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The nucleoaide seyuenccs of the genes for two ribosomal proteins, HSl5 and HSH, from the archacon IIRfurrmrln marismorrui, have been 
drtcrmined. The genes wcrc found in a cluster together with another open reading frame with a probable regulatory function. HSIS ond NSH have 
counterparts in eucarya. HSl5 is significanlly homologous to S19 from frog (X~mpus fucuis). MSH is related to S37 from yeast ~SUCC/IU~UI~~C~~ 

ccrruisiuc) and S27 from fly (Drosophila mekmogus. er), as well as to other members of the S27 family. Eubactcrial counterparts were not found, 
suggesting that these proteins are ‘extra proteins’ that are absent in eubactsrial ribosomcs. 

Ribosomal protein; Archaea; Evolution 

1. INTRODUCTION 

A molecular model of the ribosomc is required to 
understand in detail the events taking place during pro- 
tein biosynthesis. Currently, much effort is being in- 
vested to elucidate the three-dimensional structure of 
the ribosome and its subunits. The best cr 

2 
stals of the 

50 S ribosomal subunit, diffracting to 3 resolution, 
were obtained from the halophilic archaeon, Hsloarculcz 
marismortd, and used for X-ray crystallography [l]. 
For the interpretation of these structural data, it is nec- 
essary to know the primary structures of all the macro- 
molecules involved. 

Furthermore, the comparison of the primary struc- 
tures of the ribosomal proteins offers a promising tool 
for establishing phylogenetic relationships between the 
archaea, eucarya and eubacteria. In addition, these data 
may provide valua.ble information about impcrtant 
functional sites, since regions crucial for ribosomal as- 
sembly or the translational process are expected to be 
conserved throughout evolution [2,3]. For this purpose, 
complete sets of ribosomal protein sequences from all 
three kingdoms need to be evaluated. 

In order to estab;ish the ribosomal protein sequences 
of H. marismortui, protein chemical methods, as well as 
gene cloning techniques, were applied. So far, the pri- 
mary structures of 45 ribosomal proteins have been 
established [4-71. Advantage was taken of the fact that 
many ribosomal protein genes in H. murismorrui are 
clustered in operon structures, as in the eubacterium, 
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Escherichiu coii, and that the gene order is quite con- 
served. We also characterized one operon which we 
proposed as an additional archaeal gene cluster in H. 
nmrismorfui, comprising two ribosomal protein genes 
whose genr products are exctuslvs:y related to eukar- 
yotic counterparts [S]. In this paper, we present a gene 
cluster comprising another two ‘extra ribosomal pro- 
tein genes and an open reading frame, as well as charac- 
teristics of the resulting gene products. 

2. EXPERIMENTAL 

2.1. Murcrirrls 
Sequencing VCCIOIX, enzymes and other materials were used ~5 in [9]. 

2.2. Cforring of the gctte fir ribosomcd prorein MIS 
The N- and C-terminal amino acid sequences of the HSl5 protein 

[IO] were backtranslated, and two oligonuclcotides were chosen on the 
b.asis of lhe codon -sage table for ribosomal protein genes of N. 
rnnrismorrrri [9]. The two primers, complcmcntary to the antisense and 
sense strands of the 5’ and 3’ ends of the coding sequence of the MS1 5 
gene wcrc synthesized by the solid-phase phosphoamiditc method 
using an Applied Biosystcms 380A oligonucleotidc synthesizer. As 
shown in Fig. 1, the rightward oligonuclcotidc (N-oligo) included nn 
EcoRI site followed by 28 bases of the expected ding acqucnce of 
the gene, including the initiutor ATG codon. The leftward oligonucla 
otide (C-oligo) included a Bumlil she, tht! reverse compicmcnt ofthc 
stopcodon and 27 bases reverse complementary to the 3’ end of the 
gcnc. Three bases were added on each side of the recognition sites in 
order to obtain efficient cutting by the restriction cndonucleases. 

