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Abstract The triangular disk-shaped halophilic archaeon
Haloarcula japonica strain TR-1 has a glycoprotein on its
cell surface. The complete gene encoding the cell surface
glycoprotein (CSG) was cloned and sequenced. The gene
has an open reading frame of 2586 bp, and a potential
archaeal promoter sequence approximately 150 bp up-
stream of the ATG initiation codon. The mature CSG is
composed of 828 amino acids and is preceded by a signal
sequence of 34 amino acid residues. A hydropathy analysis
showed a hydrophobic stretch at the C-terminus, that prob-
ably serves as a transmembrane domain. The amino acid
sequence of the Ha. japonica CSG showed 52.1% and
43.2% identities to those from the Halobacterium halobium
and Haloferax volcanii CSGs, respectively. Five potential
N-glycosylation sites were found in the mature Ha. japonica
CSG, sites that were distinctly different from those in Hb.
halobium and Hf. volcanii. The Ha. japonica CSG gene was
expressed in Escherichia coli.
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Introduction

Crystalline surface layers (S-layers) are frequently found on
eubacterial and archaeal cells (Sleytr and Messner 1992).
Being located at the cell surface, S-layers have been sug-
gested to be important in the adaptation of microorganisms
to environments. In most cases, the S-layer consists of a
single protein or glycoprotein subunit ranging from 40 to
200 kDa in size, and the subunits assemble on the cell sur-
face into a two-dimensional symmetric array (Sleytr and
Messner 1992).

Mescher and Strominger (1976) were the first to show
that the cell surface glycoprotein (CSG) of the halophilic
archaeon Halobacterium halobium is essential for maintain-
ing the rod shape of the cell. A similar glycoprotein is found
also in a flat-disk-shaped halophilic archaeon, Haloferax
volcanii (Kessel et al. 1988). Halophilic archaea
(halobacteria) lack the peptidoglycan layer, and the CSG is
the only wall component. Thus, the S-layer might act as a
shape-maintaining corset in these organisms. A cell enve-
lope profile of Hb. halobium has been described on the
basis of X-ray analysis data (Blaurock et al. 1976). A three-
dimensional structure model of the cell envelope of Hf.
volcanii has been proposed from an electron microscopic
study (Kessel et al. 1988). To date, genes encoding
halobacterial CSGs have been cloned and sequenced from
Hb. halobium (Lechner and Sumper 1987) and Hf. volcanii
(Sumper et al. 1990). Furthermore, the chemical structures
of the saccharide chains attached to these CSGs have been
determined (Sumper 1987; Sumper et al. 1990; Mengele and
Sumper 1992).

Haloarcula japonica strain TR-1 is a predominantly tri-
angular disk-shaped halobacterium (Horikoshi et al. 1993).
Although taxonomic characteristics (Takashina et al. 1990)
and mode of cell division (Hamamoto et al. 1988) have been
extensively studied, the mechanisms that maintain the trian-
gular shape are still unclear. Previously, we have demon-
strated the occurrence of a CSG that seems to be important
in maintaining the characteristic shape (Nakamura et al.
1992). Furthermore, a recent microscopic study (Nishiyama
et al. 1992) showed arrays of hexagonal structures arranged
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on the cell surface of Ha. japonica. The primary structure
of the Ha. japonica CSG, however, has not yet been
reported.

In the present study, we have cloned and sequenced the
gene encoding the Ha. japonica CSG. The primary structure
of the Ha. japonica CSG, derived from the cloned gene, was
then compared with those of other halobacterial CSGs.
Expression of the Ha. japonica CSG gene in Escherichia
coli has also been demonstrated.

Materials and methods

Strains, plasmids, and media. Haloarcula japonica strain
TR-1 (JCM 7785, ATCC 49778) was grown at 37°C in a
liquid medium as described previously (Nishiyama et al.
1995). Escherichia coli strains JM109 (for gene cloning) and
MV1184 (for gene expression) were the hosts and were
cultivated at 37°C in L broth (Sambrook et al. 1989). Plas-
mids pUC119 and pBluescript II SK+ were obtained from
Takara Shuzo (Kyoto, Japan) and Toyobo (Osaka, Japan),
respectively.

Isolation of chromosomal DNA. Chromosomal DNA was
prepared according to the method of Lechner and Sumper
(1987).

