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The nucleotide sequence of the slp4 gene, which is responsible for the synthesis of the S-layer protein of
Thermus thermophilus HB8, is described. This gene is transcribed as a unit in which the coding region is
preceded by a 127-base-long leader mRNA sequence. The promoter region is also recognized by the RNA
polymerase of Escherichia coli because of the presence of homologous —35 and —10 boxes. Homologies with
other promoters from Thermus spp. are also presented.

Crystalline surface layers (S-layers) are frequently found
in archaebacteria (Archaea) and eubacteria (Bacteria) and
are a common feature in bacteria that live under extreme
environmental conditions, such as high temperature, ex-
treme pH values, or high osmotic pressure (7, 19). There-
fore, it has been suggested that S-layers have an important
role in the adaptation of microorganisms to hostile environ-
ments. In addition to this, S-layers are often found in
pathogenic bacteria, for which a direct involvement in
virulence has been proposed (3, 9).

The extreme thermophilic eubacterium Thermus thermo-
philus HBS (16) is surrounded by a hexagonal S-layer, whose
main component is a protein (P,qo) with an apparent molec-
ular mass of 100 kDa (1). In the presence of Ca>*, purified
P, oo forms highly thermostable trimers, which might repre-
sent the basic building blocks of the S-layer (4). Recently, we
have cloned in Escherichia coli a 5.8-kbp DNA fragment
from T. thermophilus HBS that encodes proteins recognized
by rabbit antiserum obtained against native P,q, (5). The
origin of these products was further revealed by a 2.9-kbp
Ndel-Xmal fragment (see Fig. 1) which, when cloned in E.
coli under the control of a T7 promoter, expressed high
amounts of a 52-kDa protein that is also recognized by the
antiserum. In fact, unless lon mutant hosts were used, it was
not generally possible to detect products with electropho-
retic mobilities similar to that of the S-layer protein (P;q).
Interestingly, the deletion of 1.5 kbp from the 5’ region of the
cloned fragment leads to the synthesis, under the control of
the lactose promoter of plasmid pUC9, of a stable protein
with a higher mass. This implies the existence of special
features in the deleted domain that made the protein suscep-
tible to degradation by the La protease, the product of the
lon gene.

Sequence of slipA. The preliminary sequence of this 2.9-kbp
Ndel-Xmal fragment from T. thermophilus HBS8 revealed an
open reading frame (ORF) starting at the ATG codon of the
Ndel restriction site. Therefore, we decided to sequence the
5’ upstream region up to the Mbol site, which was used for
the cloning of the whole 5.8-kbp fragment into pUC9.
Sequencing was carried out by the dideoxy termination
method (18) on both strands of subcloned fragments, which
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were obtained either by restriction enzyme digestion or by
controlled deletions with exonuclease III. The joining points
between these fragments were sequenced with the appropri-
ate synthetic oligonucleotides, with the original cloning
plasmid used as the template. This allowed the identification
of two Pstl sites separated by 75 bases, which were de-
scribed as a single site by restriction mapping in our previous
paper (5).

About 40 sequencing reactions were overlapped with the
computer software package of the Computer Group from the
University of Wisconsin (2), and we obtained the 3,416-bp
sequence shown in Fig. 1. In this sequence, the ATG codon
of the ORF located at the Ndel site (position 517) was found
to continue for 917 triplets, yielding a predicted molecular
mass of 96,004 Da. The sequence AAGGAGGTG, which is
complementary to the 16S RNA from Thermus spp. (6), was
found close to and upstream from this position, making it the
most probable translation initiation site for the protein. The
striking concentration of other ATG codons (8 of a total of
10) at the first part (200 triplets) of this ORF and the
persistent resistance of the native protein to Edman degra-
dation (5) made the definitive identification of the amino
terminus of the protein difficult. However, the absence of an
associated ribosome-binding site (RBS) sequence at the
other ATG codons suggests that they are not used as
alternative initiation codons.

In order to determine whether the sequenced fragment
corresponds to the S-layer gene, we compared the properties
predicted by computer for this sequence with those obtained
by our group for purified P,o, (4). The results of such a
comparison are shown in Table 1. As can be observed, the
theoretical mass (96 kDa), the isoelectric point (4, 63), and
the overall amino acid composition (with the exception of
amino acids that were difficult to identify after extensive acid
hydrolysis) matched closely, supporting the identity be-
tween the product of this ORF and the S-layer protein.
Furthermore, when this amino acid composition was com-
pared with those of S-layer proteins from other bacteria (i.e.,
Deinococcus radiodurans, Aeromonas salmonicida, Bacil-
lus stearothermophilus, Bacillus brevis, and Clostridium
thermosaccharolyticum, etc.), a general similarity could be
found, as all these proteins are weakly acidic and contain
between 40 and 50% hydrophobic residues. The last and
definitive probe for this identification was the recent isola-
tion by homologous recombination of insertional mutants in
this gene, which resulted in defective P,q, proteins (12).
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TABLE 1. Comparison of the properties deduced for the product
of sipA and those of purified Py,

