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The S-layer lattice from Bacillus stearothermophilus DSM 2358 completely covers the cell surface and exhibits
oblique symmetry. During growth of B. stearothermophilus DSM 2358 on starch medium, three amylases with
molecular weights of 58,000, 98,000, and 184,000 were secreted into the culture fluid, but only the high-
molecular-weight enzyme was found to be cell associated. Studies of interactions between cell wall components
and amylases revealed no affinity of the high-molecular-weight amylase to isolated peptidoglycan. On the other
hand, this enzyme was always found to be associated with S-layer self-assembly products or S-layer fragments
released during preparation of spheroplasts by treatment of whole cells with lysozyme. The molar ratio of
S-layer subunits to the bound amylase was approximately 8:1, which corresponded to one enzyme molecule per
four morphological subunits. Inmunoblotting experiments with polyclonal antisera against the high-molecu-
lar-weight amylase revealed a strong immunological signal in response to the enzyme but no cross-reaction
with the S-layer protein or the smaller amylases. Immunogold labeling of whole cells with anti-amylase
antiserum showed that the high-molecular-weight amylase is located on the outer face of the S-layer lattice.
Because extraction of the amylase was possible without disintegration of the S-layer lattice into its constituent
subunits, it can be excluded that the enzyme is incorporated into the crystal lattice and participates in the
self-assembly process. Affinity experiments strongly suggest the presence of a specific recognition mechanism
between the amylase molecules and S-layer protein domains either exposed on the outermost surface or inside
the pores. In summary, results obtained in this study confirmed that the S-layer protein from B. stearother-

mophilus DSM 2358 functions as an adhesion site for a high-molecular-weight amylase.

Crystalline bacterial surface layers (S-layers) can now be
considered one of the most common surface structures in pro-
karyotic cells (for reviews, see references 3, 6-9, 15, 19, 20, 28,
and 40-44). S-layer lattices are assemblies of identical subunits
showing either oblique (p2), trimeric (p3), square (p4), or
hexagonal (p6) symmetry. Depending on the lattice type, one
morphological unit consists of two (p2), three (p3), four (p4),
or six (p6) identical protein or glycoprotein subunits with mo-
lecular weights ranging from 30,000 to 200,000.

Although considerable information about the morphology,
chemistry, morphogenesis, and genetics of S-layers has accu-
mulated, relatively few reliable data are available about bio-
logical functions (for reviews, see references 6, 10, 17, 21, 30,
38, and 47-51).

Bacillus stearothermophilus strains are aerobic, thermophilic
organisms which can produce large amounts of exoenzymes
such as proteases and amylases (1, 29). Despite considerable
diversity regarding the lattice type, the molecular weight of the
S-layer subunits, and the presence of covalently bound carbo-
hydrate residues (26), great similarities could be observed in
the molecular-sieving properties of their S-layers. An addi-
tional common property appears to be a net neutral charge of
the S-layer surface and the pore areas (36, 37). Although it has
frequently been suggested that S-layers from members of the
family Bacillaceae can protect the peptidoglycan from murami-
dases and the protoplast from proteases (40), in the case of B.
stearothermophilus strains, no experimental evidence could
support this assumption. Detailed permeability studies showed
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that molecules with molecular weights of up to 40,000 can pass
through the pores in the S-layer lattices (37). Pores small
enough for rejecting lysozyme have only been detected in
strains of Sporosarcina ureae (5). For a few Bacillus strains, it
was demonstrated that lysozyme resistance is caused by a mod-
ified peptidoglycan but does not result from smaller pores in
their S-layer lattices (34).

Because S-layer-carrying B. stearothermophilus strains can
produce large amounts of exoproteins with molecular weights
above the exclusion limit of their S-layers, the involvement of
these lattices in exoprotein secretion has to be examined. In
this context, it was suggested that S-layers from members of
the family Bacillaceae could delineate a kind of periplasmic
space in cell envelopes of gram-positive organisms (11, 13, 46).

Binding of exoenzymes to the cell surface has recently been
reported for the cellulosome of Clostridium thermocellum (12,
32, 33) and for the pullulanase of Thermoanaerobacterium ther-
mosulfurigenes (25, 45). Although the nucleotide sequence of
the S-layer gene of T. thermosulfurigenes has not yet been
elucidated, comparison of sequence data between the pullula-
nase from this organism and the S-layer proteins from different
bacterial strains revealed that the enzyme might be able to
integrate into the S-layer lattice because of the presence of
structurally homologous domains (25). Under conditions in
which degradation of the cell envelope, including the S-layer
lattice, occurred, attachment sites for the enzyme were lost;
consequently it was released into the culture fluid (295).

