This open reading frame begins at an
ATG codon at a position that we designate +1 and
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GTAGCTGACCCCCGTCGCTGCGAATCCAAGAAGTTTGGCGGTCCCGETGCCCGTGCCCGGTACCAGAAATCCTACCGATAAGCCAGTCTC
VADPRRCESZ KT KTFGGPGARA ARYOQKSYR *

130

480
AAGGATCAGGGTTTACCTTTGTAATAAACATCCTGGGACTTT

140

Fig. 1. The sequence of nucleotides in the cDNA insert in plasmid pS16-8 and the amino acid sequence encoded in the open reading frame. The
position of the nucleotides in the cDNA insert is given above the residue; the position of amino acids in protein S16 is designated below the residue.

ends with a termination codon (TAA) at position 439;
it encodes 146 amino acids (Fig. 1). The initiation
codon occurs in the context GCUAUGC which deviates
from the optimum ACCAUGG [9]. The 3’ noncoding
sequence has the hexamer AATAAA (position
473—478) which is the recognition sequence directing
post-transcriptional cleavage-polyadenylation of the 3’
end of pre-mRNA [10].

The first 6 nucleotides of the S16 cDNA (positions
—52 through —47 in Fig. 1) are pyrimidines, i.e.
CTTTCC. Pyrimidine sequences have been reported to
be present in the 5’ untranslated region of many
eukaryotic ribosomal protein mRNAs [2] and may play
a role in the regulation of their translation.

The rat ribosomal protein specified by pS16-8 was
identified as S16 in the following manner: the amino
acid composition (Table I) inferred from the cDNA
very closely approximates that previously derived from
a hydrolysate of purified S16 [8]. The sequence of
amino acids deduced from the sequence of nucleotides
in pS16-8 corresponds precisely to the NHz-terminal 18
residues determined by Edman degradation of protein
S16 (see later).

The NHs-terminal methionine encoded in the S16
mRNA is removed after translation since it is not found
in the amino acid sequence derived from the protein.
The residue next to the initial methionyl is prolyl which
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has been reported [11] to favor NH,-terminal process-
ing. The molecular mass of rat ribosomal protein S16,
calculated from the sequence of amino acids (but
without the NH,-terminal methionine), is 16304 close
to that of 17100 estimated from the migration of the
purified protein in sodium dodecyl sulfate gels [8].

Protein S16 has a large excess of basic residues (14
arginyl, 16 lysyl, and 2 histidyl) over acidic ones (5
aspartyl and 7 glutamyl); lacks tryptophan; and is quite
hydrophobic (53 of 146 residues) — the hydrophobic
amino acids tend to occur in clusters.

The cDNA insert in pS16-8 was made radioactive and
used to probe digests made from rat liver nuclear DNA
with the restriction endonucleases BamHI, EcoRI and
HindIIl [4]. The number of hybridization bands sug-
gest that there are 11—13 copies of the S16 gene (data
not shown). There are multiple copies of many other
mammalian ribosomal protein genes [12]. However, in
no instance has it been shown that more than one of the
genes is functional [13—15]. The presumption is that the
genome contains only one ribosomal protein gene that
is expressed and that the other copies are nonfunctional
pseudogenes [16].

To determine the size of the mRNA for S16, glyox-
ylated total poly(A)* mRNA from rat liver was
separated by electrophoresis and screened for
hybridization bands using radioactive pS16-8 cDNA.



Volume 263, number 1

Table I

The amino acid composition (in numbers of residues) was determined
either (A) from an analysis of a hydrolysate of purified S16 [8] or
inferred (B) from the sequence of nucleotides in a recombinant cDNA

Amino acids A B
Alanine 13 12
Arginine 13 14
Aspartic acid and asparagine 9 2+5
Cysteine n.d. 2
Glutamic acid and glutamine 15 8+7
Glycine 15 13
Histidine 2 2
Isoleucine 8 9
Leucine 13 13
Lysine 16 16
Methionine 2 2*
Phenylalanine 3 3
Proline 8 7
Serine 7 7
Threonine 5 4
Tryptophan n.d. 0
Tyrosine 7 8
Valine 12 12
Residues 146

2 The NH;-terminal methionine is removed after translation of the
mRNA

One band of about 700 bases was detected (data not
shown).