Amplification of DNA by PCR. The polymerase chain
reaction (PCR) primers were synthesized with an Applied
Biosystems model 391 (PCR-MATE) DNA synthesizer
(CA, USA). The PCR mixture consisted of 1.5 µg of Ha.
japonica chromosomal DNA, 100 pmol of primers, 0.25 mM
each deoxynucleotide triphosphate, and 2.5 U of TET-Z
polymerase (Amersham, England) in 100 µl of the reaction
buffer recommended by the manufacturer. Thirty cycles of
amplification (1.3 min at 97°C for denaturation, 2 min at
55°C for annealing, and 3 min at 72°C for extension) were
carried out by using an Atto Zymoreacter AB-1800 (Tokyo,
Japan).

Recombinant DNA techniques. Restriction endonu-
cleases, T4 DNA ligase, and other DNA modifying en-
zymes were used as specified by the manufacturers (Takara
Shuzo and Toyobo). Southern hybridization and colony
hybridization were performed according to the standard
protocols (Sambrook et al. 1989) using a DIG DNA label-
ing and detection kit (Boehringer-Mannheim, Germany).
DNA sequencing was carried out by the dideoxy chain ter-
mination method of Sanger et al. (1977) with an Applied
Biosystems model 373A and a Shimadzu model DSQ-500
DNA (Kyoto, Japan) sequencer.

Computer analysis. The DNA and the predicted protein
sequences were analyzed with the GENETYX-MAC set of
programs (Software Development, Tokyo, Japan).

DNA sequence accession number. The DNA sequence
data reported in this paper will appear in the DNA Data

Bank of Japan (DDBJ), European Molecular Biology
Laboratory (EMBL), and GenBank nucleotide sequence
databases under the accession number D87290.

SDS-PAGE. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was done on a 7.5% (w/v)
polyacrylamide gel by the method of Laemmli (1970). Pro-
teins were stained by Coomassie brilliant blue R-250
(CBB).

Western blotting analysis. The CSG was purified from
the cell envelope fraction of Ha. japonica by preparative
SDS-PAGE as described previously (Nakamura et al.
1995), and then used for immunization of a rabbit by
standard procedures (Ausubel et al. 1995). Cell extracts of
E. coli carrying the Ha. japonica CSG gene were prepared
by sonication and applied to SDS-PAGE. Proteins in
the gel were transferred to a nitrocellulose filter by the
Western blotting method (Burnette 1981). The CSG on the
filter was specifically stained using a rabbit antiserum
against the Ha. japonica CSG and an Immunoblot kit
(Bio-Rad, CA, USA).

Results and discussion

Generation of a DNA fragment by PCR

The CSGs from Hb. halobium and Hf. volcanii were re-
ported to have considerable homology in amino acid se-
quence (Sumper et al. 1990). PCR primers, directed against
the regions conserved between the CSGs from Hb.
halobium and Hf. volcanii, were designed and synthesized.
The sense and antisense primer sequences are 5′-ATI

Fig. 1. Physical maps of chromosomal DNA fragments of Haloarcula
japonica. Plasmid pJAG3 contains the EcoRI fragment of 3.5kb;
pJAG15 has the 2.5-kb KpnI insert. Open bars show the cloned
chromosomal DNA fragments of Ha. japonica. Closed bar corre-
sponds to the polymerase chain reaction fragment. Shaded region
indicates the probe for gene walking. Arrow is the position of the
cell surface glycoprotein (CSG) gene determined from nucleotide
sequencing



B. Jochimsen et al.: Stetteria hydrogenophila 31

GA(A/G) ACI CA(A/G) TA(C/T) CTI GA(C/T) GA-3′
(corresponding to the amino acid sequence 329–336 of the
mature Hb. halobium CSG) and 5′-GT GAC GAT (G/
C)AG GTC GTC GCT-3′ (corresponding to the amino acid
sequence 634–640 of the mature Hb. halobium CSG), re-
spectively. A DNA fragment of about 890bp was amplified
from the chromosomal DNA of Ha. japonica by PCR. The
PCR-generated DNA fragment was treated with T4 DNA
polymerase, T4 polynucleotide kinase, and then ligated into
the SmaI site of pUC119. Nucleotide sequencing analysis
revealed that the deduced amino acid sequence encoded by
the PCR fragment exhibited 54.5% and 49.2% identities to
those of the Hb. halobium and Hf. volcanii CSGs, respec-
tively. Therefore, the PCR fragment was used as a highly
specific probe for the Ha. japonica CSG gene.

