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A determination was made of the nucleotide se-
quence of the 3215-bp region of a ribosomal pro-
tein gene cluster (HS13, HS4, HS11, and HelL18), RNA
polymerase (RNA poly D), and tRNA genes (tRNAser
and tRNAarg) of halophilic Archaea Halobacterium
halobium, which is analogous to the «-operon of
Escherichia coli (tRNAser-HS13-HS4-HS11-RNA poly
D-tRNAarg-HelL18). The seven-gene string was pre-
ceded by a pseudoknot-like structure similar to the
proposed S4 ribosomal protein binding site of the
a-operon mMRNA leader in E. coli. Using an inducible
expression system H. halobium HS4 was produced in
large amounts in E. coli, and immunoblot analysis
showed the S4 to constitute a 21-kDa polypeptide com-
ponent of the ribosome. Analysis of the deduced amino
acids sequence revealed that the HS13, HS4, and HS11
sequences including the RNA polymerase subunit are
more similar to their eukaryotic than to their bacte-
rial counterparts. HelL 18, located downstream of the
gene cluster analogous to the E. coli a-operon (S13-
S11-S4-RNA poly D-L17), was similar to both the eu-
karyotic (eL18) and eubacterial ribosomal protein L15
located in the spc-operon, but not to L17 positioned as
the terminal gene of the bacterial a-operon. o 1999
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Ribosomes are essential cell components that are
present in all organisms. The constituents of ribo-
somes, diverse rRNAs and proteins (rp), should be
quite useful for studying molecular evolution with re-
spect to the conservation of functionally important
structures. Until the latter half of 1970s, the biological
kingdom was believed to consist of eukaryotes and

Abbreviations used: bp, base pair(s); kb, 1000 bp; ORF, open read-
ing frame; rp, ribosomal protein; SDS, sodium dodecyl sulfate;
PAGE, polyacrylamide gel electrophoresis.
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prokaryotes. However, based on studies of the struc-
ture of ribosomal RNA, Woese et al., in 1977 observed
a group that were markedly different in evolution and
phylogenic features from other prokaryotes, namely
Archaea, which led to other prokaryotes being desig-
nated as Bacteria (1). All living cells belong to one of
three lines of descent or phylogenetic domains; Bacte-
ria, Archaea, and Eucarya (eukaryotes) (2). According
to structural studies on rp, protein elongation factors
and RNA polymerase, the Archaea form a specific
group that are apparently different in evolution, and
most of the proteins of this group as gene products are
much more analogous to those of Eucarya (3—8). How-
ever, the gene order and composition of these units are
conserved among Archaea, and are very similar to
those in Bacteria. These results substantiate the con-
sideration that Archaea represents an intermediate
evolutionary stage between Bacteria and Eucarya (8).
In addition, complete or partial sequences and gene
order in a chromosome for many rps are available from
Archaea, permitting a more extensive evolutionary
comparison. Such comparisons can provide important
structural and functional information on molecules or
gene transitional information during the course of evo-
lution, by identifying both core regions of the proteins
that have been highly conserved and regions subject to
fewer constraints on gene order in a chromosome.

In the present study, the authors cloned and se-
guenced the H. halobium «-operon of rp in order to
examine how H. halobium rp genes are organized. The
phylogenetic relationships and rp gene evolution in the
three kingdoms were also investigated.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Halobacterium halobium
S9 strain was grown at 40°C as already described (3). Cloning of H.
halobium DNA was carried out by using the E. coli host/vector
systems (JM109/pUC18 or pUC19, XL1-Blue/Super Cosl) and the
expression system BL21(DE3)/pET15b (Novagen). E. coli strains
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FIG. 1. Comparison of the gene arrangement of the H. halobium ribosomal protein gene cluster with those of E. coli and B. subtilis.

were grown in yeast/tryptone medium at 37°C with 100 ug/ml am-
picillin.

