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Acetogenium kivui is an anaerobically growing thermophilic bacterium with a gram-positive type of cell wall
structure. The outer surface is covered with a hexagonally packed surface (S) layer. The gene coding for the
S-layer polypeptide was cloned in Escherichia coli on two overlapping fragments by using the plasmid pUC18
as the vector. It was expressed under control of a cloned Acetogenium promoter or the lacZ gene. We
determined the complete sequence of the structural gene. The mature polypeptide comprises 736 amino acids
and is preceded by a typical procaryotic signal sequence of 26 amino acids. It is weakly acidic, weakly
hydrophilic, and contains a relatively high proportion of hydroxyamino acids, including two clusters of serine
and threonine residues. An N-terminal region of about 200 residues is homologous to the N-terminal part of the
middle wall protein, one of the two S-layer proteins of Bacillus brevis, and there is also an internal homology
within the N-terminal region of the A. kivui polypeptide.

Two-dimensional regular arrays of proteins on the cell
surface, termed S layers, have now been realized to be
ubiquitously present in the eubacterial and archaebacterial
kingdoms (see reference 2 for a review). The fact that
evolutionary pressure has obviously maintained these major
cell constituents suggests that they play vital roles in the
interaction of the cell with its environment. Recent three-
dimensional reconstructions from electron micrographs have
shed some light on both common and diverse structural
features (see reference 2 for a review). Except for a few
instances, however, their functions have remained rather
enigmatic, and three-dimensional-structure determinations
at or close to atomic resolution, as well as the knowledge of
primary structures, will be required to understand their
structure, function, assembly, and evolution.

The amino acid sequences of four different S-layer poly-
peptides from three phylogenetically very distant organisms
(20, 31, 38, 39) and one partial sequence (13) have recently
been reported, but more primary structures are clearly
needed to address open questions.

Acetogenium kivui is a thermophilic, anaerobically grow-
ing bacterium which has a gram-positive cell wall structure
(21, 22) and which is covered with a hexagonal S layer (21).
The determination of the structure of the S layer in projec-
tion has been reported (33) and the three-dimensional struc-
ture has been determined at a resolution of 1.8 nm (unpub-
lished results; a computer-generated model of the A. kivui S
layer is shown in reference 2). The particularly clear domain
structure indicated by the three-dimensional reconstruction
should be well suited for both controlled fragmentation with
proteases as well as immunoelectron microscopical studies.

We cloned the structural gene for the S-layer polypeptide
in Escherichia coli by using the plasmid pUC18 (46) as the
vector and determined the nucleotide sequence. We also
report on sequence similarities among S-layer proteins and
discuss some evolutionary implications.
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MATERIALS AND METHODS

Bacterial strains. A. kivui was obtained from the German
Collection of Microorganisms (DSM/2030) and cultivated as
previously described (33).

Isolation of A. kivui S layer. The S layer was isolated and
purified as previously described (33) and was washed with
0.2 M KCl to remove bound lysozyme.

Isolation of DNA. Chromosomal DNA was prepared as
previously described (27). Plasmid DNA was prepared as
described by Birnboim (5).

Immunological procedures. Immunization of rabbits with
purified S layer and labeling of purified immunoglobulin G
(IgG) with fluorescein isothiocyanate were performed as
previously described (30).

Colony screening and Western blot (immunoblot) analysis.
These procedures were also conducted as described in
reference 30 and references therein. For sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis, the Mid-
get Electrophoresis System (LKB Instruments, Inc., Rock-
ville, Md.) was used. As an alternative detection method for
Western blots, the streptavidin system (Amersham Corp.,
Braunschweig, Federal Republic of Germany) was used in
the following manner. After reaction of the Western blots
with anti-A. kivui S-layer IgG and washing, biotinylated
anti-rabbit IgG was added by following the protocol given in
the Amersham manual. The following procedure is a slight
modification of an unpublished protocol developed by Georg
Wiegand (Martinsried, Federal Republic of Germany).
Streptavidin (0.5 mg) and biotinylated alkaline phosphatase
(1.0 mg) were each dissolved in 1 ml of 50 mM phosphate
buffer, pH 7.0, and stored at —20°C in small aliquots. A
suitable amount of these solutions was mixed at a ratio of
1.1:1 by volume. The preformed complex was added to blots
equilibrated with 20 mM Tris hydrochloride (pH 7.5)-0.155
M NaCl-5 g of bovine serum albumin per liter (TBS) at a
dilution of 1:200. Total liquid volumes of 15 to 20 ml were
used for 7- by 8-cm blots. After incubation with constant,
gentle agitation for 30 min, the blots were washed four times
with TBS containing 0.05% Triton X-100 and rinsed once
with 100 mM Tris hydrochloride (pH 8.8)-5 mM MgCl,.
Staining was then performed in 20 ml of this buffer by
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addition of 10 wl of Nitro Blue Tetrazolium (75 mg/ml in 70%
dimethylformamide) and 60 pl of S-bromo-4-chloro-3-indolyl
phosphate (50 mg/ml in dimethylformamide) and constant
agitation for 1 to 4 h until color development was essentially
complete. All chemicals and proteins used in this procedure
were purchased from Sigma Chemical Co., Miinchen, Fed-
eral Republic of Germany.