In our report, a model for attachment of the high-molecular-
weight amylase to the S-layer protein of B. stearothermophilus
DSM 2358 based on affinity studies and immunolabeling tech-
niques is proposed which assigns the S-layer of B. stearother-
mophilus DSM 2358 a new function.
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MATERIALS AND METHODS

Bacterial strain and growth conditions. B. stearothermophilus DSM 2358 was
grown in 300-ml shaking flasks on 80 ml of complex medium (4.0 g of peptone,
4.0 g of laboratory Lemco powder, 4.0 g of (NH,),HPO,, 1.0 g of KCl, 0.5 g of
MgSO, * TH,0, 1.0 g of soluble starch [Merck] per liter [pH 7.0]) at 50°C for up
to 20 h. For inoculation, a bacterial suspension (3 ml) in the late-logarithmic
growth phase cultivated on SVIII medium (2) without any carbon source was
used. For surveillance of bacterial growth, the pH value was determined and
absorption of suspensions (optical density) was measured per hour at 600 nm
(Beckmann spectrophotometer, model 25). For immunogold-labeling control
experiments, cells were cultivated on SVIII medium (2) containing 0.3% glucose
as the sole carbon source.

Determination of amylase activity. Amylase activity of culture fluids and cell
pellets was measured according to the method of Bernfeld (4). Protein bands
with amylolytic activity were visualized in situ on sodium dodecylsulfate (SDS)-
polyacrylamide gels (23) as described by Lacks and Springhorn (22).

Specimen preparation for electron microscopy. Ultrathin sectioning, freeze
etching, negative staining, and electron microscopy were performed as previously
described (26).

Preparation of cell wall fragments and S-layer self-assembly products and
isolation of peptidoglycan. Preparation of cell wall fragments from whole cells
was done according to the procedure of Sleytr and Glauert (39), except that
whole cells were broken by ultrasonification under conditions described previ-
ously (26). Extraction of the plasma membrane with Triton X-100 (Serva; 0.5%
in Tris-HCI buffer [pH 7.2]) was done according to the procedure of Sleytr and
Glauert (39). Purity of cell wall fragments was checked by SDS-polyacrylamide
gel electrophoresis (PAGE) (23) and negative staining.

To produce S-layer self-assembly products, the S-layer protein from cell wall
fragments was extracted with guanidinium hydrochloride (GHCI) (5 M GHCl in
50 mM Tris-HCI buffer [pH 7.2]) for 20 min at 20°C. After centrifugation at
40,000 X g for 20 min, the supernatant was dialyzed against distilled water at 4°C
for 24 h. Samples were examined by negative staining as previously described
(26). S-layer self-assembly products obtained after dialysis were recovered by
centrifugation of suspensions at 40,000 X g for 20 min. Both sedimented S-layer
self-assembly products and clear supernatants containing nonassembled S-layer
protein (16) were used for further analysis. Pellets of S-layer self-assembly
products were subsequently washed with 50 mM Tris-HCI buffer (pH 7.2),
washed once with distilled water, and finally lyophilized. Such washed self-
assembly products free of soluble S-layer protein were used for affinity studies.
The purity of the reassembled S-layer protein was checked by SDS-PAGE (23).

For isolation of peptidoglycan, cell wall fragments were extracted twice with 5
M GHCI in 50 mM Tris-HCI buffer (pH 7.2) for 20 min at 20°C. Subsequently,
the remaining peptidoglycan pellet was washed four times with 50 mM Tris-HCI
buffer (pH 7.2), suspended in a small volume of distilled water, and lyophilized.

Permeability studies. Permeability properties of the S-layer lattice with regard
to amylases secreted into the culture fluid were determined after depositing
native S-layer-carrying cell wall fragments on a microporous support and cross-
linking the S-layer protein with glutaraldehyde. The detailed procedure for
preparing such S-layer ultrafiltration membranes (SUMs) is described in previ-
ous reports (36, 37). For determining the rejection characteristics of SUMs, disks
with a diameter of 25 mm were punched out of the membranes and inserted into
10-ml ultrafiltration cells (Amicon, type 8010). The integrity of the active filtra-
tion layer, representing a coherent layer of S-layer-carrying cell wall fragments,
was checked by using ferritin (M,, 440,000; molecular size, 12 nm) as a test
protein for filtration experiments. For permeability studies, culture supernatants
from the stationary growth phase were collected and dialyzed against distilled
water at 4°C for 20 h. The dialyzed culture fluid (8 ml) was concentrated on
SUMs by a factor of 4 at a pressure of 2 X 10° Pa at 20°C and a stirring speed
of 500 rpm. The feed solution, filtrate, and retentate were lyophilized and
subjected to SDS-PAGE. Protein bands with amylolytic activity were detected in
situ on SDS gels as previously described (22).

