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The complete amino acid sequence of ribosomal protein H-S1 1 from the extremely halophilic archae- 
bacterium Halobacterium marismortui is presented. This has been achieved by the sequence analysis of pep- 
tides derived by enzymatic digestions with trypsin, pepsin and Staphylococcus aureus protease, as well as 
by chemical cleavage with cyanogen bromide and o-iodosobenzoic acid. The protein consists of 155 amino 
acid residues and has a molecular mass of 17545 Da. Comparison of this sequence with other ribosomal 
proteins by the computer programmes RELATE and ALIGN showed that the C-terminal two-thirds of 
H-S 11 is homologous to the eubacterial ribosomal protein S 15 and that the N-terminal one-third of H-S 11 
is possibly related to the N-terminal region of the eubacterial ribosomal protein S8. To explain this finding, 

possible genetic events during evolution, e.g. fusion or splitting of genes, are discussed. 

(Halobacterium marismortui) Halophilic ribosomal protein Evolution Amino acid sequence 

1. INTRODUCTION 

Archaebacteria, postulated as a third 
phylogenetic kingdom of organisms [l], are 
bacteria living in extraordinary environments such 
as anaerobic conditions, high salt concentration, 
high temperature or extremely acidic media. 
Halophiles are well characterized archaebacteria 
with regard to ribosomal structure. A striking 
feature of the halobacterial ribosomes is that 
unlike all other organisms, most of their ribosomal 
proteins are acidic [2]. Furthermore, the ribosomes 
of halobacteria share eubacterial as well as 
eukaryotic features. The primary structure of the 
16 S rRNAs and their gene organization in 
Halobacterium cutirubrum and H. volcanii are 
more similar to the eubacterial 16 S rRNAs than to 
the eukaryotic counterparts [3,4]. On the other 
hand, the structures of 5 S rRNA and the 
ribosomal ‘A’ protein are more related to 
eukaryotic than to eubacterial components [5,6]. 

To study the evolution&ry relationship between 
halobacteria and other organisms, a number of 
ribosomal proteins from H. cutirubrum have been 
characterized by N-terminal sequence analysis [7]. 
These studies, however, did not reveal a significant 
sequence homology to eubacterial and eukaryotic 
ribosomal proteins. In view of the distant relation- 
ship between halobacteria and other organisms, se- 
quence similarities may not have been conserved 
throughout their entire lengths, implying that the 
full sequence is necessary to find a sequence 
homology which is present only in small areas. 
Therefore, we have begun the complete amino acid 
sequence analyses of ribosomal proteins from H. 
marismortui. Our recently completed sequence 
analysis of the ribosomal protein H-S17 from H. 
marismortui has revealed that it is homologous to 
ribosomal proteins E-S9 from Escherichia co/i and 
B-S9 from Bacillus stearothermophilus [8]. 

Here we describe the isolation and the complete 
amino acid sequence of the ribosomal protein H- 
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Sl 1 from H. marismortui, and compare it with all 
ribosomal proteins from other organisms thus far 
sequenced. This comparison revealed interesting 
structural homologies between this archaebacterial 
ribosomal protein and 2 ribosomal proteins from 
eubacteria. 

2. EXPERIMENTAL 

H. marismortui cells grown by the method of 
Mevarech et al. [9] were a gift from Mr A. Shevack 
from our institute. The preparation of the 
ribosomes and the zonal separation of ribosomal 
subunits have been described [lo]. 

2.1. Purification of ribosomal proteins 
The isolation of ribosomal proteins on DEAE- 

cellulose was performed as described in [7]. The 
extracted proteins were dissolved in the starting 
buffer (75 mM Tris-citrate, pH 7.9, containing 
30% dimethylformamide) and dialyzed for 2 h 
against the starting buffer. The protein solution 
was applied to a DEAE-cellulose column (2 x 
20 cm) which had been equilibrated with the 
starting buffer. The proteins were eluted with a 
linear gradient of O-O.3 M KC1 in the starting buf- 
fer using a gradient volume of 1 1. Fractions of 
3 ml were collected and the proteins were detected 
by analysing 100 ~1 samples from every fifth frac- 
tion by SDS slab gel electrophoresis [ 111. Proteins 
were concentrated after dialysis against 10% acetic 
acid and purified further by gel filtration on 
Sephadex G-75 superfine (2 x 180 cm) in 10% 
acetic acid. 