Isolation of clones and sequencing. For the cosmid library, insert
DNA consisted of partially digested DNA with Sau3A. Insert DNA
was ligated with Super Cosl Xbal/BamHI-digested cosmid vector.
The Super Cosl cosmid library was packaged using Gigapack |11
packaging extracts as described in the manufacturer’s instructions
(Stratagen). Using a mixture of synthetic oligonucleotides corre-
sponding to the conserved amino acid sequence of the rp S4 from the
Archaea (T-K-F-Y-E-T-P), colony hybridization experiments were
performed at 37°C as described in (5). Synthetic oligonucleotides
were labeled using [y-*P]JATP (Amersham; sp act 3000 Ci/mmol) and
T4 polynucleotide kinase. Restriction endonuclease enzymes and T4
DNA ligase were obtained from Takara Shuzo Co. and used accord-
ing to the manufacturer’s instructions. Recombinant cosmids were
extracted and subsequent colony hybridization was carried out es-
sentially according to the methods of Maniatis et al. (9). DNA se-
quencing was carried out on both strands using an AutoRead Se-
quencing Kit (Pharmacia Biotech.), with universal and de novo
synthesized primers. Reactions were run on a Pharmacia sequencing
instrument, sequencing data were analyzed using the DNASIS pro-
gram (Hitachi), and open reading frames were matched with protein
sequences in the Swiss Prot protein databank using BLAST X and
BLAST P with BLOSUMG62 substitution matrix and default param-
eters (10). The nucleotide sequence data reported in this paper will
appear in the DDBJ/EMBL/GenBank nucleotide sequence databases
with Accession No. AB030282.

Expression of the ribosomal protein S4 gene product. An inducible
T7 promoter overexpression system was used for the production of the
H. halobium rp S4 in E. coli (11). The S4 coding region was amplified by
PCR using a 5’ oligonucleotide primer extended by a Ndel restric-
tion site (5'-CCCCATATGGCGCTGCCCGGCGAGAACACCAAGTT-3")
and a 3’ reverse complement oligonucleotide primer containing a
BamHI site (5'-TTGGGATCCTCACTCCTGAGCACCGGCGCGAG-
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CCG-3'). PCR was performed in the reaction mixture (100 ul) contain-
ing 100 pmol of each primer, four dNTPs at 0.2 mM each, 20 mM
Tris—HCI (pH 8.2), 2 mM MgCl,, 10 mM KCI, 6 mM (NH,),SO,, 0.1%
Triton X-100, 1% nuclease-free BSA, 100 ng H. halobium genomic DNA
and 2.5 U Pfu DNA polymerase (Stratagene). The reaction mixture was
subjected to 30 cycles of polymerization at 98°C for 1 min and 70°C for
5 min. The amplification product was digested with Ndel and BamHl;
the resulting fragment was ligated into vector pET 15b and trans-
formed into E. coli strain BL 21(DE3). Expression of the S4 gene was
induced by addition of 1 mM isopropyl-1-thio-B-p-galacto-pyranoside
(IPTG) for 3 h. Samples were taken from induced and uninduced cell
suspensions and centrifuged. For analysis of the cell protein the cell
pellet was suspended in a sample buffer, heated, and run on an SDS—
PAGE according to the methods of Laemmli (12).

Preparation of the anti-S4 antibodies and Western blotting. The
overproduced S4 polypeptides were purified from inclusion bodies
using His - Tag/His - Bind metal chelation affinity chromatography
under denaturing conditions according to the protocol provided by
the manufacturer (Novagene). Denatured S4 protein was dialyzed
stepwise against 50 mM Tris—HCI (pH 8.0) and 500 mM NacCl.
Finally, the protein solution was concentrated about tenfold
(Ultrafree-15 centifugal filter, Millipore) and aliquots were stored
frozen at —80°C or refrigerated at 4°C. A total of 200 ng protein was
used to immunize a mouse for antibody production. Proteins from
transformed E. coli whole cell extracts and rps extracted from H.
halobium 70S ribosome with 67% acetic acid were transferred to a
PVDF-membrane (3). Transfer of proteins from slab gels into a
PVDF-membrane was performed by horizontal semi-dry blotting in a
buffer system consisting of 20% (v/v) methanol with 50 mM Tris, 20
mM glycine (pH 8.3), 0.1% SDS with a constant current of 2 mA/cm?
for 30 min. The Western blot analysis was performed as described in
(13). Blotted filters were incubated overnight with polyclonal mouse
antibody against S4 (1:1000 dilution) in a TBS buffer containing 20
mM Tris—HCI (pH 7.5), 500 mM NaCl, 0.5% BSA and 0.05% Tween



Vol. 264, No. 1, 1999

20. Bound antibodies were detected by anti-mouse 1gG goat antibod-
ies conjugated with alkaline phosphatase.

RESULTS AND DISCUSSION

Nucleotide sequence analysis. To identify DNA
fragments carrying the S4 gene of H. halobium, a
genomic library of cosmids of H. halobium was
screened with synthetic oligonucleotides corresponding
to the conserved amino acid sequence of rp S4. By
colony and Southern hybridization experiments using
a DNA probe, six positive cosmid clones were isolated
and the whole sequence of the approximate 3-kb DNA
fragment, hybridized with the probe, was determined
by subcloning appropriate restriction fragments that
were sequenced using the dideoxy-chain termination
method.