Cloning of the CSG gene

Chromosomal DNA of Ha. japonica was digested with sev-
eral restriction enzymes and analyzed by Southern hybrid-
ization analysis, using the PCR fragment as a probe.
Chromosomal DNA digested with EcoRI showed a single
hybridization band at about 3.5 kb. DNA fragments of 3–
4kb were isolated from EcoRI-digested chromosomal DNA
and ligated into the EcoRI site of pBluescript II SK+. Trans-
formants were selected and screened by colony hybridiza-
tion with the specific probe. Several positive clones were
obtained and found to contain recombinant plasmids with
an identical 3.5-kb EcoRI insert. One such plasmid was
designated pJAG3 (Fig. 1). Partial nucleotide sequence
analysis indicated that the 3.5-kb fragment lacked the 5′ end
of the intact CSG gene. Therefore, another genomic library,
digested with KpnI, was constructed to obtain the missing re-
gion. A Kpn I fragment of 2.5kb was cloned from the library
using the Sac I–Kpn I fragment of pJAG3 as a probe for gene
walking. Plasmid pJAG15 carries the 2.5-kb Kpn I frag-
ment. The 3.5-kb EcoRI and 2.5-kb Kpn I fragments over-
lapped by 1.4 kb, and their organization is shown in Fig. 1.

DNA sequence

The results of the sequencing experiments are summarized
in Fig. 2. The sequence contains an open reading frame
(ORF) of 2586 bp, coding for a polypeptide of 862 amino
acids. The ORF starts with an ATG codon at nucleotide
position 250 and ends with a TAA codon at position
2836. The sequence 5′-TTTATA-3′, which resembles the
eukaryotic TATA-like “box A” motif [consensus 5'-TTTA
(A or T)A-3'] (Reiter et al. 1990), was observed about
150 bp upstream of this ATG.

The codon usage of the CSG gene of Ha. japonica was
compared with those from the Hb. halobium and Hf.
volcanii CSGs. There is a striking difference in the condon
usage in the Ha. japonica CSG gene in the codons for aspar-
tic acid, the most abundant amino acid in these CSGs. The
proportions of GAU codons in the Ha. japonica, Hb.
halobium, and Hf. volcanii CSGs are 43.9%, 11.4% and
2.2%, respectively.

Protein structure

Recently, the N-terminal amino acid sequence of the Ha.
japonica CSG was determined to be: S-E-R-G-A-G-D-S-Y-
T-T-G-P-T-D-G-N-Q (Nakamura et al. 1995). This se-
quence starts with the 35th amino acid of the ORF shown in
Fig. 2, confirming that translation of the ORF indeed gener-
ates the primary structure of the Ha. japonica CSG. The N-
terminally extended sequence of 34 amino acids is thought
to be a signal peptide. The amino acid sequence around the
potential cleavage site is A-A-A, consistent with the pro-
posed recongnition sequence A-X-A (X: any amino acid)
for signal peptidases (Perlman and Halvorson 1983) that
has also been found in both the Hb. halobium (Lechner and
Sumper 1987) and Hf. volcanii CSGs (Sumper et al. 1990).

The mature polypeptide contains 828 amino acids, with a
calculated molecular mass of 87 166 Da. This value is much
lower than that estimated from SDS-PAGE [170 kDa
(Nakamura et al. 1992); see also Fig. 5a, lane 1], in spite of
its high carbohydrate content (12% w/w; Nakamura et al.
1995). The amino acid composition of the mature CSG of
Ha. japonica revealed that the CSG contained a large pro-
portion of acidic amino acids (D, 14.7%; E, 10.4%). The Ha.
japonica CSG may have a reduced capacity for SDS binding
due to its unusual content of acidic residues. As a conse-
quence, the reduced electrophoretic mobility would cause
an overestimate of the molecular mass. Similar phenomena
have been observed with the other halobacterial CSGs
(Lechner and Sumper 1987; Sumper et al. 1990).