Value
Property or component
Pioo sipA
Molecular mass (kDa) 100 96
Isoelectric point 4.7 4.63
Amino acid composition®
Alanine 16.4 12.9
Arginine 3.2 2.8
Aspartic acid 13.1° 5.6
Asparagine 5.1
Cysteine ND¢ 0.0
Glutamic acid 11.9% 4.4
Glutamine 3.7
Glycine 5.2 10.1
Histidine 0.7 0.8
Isoleucine 2.2 2.5
Leucine 10.2 10
Lysine 4.2 4.3
Methionine 0.7 1.1
Phenylalanine 4.2 4.1
Proline ND 3.4
Serine 8.3 9.3
Threonine 6.1 7.5
Tryptophan ND 0.6
Tyrosine 5.6 4.8
Valine 7.3 6.4

¢ Molar fraction of each amino acid.

b Molar fractions of Asp plus Asn and Glu plus Gln obtained after acid
hydrolysis.

¢ ND, not detected.

Analysis of the amino acid sequence and the hydropathy
profile revealed the existence of a signal peptide at the amino
terminus of the protein, which has been described for the
other S-layer genes sequenced so far (7). This signal peptide
is formed by three positively charged residues (Met-Lys-
Lys-Arg) and a sequence of hydrophobic and uncharged
amino acids. Following this sequence, the first charged
amino acid appears at position 27 (Asp), which could indi-
cate the end of the exportation signal. However, as men-
tioned above, the inability to sequence the native protein
impeded the determination of whether this signal peptide is
processed in the thermophile, although we have demon-
strated recently that it could be used in E. coli to direct the
secretion of other proteins (13).

Despite these similarities, a comparison between the se-
quences of sipA and those of other S-layer genes did not
show significant homology, even at the level of hydropathy
profiles. This finding was especially surprising for the S-layer
gene (hpl) of D. radiodurans, an organism phylogenetically

FIG. 1. Sequence of sipA. The proposed RBS sequence is un-
derlined. Palindromes in the transcription promoter and terminator
regions are labeled with dashed arrows. The vertical arrowhead
indicates the transcriptional start point, as deduced from Fig. 2 (see
text). Promoter sequences with high levels of homology to the —35
and the —10 box consensus sequences for E. coli are also under-
lined. Only those restriction sites described in the text are indicated.
At the bottom of the figure is the restriction map of the 5.8-kbp DNA
fragment from T. thermophilus in which the slpA gene was identi-
fied. In this, the structural part of the gene (striped) and the
promoter (PslpA) (solid) are also indicated. Restriction enzymes:
Ac, Accl; B, BamHl; Bg, Bglll; M, Mbol; N, Ndel; P, Pstl; X,
Xmal, Smal; XH, Xhol.
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related to Thermus spp. (21). Furthermore, there exists a
striking difference in the distribution of negative charges
along P, ,, with respect to other S-layer components. In P,,,
the negative charges are concentrated within the first third of
the protein, whereas in the other predicted S-layer proteins,
they occur randomly or are concentrated in the carboxy-
terminal domain (7).

The absence of significant homology between the S-layer
genes of related bacteria, which is reinforced by the pres-
ence of tetragonal instead of hexagonal S-layers in other
Thermus isolates (e.g., ATCC 25105 and ATCC 27737) (our
unpublished results), suggests that S-layers are subjected to
strong selective pressures (phages and enzymes) that result
in a high frequency of amino acid changes. However, their
peripheral nature forces the conservation of a similar overall
composition by physicochemical constrictions.

Codon usage of slpA. As expected from the high G+C
content of slpA (65.5%), which is similar to those of other
Thermus genes, there is an extreme preference for G or C in
the third position of the codons (89%). In addition, when C
and G are synonymous, a preference for C over G was found
(64%). The C+G content values of the first and the second
base positions for slpA are 59.5 and 47.5%, respectively,
which is similar to the codon preferences found in other
genes of Thermus spp. (14, 15, 20) and in the gene encoding
the S-layer protein of D. radiodurans (17).