The sequence was analyzed with the codon prefer-
ence program deduced from the haloarchaeal codon
usage table showing a very high GC content in the
third codon position (8). Inspection of the sequence
showed a 5'-noncoding region (332 bp) followed by two
genes for tRNA and five ORFs spaced from one another
at very short intervals (0—39 bp) on the same strand
except for the interval (124 bp) between the second
tRNA gene and its upstream ORF (Fig. 1). The pres-
ence of promoter-like AT rich sequences located up-
stream of the first tRNAser and second tRNAarg gene
suggest that both constituents of tRNA and ORFs are
organized as transcriptional units (tRNAser-HS13-
HS4-HS11-RNA poly D and tRNAarg-HeL18).

Expression of the ribosomal protein S4 gene product.
To confirm the determined nucleotide sequence and
identify the proteins constituting the ribosome, the
obtained ORF of the S4 gene (positions 952—-1462) was
expressed in E. coli under the control of the phage T7
promoter. Induction of the E. coli strain BL21 (DE3),
transformed with the vector pET15b harboring the H.
halobium S4 coding region, resulted in the production
of a protein with a molecular mass of 22 kDa as seen
from E. coli crude extracts analyzed on SDS-PAGE
stained with Coomassie blue (Fig. 2A). A significant
time-dependent increase of the respective band was
evident. Western blot analysis of proteins extracted
from the 70S ribosomes of the H. halobium showed the
respective 21 kDa band reacting strongly with the anti-
recombinant S4 (E. coli His-Tag/H. halobium S4) anti-
serum (Fig. 2B).

Gene cluster coding for proteins homologous to ribo-
somal proteins and RNA polymerase subunit D protein.
By comparison of the derived amino acid sequences
with ORFs in a data bank, the order of the six
genes (tRNAser-HS13-HS4-HS11-RNA poly D-tRNAarg-
HelL 18) determined was found to resemble that found
in the E. coli a-operon (S13-S11-S4-RNA polya-L17).
The HS13 proteins, deduced from the DNA sequence,
showed 68, 30, and 19% sequence homologies with the
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FIG. 2. SDS-PAGE analysis of H. halobium S4. (A) SDS-PAGE
analysis of H. halobium S4 expressed in E. coli. Cell extracts from
uninduced (lane 2) and induced (lane 3, 3 h after induction with
IPTG) E. coli strain BL21 (DE3) harboring the H. halobium S4
coding region and the recombinant purified His-tag S4 (1 ng) (lane 4)
were loaded on an 12% polyacrylamide gel, electrophoresed, and
stained with Coomassie blue; lane 1, molecular mass marker pro-
teins. (B) Western blot. Purified 70S ribosomal proteins from H.
halobium (lanes 2 and 3) were loaded on gel identical to that de-
scribed in A, transferred to a nitrocellulose membrane and probed
with anti-S4 ribosomal protein antibodies. Ribosomal protein (lane
2) was stained with Coomassie blue, and lane 3 was visualized by
immunostaining as described under Materials and Methods.

deduced Haloarcula marismortui HmaS13 (14), Dro-
sophila melanogaster S13 (15), and E. coli S13 ribo-
somal proteins (16), respectively (all protein sequences
are deduced from the DNA sequences hereafter). The
proteins predicted for HS11 and HS4 showed 43 and
15% sequence homologies with E. coli S11 and S4 rps,
respectively. Additionally, all these proteins were more
similar to eukaryotic S11 and to S4 rps than to eubac-
terial E. coli, as has been found for HS13 and many
other genes for transcription and translation (5-8, 17).

High homology with the RNA polymerase D subunit
from H. halobium was observed in the eukaryotic RNA
polymerase Il D subunit, but the similarity to the RNA
polymerase alpha subunit of bacterial origin was weak
and mainly restricted to the short regions.