Genomic DNA of PI. marisrnorrlti was used as the template for PCR 
reactions using Tog polymerasc (Amersham, Braunschweig). The re- 
action volume was 100~1 containing 100 ng template DNA, 100 nmol 
of each N- and C-oligo, 200 PM of each of the 4 dNTPs, and 10 ~1 
of 10 x reaction bull%r supplied with the Tuq polymcrasc. After de- 
naturation of the DNA for 5 min at 94”C, 2 U Zby polymerasc was 
added to the reaction mixture. The amplification was done with 30 
repeated cycles of melting at 94°C for 2 min, hybridiz;ltion ni 47’9 
for 2 min and primer extension nt 72% for 2 min. Finally, the reaction 
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Fig. 1. Oligonucleotides for the HSl5 gene used in the PCR rcnction with chcomosomnl DNA of H. nmrismornri. The small letters in the sequence 
represent mismatches in the oligonuclcotides, and the nuclcotidcs which are present in the native gene are indicated by arrows. 

mixture was heated for 20 min at 70°C and subsequently refrigerated. 
The PCH reaction mixture was separated on a 2% agarose gel. The 
band corresponding to the expected length of 328 bp was excised and 
clectroeluted from the ngnrose gel. The DNA fragment was cut with 
EcoRI and f?un~HI and cloned into the replicative form of M13mplO. 
Appropriate clones were sequenced by the dideoxy chain-termination 
method [I I]. 

lion data matrix was applied as scoring matrix, and a break pennlty 
0; 20 was employed. 

2.4. Namendaaw 
The prolein, HSlS, was named according to its migration on lhe 

two-dimensional gel elcctrophoresis system 1141. The arbitrary desig 
nation HSH is from [15]. 

2.3. Computer analysis 
The deduced amino acid sequences were compared with proteins in 

the NBRF protein data base (release 31.22, 1992) and the RIB0 
database {available in this Institute) using computer programs from 
the University of Wisconsin Genetic Computer group (version 6.2, 
1990) [12] on a VAX/VMS computer. The program, ALIGN, was used 
to obtain maximal homology bclwcen relnted proteins [13]. The muta- 

3. RESULTS AND DISCUSSION 

3.1. Nucleoride sequence of the ffSl5 operon 
Sequencing of a NI13 clone obtained by the procedure 

described in section 2 revealed that it encodes the HSl5 
gene. The protein sequence derived from the DNA se- 

HSIS MniaOrfx 

Fig. 2. Positions of genes and restriction cndonuclcase sites used for subcloning in the investigated DNA region. The nucleolide sequences of both 
DNA strands were determined. and all cloning sites were traversed as indicnted by the arrows. 
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Fig. 3. Nucleotide sequcncc of a 1,332 bp gcnomic DNA region of H. mriwforf~~i. The dcduwd primary structures ofthe proteins arc wrirten below 
the DNA scqucnce. TIM gene for HS.15 corresponds LO positions 202407, that for HSH to positions Sll-642, and the h-mOrfx gsnc starts at 
position 655. From the amino acid scqucnct analysis, the initialor methionine of the gem sequence is not present in the mature prokn MSH 1151. 

P, putalivc promoter structure. 

quence was in complete agreement with the amino acid 
sequence reported by Kimura et al. [lo]. 

The 328 bp insert DNA containing the HS15 gene 
was nicktranslated and used as a probe in Southern 
hybridization with digested genomic DNA of i$, maris- 
tnorhi (not shown). Two hybridizing fragments, a - 1.3 
kb SW&S’hI and a 9S0 bp &I/&SafI fragment were 
detected and chosen for cloning. Because the HS15 gene 
contains the rare cutting site for SphI, these fragments 
other the opportunity of determining the sequence of the 
S’ as well as the 3’ region of the native HS15 gene: this 
allows the study of regulatory sequences such as pro- 
moter or terminator structures or additional genes 
within a gene cluster. 

Gcnomic DNA was digested with S~nIlSplrI or S’lrII 
SafI and separated on 0.8% agarose gels. The - 1.3 kb 
and -950 bp fragment mixtures were excised, electroe- 
Wed from the agarose gel and cloned into the sequenc- 
ing vectors, M13mp18 or M13mp19. Positive clones 
were identified by Southern hybridization of the SnzaI- 
SplzI- or SphI-&/l-digested replicative forms. Clones 
containing the 5’ or 3’ part of the HS15 gene were 
selected and their subclones were sequenced according 
to the strategy shown in Fig. 2. The nucleotide sequence 
of 1,332 bp, comprising the MS1 5 gene, as well as two 
other open reading frames in its 3’ region, is shown in 
Fig. 3. 