Transcription of sip4 in T. thermophilus HB8. Preliminary
RNA blot experiments, in which total RNA of T. thermo-
philus HB8 was hybridized with radioactive probes derived
from the sipA gene, demonstrated that s/jpA4 was transcribed
as a single species of about 3 kb (data not shown). This result
strongly suggested that sip4 was transcribed as a monocis-
tronic unit, with its own promoter and terminator. In support
of this, a transcription terminator sequence was found at
nucleotide position 3268 (Fig. 1), about 15 nucleotides down-
stream from the translational stop codon (TAA). This se-
quence consists of a stem-loop motif, with a predicted
energy of —24.2 kCal/mol (ca. —101 kJ/mol) for the 11-base-
long inverted repeat, and is followed by a T-rich stretch (8 Ts
of a total of 10 bases), which is very similar to the p-inde-
pendent terminators of E. coli. As no other putative termi-
nator sequences were found at a reasonable distance down-
stream, we assumed that the transcription of sipA4 terminates
here.

In order to localize the 5’ terminus of this mRNA, we used
S1 nuclease digestion assays, with a labeled Xmal-4val
fragment (complementary to nucleotides 321 to 480 of the
positive strand) as the probe. Electrophoretic analysis of the
S1 digestion mixture revealed the formation of fragments,
the most intense of which corresponds to a digestion of 70
nucleotides from the 3’ terminus of the probe (Fig. 2, lane 2).
These results demonstrate that the transcription of the sipA4
gene most probably starts at guanine 390, which is labeled
with a vertical arrowhead in Fig. 1.

The results described above indicate that slpA is tran-
scribed with a 127-base-long leader mRNA, unlike other
Thermus genes. As we could not identify potential start
codons with adequate RBSs within this transcribed upstream
region, we propose that this leader region has regulatory
functions. In support of this, we have identified a 13-base-
long inverted repeat at the 5' terminus of this mRNA
(underlined with convergent arrows in Fig. 1), which could
form a hairpin structure with a single mismatch when tran-
scribed into RNA. Hypothetically, such structures could
protect the 5’ terminus from digestion by nucleases, thereby
increasing the stability and the half-life of the mRNA of one

J. BACTERIOL.

FIG. 2. Identification of the transcription origin of sipA4 in T.
thermophilus HB8 and in E. coli. Total RNA preparations from 7.
thermophilus HB8 (lane 2) and from E. coli transformed with
plasmid pMF42 (lane 3) were hybridized to a 3?P-end-labeled Xmal-
Aval fragment (complementary to nucleotides 321 to 480 in Fig. 1)
for 16 h at 42°C. After digestion with S1 nuclease, the samples were
subjected to electrophoresis in a 6% acrylamide gel. The major
protected band is indicated by an arrowhead. As a size marker for
the degradation of the probe, an unrelated sequence is shown (lanes
A through T). Lane 1 corresponds to the undigested probe.

of the most abundant proteins of T. thermophilus HB8. A
second possibility is that the inverted repeat is a binding site
for a dimeric ancillary protein. This possibility is also
supported by the presence within the inverted repeats of a
group of five A bases followed by two groups of four T
bases, separated by approximately a helix-turn distance,
which could form a bend in this DNA region (11).
Transcription of sip4 in E. coli. In a previous paper, we
demonstrated that sip4 could be expressed in E. coli, even
when cloned in a promoterless vector (pMF42) (5), although
the sizes of the peptides thus obtained were much smaller
than that of the native P,y,. To demonstrate the promoter
activity of the 5’ region of sipA in E. coli, the Xmal-Aval
fragment used for the S1 nuclease mapping was inserted into
the EcoRI site of the promoter-probe vector, pJAC4 (10),
and the ligation mixture was plated on Luria-Bertani agar
plates containing 30 ug of kanamycin (the resistance marker
for the vector) per ml and 100 g of ampicillin per ml. Under
these conditions, only those clones harboring hybrid plas-
mids with inserts conferring promoter activity should be able
to produce B-lactamase and to form colonies. Analysis of the
transformants revealed three kinds of plasmids. One type
bore one copy, and another carried two in tandem copies of
the promoter region of slpA. Surprisingly, the third kind of
plasmid carried the promoter region of slipA4 in an inverted
orientation. The production of B-lactamase by these plas-
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TABLE 2. Comparison of the promoter regions of various genes

Gene®

Promoter region®

TTGACa®

TA

... TTACAAGGCCTCAAGCCCCGTGATG]

TlTACCGGGAGGCCCCTGGGGGGTA‘
. 'l'l‘GACACCCGGGCATCCTTAGGG'ITAGC'ITTGCCCTCGTGAAATCCACAAAGGAGCGTATG

tAat? AAGGAGGTG*
TAGTGTAAAGGGGGCAATTCCGCCCCCGGAGGTGTGACCCATG
GGATGGGAGTTGTCTTGGCGCGAGGCGCCTTTAGGGAGCGAAGCATG

...CCGTTTCCACGGCCCAAGGCCTATATAATGCCCTTGACCGGGATCGCCCAACAAGGGAGGTGGATCTTG
TTGACAAAGGCCATGCCTCCTTGGTATCTTCCCTTTTGCGCT . . .
TAGCCTCAGGGCTTCCATGGATGCTATACTACCCGAGCCCCC. . .
TTGACAAAAAGGAGGGGGATTGATAGCATGGCTTTTCTGCGCGGCGAAA.. . .