The sequence of amino acids in rat ribosomal protein
S16 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 S16 is homologous to
mouse S16 (but see below); the RELATE score is 47.6
SD units. Rat S16 is also related to Escherichia coli S9
— the RELATE score is 7.1 and in an alignment of the
amino acid sequences there are 41 identities in 127
possible matches (the ALIGN score is 7.3); and to
Halobacterium morismortui S3 — the RELATE score is
14.3 and in the alignment there are 53 identities in 130
possible matches (the ALIGN score is 30.1). The se-
quence of amino acids in rat S16 was searched for inter-
nal repeats but none were found.

When the sequence of amino acids in rat S16 deduced
from the sequence of nucleotides as originally deter-
mined for pS16-8 was compared to that of the
homologous mouse protein [2] there were differences at
15 positions. This was surprising since related mam-
malian ribosomal proteins diverge at a few residues if
at all (cf. [7] for an example). For this reason we
isolated rat S16 from a mixture of 40 S ribosomal
subunit proteins by high-performance liquid
chromatography and determined the NH,-terminal 18
residues by Edman degradation. The amino acid se-
quence obtained from the protein
(PSKGPLQSVQVFGRKKTA) did not correspond to
the sequence deduced from either the mouse or the rat
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cDNAs, at least not after the sixth residue. However,
it was noticed that the sequence of the next 12 amino
acids did correspond to the deduced sequence if one
shifted frames. Recall, 2 of the 3 reading frames in the
S16 cDNA are substantially open.

The sequence of nucleotides in rat pS16-8 was deter-
mined again and two errors were uncovered. Inclusion
of an extra C at position 19 had caused a reading frame
shift, whereas omission of an A at position 270 had
caused a shift back to the original frame. The corrected
sequence (Fig. 1) encodes a protein whose composition
is very close to that obtained from a hydrolysate of S16
(the amino acid composition derived from the original
sequence of nucleotides had many discrepancies) and
corresponds exactly to the first 18 residues determined
directly from the protein.

However, the amino acid sequences of mouse and rat
S16 were still quite different. In order to reconcile these
differences we obtained the mouse ribosomal protein
S16 cDNA and genomic DNA from R.P. Perry and
determined the sequence of nucleotides. There are two
errors in the published mouse nucleotide sequence just
as there were at first in the rat sequence. The first error
caused a reading frame shift because of the inclusion of
an extra C at position 72 just as had been done with the
rat cDNA at position 19 — these are the same sites in
the sequence although the numbers are different.
(Because this error leads to a frame shift, the probe,
although based on an incorrect amino acid sequence
(residues 35-34), still selected the correct clone.) The
second error in the mouse sequence is the omission of
a C at position 1634 which accomplishes substantially
the same thing as the omission of the A at 270 in the
rat ¢cDNA, i.e. it shifts reading back to the original
frame:

262 276

I I

rat S16 cDNA ATCTCAAAAGCTCTG
mouse S16 cONA  ATCTCAAAGGCCCTG
16%3 1637

The corrected nucleotide sequences for the rat and
mouse ¢cDNAs encode proteins with 2 amino acid dif-
ferences and 1 deletion. They are: the alanine at posi-
tion 19 in the rat S16 sequence is deleted in mouse S16;
residue 20 is threonyl in rat and leucyl in mouse; residue
46 is threonyl in rat and alanyl in mouse. Perry has
communicated the corrections in the nucleotide se-
quence of the mouse S16 gene to the data bank (Gen-
Bank MusRPS16).

The lesson is how critical it is to have a partial amino
acid sequence from the protein to authenticate the se-
quence derived from a gene or from a cDNA.

The determination of the sequence of amino acids in
rat S16 is a contribution to a set of data which it is
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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 them to arrive at a solution of the struc-
ture 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 rfRNAs, and in uncovering the amino acid se-
quences that direct the proteins to the nucleolus for
assembly on nascent rRNA.
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