Preparation of spheroplasts. For preparation of spheroplasts, cells were cul-
tivated overnight in shaking flasks in 80 ml of complex medium at 50°C. Cells
were harvested by centrifugation at the end of logarithmic growth and washed
twice with 50 mM Tris-HCI buffer (pH 7.0) at 20°C. Spheroplasts were prepared
by suspending cells in 4 ml of Tris-HCl buffer supplemented with 20 mM
MgCl, - 6H,O and 7.5% polyethylene glycol (M,, 6,000; Merck) as osmotic sta-
bilizer. After addition of hen’s egg lysozyme (Sigma) to a final concentration of
40 pg/ml, the suspension was incubated at 20°C with gentle agitation until
spheroplast formation was completed (usually after 15 min) as judged by phase-
contrast microscopy. After centrifugation of spheroplast suspensions (Eppendorf
centrifuge 5402) at 3,000 X g at 4°C for 5 min, amylase activity in spheroplast
pellets and supernatants was determined as previously described (4).

Treatment of whole cells with 2 M GHCI for extraction of the high-molecular-
weight amylase. Cells from the stationary growth phase cultivated in 80 ml of
complex medium were collected by centrifugation 17 h after inoculation. A
suspension (3 ml) of late-logarithmic-growth-phase cells cultivated on SVIII
medium without any carbon source was used as the inoculum. Subsequently, the
cells were washed twice with 50 mM Tris-HCI buffer (pH 7.2) at 20°C, suspended
in 5 ml of GHCI solution (2 M GHCI in 50 mM Tris-HCI buffer [pH 7.2]), and
incubated at 4°C for 10 min. After centrifugation of suspensions at 16,000 X g at
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4°C for 5 min, the amylase activity of the pellets and supernatants was deter-
mined as previously described (4). The amylase activity of untreated cells ob-
tained after incubation of cells in 50 mM Tris-HCI buffer (pH 7.2) was taken as
a control. For renaturation of the high-molecular-weight amylase, GHCI extracts
were dialyzed against a CaCl, solution (10 mM CaCl, in distilled water) at 4°C.
The amylase activity of the dialyzed suspension was measured as previously
described (4). Subsequently, suspensions containing assembled S-layer protein
and showing amylase activity were centrifuged at 40,000 X g for 20 min at 4°C.
The pellet and the supernatant were investigated by SDS-PAGE. Samples of
pellets and dialyzed supernatants obtained by incubation of cells in GHCI solu-
tion and Tris-HCI buffer were also investigated by SDS-PAGE.

Studies of interactions between amylases and cell wall components. Lyophi-
lized samples of cell wall fragments (5.0 mg), S-layer self-assembly products (2.5
mg), and isolated peptidoglycan (2.5 mg) were incubated with 3 ml of culture
supernatant from the stationary growth phase at 50°C for 30 min. After centrif-
ugation of suspensions at 40,000 X g at 20°C for 15 min, the amylase activity of
the pellets and supernatants was determined as previously described (4). For
determination of specific interactions, amylase activity obtained after incubation
of cell wall components with 0.02 M potassium phosphate buffer (pH 7.0) was
subtracted from that obtained after incubation with culture supernatant. An
increase in amylase activity in pellets of cell wall components after incubation in
culture supernatants was considered to be specific binding of amylase. Samples
were also investigated by SDS-PAGE.

To study the reassociation between amylase and S-layer subunits, 2 mg of
lyophilized S-layer self-assemblies were treated with 4 ml of 2.5 M GHCI in 50
mM Tris-HCl buffer (pH 7.2) at 50°C for 15 min. This GHCI concentration does
not disrupt the S-layer lattice but releases the S-layer-bound high-molecular-
weight amylase. After dialysis of GHCI extracts against distilled water at 4°C for
3 h, S-layer self-assembly products were recovered by centrifugation (40,000 X g,
4°C, 15 min) and amylase activity in the pellet and in the supernatant was
determined (4). For determination of amylase activity of S-layer self-assembly
products, washed and lyophilized material was resuspended in 50 mM Tris-HCl
buffer (pH 7.2) at 50°C and aliquots were used for the amylase test (4). To
control the release of amylase or S-layer protein after resuspension in buffer, the
suspension was centrifuged at 40,000 X g for 20 min at 4°C. The clear superna-
tant was applied to SDS-PAGE and used to determine amylase activity.

