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The amino acid sequence of ribosomal protein S18 from Bacillus stearothermophilus has been completely determined by
automated sequence analysis of the intact protein as well as of peptides derived from digestion with Staphylococcus aureus
protease at pH 4.0 and cleavage with cyanogen bromide. The carboxy-terminal region was verified by both amino acid
analyses of chymotryptic peptides and by mass spectrometry from the terminal region. The protein contains 77 amino
acid residues and has an M, of 8838. Comparison of this sequence with the sequences of the S18 proteins from tobacco
and liverwort chloroplasts and E. coli shows a relatively high similarity, ranging from 42 to 55% identical residues with
the B. stearothermophilus S18 protein. The regions of homology common to all four proteins consist of several positively
charged sections spanning the entire length of the protein.
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1. INTRODUCTION

The primary structures of numerous prokaryotic
ribosomal proteins have been determined to date
and compared to counterparts in other organisms
(for example see [1-3]). The results of such com-
parisons allow us to correlate homologous proteins
to reveal regions that have been evolutionarily con-
served, probably for reasons of either tertiary and
quaternary structure or function. In addition, a
comparative approach may allow the identification
of sites for RNA or protein interaction, or regions
that may have arisen by gene duplication [4]. In us-
ing a comparative approach, it has been especially
valuable to examine ribosomal proteins that are
located in a well-defined region of the 70 S
ribosome. One such protein of particular interest is
the ribosomal protein S18, which is located on the
platform region of the E. coli ribosome [5]. This is
one of the best mapped areas known in the
ribosome and is made up of proteins S6, S11, S15
and S18, along with the decoding region of the
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16 S ribosomal RNA (rRNA). In this region,
codon-anticodon recognition is thought to occur
(see [6]). The E. coli S18 protein (EcoS18) has been
positioned both by immunological and affinity
labeling [7] as well as by neutron scattering [8].
Crosslinking data have placed EcoS18 10-20 A
from protein S1 and 0-10 A from protein S6 [9],
while neutron scattering data have further located
it with respect to the distance from the center of
masses of proteins S6 (33 A) and S11 (70 A) [8].
EcoS18 has also been crosslinked to messenger
RNA (mRNA), 16 SrRNA and IF-1 [7,10,11}, and
is thought to be located in the tRNA A-site of the
ribosome [12]. In addition, EcoS18 appears to be
involved in conformational changes both during
the activation of the ribosome and also when the
ribosome interacts with EF-G [13,14]. Due to the
central importance of this area of the ribosome in
general, and the importance of EcoS18 specifical-
ly, comparative studies on the S18 proteins have
been initiated.

In this paper, the complete amino acid sequence
of the protein S18 from B. stearothermophilus is
described. This sequence is compared to the
primary sequence of the S18 protein from E. coli
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[15], tobacco chloroplast [16] and Marchantia
polymorpha (liverwort) chloroplast [17]. As well,
regions of the S18 protein are compared to other
ribosomal proteins that have been found to have
significant similarity. The results of these com-
parisons are discussed with respect to proposed
functions within the ribosome and the nature of
the conserved amino acid residues.

2. MATERIALS AND METHODS

2.1. Materials

The growth of B. stearothermophilus cells (strain 799), the
isolation of 70 S ribosomes and the preparation of ribosomal
subunits were as described previously [18]. Staphylococcus
aureus protease was from Miles and chymotrypsin was from
Boehringer, Mannheim.

2.2, Protein nomenclature

Proteins from B. stearothermophilus, tobacco and Marchan-
tia polymorpha chloroplast are numbered according to the
homologous proteins in E. coli, as determined by either their N-
terminal or full protein sequence. When necessary, the prefix
Bst (B. stearothermophilus), Eco (E. coli), Nta (tobacco
chloroplast) or Mpo (Marchantia chloroplast) is added to dif-
ferentiate between the similar proteins.