Southern genomic analysis and colony hybridization. Oligo-
nucleotide probes for Southern blot analysis and dideoxy
sequencing were synthesized by D. Oesterhelt by using the
phosphoramidite method (28). The 0.65-kilobase (kb) Sstl-
HindlIll fragment (see Fig. 2) was isolated by preparative
agarose gel electrophoresis and electroelution. End labeling
of oligonucleotides was performed with [y->>P]JATP by using
T4 polynucleotide kinase (27). The 0.65-kb fragment was
labeled with [a-3?P]CTP by using the random-hexamer
method (11). Southern genomic analysis was conducted as
described previously (43), and colony screening was done as
described by Grunstein and Hogness (17). Nitrocellulose
filters (Schleicher & Schuell, Dassel, Federal Republic of
Germany) were used throughout, since they gave superior
results when compared with GeneScreen. Filters were ex-
posed to Kodak X-Omat AR film, and Quanta III intensify-
ing screens (E. I. duPont de Nemours & Co., Inc., Wilm-
ington, Del.) were optionally used.

Cloning procedures. For expression cloning, chromosomal
DNA of A. kivui was partially digested with restriction
endonuclease Sau3A, size fractionated to 3.5 to 12 kb on a
0.7% agarose gel, electroeluted by using a Biotrap (Schlei-
cher & Schuell) and recovered by precipitation. After liga-
tion into BamHI-cut and dephosphorylated pUC18 (46), E.
coli JM109 was transformed to ampicillin resistance as
described by Hanahan (19). Positive clones were identified
by colony screening with fluorescein isothiocyanate-labeled
antibodies as described above.

Exonuclease deletion. To construct an ordered subset of
deletion derivatives of pMP221, this plasmid was cut with
restriction endonucleases Sphl and BamHI, subjected to an
exonuclease III-VII deletion procedure (46), and trans-
formed by the method of Hanahan (19). Clones were prese-
lected by agarose gel electrophoresis of colony lysates and
mapped by restriction with Sszl. In-frame deletion deriva-
tives giving blue colonies in the color-forming assay (41)
were preferred, since the intact nature of their reading
frames could be conveniently monitored.

Nucleotide sequence analysis. Sequence analysis was per-
formed with the dideoxy-chain termination method of
Sanger et al. (34) by using the Sequenase kit (U.S. Biochem-
ical Corp., Cleveland, Ohio) with [a-3*SJdATP (Amersham)
and following the protocol supplied with this kit. By using
both dITP and dGTP, all of the base positions could be
identified. For other details see reference 31.

Amino acid analysis and amino acid sequence determina-
tion. For amino acid analysis of peptides, 0.1 to 0.5 pg of
peptide material was hydrolyzed by gas-phase hydrolysis
(40) by using a trifluoroacetic acid-6 M hydrochloric acid
mixture (1:10 [vol/vol]) at 140°C for 2 h. The hydrolysate was
derivatized by o-phthaldialdehyde-mercaptopropionic acid
and subjected to reversed-phase high-pressure liquid chro-
matography. Amino acid sequence analysis was performed
with a gas-phase sequenator (type 470A; Applied Biosys-
tems) (25), and phenylthiohydantoin derivatives were ana-
lyzed with a high-pressure liquid chromatography system
that separates all components isocratically (24). For amino
acid analysis of the S-layer protein, 20 pg of protein was
hydrolyzed with 5.7 N HCI at 110°C for 14 h, and amino
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acids were detected with ninhydrin on an automated amino
acid analyzer (model 6300; Beckman Instruments, Inc.,
Fullerton, Calif.).

Polypeptide cleavage and peptide separation. Cyanogen
bromide cleavage was performed in 70% formic acid for 4 h
at room temperature by using a reagent-to-protein ratio of
5:1 by weight. The reaction was stopped by evaporation.