Production of antisera against the high-molecular-weight amylase. For pro-
duction of polyclonal antisera against the high-molecular-weight amylase, cell
wall fragments were separated by SDS-PAGE with an acrylamide concentration
for the separation gel of 7.5%. After visualization of the amylase band with Serva
Blue W stain (Serva), gel slices were excised, fragmented, and lyophilized. The
protein content of one amylase band was estimated densitometrically on silver-
stained SDS gels with a Hirschmann densitometer (Elscript 400 AT/SM). Anti-
sera were produced in two rabbits by subcutaneous injection of samples, each of
which contained 20 pg of high-molecular-weight amylase in 1 ml of a 0.9% NaCl
solution. Injections were performed three times at 3-week intervals. At the same
time, the immune response was investigated by the immunoblot technique (14).
The antisera were collected 4 weeks after the final injection by bleeding of the
ear vein. Inactivation of complement in all antisera was achieved by heating at
56°C for 15 min.

SDS-PAGE and immunoblotting. SDS-PAGE was carried out as previously
described (23). For most experiments, a gel system with a 4% stacking gel and a
10% separation gel was used.

The immunospecificity of antisera was investigated by the immunoblot proce-
dure (14). Incubation with anti-amylase antisera was carried out at different
dilutions of the antisera in 3% bovine serum albumin in Tris-buffered saline at
37°C for at least 2 h. Detection of proteins that bound the anti-amylase antibod-
ies was accomplished by treatment of blots with alkaline phosphatase-conjugated
goat anti-rabbit immunoglobulin G (Sigma) at a 1:2,000 dilution for 1 h.

Electron microscopic immunolabeling experiments. Inmunogold labeling was
carried out with cells from the stationary growth phase which were cultivated on
complex medium containing 1.0 g of soluble starch per liter. Furthermore, an
immunolabeling control experiment was done with cells from the logarithmic
growth phase which were cultivated on SVIII medium (2) with 0.3% glucose
when amylase production was inhibited. Cell pellets from a 1-ml cell suspension
were incubated with antiserum I at a 1:10 dilution in phosphate-buffered saline
(for at least 2 h) at 20°C. Subsequently, washed cells were treated with a con-
centrated protein A-colloidal gold conjugate (5 nm; Sigma) for 1 h at 20°C.
Unbound protein A-colloidal gold conjugate was removed by three cycles of
centrifugation in distilled water. Unfixed and unstained cells were immediately
applied to Pioloform-filmed carbon-coated copper grids which had been ren-
dered hydrophilic by glow discharge. Preparations were examined in a Philips
EM 301 electron microscope operated at 80 kV.

RESULTS

Characterization of the S-layer from B. stearothermophilus
DSM 2358. As shown by ultrathin sectioning of whole cells, the
peptidoglycan-containing layer was completely covered with an
additional layer (Fig. la) typical for S-layer-carrying organ-
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FIG. 1. Electron micrographs from ultrathin-sectioned (a) and freeze-etched
(b and c¢) preparations of whole cells from B. stearothermophilus DSM 2358. Cells
were investigated before (a and b) and after (c) treatment with 2 M GHCI
leading to extraction of the high-molecular-weight amylase. Arrows indicate base
vectors. Bars, 50 nm.

isms. In freeze-etched preparations of whole cells (Fig. 1b.),
the crystalline structure of the S-layer lattice was not clearly
visible and seemed to be covered with amorphous material.
After treatment of whole cells with 2 M GHCI (Fig. 1c), a
highly ordered S-layer lattice with oblique symmetry which
completely covered the cell surface appeared. As shown by
SDS-PAGE of SDS extracts from both native cells (Fig. 2B)
and cells treated with 2 M GHCI (not shown), the major
protein band had an apparent molecular weight of 98,000 and
was identified as an S-layer protein.

Growth and amylase production of B. stearothermophilus
DSM 2358. As determined by SDS-PAGE, protein bands
showing amylase activity had molecular weights of either
58,000, 98,000, or 184,000. Secretion of amylases into the cul-
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ture fluid started already in the early logarithmic growth phase,
3 to 4 h after inoculation (Fig. 2A). Five hours after inocula-
tion, the high-molecular-weight amylase could already be de-
tected in the cell pellet (Fig. 2B) but was not present in the
culture supernatant, where it appeared 8 h after inoculation
(Fig. 2C). The high-molecular-weight enzyme was the only one
found to be associated with the cell pellet, whereas the smaller
enzymes could only be detected in the culture fluid (Fig. 2B
and C).

