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Identification of Two Binding Domains, One for Peptidoglycan
and Another for a Secondary Cell Wall Polymer, on the
N-Terminal Part of the S-Layer Protein SbsB from
Bacillus stearothermophilus PV72/p2
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First studies on the structure-function relationship of the S-layer protein from B. stearothermophilus PV72/p2
revealed the coexistence of two binding domains on its N-terminal part, one for peptidoglycan and another for
a secondary cell wall polymer (SCWP). The peptidoglycan binding domain is located between amino acids 1 to
138 of the mature S-layer protein comprising a typical S-layer homologous domain. The SCWP binding domain
lies between amino acids 240 to 331 and possesses a high serine plus glycine content.
Bacillus stearothermophilus is a strictly aerobic, thermophilic,
endospore-forming species of gram-positive bacteria which is
frequently endowed with a crystalline bacterial cell surface layer (S-layer; for reviews see references 3, 8, 21, 23, and 24) as
the outermost cell envelope component. The S-layer lattice
from B. stearothermophilus PV72/p6 shows hexagonal symmetry and is composed of subunits with a molecular weight of
130,000 (25). The gene encoding this S-layer protein (SbsA)
has been cloned and sequenced (10). A different S-layer protein, SbsB, is produced by an oxygen-induced variant strain
(B. stearothermophilus PV72/p2); this protein has a molecular
weight of 97,000 and assembles into an oblique lattice type
(20). These S-layer proteins are encoded by different genes (9,
10). Chemical analysis of native peptidoglycan-containing sacculi revealed that both organisms have an identical peptidoglycan chemotype but possess a secondary cell wall polymer
(SCWP) of different chemical composition (6, 17). The SCWP
from B. stearothermophilus PV72/p2 is mainly composed of
N-acetylglucosamine and N-acetylmannosamine in a molar
ratio of 2 to 1, shows a molecular weight of 24,000, and is covalently linked to the peptidoglycan backbone (17). Recently,
the SCWP was found to inhibit the in vitro self-assembly of the
guanidine hydrochloride (GHCl)-extracted SbsB protein by
keeping it in the water-soluble state (19). Moreover, the isolated SCWP significantly enhanced the stability of the S-layer
protein under proteolytic attack (19). Previous studies revealed
that the SCWP plays an important role in anchoring the S-layer
protein via the N-terminal region to the rigid cell wall layer
(17).
By sequence comparison, S-layer homologous (SLH) domains (13) were identified on the N-terminal part of several
S-layer proteins (4, 5, 7, 15, 16, 26) or at the very C-terminal
end of other cell-associated exoproteins (11, 12, 14). In general, SLH domains were suggested to anchor these proteins
permanently or transiently to the cell surface. An SLH domain
was identified on the N-terminal part of SbsB but not on SbsA
(9, 10). Experiments performed in the present study were car-