For cleavage with staphylococcal Glu-C protease (ob-
tained from Boehringer Mannheim, Federal Republic of
Germany), 4 mg of S layer was digested with 800 pg of
protease for 72 h at room temperature in 50 mM Tris
hydrochloride (pH 7.5)-0.4% sodium dodecyl sulfate (SDS).
The S layer was denatured at 100°C for 20 min prior to
digestion. SDS was removed by extraction with 5 volumes of
isopentanol.

The peptide mixtures were dissolved in 70% formic acid
and separated on a sieving column (TSK 2000 SW or TSK
3000 SW; LKB Instruments, Inc., or Pharmacia, Inc., Pis-
cataway, N.J.). Suitable fractions of Glu-C peptides were
further purified by reversed-phase high-pressure liquid chro-
matography as described previously (31).

Deglycosylation. Purified S-layer protein (100 pg) was
vacuum dried from an aqueous suspension in the presence of
500 g of SDS and treated with trifluoromethanesulfonic
acid as described in reference 9. The samples were neutral-
ized by addition of 10 volumes of 1 M sodium carbonate
buffer, pH 9.2, at 0°C. After precipitation with 4 volumes of
ethanol at 0°C and centrifugation at 13,600 X g for 3 min, the
salt precipitate was dissolved in water and the protein pellet
was dissolved in electrophoresis sample buffer.

Computer analysis. The computer programs for sequence
similarity studies used in this study were available from the
Protein Identification Resource (16).

RESULTS

Protein chemical studies. Preparations of the S layer of A.
kivui contained one single polypeptide, as judged by amino
acid sequence analysis. However, on SDS-polyacrylamide
gels, the protein migrated in several more or less diffuse
bands, the fastest-moving one corresponding to an approxi-
mate M, of 82,000 (Fig. 1la). Variation of the temperature of
solubilization with SDS between 40 and 100°C, denaturation
with SDS and 8 M urea, or pretreatment with 88% formic
acid did not significantly affect this band pattern. However,
by peptide mapping with different proteases, these bands
were indistinguishable and the amino acid analyses of elec-
troeluted bands revealed no significant compositional differ-
ences (data not shown). After treatment of the S layer with
trifluoromethanesulfonic acid, which is an established
method for the peripheral degradation of O-linked carbohy-
drates (see reference 18), only one band with an approximate
M, of 86,000 appeared on SDS-polyacrylamide gels (Fig. 1a).
Preliminary compositional analyses have revealed significant
amounts of glucose, N-acetylglucosamine, and N-acetyl-
galactosamine. These data indicate that the S-layer polypep-
tide of A. kivui is heterogeneously glycosylated. More de-
tailed investigations are beyond the scope of this paper.

Cloning of the S-layer gene in E. coli. Chromosomal Sau3A
fragments were cloned as described in Materials and Meth-
ods. E. coli JM109 (46) was used as the cloning host. About
10,000 recombinant clones were subjected to an immunolog-
ical screening procedure, with antibody directed against the
purified S layer (see Materials and Methods). Of 16 initially
positive clones, only one retained the expression of polypep-
tides cross-reactive with antibodies against the S layer after
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FIG. 1. SDS-polyacrylamide gel and Western blot patterns of the
A. kivui S-layer polypeptide. (a) SDS-polyacrylamide gel electro-
phoresis of the purified S layer. The gel was stained with Coomassie
blue. Numbers followed by k, apparent M, (10°). Lanes: A, S layer,
30 pg; B, deglycosylated S layer (see Materials and Methods), 3 pg;
C, as in B, 30 pg. (b) Expression of the cloned A. kivui polypeptide
in E. coli. Lanes A, B, and C were stained with anti-A. Kivui S-layer
IgG and fluorescein isothiocyanate-labeled anti-rabbit IgG. Lanes D
through F were stained by using a variation of the streptavidin
system, using anti-A. kivui S-layer IgG as first antibody (see
Materials and Methods). Total cell protein from 0.4 ml of culture
(Asso = 1.0, 1-cm path length) was loaded on each lane. Lanes: A,
E. coli IM109 (pUC18); B, MP111; C, MP111, grown with 1 mM
IPTG; D, E. coli IM109(pUC18); E, MP211; F, MP211, grown with
1 mM IPTG. For the restriction maps of the corresponding plasmids,
see Fig. 2.