2.3. Protein isolation

Ribosomal proteins from B. stearothermophilus were ex-
tracted from the 30 S subunit as described by Hardy et al. [19],
dialyzed extensively against 2% acetic acid containing 10 mM
2-mercaptoethanol and then lyophilized. The proteins were
separated by reverse phase HPLC (RP-HPLC) on a Vydac C4
(00 A, 5 xm) column using a 2-propanol gradient in aqueous
TFA, similar to that described by Hirano et al. [20]. Peak frac-
tions were pooled and analyzed by micro two-dimensional gel

FEBS LETTERS

March 1989

electrophoresis [21]. The resultant BstS18 protein-containing
peak, which was contaminated with small amounts of BstS12
and BstS19 proteins, was rechromatographed on RP-HPLC us-
ing a LiChrospher C8 (100 A, 5xm) column with an
acetonitrile gradient in aqueous TFA. The purified BstS18 pro-
tein was then subjected to sequence analysis.

2.4. Sequence determination and amino acid analyses

Purified BstS18 protein was cleaved enzymatically with S.
aureus protease as well as chemically with cyanogen bromide in
70% TFA as described in [22]). The resulting peptides were
separated by RP-HPLC (TSK ODS 120T, 5 #m column) with
an acetonitrile gradient in aqueous TFA. Amino acid analyses
of the intact protein and the peptides were performed using an
RP-HPLC system after precolumn derivatization with o-
phthaldialdehyde (OPA) [23]). Protein and peptide sequence
determination was performed on an Applied Biosystems pulsed-
liquid phase sequencer, model 477A, equipped with the model
120 PTH-aa analyzer. Samples were dissolved in 100% TFA
and applied to a TFA-treated polybrene-coated glass filter that
had been pre-cycled, as described previously [24]. The deter-
mination of the carboxy-terminal sequence was verified by ad-
ditional methods: the cyanogen bromide peptide CB2 (fig.1)
was digested with chymotrypsin and the resultant two small
peptides were purified by RP-HPLC (as described above) for
amino acid analysis. In addition, the CN2 peptide was analyzed
by mass spectrometry as described in [20]. Cysteine content was
determined by amino acid analysis after performic acid oxida-
tion, as described in [25), and measured against standard
proteins.

3. RESULTS AND DISCUSSION

3.1. The amino acid sequence of protein BstS18

The complete amino acid sequence of protein
S18 from the B. stearothermophilus ribosome was
determined by automated N-terminal sequence

. 10 . 20 . 30 . 40
AGRKGGRGKRRKVCYFTANNITHIDYKDVDLLEKKFISERG
SEQ LI I I I e I e I R I I R s A I T TR I B LI I I ]
SP SP1
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CB CB1
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. 50 . 60 70 .
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SP SP2
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CB CB2
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Fig.1. Amino acid sequence of protein S18 from B. stearothermophilus. Sequence data of the intact protein and peptides by automated
protein sequencer analysis is indicated (—). SEQ indicates the direct degradation of the intact protein. SP and CB indicate peptides
derived from cleavage with Staphylococcus aureus protease and cyanogen bromide, respectively.
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Table 1

Amino acid composition and M; of the S18 ribosomal protein
family as derived from the sequences

Amino acid BstS18  EcoS18 MpoS18 NtaS18
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Table 2

Degree of similarity of individual proteins, as percent identity,
calculated for each pair of protein S18

B. stearo- E. coli M. poly-
thermophilus morpha
B. stearothermo-
Dphilus -
E. coli 55 -
M. polymorpha 47 38 -
N. tabacum 42 33 72

analysis of the intact protein up to position 66 and
of several peptides, as summarized in fig.1. Iden-
tification of most of the residues was confirmed by
at least two independent sequencer runs.
Digestion of BstS18 with S. aureus protease at
pH 4.0 yielded two peptides which were separated
by RP-HPLC, sequenced and aligned with the in-
tact protein sequence. The CB2 peptide was ob-
tained by cleaving either the SP2 fragment or the
intact BstS18 protein; the resultant peptides were
separated by RP-HPLC and the sequences were