Growth of B. stearothermophilus DSM 2358 on SVIII me-
dium containing 0.3% glucose as the sole carbon source com-
pletely inhibited amylase production (data not shown).

Preparation of cell wall fragments and S-layer self-assembly
products. As shown by SDS-PAGE, the high-molecular-weight
amylase remained associated with cell wall fragments even
after ultrasonification during cell wall preparation and extrac-
tion of the plasma membrane with Triton X-100 (Fig. 3a and
b). When SDS-PAGE patterns of cell wall fragments were
evaluated by densitometry, the molar ratio between S-layer
subunits and amylase molecules was estimated to be in the
range of 8:1. SDS-PAGE patterns further revealed that it was
not possible to separate the high-molecular-weight enzyme
from S-layer protein by 5 M GHCI extraction, which is re-
quired for completely disrupting the bonds acting in the S-layer
lattice. The enzyme was always found to be associated with
S-layer self-assembly products formed during removal of
GHCI by dialysis (Fig. 3c and d). After sedimentation of S-
layer self-assembly products by centrifugation, both soluble
S-layer protein representing monomers and oligomers (16) and
the high-molecular-weight amylase were detected in superna-
tants (data not shown). By negative staining, it could be dem-
onstrated that removal of the hydrogen bond-breaking agent
by dialysis yielded sheetlike self-assembly products which did
not exhibit a distinct lattice structure (data not shown).

Permeability studies. Permeability studies with amylases se-
creted in the culture fluid of B. stearothermophilus DSM 2358
were carried out on SUMs. By using test proteins with well-
defined molecular weights, it was demonstrated that the exclu-
sion limit of S-layer lattices from B. stearothermophilus strains
is in the range of M, of ~40,000 (36, 37). As revealed by
SDS-PAGE, all amylases produced by B. stearothermophilus
DSM 2358 were rejected by the pores in the S-layer lattice
when dialyzed culture fluid was used for ultrafiltration exper-
iments (Fig. 4). These results indicated that all the three amy-
lases (M.s of 58,000, 98,000, and 184,000) cannot pass through
the pores of the S-layer lattice once they have folded into their
final conformation.

Extraction of the high-molecular-weight amylase from
whole cells with 2 M GHCI. Treatment of whole cells of B.
stearothermophilus with 2 M GHCI was done for extraction of
the high-molecular-weight amylase under conditions in which
the S-layer lattice did not disintegrate. This procedure led to
solubilization of at least 80% of the high-molecular-weight
amylase (M, of 184,000), whereas only less than 20% of S-layer
protein was detected in the GHCI extract. In comparison, after
incubation of cells with 50 mM Tris-HCI buffer, only up to 10%
of the original amylase activity was released into the superna-
tant.

The structural integrity of the peptidoglycan-containing
layer and the plasma membrane after extraction with 2 M
GHCI was ascertained by ultrathin sectioning of whole cells
(data not shown). These results strongly indicated that amylase
which could not be extracted with 2 M GHCl is located in the
intracellular space of whole bacterial cells. This was confirmed
by ultrasonic disruption of whole cells, by which less than 10%
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FIG. 2. Growth of B. stearothermophilus DSM 2358 in batch culture (A) and detection of amylase in cell pellets (B) and culture supernatants (C) 2, 5, 8, and 20
h after inoculation. Protein bands were visualized by silver staining; bands with amylolytic activity could be detected by applying iodine-starch reagent to SDS gels.
Values to the right of panel C are molecular weights (in thousands). m, optical density at 600 nm; @, pH; A, amylase activity in culture supernatant; V¥, cell-bound
amylase activity.

of total amylase activity was detected in the supernatant con- protein, indicating that the enzyme has affinity to the S-layer
taining the cytoplasma and plasma membrane fragments. protein.
After removal of GHCI by dialysis, the entire amylase activ- Furthermore, freeze-etched preparations of cells washed