ried out to clarify whether binding domains for peptidoglycan
and for SCWP coexist on the N-terminal part of SbsB, the Slayer protein from B. stearothermophilus PV72/p2.
Characterization of proteolytic cleavage fragments formed
with endoproteinase Glu-C in the absence and in the presence
of the SCWP. Proteolytic degradation of the S-layer protein
was performed with the endoproteinase Glu-C, which under
the applied experimental conditions attacks S-layer proteins
after glutamic acid (17). When limited proteolysis was carried
out in 0.1% sodium dodecyl sulfate (SDS) in 50 mM Tris-HCl
buffer (pH 7.2), identical cleavage patterns were obtained in
the absence and in the presence of the SCWP (Fig. 1A, B, and
C). As determined by Edman degradation, the cleavage fragments showing molecular weights of 90,000 and 85,000 on SDS
gels carried the N terminus of the mature S-layer protein, whereas the 66,000-molecular-weight cleavage fragment had the Nterminal sequence L-T-S-S-N-T-N-T-V. Comparison with the
amino acid sequence of the whole S-layer protein (9) revealed
that cleavage had occurred beyond glutamic acid at position
299. In contrast to the results obtained in 0.1% SDS, proteolysis of the S-layer protein in 2 M GHCl was clearly influenced
by the SCWP. In the absence of the SCWP most of the S-layer
protein was attacked by endoproteinase Glu-C, leading to formation of two major cleavage fragments with molecular weights
of 85,000 and 55,000 and one minor cleavage fragment with a
molecular weight of 66,000 (Fig. 1B). The two major cleavage
fragments had an identical N-terminal sequence, V-T-K-G-TP-T-S-F, showing that the S-layer protein was attacked beyond
glutamic acid at position 138. The 66,000-molecular-weight
fragment carried the N terminus of the mature S-layer protein.
In the presence of the SCWP only about half of the S-layer
protein was attacked by endoproteinase Glu-C, leading to the
formation of an N-terminal 66,000-molecular-weight cleavage
fragment (Fig. 1C). Sequencing of a small protein band with an
apparent molecular weight of 30,000 led to the N-terminal sequence I-D-V-N-A. Judged by the N-terminal sequence which
started with isoleucine at position 611 and by the molecular
weight, this cleavage fragment was most probably formed together with the N-terminal 66,000-molecular-weight fragment
and represented the C-terminal part of the S-layer protein.
Affinity studies with proteolytic cleavage fragments with known
N-terminal sequences and native and HF-extracted peptido-
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glycan-containing sacculi. In order to obtain information on
the location of peptidoglycan and SCWP binding domains,
affinity binding studies were carried out with native sacculi as
well as HF-extracted, peptidoglycan-containing sacculi that
were completely devoid of the SCWP. Moreover, a potential
SCWP binding domain on the S-layer protein was blocked by
the addition of SCWP (17, 19). In 0.1% SDS in the absence
or in the presence of SCWP, the whole S-layer protein and
the two high-molecular-weight N-terminal cleavage fragments
(90,000 and 85,000) were bound to the native or HF-extracted
peptidoglycan-containing sacculi (Fig. 2A and B). On the other
hand, the 66,000-molecular-weight cleavage fragment missing
the N-terminal 299 amino acids remained unbound (Fig. 2C).
These results confirmed data from previous studies indicating
that the N-terminal 299 amino acids play an important role in
anchoring the S-layer subunits to the rigid cell wall layer (17).
After proteolytic degradation of the S-layer protein in 2 M
GHCl and removal of GHCl by dialysis, the whole S-layer
protein and all high-molecular-weight cleavage fragments could
bind to native peptidoglycan-containing sacculi (Fig. 3a, b, and
c). Using HF-extracted peptidoglycan-containing sacculi as an
affinity matrix, only the whole S-layer protein and the N-terminal 66,000-molecular-weight cleavage fragment were enriched in the pellet, whereas cleavage fragments missing the
N-terminal 138 amino acids remained in the supernatant (Fig.
3d, e, and f). Since HF-extracted peptidoglycan-containing sacculi represented pure peptidoglycan of the A1g-chemotype (2,
22), attachment of the whole S-layer protein and the N-terminal cleavage fragment could have occurred only via a peptidoglycan binding domain which must be located within the segment of the N-terminal 138 amino acids. For further proof
regarding the coexistence of a peptidoglycan and an SCWP
binding domain on the N-terminal part of the S-layer protein,
proteolytic cleavage fragments were prepared in 2 M GHCl
and then SCWP (250 mg per mg of S-layer protein) was added
to block a potential binding domain. After removal of GHCl by
dialysis and incubation with native peptidoglycan-containing
sacculi, the whole S-layer protein and the N-terminal cleavage
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fragment were detected in the pellet (Fig. 3g, h, and i), whereas
cleavage fragments missing the N-terminal 138 amino acids
remained in the supernatant. Thus, blocking of the SCWP
binding domain confirmed that a peptidoglycan binding domain exists within the N-terminal 138 amino acids (Fig. 4).
Location of the SCWP binding domain. For determining the
location of the SCWP binding domain, S-layer self-assembly
products (10 mg) were dissolved in 2 M GHCl, an excess
amount of SCWP (10 mg) was added to keep the S-layer
protein in the water-soluble state after removal of GHCl by
dialysis (19), and the S-layer protein was digested with 200 mg
of pronase E for 5 h at 37°C in the presence of 10 mM CaCl2.
Separation of the pronase-E-digested material by gel permeation chromatography led to a product with two distinct peaks
(not shown). The first peak (fraction I) gave a strong reaction
when examined with the UV detector, eluted at a molecular
weight of .200,000, and consisted of the whole S-layer protein
and a series of proteolytic cleavage fragments. The second
peak (fraction II) eluted at a molecular weight of 30,000 and
gave only a distinct peak when examined with the refraction
index detector, indicating that the major part of this fraction
was SCWP. Amino acid analysis of the material collected in
fraction II revealed that in comparison to those in the whole
S-layer protein, the serine and glycine contents were significantly increased (11.3% versus 6.0% for serine and 10.2%
versus 6.0% for glycine) and that serine and glycine occurred in
a molar ratio of 1 to 0.9 (Table 1). As derived from the amino
acid sequence of the whole S-layer protein, glycine is more
regularly distributed whereas serine is concentrated at two
distinct regions. The first serine-rich segment is located between amino acids 262 to 318 of the mature S-layer protein.
The region containing serine and glycine in a molar ratio of 1
to 0.9 lies between amino acids 242 to 328. The second serinerich segment was found on the C-terminal part of the S-layer
protein, between amino acids 681 to 726. In this segment, the
molar ratio of serine to glycine was 9 to 1 and even if the range
was extended to amino acids 664 to 738, a molar ratio of only
2.25 to 1 was obtained for serine to glycine.