+ +,

+ +

BsTsi8 . L 0L AGREIGGEGKB R K|V Y|IF T AN
ECOS18 L L . - . . ARYFR|R R K{F RiF T A|Q
MPOSI1B8 L . MN 5 K S S|R RIRMPPIRSG
NTAS18 MDKSKR PFL F K S F|R RIRLPPIQSG

+ + +
BSTS18 KILPRRVTGT
ECOS18 KIEPSRITGT A
MPOS18 KIL|SIRR[MNRL
NTAS18 KIL|SIRRVINRL

71

BSTS18 LP‘IVADB. Vo e e e e e s
ECOS18 LPY|TDRHQ . . . . . . . . . . . . ...
MPOS18 LPIFLNN N . .
NTAS18 LPIFLNN KQF ERTESTARTT GFKARNK

Fig.2. Comparison of the amino acid sequences of S18 from B. stearothermophilus (Bst) ribosomes with the homologous sequences

from E. coli (Eco) [15], and from the chloroplasts of Marchantia polymorpha (Mpo) [16] and Nicotiana tabacum (Nta) [17]. Identical

residues are boxed and sites having conserved charges are marked above the sequences (+ or —). Maximum homology was obtained

by the program ALIGN [26] using the standard mutation data matrix, 50 random runs and a break penalty of 20. Numbering is based
on the residues of the protein S18 from B. stearothermophilus.
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Fig.3. Secondary structure predictions and higher order structural components of BstS18 (a), EcoS18 (b), MpoS18 (c) and NtaS18 (d).
The secondary structures were calculated according to the methods of Chou and Fasman [29] and Garnier et al. [30]. The prediction
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of higher order structural components was performed on a Vax 8600 computer with programs from the Genetics Computer Group
[31]. Numbering along the top and bottom of each figure denotes the residue number within the protein.
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determined. Since small peptides such as CB2 do
not bind well to the polybrene-coated glass fiber
support used in the sequencer, the yields for the
last few residues at the carboxy-terminus were low
and the amino acid identification was difficult. To
verify the sequence and confirm the terminal
residues, the CB2 fragment was digested with
chymotrypsin; the resulting two peptides were
separated by RP-HPLC and then subjected to
amino acid analysis. In addition, mass spec-
trometric analysis of the CB2 peptide confirmed
the amino acid composition derived from OPA
amino acid analysis of this peptide and the ter-
minal chymotryptic peptides. All amino acid
analyses were in agreement with the sequence
determination of the CB2 and SP2 fragments and
verify the terminal glutamic acid residue. The
residue at position 14 of the protein could not be
identified by repeated automated sequence
analyses as the PTH-amino acid derivative sug-
gested a cysteine residue at this position. The
presence of this residue was confirmed by perfor-
mic acid oxidation of the protein.

From these results, the amino acid sequence of
BstS18 was unambiguously determined. As given
in table 1, protein BstS18 contains 77 amino acid
residues and has a calculated M, of 8838.

3.2. Comparison of amino acid sequences

The amino acid sequence of protein S18 from B.
stearothermophilus has been aligned with
previously sequenced S18 proteins from E. coli,
tobacco chloroplast and M. polymorpha
chloroplast (fig.2). As can be seen, BstS18 can be
easily aligned with these proteins, and they all
show a relatively high similarity to each other
(table 2). The highest sequence alignment scores
are found between the more evolutionarily related
two eubacterial proteins EcoS18 and BstS18
(55%), and the two chloroplast proteins NtaS18
and MpoS18 (72%). The higher degree of similari-
ty found between the two chloroplast-encoded S18
proteins probably indicates the more recent
divergence of the two organelles’ genomes from
each other. In fact, the overall degree of similarity
amongst all four proteins indicates a rather low
rate of evolutionary change in comparison to other
ribosomal proteins (see [1,2]). This-may reflect the
importance of the protein’s structure or function
within the ribosome and would be in agreement
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with the proposed location of S18 in the decoding
region of the ribosome. Interestingly, there has
also been a significant conservation of charged
residues (fig.2), which, because of the large
number of basic amino acids in this protein, may
indicate an RNA binding function of these regions.