An eukaryotic L18 gene homolog of Archea and a
bacterial specific L17 gene of Bacteria. Adjacent to the
RNA polymerase D subunit, the gene for tRNAarg was
found, followed by the another ORF (HelL18) in H.
halobium. In the case of E. coli and B. subtilis, the gene
for the L17 ribosomal protein is found downstream of
the RNA polymerase alpha gene (Fig. 1) (16, 18). A
computer search for homologous proteins to the HelL 18
sequence revealed a similarity to eukaryotic rp eL18 as
well as eubacterial L15 located in the other ribosomal
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FIG. 3. Sequence alignment of ribosomal protein eL18 and L15. Only the amino acids that are same as the H. halobium sequence are
indicated. Positions in which sequence conservation is >40% identity are highlighted in black. + indicates conservative substitutions.
Sequences were extracted from the EMBL or SWISSPROT databases. Protein names are as follows: RL18E_HALHA, H. halobium Hel 18;
RL18E_HALMA, H. marismortui eL18; RL18E_METJA, Methanococcus jannaschii eL18; R18E_SULAS, Sulfolobus acidocaldarius eL18;
RL15_BACS, B. subtilis L15; RL15_BACST, B. stearothermophilus L15; RL15 MICLU, Micrococcus luteus L15; RL18 TRYB, Trypanosoma
brucei eL18; RL18_YEAST, Saccharomyces cerevisiae eL18; RL18_SCHPO, Schizosaccharomyces pombe eL18; RL18 RAT, Rattus norvegi-

cuse elL18.

gene cluster in E. coli (Spc-operon, Fig. 1), but no
similarity to eubacterial L17 linked to the RNA poly-
merase alpha gene. Identical or conserved amino acids
were distributed among the whole sequence of HeLL18
and eukaryotic eL18, but were limited to the central

(&)

A A
UUC AUC

C
A

A
5:.6¢ "
369

region (amino acids 38—100) of HeL18 and the bacte-
rial L15 protein of the spc-operon (Fig. 3). This sug-
gested that the N-terminal or C-terminal non-
conserved regions of the amino acid sequence of HeLL18
might have evolved to a bacterial specific sequence, on
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FIG. 4. Diagram of the a-operon leader pseudoknot secondary structure in H. halobium (A) and E. coli (B) (21). The initiation codon and
hydrogen bond are indicated by an underline and closed circle, respectively.
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the assumption that the amino acid sequences of halo-
archaeal HelL 18 kept the universal ancestor state. The
haloarcheal L15 homolog (HL15) to bacterial L15 of the
spc-operon has been found already in the analogous
gene cluster, although in Eukarya no homolog has been
found (unpublished data). These results indicate that
the H. halobium genome contains both homologs of
bacterial rp L15 and eukaryotic eL18 on the separated
gene cluster. The existence of such bacterial and eu-
karyotic genes duplicated in Archaea have also been
found for the initiation factor gene (h1F-2 and hlF-2y)
(29, 20).

It is interesting to note that the homolog of the
eubacterial L17 gene, located downstream of the RNA
polymerase alpha-subunit gene in bacteria, is lacking
in H. halobium and no homolog of it could be found in
other Archaea or Eukarya. Similar observation were
made for the eubacterial L16 gene, which is located
between S3 and L29 gene in the S10 operon (8). These
results suggested that L17 and L16 may be a specific
protein found in bacterial ribosomes alone and partic-
ipate in the somewhat bacterial specific structure and
function of protein synthesis.

The order of the haloarchaeal gene HS13-HS4-HS11-
RNA poly D is similar to the a-operon in eubacterial E.
coli when the genes for S4 and S11 are reversed (Fig.
1). In the E. coli a-operon, the ribosomal protein S4
binds a large domain of the 16S ribosomal RNA and
also a pseudoknot structure in the a-operon mRNA
leader region, where it represses its own synthesis (21).
Computer analysis of the haloarchaeal a-operon leader
sequence (positions 368—-447) indicated that this se-
quence has the potential to fold into a pseudoknot
structure, similar to the proposed S4 binding site in E.
coli (Fig. 4). That the gene cluster and pseudoknot
structure are similar to those of E. coli suggests that
there are no obvious fundamental differences in the
operation of rp synthesis in the two organisms. How-
ever, the presence of two homologs each of bacterial
L15 and the eukaryotic ribosomal protein eL18 in H.
halobium suggest that Archaea seem to partially main-
tain the chimeric features of Bacteria and Eukarya in
their translation system.
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