2.2. Polyacrylamide gel electrophoresis 
The procedure for the two-dimensional elec- 

trophoresis was essentially the same as that 
described by Strom and Visentin [ 121, except that 
the electrophoresis was run using a smaller 
chamber (10 x 10 cm) and the urea concentration 
was reduced from 8 to 6 M. The sample (in 50~1 
sample buffer) containing 50- 100 pg total protein 
was overlaid. For the first dimension the elec- 
trophoresis was carried out at 1.5 mA per gel until 
the dye migrated to the bottom and for the second 
dimension at 20 mA per gel for 24 h. Slab gel elec- 
trophoresis was carried out as described in [ll] 
with an acrylamide concentration of 15%. 

2.3. Sequence determination 
The methods used for the determination of the 

primary structure of ribosomal protein in our 
laboratory have been described in [ 131. The protein 
(1 mg) was subjected to digestions with trypsin, 
pepsin and Staphylococcus aureus protease. The 
protein was also cleaved with cyanogen bromide 
and o-iodosobenzoic acid [14]. All resulting pep- 
tides were separated by a combination of gel filtra- 
tion and fingerprinting on thin-layer sheets. The 
amino acid analyses were carried out with a Dur- 
rum 500 amino acid analyzer or by an HPLC 
system using o-phthaldialdehyde as a derivatised 
reagent [ 151. The amino acid sequences of the pep- 
tides were performed by the DABITWPITC dou- 
ble coupling method [16], manual solid-phase 
method [17], or with the aid of a solid-phase se- 
quencer (LKB) [18]. 

2.4. Computer analysis 
The computer analysis for a comparison of the 

ribosomal proteins was performed with the aid of 
2 programmes RELATE and ALIGN [19]. 
RELATE was used to assess the statistical 
significance of the relationship between 2 proteins. 
As scoring matrix the mutation data matrix was 
employed and the segment length was set at 20 
residues. Furthermore, ALIGN was used to align 
the homologous proteins for maximal homology. 
As scoring matrix the mutation data matrix was 
used, and a break penalty of 20 was employed. The 
proteins compared with H-S1 1 are listed in table 1. 

2.5. Nomenclature 
The ribosomal protein H-S1 1 from H. 

marismortui is designated according to its position 
on two-dimensional gel electrophoresis. The prefix 
E (for E. coli) and B (for B. stearothermophilus) 
are added to discriminate between the ribosomal 
proteins from these 2 organisms. 

3. RESULTS AND DISCUSSION 

3.1. Isolation of the protein 
Fig. 1 shows a two-dimensional polyacrylamide 

gel electrophoresis pattern of H. marismortui 30 S 
proteins. The numbers were assigned by number- 
ing the spots according to the position on the gel 
in the same manner as those of other prokaryotic 
organisms. In this system we routinely identified 
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Table 1 

List of ribosomal proteins whose primary structures 
were compared with that of H-S11 