TTGACAAGGGCGCGTGAGGTTTTTACGATAGCGCCGGATGCG(100 b)CCTTAAGGAGGTGTGAGGCATATG

4 Isocitrate dehydrogenase gene (icdh) of T. thermophilus HBS; tryptophan synthetase genes (trpAB) of T. thermophilus HB27; succinyl-coenzyme A
synthetase opcron (scs) of T. flavus AT62; aqualysin I gene (aqual) from Thermus acquaticus; 23S-5S, 4.5S, and 16S RNA genes; and S-layer gene (sipA) of T.

thermophilus HBS.

® The eonserved bases of the promoter motifs and the RBS, as well as the first codon (end of each sequence), are boldface. The 5' terminus of the mRNA is

underlined. 100 b, 100 bases.

¢ Underlined groups below the consensus correspond to the hypothetical —35 region.
4 Underlined groups below the consensus correspond to the hypothetical —10 region.
¢ The RBS sequence compared is complementary to the 16S RNA of T. thermophilus HB8 (6). Boldface groups below the consensus are RBS.

mids was assayed as the rate of nitrocefin (Oxoid) hydroly-
sis, and the in tandem construction was the most active
(100% reference), with the single (85%) and the inverted
(40%) forms next in order.

The unexpected B-lactamase activity detected in E. coli
cells when the promoter region of sip4 was cloned in an
inverted orientation suggested the existence of a promoter-
like sequence in the minus strand. Upon further inspection,
we could detect the sequence TTGTCA (complementary to
nucleotides 361 to 356), which is very similar to the —35 box
consensus for E. coli promoters. Furthermore, two putative
—10 box regions were detected in the same strand at
different distances (13 and 25 bases) from this, the best of
which (TATACT) was identified at positions 330 to 327.
These data, which explain the transcriptional activity in E.
coli of the inverted sipA promoter, also suggest the existence
in vivo of two overlapping and divergent promoters. How-
ever, the absence of a significant ORF in the minus band
indicates that this promoter activity is not coupled to protein
synthesis in T. thermophilus HBS.

Although these data demonstrated that the promoter re-
gion of sipA could function in E. coli, we still did not know
whether both organisms used exactly the same signals. In
order to determine this, we repeated the S1 nuclease protec-
tion experiment of protection against S1 digestion with total
RNA obtained from E. coli cells transformed with plasmid
pMF42. The results of this experiment, shown in lane 3 of
Fig. 2, clearly demonstrate the identical sizes of the pro-
tected fragments and support the use of the same promoter
signals by the RNA polymerases of E. coli and T. thermo-
philus HBS.

Comparison of the promoter sequence with those from other
Thermus genes. As far as we know, there are only four genes
of Thermus spp. for which an analysis of the transcription
start points has been published (6, 15). This complicates the
comparison of promoter-conserved motifs in these organ-
isms. However, we could align the sip4 promoter with the
promoter of these genes (the rrn genes of T. thermophilus
and the succinyl-coenzyme A synthetase of Thermus flavus
AT62) and with three other genes for which the identification
of —35 and —10 motifs has been proposed (icdh, aqual, and
trpAB) (15, 20). This alignment has been made by using a
putative —10 box that shows homology to that of E. coli
promoters as a reference point. The results, shown in Table
2, demonstrate the presence of —35 regions, identical to the

consensus described for E. coli, in the promoter of sipA, as
previously found (6) in other strong promoters of this ther-
mophile (the 23S-5S and 16S RNAs and the gene for aqual-
ysin I). Interestingly, the gene that shows the lowest homol-
ogy (scs) in this region belongs to a very different Thermus
isolate (8). In contrast, the —10 region was less conserved in
these promoters, and only the gene of 7. flavus showed
complete homology.

When the sequences of more Thermus genes become
available, it will be possible to generate a consensus for the
promoter regions of this extreme thermophile. However, the
data deduced from the comparison presented here suggest a
high degree of conservation of the —35 box between strong
promoters of Thermus spp. and the consensus for those of E.
coli, while the —10 region could most frequently include C or
G bases in its central part.

Nucleotide sequence accession number. The EMBL-Gen-
Bank-DDBJ accession number for the 3,416-bp sequence we
obtained is X57333.
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