ity was detected in the pellet consisting of reassembled S-layer with 50 mM Tris-HCI buffer (pH 7.2) and cells treated with 2
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FIG. 3. SDS-PAGE patterns of cell wall fragments (a and b) and sedimented
S-layer self-assembly products (c and d) from B. stearothermophilus DSM 2358.
Lanes a and c, silver staining; lanes b and d, in situ detection of amylase. The
high-molecular-weight amylase remained associated with the S-layer protein.
Values to the right are molecular weights (in thousands).
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M GHCI revealed remarkable differences in their surface
structure. On washed cells, the S-layer lattice was always cov-
ered with a granular structure (Fig. 1b), while cells treated with
2 M GHC(I displayed an undistorted, highly ordered lattice
structure (Fig. 1c). As estimated from densitometric evalua-
tion, the molar ratio between S-layer subunits and amylase was
8:1. Because the molecular weight of one amylase molecule is
twice as large as that of the S-layer subunits, one enzyme
molecule could cover one morphological subunit consisting of
two identical S-layer subunits. Assuming a uniform distribution
of the high-molecular-weight amylase over the entire cell sur-
face, every fourth morphological unit will be covered with one
enzyme molecule, which could be responsible for the loss of
the regular appearance of the S-layer lattice in freeze-etched
preparations. Because the high-molecular-weight amylase and
the S-layer protein represented the major protein bands when
dialyzed 2 M GHCI extracts were subjected to SDS-PAGE
(not shown), the knoblike structures on the cell surface most
likely represented amylase molecules.

Formation of spheroplasts. During degradation of the pep-
tidoglycan-containing layer with lysozyme in the presence of
polyethylene glycol, no significant release of high-molecular-
weight amylase could be detected. The entire amylase activity
was found to be associated with the pellet, which consisted of

<184
< 98
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FIG. 4. SDS-PAGE patterns from ultrafiltration experiments with dialyzed
culture fluids from B. stearothermophilus DSM 2358. Lanes: a, feed solution; b,
filtrate; c, retentate. Lanes show results from in situ detection of amylases.
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FIG. 5. Ultrathin sections confirming the integrity of spheroplasts from B.
stearothermophilus DSM 2358. S-layer fragments (S) were also detected in pellets
of spheroplasts. Bar, 500 nm.

spheroplasts and S-layer fragments (Fig. 5). In comparison
with untreated cell pellets, an increase in amylase activity of
approximately 40% could be detected in the spheroplast pellet
after degradation of the peptidoglycan-containing layer. These
results provided strong evidence that the enzyme is not incor-
porated into the peptidoglycan layer.

Studies of interactions between amylases and cell wall com-
ponents (including peptidoglycan-containing sacculi and S-
layer). In the present study, the affinity of cell wall components
to amylases secreted into the culture fluid was investigated.
Because the high-molecular-weight amylase remained associ-
ated with cell wall fragments and S-layer self-assembly prod-
ucts, blanks of amylase activity were determined after incuba-
tion of cell wall components in 0.2 M potassium phosphate
buffer (pH 7.0). The high-molecular-weight amylase showed
affinity to S-layer-carrying cell wall fragments, in which only the
outer face of the S-layer lattice was accessible, and to S-layer
self-assembly products (Table 1 and Fig. 6a to d) but showed
no affinity to isolated peptidoglycan (Table 1 and Fig. 6e to h).
The small increase in amylolytic activity of peptidoglycan was
due to reattachment of S-layer protein (16) always present in
the culture fluid, which could obviously function as an adhe-
sion site for the high-molecular-weight amylase (Fig. 6e to h).

TABLE 1. Interactions between amylases and cell wall components
of B. stearothermophilus DSM 2358

Amylase activity after
incubation of component in:

Component(s) Binding of
Culture Phosphate amylase
supernatant buffer
S-layer protein 0.480 0.275 0.205
Cell wall fragments 1.226 1.070 0.156
Peptidoglycan 0.081 0.002 0.079

“ For determination of specific interactions, amylase activity determined after
incubation of cell wall components in 0.02 M potassium phosphate buffer (pH
7.0) was subtracted from that obtained after incubation with culture supernatant
and centrifugation. The increase in amylase activity after incubation of isolated
peptidoglycan in culture supernatant was due to reattachment of S-layer protein
associated with amylase present in the culture fluid. Amylase activity was deter-
mined as previously described (4).
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FIG. 6. SDS-PAGE patterns demonstrating affinity of the high-molecular-
weight amylase to cell wall fragments (a and b), S-layer self-assembly products (¢
and d), and isolated peptidoglycan (e, f, g, and h) of B. stearothermophilus DSM
2358. Lanes a, c, e, and g, samples incubated in buffer; lanes b, d, f, and h,
samples incubated in culture supernatant. Lanes a to f show in situ detection of
amylase results, and lanes g and h show silver staining results. Note the reat-
tachment of S-layer protein to isolated peptidoglycan. Values to the right are
molecular weights (in thousands).