0 

Organisms Protein Reference 

E. co/i all ribosomal 
proteins 120,211 

B. stearothermophilus ss, L30 
S9, L6, L9, 

Lt7, L27 
Ll, L14, L15, 
L23, L24, L29 

L2 
L32 

S2, S4, S8, 
S12, SIS, S16, 
S20, LS, L18 

WI 

WI 

[241 
[251 
[261 

a 

Sac. cerevisiae SlO 
s33 

S24, L46 
L3 

L29 
L17a,L25 

YL27, YL35, 
YL44 

1271 
1281 
[291 
[301 
1311 
1321 

I331 

Rat (liver) L37 1341 
L39 1351 
P2 1361 

a M. Kimura, J. Kimura and E. Arndt, unpublished 

22 proteins. To isolate these proteins, the protein 
mixture was applied to a DEAE-cellulose column 
(2 x 20 cm) equilibrated with the starting buffer, 
and then the proteins were eluted with a linear gra- 
dient of O-O.3 M KCI. The elution pattern as 
analysed by SDS slab gel electrophoresis of every 
fifth fraction is shown in fig.2. Appropriate frac- 
tions from this column were pooled and concen- 
trated as described in section 2, The proteins were 
further purified by gel filtration on a Sephadex 
G-75 column (2 x 180 cm) in 10% acetic acid. The 
identity of each protein was established by two- 
dimensional gel electrophoresis. The yields were 
about 2-3 mg per purified protein when 5000 A260 
units of 30 S subunits were used as starting 
material. 

Fig. 1. Two-dimensional gel eiectrophoresis of 30 S 
ribosomal proteins of I%. marismortui. The proteins are 

designated according to their positions on the gel. 

Fig.2. Ion-exchange column chromatography of H. 
marismortui 30 S ribosomal proteins on DEAE- 
cellulose. The proteins were eluted with a linear gradient 
of O-O.3 M KC1 in 75 mM Tris-citrate buffer, pH 7.9, 
cont~ning 30% dimethylformamide. Bars indicate the 
positions of individu~ proteins. The distance of 
migration after SDS-poiyacrylamide gel electrophoresis 

is given on the ordinate. 

Protein H-S1 1 was eluted at 0.26 M KC1 from 
the DEAE-ce~ulose column. The protein, purified 
further by gel filtration on Sephadex G-75, 
migrated as a single component in two- 
dimensional gel electrophoresis. 

3.2, Protein sequence determination 
The amino acid sequence of H-S1 1 as shown in 

fig.3 was determined by splitting the protein with 
trypsin, pepsin, S. aureus protease, cyanogen 
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Fig.3. Amino acid sequence of protein H-S11 from H. marismortui sequence data on individual peptides are indicated 
as follows: -, sequenced by the 4-N,N-dimethylaminoazobenzene-4’ -isothiocyanate/phenylisothiocyanate double- 
coupling method;-, sequenced by the solid-phase procedure. SEQ indicates Edman degradation of intact protein. 
TRY, PEP, SP, CNBr and IBA indicate peptide derived from cleavage with trypsin, pepsin, S. aureus protease, 

cyanogen bromide and o-iodosobenzoic acid, respectively. 

bromide and o-iodosobenzoic acid followed by se- amino acid sequence of peptide T3 was obtained 
quencing the resulting peptides. The tryptic diges- 
tion produced 13 peptides which were isolated by 

by isolation and sequence analysis of the 
chymotryptic peptides T3-Cl (pos. 9-24) and 

peptide mapping. The complete sequence of all T3-C2 (pos. 25-35). The tryptophan residue at 
peptides except for T3 (pos. 9-35) was determined 
by the sequencing methods described above. The 

position 24 could not be identified clearly by the 
manual sequencing method. However, the 
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presence of tryptophan at this position was re- 
vealed by 2 findings: (i) the tryptophan analysis 
using dimethylaminobenzaldehyde on a tryptic 
peptide map showed the presence of tryptophan 
only in peptide T3; (ii) cleavage of the intact H-S 11 
by o-iodosobenzoic acid produced 2 fragments 
which were separated by Sephadex G-75 superfine 
(1 x 180 cm) gel filtration. The N-terminal se- 
quences of the fragments thus obtained began with 
A-R-M and A-D-V, identical with the sequences at 
position l-3 and 25-27, respectively. This shows 
that the tryptophan is located at position 24. 