Hydropathy analysis (Kyte and Doolittle 1982) revealed
that the mature CSG of Ha. japonica showed a single,
highly hydrophobic stretch at the C-terminal end (Fig. 3).
The other regions of the polypeptide chain mainly consisted
of polar amino acids and showed a dominant negative
charge. The C-terminal hydrophobic region probably serves
as a membrane anchor. In the case of the Hb. halobium
CSG, such a structural feature has been described by
Lechner and Sumper (1987), and the Ha. japonica CSG may
share this feature. Figure 4 shows the results of dot matrix
homology plots. The amino acid sequence of the Ha.
japonica CSG shows 52.1% and 43.2% identities to those
from Hb. halobium and Hf. volcanii, respectively. The de-
gree of homology drops somewhat towards the N-terminus,
indicating the possibility of different architectures of the
extracellular portions of the these CSGs. Five potential N-
glycosylation sites [N-X-(S or T); X ≠ D, P] are found in the
mature CSG of Ha. japonica (see Fig. 2). Fewer N-
glycosylation sites are recognized in the Ha. japonica CSG
than in the Hb. halobium and Hf. volcanii CSGs [12 and 7
glycosylation sites, respectively (Lechner and Sumper 1987;
Sumper et al. 1990)]. Furthermore, the localization of the
potential glycosylation sites in the Ha. japonica CSG – bi-
ased to the C-terminus – is quite different from that in the
other halobacterial CSGs.

Expression of the CSG gene in E. coli

The 4.6-kb KpnI–EcoRI Fragment, obtained by recombin-
ing the 3.5-kb Eoc RI and 2.5-kb KpnI fragments at a com-
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Fig. 2. Nucleotide sequence of the
CSG gene from Ha. japonica and the
deduced amino acid sequence. The
nucleotide sequence was determined
in both directions. Numbers on the
right denote nucleotide positions. The
putative box A sequence is under-
lined. The N-terminal amino acid se-
quence determined for the mature
CSG from Ha. japonica is double-
underlined. The vertical arrowhead
indicates the cleavage site of signal
peptidase. Five potential N gly-
cosylation sites are boxed

positive band at about 170 kDa (Fig. 5b, lane 2). A vague
band at 90 kDa was also observed in Fig. 5b, lanes 1 and 2,
suggesting the existence of a host protein that has an affinity
for the anti-CSG antiserum. These results seemed to show
that the Ha. japonica CSG was produced in E. coli. In
pJAG16, the CSG gene was cloned in the reverse orienta-
tion to that of the lac promoter of pUC119. This suggests
that the internal promoter of Ha. japonica CSG gene can
function in E. coli.

mon Sac I site, was inserted in the pUC119 vector to con-
struct pJAG16 (see Fig. 1). The plasmid pJAG16, contain-
ing the full-length CSG gene of Ha. japonica, was
introduced into E. coli strain MV1184. Cell extracts of the
transformant were analyzed by SDS-PAGE. A band was
detected at about 170 kDa by CBB staining; this band was
not found in pUC119-transformed E. coli cells (Fig. 5a,
lanes 1 and 2). Immunological detection of the Ha. japonica
CSG in the call extract using a specific antiserum showed a
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Fig. 3. Hydropathy analysis of the mature CSG of Ha. japonica. The curve plots the hydrophobicity index for each residue as the average
hydrophobicity index for the window of 5 amino acids centered around that residue

Fig. 2. Continued
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Fig. 5. Sodium dodecyl sulfate (SDS) polyacrylamide gel electra-
phoresis of the Ha. japonica CSG and Escherichia coli cell extracts. An
SDS–7.5%-polyacrylamide gel was used. After electrophoresis, pro-
teins in the gel were stained with Coomassie brilliant blue R-250 (a) or
applied to the Western blotting analysis (b). Lanes 1, the cell extract of
E. coli carrying pUC119; lanes 2, the cell extract of E. coli carrying
pJAG16; lanes 3, the purified CSG of Ha. japonica. M indicates the
molecular mass markers. The arrowhead shows the possible CSG pro-
duced by E. coli

Fig. 4. Amino acid sequence homologies between
the Halobacterium halobium and Ha. japonica
CSGs (a), and between the Haloferax volcanii
and Ha. japonica CSGs (b). The mature amino
acid sequence of the Ha. japonica CSG is rep-
resented on the vertical axis, and the horizontal
axes show the other CSGs. The dot matrix plots
were prepared using the GENETYX-MAC pro-
gram. Segments of 5 amino acid residues from
the horizontal axis were compared with segments
from the vertical axis. A dot was placed whenever
the number of matching residues was ≥4
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