recultivation. The plasmid, designated pMP100, contained a
6.2-kb insert. Western blot analysis with anti-A. kivui IgG
(not shown) indicated that an antibody-reactive polypeptide
with an M, of at least 54,000 was encoded on this DNA
fragment. We presumed that MP100 contained a truncated
version of the S-layer protein gene. The size of the insert was
reduced by partial digestion of pMP100 with EcoRI and
religation. Subclones were screened by Western blot analy-
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sis. In the plasmid pMP111 (Fig. 2), two internal EcoRI
fragments of pMP100 were deleted, but the Western blot
polypeptide pattern (Fig. 1b) was unchanged. From the fact
that expression was independent of isopropyl-B-D-thiogalac-
topyranoside (IPTG), we inferred that the cloned gene
fragment was expressed from a cloned promoter and that the
3’ end of the gene rather than the 5’ end was missing. From
restriction mapping, we further inferred that the gene was
located at the end of the insert facing the lacZ gene. In order
to identify a chromosomal fragment containing the entire
gene, Southern genomic analysis was performed by using as
probes the 0.65-kb SstI-HindIll fragment from pMP111,
which was believed to lie within the coding region of the
gene (see Fig. 2), and two synthetic oligonucleotides derived
from known amino acid sequences of the S-layer polypeptide
(see the next paragraph). Since the major part of the gene
was known to be contained in the 3.1-kb EcoRI-Sau3A
fragment of pMP111 and since its orientation was also
known, we concluded that a 5.7-kb EcoRI-Kpnl fragment
hybridizing with all of these probes on Southern blots (data
not shown) contained the entire gene.

Chromosomal DNA of A. kivui completely digested with
these two restriction endonucleases was size fractionated by
4 to 7 kb by agarose gel electrophoresis and ligated into
suitably cut pUC18. However, all attempts to clone the
5.7-kb fragment in E. coli were unsuccessful, as judged by a
colony hybridization assay. In contrast to this, cloning of a
5.8-kb Ss#lI fragment was achieved by using a similar ap-
proach. By screening 500 clones, four clones that contained
a 5.8-kb SsiI fragment in the same orientation as pMP200
(Fig. 2), as judged by restriction analysis, were identified. All
of them hybridized with the 0.65-kb SstI-HindIII fragment
and a probe derived from a region of the protein near the N
terminus (later shown to correspond to positions 298 to 314
of the nucleotide sequence; see Fig. 3). However, a probe
derived from the N terminus itself (nucleotide positions 91 to
107) did not hybridize with any of these clones. These data
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FIG. 2. Restriction maps of the A. kivui chromosomal DNA region containing the S-layer protein gene and of the plasmids used in this
study. The uppermost drawing is a composite map obtained by restriction analysis of several overlapping subclone inserts; all restriction sites
determined are shown. The positions at which oligonucleotide probes hybridized are marked with arrows. The direction of transcription of
the lacZ gene is also indicated. In the plasmid maps below, only the terminal sites of the insert DNA are indicated. In each case, the insert
is located in the multiple cloning site of pUC18 (represented by dashed lines). The Sau3A site of the 5’ end of pMP111 results from the deletion
of two internal EcoRI fragments from the original Sau3A fragment in pMP100 (not shown). The solid bar represents the S-layer gene coding

region.



6310 PETERS ET AL. J. BACTERIOL.

70
WMMAMAWMTWMWWAG
"'—.__' ?KNLKKLIAVVSTPALVPSAHAVG

cchchrccAAccAcAcoc!!EZEEEZ!ETEZZZEZ:GAJGCACcT1nmccArcAscAc1cccTccrcmctumcctcrtnamumCAccA
F A"| T T P r T D v kD n AP ‘_JL_ﬁ__‘b v AR L Y ALNTIT n

230 250
A:cc1c1mccAsAmcccAAAmmmcctctacAmcacccnctwncAAsAocrcac;scar1acA11ccmuAAcAnnAmccmccccrAchAc
G VGEDPRKFEGVYDQPV TR A NH T T FVNR N J__;L_x__x_Jl