For the alignment of the tryptic peptides, 
suitable overlapping peptides were produced by 
digestion of the intact H-S11 with pepsin and S. 
aureus protease. The resulting peptides were 
separated by fingerprinting and sequenced. These 
results, together with the N-terminal sequence 
analysis of the intact protein, allowed us to align 
the tryptic peptides Tl-T9 and T12-T13. However, 
the alignment of the peptides T9-T12 still remained 
unclear. This was finally established by sequencing 
the cyanogen bromide peptide CB2 (pos. 
106-155). The cyanogen bromide treatment of H- 
S 11 caused cleavage behind the methionine residue 
at position 105 and produced 2 peptides CBl (pos. 
l-105) and CB2 (pos. 106-155). These peptides 
were separated by gel filtration on Sephadex G-75 
superfine and the C-terminal peptide was subjected 
to solid-phase sequencing. The amino acid se- 
quence thus determined allowed the alignment of 
the remaining tryptic peptides. By combining all 
results the amino acid sequence of H-S11 was 
unambiguously established as shown in fig.3. 

3.3. Characterization of the protein 
The amino acid composition and the molecular 

mass of H-S1 1 as calculated from its primary 
structure are given in table 2. The composition 
derived from the amino acid sequence and that 
calculated from the amino acid analysis of the pro- 
tein agree well as shown in table 2. The protein 
contains a high amount of acidic amino acids ran- 
domly distributed throughout the molecule. From 
the number of acidic residues and basic residues in 
H-S1 1 a net charge of - 14 is calculated. 

Another striking feature of the protein is the 
cluster of aromatic amino acid residues at the C- 
terminal region. H-S1 1 contains one phenylalanine 
and 5 tyrosine residues. Five of these aromatic 

Table 2 

Amino acid composition and A4, of protein H-S1 1 from 
H. marismortui 

Amino acid Protein 
hydrolyte 

Sequence 

Asp/Am 24.0 17/7 
Thr 5.6 6 
Ser 7.9 8 
Glu/Gln 25.1 20/s 
Pro 8.8 9 
GlY 9.9 9 
Ala 13.4 13 
Val 8.1 9 
Met 2.2 2 
Ile 6.2 6 
Leu 13.4 14 
TYr 5.9 5 
Phe 1.1 1 
His 2.4 3 
LYS 4.9 6 
Ar8 13.3 14 
Trpa + 1 

Total 155 

MI 17545 

a Presence of tryptophan was determined by staining 
with p-dimethylaminobenzaldehyde 

residues (Phe-141, Tyr-131, Tyr-132, Tyr-143 and 
Tyr-145) are located at the C-terminus. Interesting- 
ly, clustering of aromatic amino acids at the C- 
terminus was also found [8] in the protein H-S17. 

3.4. Sequence comparison 
As mentioned above, the N-terminal sequences 

of 10 ribosomal proteins from H. cutirubrum 30 S 
subunits were reported by Yaguchi et al. [7]. The 
comparison of the present result with those ob- 
tained for H. cutirubrum shows that protein H-S1 1 
from H. marismortui is structurally homologous 
to the H. cutirubrum ribosomal protein H-S1 1. 
The complete amino acid sequence of H-S1 1 was 
compared with the sequences of the ribosomal pro- 
teins listed in table 1 using the computer pro- 
gramme RELATE. The segment comparison score 
thus obtained showed that H-S1 1 exhibits a signifi- 
cant homology to the eubacterial ribosomal pro- 
teins E-S15, B-S15, E-S4 and E-S8 (fig.4) but not 
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5r 

Fig.4. The segment comparison scores of H-S11 with 
ribosomal proteins from E. coli and B. 
stearothermophilus obtained by the program RELATE. 
As scoring matrix the mutation data matrix was used 
and the segment length was set at 20 residues. The 
segment comparison score 3.0 SD unit which suggests a 
possible relatedness of the sequences is indicated by the 

dotted line. 

to the eukaryotic proteins. Accordingly, com- 
parisons with these 4 proteins were further exam- 
ined using the computer programme ALIGN. First 
H-S11 was aligned with E-S15 and B-S15 for max- 
imum homology (fig.5); this yielded alignment 
scores of 8.53 and 8.38 for E-S15 and B-S15, 
respectively. These scores are statistically signifi- 

10 20 

cant and indicate that the C-terminal region (pos. 
65-155) of H-S1 1 is related to the eubacterial pro- 
tein S15. 