FIG. 2. Affinity studies performed with proteolytic cleavage fragments prepared with endoproteinase Glu-C in 0.1% SDS in 50 mM Tris-HCl buffer (pH
7.2) and native peptidoglycan-containing sacculi. Shown are proteolytic cleavage
fragments before incubation with native peptidoglycan-containing sacculi (lane
A), remaining in the clear supernatant recognizing as a binding site native
peptidoglycan-containing sacculi (lane B), and (lane C). Lane B, two minor
cleavage fragments with apparent molecular weights of 57,000 and 52,000 (V-PV-Q-V and T-K-P-V-D-F) starting with either amino acid 355 or amino acid 409
of the mature S-layer protein. For the affinity studies, 1 mg of peptidoglycancontaining sacculi per mg of S-layer protein was added. Lane D, molecular
weight standard (molecular weights given are multipliers of 1,000). Proteolytic
cleavage fragments subjected to N-terminal sequencing are indicated by arrows.
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FIG. 1. SDS-polyacrylamide gel electrophoresis pattern of cleavage fragments formed by limited proteolysis of the S-layer protein from B. stearothermophilus PV72/p2 with endoproteinase Glu-C in 0.1% SDS (lane A) and 2 M GHCl
(lanes B and C) in 50 mM Tris-HCl buffer (pH 7.2) in the absence (lane B) and
the presence (lane C) of the SCWP. Conditions for proteolytic cleavage were as
follows. One milligram of S-layer protein was dissolved in 1 ml of 0.1% SDS or
2 M GHCl, 40 mg of endoproteinase Glu-C was added, and samples were
incubated for 1 h at 37°C. The concentration of the SCWP was 250 mg per 1 mg
of S-layer protein. Proteolytic cleavage fragments subjected to N-terminal sequencing are indicated by arrows.
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On the basis of N-terminal sequencing (A-T-G-I-K), the first
amino acid of the peptide remaining attached to the SCWP
was alanine at position 240. The amino acid composition was
identical to that of the serine- and glycine-rich N-terminal
segment extending from amino acids 240 to 331 of the mature
S-layer protein (Table 1). Thus, the SCWP binding domain
must be located in the sequence between amino acids 240 to
331, on which three double serine sequences have been identified (9). Interestingly, the existence of segments showing a
high serine plus threonine plus glycine content was also reported for cell-associated exoenzymes (14). According to secondary structure predictions the high serine plus glycine plus
threonine content indicated the presence of loops (18).
Amino acid analysis of fraction II further showed that the
molar ratio of glucosamine to serine had increased to 10 to 1.
Based on the estimated molecular weight (24,000) and the

composition of the SCWP, one polymer chain consists of 120
monosaccharides, which corresponds to 80 glucosamine residues. Since the peptide remaining attached to the SCWP contained 10 serine residues (Table 1), the molar ratio between
the SCWP and the peptide representing the SCWP binding
domain was 1.25 to 1.
Sequence comparison. For comparison of the S-layer protein from B. stearothermophilus PV72/p2 with other S-layer
proteins, amino acid sequence similarity searches were performed with the BLAST program (1). For the very N-terminal
part of the S-layer protein (amino acids 1 to 138) representing
the peptidoglycan binding domain and comprising the SLH
domain (amino acids 29 to 78), the highest scores of identity
were found with the S-layer protein EA1 from Bacillus anthracis (32%) (7), with the S-layer proteins from Bacillus licheniformis (26) (34%) and Bacillus sphaericus 2362 (5) (30%), and

FIG. 4. Schematic drawing of the S-layer protein from B. stearothermophilus PV72/p2 showing the location of the peptidoglycan and SCWP binding domain and the
different endoproteinase Glu-C cleavage sites (positions of glutamic acid residues are given). The mature S-layer protein consists of 889 amino acids. 6, with or without
SCWP.