270 290
ACTTlBCTGAAAJGGCTAAGaGCGAGAAA1CAGcATTTlAAGAIGTlﬁEtE:zIz1Eéé!535EAGTTGGACAAAITIACTTGGCTTACA

+
+

.L.JL_I;JL_A..l..§..l.JL.§.JL.JL_l.J2_JHu5_3L.l..ﬂ.JL.A-JL.ﬁ.JL.I.Jl.Jg AT X

370 390
MHWMMWRMTWIAWMWAHMMG

LGLAQGVGNGK!DPNssELRYAQALAPVLRA

450 470
ummmmAMAmWWWMAQMWA&
LGPKDLDVPYGYLAK“%QDLGLVHGLNLAYR

3530 610
MMHMMMﬂMTAWWAOMWﬂMA&W

GVIKRGDLALILDRALBVPHVKYVDGKEVL

650
WWWTATAMMTMACMMW&

+

CE P LT S K VATEAE ,;_Ji!*__x,ak TN A QDRS UV TR e

750 790
me;nmcummmnucncunummmmmmmum

VAVLDKDGKLTTINAZSGLVDFSEYLGKKVIV

870
TATAWMMTAMMWTMMWTWAWMWA
-t
YSERFGDPVYVAEGDNDVVSPTEGQDSVGT

890 910 930 950 970
CAACAGTATATAAGAATGATGATAATMMCTGCTATWATGATMWANTACTI'I‘ACAATGGCTATH'GACMAAG‘HT

TVYKNDDNKTAIKVDnDNAYVLYNGYLTKVS

1010 1030
MWWMMMMQAWMMWAWTN
lVTVKEGA!VTIINNleLIVNGS!DNSTIV

1090 110 1130 1150

‘I’GTACAATGATGTACMAGTGGTGACAAGTACCTCAATAGAGAHCTMHACGAAWCAGTMCAGTWAT
-

YNDVQSGDKYLNRD537NYELKGTVTVTGAVS

1210
CAAAAGTMCAGATAT!‘AAAGCTMNA’H’ATATCTACIATGGCMGCAATATGATGTMATGGMATGWMCAGTMTATAOG

B s 2

I(VTDIKANDYIYYGKQYDVNGNVVGTVIYV

1250 1270 1330
WMMWMMAMAWWWQTATWTMTMWATM

+

VRNQVTGTVTEKSVSsgSTYKASIDNVSYTV




VoL. 171, 1989 A. KIVUI S-LAYER PROTEIN GENE SEQUENCE ANALYSIS 6311

1350 1410
MTMTMTGTATGGAATCAGCH'GAAOCAGGTMGAAAGTAACAGTCATACTMATAMGATMMMMAGGAATATM

ADNNVHIQL!PGKKVGTVILNKDNVIVGISS

1490 1510

1430 1450 470
WQACTACAAQAWAMHAMATAWMMMNCAMACNMWWNC

TTTTTAVN!AIPKEK‘S)DPFTA"PAKVKLIL

1550 1570
WNWAWWACAGWAOGTATATGATMAGTCAACTEAGCGGAAGGTACTATAGTMOCTATA

rDAAnxvroAVVsnvsrnxvnx.u_q_x_g_y_z,tr

1610

1690

1650
WWWMMQTAWMMCQWAWTATWMAT

VDANGKLNDIQRANDQPPSSASYKADAKVL

1730

1750
TMCTGMGGTAGTAOGACATACTACATCACAGACAACACAGTGCITCTIMCAACACAAGTGANGTIATMAGCAHMAACTGACAG

TEGSTTYYITDNTVLJ;NNTSDGYKALKLTD

1810

1790 1830 1850
ATC'I'MMBATGCTACAMCMMMMATMHACMWTAGTAGTAMMTMMW

1870

LKDATRLNVKIVADNYNVAKVVVPNNASPV

1890 1910 1930
TATCAACTACAACATCIACAGTH‘AMTATGTAACAGGTACAGCAGANNTAOGTMANGCTCAACATITACTAGA'H'MCAGTI‘C

STTTSTVYA!VTGTADVYVNGST?TRLTVL

1970

1990 010 2050
MWWTANAMMMCAAHAGCTACAM‘H‘ATACACATMAGOGGTMTA‘H‘MCA'I'I‘AACTMN

ENGQTKTYDANAQLA6“1"NYTHKAVVLTLTNA

2070

211 213
MMWWWMHMMTAMWMRACNATMA

KIAIIALPTVASGVKLTNIDQANLRITDTT

2150 2170

2190 2210 2230

CCAATMABGATATCTCHOGATCCTMCMATAGTAGTAGATACAMNGTMTCTCAAAGGAHMGOGATAHACMAGGATACAG

NKGYLLDPNPIVVDT7NGNLKGLSDITKDTG

290 2310
GAG‘H‘MCCTCTATACTAAOGAOGTAGGTMAGTAWMTAGAAATAGTACAATMTAHCAACTATAMGAGTCCTCCTCC'I'I‘GGG

VENLYTNDYGKIYFILETV Qoeud —_— -

2350

2410

2390
MAMMWWAWQAMMMTMTATATMMH

2450

2430
GNCAMATCAMCAAHAAGCAGGATMAAMAGGAGGGAA

FIG. 3. Nucleotide sequence of the gene for the A. kivui S-layer polypeptide. A tandem of Shine-Dalgarno sequences is underlined. The
signal peptndase cleavage site as derived from N-terminal amino acid sequence analysis of the mature S-layer polypeptide is marked with an
arrow. The amino acid sequence coded in the single open reading frame is also displayed. Partial amino acid sequences determined by Edman
degradation of the S-layer protein and of peptides obtained after cleavage with cyanogen bromide, staphylococcal protease, and pepsin are
underlined. Partial nucleotide sequences corresponding to oligonucleotide probes are also marked with lines. The putative terminator

palindrome (see text) is indicated with arrows.

enabled us to localize the position of the structural gene
rather accurately.

Plasmids pMP211 and pMP221 were derived from pMP200
by deletion of the 1.9-kb KpnI fragment or the 3.9-kb BamHI
fragment, respectively. The 3.9-kb BamHI fragment was

cloned into the BamHI site of pUC18 to give pMP232 (see
Fig. 2; the second Kpnl and BamHI sites were located in the