Furthermore, studies of the reassociation of the S-layer lat-
tice with the high-molecular-weight amylase after its extraction
with 2.5 M GHCI were carried out. This GHCI concentration
was chosen because it disrupts the bonds between the amylase
and S-layer protein but not those between the S-layer subunits.

After treatment of S-layer self-assembly products with 2.5 M
GHCI and subsequent dialysis, even 110% of amylase activity
could be detected in the self-assembly fraction. No amylase
activity or S-layer protein was left in the supernatant. Because
removal of 2.5 M GHCl led to a complete reassociation of the
enzyme with the S-layer lattice, a specific recognition mecha-
nism between the S-layer subunits arranged in the crystal lat-
tice and the at least partly unfolded enzyme molecules seems
to exist.

Immunoblotting and localization of the high-molecular-
weight amylase by immunogold-labeling techniques. The pu-
rity of the excised amylase bands used for immunization was
confirmed by SDS-PAGE (Fig. 7a). Amylase fractions con-
sisted of a single protein band and showed no contamination
with other proteins.

The immunospecificity of the anti-amylase antisera was in-
vestigated by immunoblotting (Fig. 7b and c). In addition to
the high-molecular-weight amylase, which gave a strong immu-
nological signal, a few plasma proteins showed a weak cross-
reaction with antisera I and II at a dilution of 1:5,000. On the
contrary, neither the other amylases nor the S-layer protein
cross-reacted with the antisera. The application of preimmune
serum showed no nonspecific labeling. When cells were grown
in the presence of glucose as a carbon source where amylase
production was inhibited, no high-molecular-weight amylase
labeling could be detected on immunoblots.

The high-molecular-weight amylase was localized at the cell
surface by immunolabeling experiments (Fig. 8). Electron mi-
crographs of immunogold-labeled cells revealed that cells had
collapsed during drying on the grid. The dark central region
represented the shrunken protoplast which retracted from the
cell wall. The surface of cells grown on starch-medium was
densely labeled with antibodies against the high-molecular-
weight amylase (Fig. 8a). In comparison, the immunolabeling
procedure led to a significantly lower marker density on cells
grown in the presence of high glucose concentrations where
amylase production was inhibited (Fig. 8b).
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a b c

FIG. 7. SDS-PAGE patterns (a) confirming the purity of the high-molecular-
weight amylase used for production of polyclonal rabbit antiserum. Lanes b and
¢, immunoreactivity of whole cells (b) and cell wall fragments (c) of B. stearo-
thermophilus DSM 2358 with antiserum I at a dilution of 1:5,000 against the
high-molecular-weight amylase. The positions of the high-molecular-weight amy-
lase and S-layer protein are marked.

DISCUSSION

To investigate the function of the S-layer lattice in Bacillus
species with regard to exoprotein secretion, B. stearothermophi-
lus DSM 2358 was used as a model system in this study. This
organism is completely covered with an oblique S-layer lattice
and was shown to secrete three amylases with molecular
weights of 58,000, 98,000, and 184,000 into the culture fluid.

Permeability studies applying the SUM technique (36, 37)
and using culture supernatants for ultrafiltration experiments
showed that the S-layer lattice completely rejected the en-
zymes once they had assumed their final three-dimensional
structure. Amylase secretion of this organism already started in
the logarithmic growth phase, which is different from observa-
tions reported for most Bacillus strains, in which exoenzyme
secretion starts in the stationary growth phase parallel to deg-
radation of cell wall components in the course of increased
autolytic activity (1, 29). Although little information is avail-
able, the most common mechanism suggested for release of
exoenzymes is an increase in permeability of the cell wall
matrix induced by autolytic degradation (1, 29).

As derived from permeability studies, in the case of B.
stearothermophilus DSM 2358, passage of amylases through the
pores in the S-layer lattice of actively growing cells is only
possible for enzyme molecules prefolded into smaller domains.
After passage through the cell wall, complete folding of en-
zymes into their final three-dimensional structure will occur
either on the cell surface or after release into the culture fluid.

For many proteins that have accumulated in a kind of
periplasmic space in the cell envelopes of gram-positive organ-
isms, peptidoglycan strands or secondary cell wall polymers
could function as spacers, thereby preventing complete folding
of proteins into the final three-dimensional conformation (16,
18). Because amylase secretion occurs in the logarithmic
growth phase, in which the cell surface is extended, enzyme
secretion is also possible, in principle, at sites of peptidoglycan
and S-layer lattice growth.