Most of the conserved sequence regions of the
proteins occur in several stretches along the entire
protein length. In comparing BstS18 to EcoSl18,
the former contains four extra residues at the N-
terminus and has one less residue at the C-terminus
but no insertions or deletions are found. The only
significant change occurs at the C-terminus, where
the overall positively charged region in EcoS18 is
acidic in BstS18. Both proteins contain a conserved
cysteine residue at position 14, while the single
methionine and histidine residues in BstS18 are not
conserved. As expected, the two chloroplast S18
proteins are quite similar to each other and have
numerous identical residues that are not shared by
the two eubacterial proteins. As well, the
chloroplast S18 proteins have a two-residue dele-
tion at position 22/23 of BstS18 and they do not
contain the cysteine that is conserved in EcoS18
and BstS18, nor any histidine. Interestingly,
although MpoS18 is of approximately the same
length as the two eubacterial proteins, the
homologous NtaS18 protein has six additional N-
terminal and twenty additional C-terminal residues
when compared to BstS18. Protein S18 from E.
coli was found to have an acetylated N-terminal
alanine [15], while the BstS18 protein has no
modified N-terminal residue. Since the protein se-
quences of the two chloroplast S18 proteins were
derived from DNA sequence analysis, it is not
known whether either of these proteins contain
modified residues.

As would be expected, the secondary structure
predictions for the four S18 proteins are quite
similar (fig.3). A comparative analysis of the four
S18 proteins shows very similar higher order struc-
tural features and surface topography along the
entire protein length. In general, the proteins have
several regions of relatively high hydrophilicity,
e.g. an extended region towards the N-terminus.
There appear to be three major areas of the four
proteins that are predicted to be on the surface; the
regions encompass residues 7—-12, 53-57 and
63—67 of BstS18. All of these regions are relatively
rich in basic amino acids, which again suggests a
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protein found to have similarity to two different regions of BstS18 is indicated in these positions by brackets. The program ALIGN
was used, as described in fig.2.

possible RNA-binding function. In addition to the
similar structural features that are common to the
four S18 proteins, additional features can be seen
that are common to only the eubacterial or
chloroplast protein pairs, again reflecting the
highe; sequence 1101‘1‘10103165 found within these
pairs. The results of these structural analyses again
argue for an evolutionarily conserved three-
dimensional structure and function.

It is interesting to note that, using the ALIGN
programs [26], protein BstS18 also shows a signifi-
cant similarity to ribosomal proteins EcoS14 and
human SI4 protein (ManS14) as well as the N-
terminus regions of the partially sequenced RatS8
and Halobacterium marismortui L17 proteins
(fig.4). In addition, BstS18 shows a lower but still
significant similarity to several other eubacterial
and archaebacterial ribosomal proteins, as has
been shown previously for other eubacterial

rihaocomal nrateine 271 At nrecant it ic nnt claar
rioosomal proi€ins jo/j. Al preséni, 11 15 not ci€ar

whether these similarities are structurally, func-
tionally or evolutionarily derived, However, a high
proportion of the residues found to Dbe
homologous to BstS18 are basic residues. Since
severai of these proteins have been mapped or
crosslinked to rRNA, mRNA and tRNA (for a

review see [28]), RNA binding may be responsible

for the weak sequence homology that has been
detected. Similar results have also been found for

the EcoS18, NtaS1R and MpoS18 proteins (results

not shown). More mformat10n on both the
primary and higher order structure of the
ribosomal proteins and their function within the
ribosome is still required before the nature and
origin of these sequence similarities can be
understood.
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