multiple cloning region of the vector.)

MP200, MP211, and MP221 were stable throughout more
than 10 cycles of cultivation. As verified later by DNA
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TABLE 1. Amino acid composition of the A. kivui S layer

Composition (mol%) from:

Amino acid
Amino acid analysis DNA sequence

Cys 0 0

Asx 16.1 16.4
Thr 9.0 9.6
Ser 4.3 4.9
Glx 6.5 6.0
Pro 2.5 2.2
Gly 7.5 7.2
Ala 8.8 8.7
Val 12.1 12.5
Met 0.5 0.5
Ile 4.6 4.7
Leu 8.2 7.9
Tyr 6.1 6.1
Phe 2.9 2.7
His 0.5 0.5
Lys 7.9 7.8
Arg 1.9 1.9
Trp ND¢ 0.5

% ND, Not determined. For the calculation, this value was set to 0.5.

sequencing, pMP221 contained an in-frame fusion of the
S-layer gene with the lacZ gene. The plasmids pMP200 and
pMP211 contained N-terminal lacZ fusions. Indeed, Fig. 1b
demonstrates that the level of polypeptide produced was
strongly enhanced by IPTG, although it was still below
expectations based on lacZ promoter strength. MP221 gave
blue colonies in the color-forming assay (41). This is plausi-
ble, since both the 3’ end and the 5’ end of the structural
gene are missing in pMP221, but it should be noted that the
size of the insert is as much as 1.95 kb. The gel pattern in
Fig. 1b indicates that the S-layer fragment encoded in
pMP211, which has a calculated M, of 75,666, is subject to
partial proteolytic digestion in E. coli. The approximate M,
of the major polypeptide observed is 71,000. The suscepti-
bility of even the native protein to proteolytic degradation
was also demonstrated in vitro. Treatment of the native S
layer with trypsin resulted in the disintegration of the S
layer, and the approximate M, of the polypeptide was
reduced to 72,000. When purified S layer was incubated with
ultrasonicated E. coli JM109 cells, the 82,000-M, band
vanished and a 71,000-M, band appeared as the major
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digestion product, as detected by Western blotting (data not
shown).

Nucleotide sequence analysis. The bulk of the structural
gene, which is present in pMP221, was sequenced from an
ordered set of deletion derivatives generated with exonu-
cleases III and VII (46). As mentioned above, this plasmid
caused the formation of blue clones in the color-forming
assay for lacZ fusion proteins, and this was also true for
many of its deletion derivatives. The occasional formation of
frameshift point mutations, resulting in white colonies, could
thus be conveniently monitored. The sequence of the 5’ end
was obtained from pMP121, and that of the 3’ end was
obtained from pMP232. Sequences overlapping the Ss¢I or
BamHI site were obtained by using sequence-derived oligo-
nucleotide primers with pMP100 or pMP211, respectively.
The counterstrand was also sequenced by using synthetic
oligonucleotides. The nucleotide sequence is shown in Fig.
3. A tandem of overlapping Shine-Dalgarno sequences (36)
precedes a single open reading frame of 2,289 nucleotides.
The other two forward frames contain 76 or 83 stop codons,
respectively. From the N-terminal sequence of the mature
protein and from known features of presequences (42, 44),
we conclude that the S-layer polypeptide is synthesized as a
precursor, with a 26-amino-acid extension. The mature
polypeptide comprises 736 amino acids, with a calculated M,
of 80,046. The distance between the Shine-Dalgarno se-
quence and the putative transcriptional start site is within the
optimal range (see references 35 and 37), and, therefore, it is
unlikely that methionine 21 is used as an alternative start
site.