Several experiments performed in this study confirmed that
the high-molecular-weight amylase has affinity to the S-layer
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b

FIG. 8. Protein A-colloidal gold labeling with a polyclonal rabbit antiserum
raised against the high-molecular-weight amylase on whole cells from B. stearo-
thermophilus DSM 2358. (a) Immunogold labeling of the high-molecular-weight
amylase on cells grown on starch medium. (b) Negative control experiment with
cells grown in the presence of a high glucose concentration in which amylase
production is inhibited. Bars, 200 nm.

protein but not to peptidoglycan. Furthermore, from experi-
mental data, it can be excluded that the amylase associated
with the S-layer protein is integrated into the cytoplasmic
membrane in native cells. Cells grown on complex medium and
used for freeze-etching revealed a granular structure on the
surface of the S-layer lattice which could completely be re-
moved with 2 M GHCI. Because after dialysis of GHCI extracts
80% of the original amylase activity was detected in this frac-
tion, we suggest that the particulate material on the S-layer
surface represented amylase molecules. The molar ratio of
S-layer subunits to amylase molecules was 8:1, which means
that—assuming there is a uniform distribution of enzyme mol-
ecules on the cell surface—every fourth morphological unit is
covered with an amylase molecule. This could be responsible
for the loss of the regular appearance of the oblique S-layer
lattice in freeze-etched preparations. The surface location of
the high-molecular-weight amylase was finally confirmed by
immunogold labeling of whole cells. Although it was shown
that at least a major portion of the amylase is located on the
outer face of the S-layer lattice, the question arises as to how
the enzyme is associated with the S-layer protein. Generally,
three possibilities exist: (i) adhesion of the amylase to the
S-layer surface; (ii) incorporation of the enzyme into the S-
layer lattice, which would imply that the enzyme is involved in
the self-assembly process; and (iii) binding of the enzyme to
S-layer protein domains exposed inside the pores.
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Because extraction of a major portion of amylase from the
cell surface with 2 M GHCI did not require disintegration of
the S-layer lattice, the possibility that the high-molecular-
weight enzyme is integrated into the S-layer lattice can be
excluded. S-layer-integrated amylase domains would probably
interfere with the S-layer self-assembly process, which was not
observed in this study. Experiments with different GHCI con-
centrations also supported the notion that bonds between amy-
lase molecules and S-layer subunits are much weaker than
those between S-layer subunits required for the integrity of the
S-layer lattice. Furthermore, if the high-molecular-weight amy-
lase molecules participated in the self-assembly process of the
S-layer, they would require the capability for exactly replacing
one or two S-layer subunits. Binding of the amylase is therefore
suggested to occur to protein domains either located at the
surface of the crystal lattice or exposed inside the pores.

As observed by immunoblotting, polyclonal antibodies
raised against the high-molecular-weight amylase did not
cross-react with S-layer protein or the other two amylases.
These results indicate that the amylase and the S-layer protein
do not possess structurally homologous domains. The existence
of structurally homologous domains to S-layer proteins which
were suggested to be involved in the recognition mechanism
was described for the pullulanase of T. thermosulfurigenes (25),
the cellulosome of C. thermocellum (12, 32, 33), and an en-
doxylanase of Thermoanaerobacter saccharolyticum (24).

Computer image reconstructions of S-layers from several
thermophilic Bacillus strains revealed at least two types of
pores differing in size and morphology (27, 31, 35). As dis-
cussed in a previous paper, the different pores in the lattices
might be related to specific functions (36). One type of pore
could be necessary for guaranteeing unhindered passage of
nutrients, whereas the other pore could play an important role
in exoenzyme secretion. Exoproteins are translocated via their
N terminus, which is the first part of the protein molecule that
can independently prefold into domains and will appear on the
cell surface. Attachment of enzymes to S-layer proteins inside
the pores would most likely occur with their C-terminal region.

In the present study, we confirmed that the S-layer lattices
from B. stearothermophilus DSM 2358 function as adhesion
sites for the cells’ own exoproteins. Considering that the S-
layer lattice represents the first contact region and has most
likely evolved as a consequence of interactions between the
living cell and its environment, other biological functions can-
not be excluded. Location of the amylase at the cell surface is
advantageous because the enzyme can function as a mediator
between the living cell and a high-molecular-weight substrate
(32). The S-layer lattice as a highly porous ultrafiltration mem-
brane guarantees rapid diffusion for degradation products with
molecular weights up to 30,000 to 40,000 into the cell wall,
where they can further be hydrolyzed by the smaller amylases
located in a kind of periplasmic space delineated by the S-layer
lattice (11, 36).
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