Surprisingly, the open reading frame which follows 
directly after the MS1 5 gene encodes another ribosomai 
protein gene, namely the HSH gene (see below). The 
HSH gene is followed by an open reading frame 

(HmaOrfX) which does j’ot finish within the sequenced 
region. In the 5’ region ci the HSI 5 gene, a DNA stretch 
was found (positions 16%I70 in Fig. 3) which corre- 
sponds well with the consensus sequence of halo- 
bacterial promoters [9]. Thus, we suggest that HSl5 is 
the first gene of this operon. 

3.2. Protein H&W5 
The complete amino acid sequence of HSl 5 has been 

published [lo]. In that work, the homology to a eukar- 
yotic counterpart from Xempm hevis (FrogLl9) [16] 
was described. Corresponding proteins from eubacteria 
were not found. The protein sequence deduced from the 
gene is in complete agreement with that from the inves- 
tigated protein sequence. 

3.3. Proteitl HSH 
The sequence of 16 N-terminal amino acid residues 

established by Edman degradation of the purified pro- 
tein HSH has been published [IS]. This N-terminal 
amino acid sequence @GI’JKY YNDEQXL,JFXTJ 
agrees rather well with the N-terminal sequence of the 
protein predicted by DNA translation in this work. The 
complete HSH protein consists of 43 amino acid resi- 
dues with a mdecular mass of 5,071 Da and an isoelec- 
tric point of 4.55. Corresponding proteins are YeaS37 
from S~cci~a~onz~~ces cerrvisiue [17,18], FlyS27 from 
Drosopl~i~u tneiurtogmter 1191, as well as other members 
of the cukar~otic pro&ii S27 ,u,rr.r,. p--.-:1., HSH bebags to 
the group of archaeal ribosomal proteins for which no 
eubacrerial counterparts have been found. In eucarya, 
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Fig. 4. Alignment of HSH from H. mm-isnmrtrri with the eukaryotic counterparts, YeaS37 from S. cerevisbc [I 7, IS] and FlyS27 from D. n~elu~mgasrer 
[19]. The proteins are aligned for maximal similarity. Identical residues are boxed, and gaps are marked by dots. 

the S27 genes are associated with the ubiquitin genes 
and transcribed as tails of ubiquitin [ 181. Fig. 4 presents 
the alignment of the homologous molecules. The pro- 
tein pair, HSHNcaS37, shares 44% identical amino 
acid residues and an alignment score of 5.18 SD. units. 
The protein pair, HSH/FlyS27, shares 44% identical 
amino acid residues and an alignment score of 4.5 1. The 
N-terminal parts of the eukaryotic proteins are ex- 
tended by 24 amino acid residues, which are predomi- 
nantly basic. Interestingly, all 4 cysteines in the related 
molecules are conserved. A putative metal-binding, nu- 
cleic acid binding domain is formed by the motif C-Xz_4 
-C-X13-,4- C-X,-C, suggesting that these proteins may 
bind to rRNA [20]. 

3.4. HtmOrfx 
The putative gene product of the open reading frame 

(HmaOrfx), located 3’ of the HSH gene, was compared 
to the data bases. A corresponding gene has been de- 
scribed in E. coli (orf,) [21]. In that work, it was shown 
that orf, is expressed in exponentially growing E. coli 
cells. The orf, is one of the orf’s which was found in the 
5’ region of the rpsU(EcoS21)-dnaG-rpoD operon (67 
min in the E. co/i genome). The authors suggested that 
these orf’s may be involved in the regulation of the 
expression of the rpsU-dnaG-rpoD operon. Orf, is lo- 
cated directly 5’ to the E. coli rpsU gene but is tran- 
scribed in the opposite direction. 

Interestingly, the corresponding gene in H. marismo~ 
tui is co-transcribed with two ribosomal protein genes. 
Thus it is likely that the gene product of HmaOrfx has 
some regulatory function irl this operon. It is reasona& 
to propose that the HmaOrfx has the same function in 
archaeal and eubacterial cells, because it is conserved 
during evolution. 

Th,z. gene cluster described in this paper is one of the 
addit:ional gene clusters encoding ‘extra ribosomal pro- 
teins’ which are present in archaea but not in eubacteria 
[22-241. Nevertheless, both ribosomal gene products, 
HS15 and HSH, have counterparts in eucarya. A gene 
for ubiquitin, which is located in front of the eukaryotic 
HSH counterparts, is missing in this gene arrangement. 
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