The 3’ end is followed by a strong palindrome (p = 5.75,
s = 15) which was identified by the TERMINATOR algo-
rithm (6). This and the immediately ensuing very deoxyribo-
sylthymine-rich stretch are typical of factor-independent
transcription termination signals (6).

The codon usage of the structural gene is extremely biased
towards A-T. The overall A-T content is 64%, whereas that
of codon position 3 is 76%. This significantly nonrandom
codon usage favored a statistical analysis of the coding
probability (12) which strongly indicated that the region
downstream of the 3’ end of the gene was noncoding.

The amino acid analysis of the nucleotide sequence-
derived polypeptide is in excellent agreement with the
composition of the purified S layer, as shown in Table 1.

1’ MKNLKKLIAVVSTFALVFSAMAVGFAA--TTPFTDVKDDAPYASAVARLYALNITNGVGD

LRI X

...............

1 MKKVVNSVLASALALTVAPHAFAAEBAATTTAPKMDADMEKTVKRLBALGLVAGYGN

59 PKFGVDQPVTRAQMITFVNRHLGYEDLAEMAKSEKSAFXDVPQNHWAVGQINLAYKLGLA

.............

58" GEYGVDKTITRAEFATLVVRARGLBQGAKLAQFSNT YTDVKSTDWFAGFVNVASGEEIV

119 QGVGNGKFDPNSELRYAQALAFVLRALGFK—--DLDWPYGYLAKAQDLGLVHGLNLAYNG

117" KGFPDKSFKPQNQVTYAEAVTMIVRALGYEPSVKGVWPNSMISKASELNIARSITTPNNA

176 VIKRGDLALILDRALEVPMVKYVDG

177" AT RGDIFKMLDNALRVDLMEQVEF

FIG. 4. Intersequence comparison of the A. kivui S-layer polypeptide and the MWP of B. brevis (38). The single primes denote positions
in the A. kivui polypeptide and double primes refer to the MWP polypeptide. Identical matches are marked with double dots; conservative
replacements (1) are marked with single dots. The displayed alignment was obtained with the FASTP program (23).
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FIG. 5. Intrasequence comparison of the N-terminal region of the A. kivui S-layer polypeptide. The region of strongest similarity as judged
by the RELATE program (1) is displayed. Sequence positions are numbered as in Fig. 3.

DISCUSSION

In this study we report the heterologous expression of the
A. kivui S-layer polypeptide in E. coli. The gene and its
product are not so toxic as to prevent stable expression of
major gene fragments containing either the 5’ end or the 3’
end of the gene in E. coli. However, the failure to clone the
entire gene for the A. kivui S layer directly from chromo-
somal DNA fragments leads one to suspect that the complete
gene or its product may be toxic to the host cell. This view
is also corroborated by the fact that N-terminal lacZ fusion
proteins are produced in rather small amounts in the pres-
ence of IPTG.

With the advent of new nucleotide sequences, certain
common structural features of S-layer polypeptides begin to
emerge. All of the five S-layer polypeptides studied thus far,
including that of A. kivui, contain an excess of acidic
residues, although the A. kivui S-layer protein, like the
hexagonally packed intermediate (HPI)-layer protein of Dei-
nococcus radiodurans (31), is only weakly acidic (total
charge at neutral pH = —13). As in the previously reported
sequence of the HPI-layer polypeptide of D. radiodurans
(31), we note clusters of serine-threonine residues (positions
473 to 479 and positions 626 to 631 in Fig. 3). A very
threonine-rich sequence is also found in the S-layer polypep-
tide of Halobacterium halobium (20). Although these simi-
larities do not represent statistically significant structural
homologies as scored with the RELATE algorithm (1), these
sequences are quite unique in procaryotic proteins. As in the
HPI-layer polypeptide, the two serine-threonine clusters are
flanked by moderately hydrophobic sequences. The struc-
tural significance of these serine-threonine-rich regions is not
clear. In some eucaryotic proteins, such as the salivary glue
protein of the fruit fly (14) or the contact site A protein of
Dyctostelium discoideum (29), serine-threonine-rich se-
quences seem to be related to adhesion phenomena, and this
might also apply to bacterial S layers. The distribution of
positive and negative charges is not balanced throughout the
polypeptide. In particular, the region from positions 190 to
380 contains a net negative charge of —15, whereas the
region from positions 600 to 763 (C terminus) is positively
charged (+3).