Downloaded from http://jb.asm.org/ on November 20, 2019 by guest

FIG. 3. Affinity studies with proteolytic cleavage fragments prepared in 2 M GHCl in 50 mM Tris-HCl buffer (pH 7.2) and native (lanes a through c and lanes g
through i) or HF-extracted (lanes d through f) peptidoglycan-containing sacculi. In lanes g through i, the polymer binding domain on the S-layer protein was blocked
by addition of SCWP (250 mg/mg of S-layer protein). Shown are proteolytic cleavage fragments before incubation with peptidoglycan-containing sacculi (lanes a, d, and
g), remaining in the clear supernatant (lanes b, e, and h), and recognizing native (lanes c and i) and HF-extracted (lane f) peptidoglycan-containing sacculi as a binding
site. Molecular weights given are multipliers of 1,000.
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TABLE 1. Amino acid composition of the whole S-layer protein and of
the peptide remaining attached to the SCWP after digestion of the Slayer protein with pronase E for 5 h at 37°C
Amino acid composition
(mol%) of:
Mature S-layer
protein according
to the sequence (9)/
amino acid
analysis

Peptide
remaining
attached to
the SCWP

Asp/Asn
Thr
Ser
Glu/Gln
Gly
Ala
Val
Ile
Leu
Phe
Lys

14.3/13.1
10.2/9.4
6.0/5.7
6.2/6.7
6.0/6.5
8.5/9.3
11.5/11.7
3.2/4.3
5.0/6.0
4.1/4.2
8.0/8.8

11.7
10.7
11.3
9.4
10.2
10.5
13.9
2.9
6.8
1.7
10.9

10.3
9.5
10.0
8.3
9.0
9.3
12.3
2.6
6.0
1.5
9.6

a
b

No. of
amino acids
in S-layer
proteinb

10
9
10
8
9
9
15
2
6
1
10

In relation to 10 amino acids for serine.
Sequence between amino acids 240 and 331.

with the S-layer protein Sap from B. anthracis (15) (38%).
Interestingly, no identity to other S-layer proteins was detected
for the segment between amino acids 240 and 331, representing the SCWP binding domain.
Conclusion. The results from the affinity studies revealed
that the N-terminal part of SbsB, the S-layer protein from
B. stearothermophilus PV72/p2, carries two binding domains,
one for peptidoglycan and another for SCWP. The peptidoglycan binding domain comprising a typical SLH domain showed
the highest scores of identity with S-layer proteins from other
Bacillus spp., whereas the SCWP binding domain was not related to other S-layer proteins. Since the peptidoglycan A1gchemotype is widely distributed among Bacillaceae (2), the
SCWP can be considered as the cell envelope component endowing the peptidoglycan-containing layer with specific (physico)chemical properties and may even mask the peptidoglycan.
According to this consideration, SbsB did not recognize as
a binding site native peptidoglycan-containing sacculi from
B. stearothermophilus wild-type strains, which possess an identical peptidoglycan chemotype but have an SCWP of different
chemical composition (20). By contrast, the S-layer proteins
from two B. stearothermophilus wild-type strains have an identical N-terminal region which is responsible for anchoring the
S-layer subunits via an identical SCWP to the rigid cell wall
layer, thereby enabling heterologous recrystallization (6). Interestingly, the N-terminal part of the S-layer proteins from
B. stearothermophilus wild-type strains does not comprise an
SLH domain and does not show identity to other S-layer proteins, strongly indicating the absence of a peptidoglycan-binding domain.
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and D. J. Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation
of protein database search programs. Nucleic Acids Res. 25:3389–3402.
2. Archibald, A. R., I. C. Hancock, and C. R. Harwood. 1993. Cell wall structure, synthesis, and turnover, p. 381–410. In A. Sonenshein, J. A. Hoch, and
R. Losick (ed.), Bacillus subtilis and other gram-positive bacteria. American
Society for Microbiology, Washington, D.C.

3. Beveridge, T. J. 1994. Bacterial S-layers. Curr. Opin. Struct. Biol. 4:204–212.
4. Beveridge, T. J., P. H. Pouwels, M. Sára, A. Kotiranta, K. Lounatmaa, K.
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