As shown in fig.4 protein H-S1 1 also seems to be 
related to the E. coli proteins E-S4 and E-S8. 
Therefore, these proteins as well as B-S4 and B-S8 
were compared with the programme ALIGN. The 
comparison showed that the N-terminal 60 
residues of H-S1 1 can be aligned with E-S4 and E- 
S8 as illustrated in fig.6. Proteins E-S4 and E-S8 
contain short segments which seem to be 
homologous to the N-terminal part of H-S1 1, 
although the alignment scores (2.23 for E-S4 and 
2.32 for E-S8) indicate less similarity than that be- 
tween H-S1 1 and the eubacterial protein S15. 
Although it is not excluded that the relatedness of 
H-S1 1 with E-S4 or E-S8 obtained by the pro- 
gramme RELATE might be fortuitous it is possible 
that particularly S8 is related to the N-terminal 
part of H-S11 for several relevant observations. 
First, the proteins E-S8 and E-S15 bind to 
neighbouring sequences that lie in the middle of 
the E. coli 16 S rRNA [37]. Second, E-S8 and E- 
S15 can bind specifically to the 16 S rRNA from 
H. cutirubrum, which is related to H. marismor- 
tui, and the protein binding sites on the H. 
cutirubrum 16 S rRNA are homologous to those 
on the cognate 16 S rRNA [38]. Third, the protein 
E-S8 is composed of 2 structural domains [39] one 

HSll ARMHTRRRGSSDSDKPAADEPPEWADVDEDAIEARVVELAEQGHSPSEIG 

BS15 

ES15 

HSll 

BS15 

ES15 

HSll 

BS15 

ES15 

Fig.5. Comparison of the amino acid sequences of H-S11 from H. marismortui with those- of S15 from B. 
stearothermophilus (B-S15) and E. coli (E-S15). A maximum homology was obtained by the programme ALIGN with 

a break penalty of 20 residues. Identical residues are enclosed in boxes. 
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ES 4 (141-191) EKSRNIQVLKEALE 

HSll 

ES 8 

BS 8 

Fig.6. Alignments of the N-terminal part of H-S1 1 from H. marismorrui with the homologous sequences of E-S4 
(144-196), B-S4 (141-191), E-S8 (l-64) and B-S8 (l-64). The programme ALIGN was used for a maximum homology 

with a condition identical to that described in fig.5. Identical residues are enclosed in boxes. 

of which is nearly identical to the region which 
shows some homology to the N-terminal part of H- 
Sll. 

Two hypotheses concerning the genesis of H-S1 1 
are considered. On the one hand, protein H-S11 
may be related to the eubacterial S15 only, leaving 
a large N-terminal region which shows no 
homology to any other ribosomal proteins (fig.7a). 
On the other hand, the gene for H-S11 could have 
evolved by a fusion of the genes for the eubacterial 
protein S15 and for the N-terminal part of protein 

a - 

7 SW 
17 

bb 
b, i I 7 87 

Fig.7. Two suggested models for the evolutional 
relationship between the halobacterial protein Sll (H- 

Sll) and eubacterial proteins S15 and S8. 

S8 (fig.7b). Alternatively, it is also possible that 
the ancestral gene for protein H-S1 1 has been split 
into 2 parts during evolution: one evolved into the 
gene for the eubacterial protein S15 and the other 
into that for the N-terminal region of S8. This 
splitting should have occurred in the evolutionary 
line leading to eubacteria after it had diverged 
from that leading to halobacteria. 
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