The prediction of secondary structure, as described by
Chou and Fasman (8) and Garnier, Osguthorpe, and Robson
(15), gave 33% B structure, 12% a helix, and 8% turns, or 41,
20, and 15%, respectively. The predicted values for B
structure content are in good agreement with the value of
approximately 35% determined by infrared spectroscopy (2).
Spectroscopic measurements (infrared or circular dichroism)
of the S layers or component proteins of A. kivui (2),
Sporosarcina ureae (10), Azotobacter vinelandii (4), Aero-
monas salmonicida (32), and the HPI layer of D. radiodu-
rans (3) have yielded B structure contents around 30%. This
might therefore be regarded as a structural characteristic of
S layers.

Common architectural principles have also been identified
on the tertiary-structure level by using three-dimensional
electron microscopy. Thus, conspicuous structural similar-

ities were found between the inner surfaces of the S-layers of
A. kivui, D. radiodurans, and Clostridium thermohydrosul-
furicum (2). It would be interesting to correlate such struc-
tural similarities, which seem to reflect common building
principles, with primary structure similarities. However, by
using the RELATE algorithm (1), we did not identify any
statistically significant local-sequence similarity between the
S-layer polypeptides of D. radiodurans and A. kivui. Re-
cently three-dimensional structures of the A. kivui S layer
(unpublished results; model shown in reference 2) and the
Bacillus brevis middle wall protein (MWP) layer (Tsuboi,
Engelhard, Santarius, Tsukagoshi, Udaka, and Baumeister,
J. Ultrastruct. Mol. Struct. Res., in press) have become
available. The reconstructions reveal a strikingly similar
overall organization (both belong to the Mg C; class [2]) and
domain structure. An alignment of the two amino acid
sequences with the FASTP program (23, 45) showed that the
N-terminal regions are highly similar (see Fig. 4). The
corresponding alignment score is 30.7 standard deviations
(SD) above the random mean, as determined with the RDF
program (23). This value may be taken to reflect a definite
sequence homology (23). These are only four gaps of one to
three amino acids, and the displacement of both sequences
in the alignment is never higher than three residues. The rate
of identity in a 20l-amino-acid overlap is 31%, and the
additional similarity, defined as the fraction of conservative
replacements (1), is 43%. A dot matrix analysis (26) revealed
an internal sequence homology within the N-terminal region
of the A. kivui S-layer polypeptide. A statistical evaluation
with the RELATE program yielded a SD value of 10.8 for
the alignment shown in Fig. 5. This observed tandem ar-
rangement of homologous sequences probably originated in
an intragenic duplication. As might be expected, an internal
sequence similarity was also observed in the MWP, but the
level of significance was much lower (data not shown). The
homology between the two polypeptides was found to be
confined to the region shown in Fig. 4. However, by using
the RELATE program, we found an additional region of
much lower similarity between positions 527 through 640 in
the A. kivui S-layer polypeptide and 646 through 759 in the
MWP. Although the corresponding SD value is only 3.3, this
result appears interesting in the light of the fact that similar-
ities were also found between positions 758 through 797 in
the MWP and positions 797 through 836 in the outer wall
protein of B. brevis (39) (SD = 2.6.) and between positions
814 through 889 of the HPI-layer protein and positions 767
through 843 of the outer wall protein (SD = 5.1 [31]).

In conclusion, similarities of different qualities were de-
tected between the C-terminal regions of all four eucaryotic
S-layer polypeptides sequenced thus far. However, we do
not yet understand the significance of these data. More
amino acid sequences of S layers are clearly required to
draw conclusions on phylogenetic relationships. In particu-
lar, the knowledge of S-layer protein sequences from organ-
isms belonging to the same phylogenetic division as A. kivui
and B. brevis should help us to discern whether the N-
terminal sequence homology in Fig. 4 reflects an interspecies
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gene transfer event or whether strong evolutionary pressure
has conserved a region or domain in two related proteins.
Furthermore, the identification of homologous amino acid
sequences in the three-dimensional structures of S layers by
topographical methods such as limited proteolysis or immu-
noelectron microscopy would bring us one step further in the
understanding of S-layer architecture.

We are currently investigating the glycosylation of the
S-layer protein of A. kivui. These studies are potentially of
great interest, since there is no unequivocal proof so far of
the existence of eubacterial glycoproteins.
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