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The chimeric gene encoding a C-terminally-truncated form of the S-layer protein SbpA from Bacillus
sphaericus CCM 2177 and two copies of the Fc-binding Z-domain was constructed, cloned, and heterologously
expressed in Escherichia coli HMS174(DE3). The Z-domain is a synthetic analogue of the B-domain of protein
A, capable of binding the Fc part of immunoglobulin G (IgG). The S-layer fusion protein rSbpA31-1068/ZZ
retained the specific properties of the S-layer protein moiety to self-assemble in suspension and to recrystallize
on supports precoated with secondary cell wall polymer (SCWP), which is the natural anchoring molecule for
the S-layer protein in the bacterial cell wall. Due to the construction principle of the S-layer fusion protein, the
ZZ-domains remained exposed on the outermost surface of the protein lattice. The binding capacity of the
native or cross-linked monolayer for human IgG was determined by surface plasmon resonance measurements.
For batch adsorption experiments, 3-�m-diameter, biocompatible cellulose-based, SCWP-coated microbeads
were used for recrystallization of the S-layer fusion protein. In the case of the native monolayer, the binding
capacity for human IgG was 5.1 ng/mm2, whereas after cross-linking with dimethyl pimelimidate, 4.4 ng of
IgG/mm2 was bound. This corresponded to 78 and 65% of the theoretical saturation capacity of a planar
surface for IgGs aligned in the upright position, respectively. Compared to commercial particles used as
immunoadsorbents to remove autoantibodies from sera of patients suffering from an autoimmune disease, the
IgG binding capacity of the S-layer fusion protein-coated microbeads was at least 20 times higher. For that
reason, this novel type of microbeads should find application in the microsphere-based detoxification system.

Crystalline bacterial cell surface layers (S-layers) are two-
dimensional proteinaceous arrays that are found as the outer-
most cell envelope component of many bacteria and archea
(27–30). S-layers completely cover the cell surface during all
stages of growth and division, and they are composed of iden-
tical species of protein or glycoprotein subunits with a molec-
ular mass ranging from 40 to 200 kDa. S-layer lattices exhibit
an oblique, square, or hexagonal symmetry. In bacteria, the
S-layer subunits are linked to each other and to the underlying
cell envelope layer by noncovalent interactions. In the case of
members of the family Bacillaceae, the N-terminal part was
found to be involved in anchoring the S-layer subunits via a
distinct type of secondary cell wall polymer (SCWP) to the
rigid cell wall layer (4, 7, 11–14, 18, 21, 26, 27). Even after
isolaton from the cell wall, many S-layer proteins maintain the
ability to self-assemble in suspension or to recrystallize on solid
supports, such as silicon wafers, gold chips, silanized glass, or
plastic materials; on Langmuir lipid films; on liposomes;, and
at the air-water interface (16, 30, 32). Together with the high
density and regular arrangement of functional groups in the
S-layer lattice, this specific feature has opened a broad poten-

tial for application in biotechnology, molecular nanotechnol-
ogy, and biomimetics (30). In previous studies, functional
groups in the S-layer lattice were exploited for covalent binding
of biologically active macromolecules, such as enzymes, anti-
bodies, or ligands, for the production of S-layer-based biosen-
sors (30), solid-phase dipstick-style immunoassays (5, 6, 31),
and affinity microparticles (36).

The nucleotide sequence encoding the S-layer protein SbpA
of Bacillus sphaericus CCM 2177 was determined by a PCR-
based technique (12). The protein precursor includes a 30-
amino-acid-long typical gram-positive signal peptide and con-
sists of a total of 1,268 amino acids. The N-terminal part of the
S-layer protein SbpA possesses an S-layer-like homologous
(SLH) domain and recognizes a distinct type of SCWP as the
proper anchoring structure in the rigid cell wall layer. The
structure of this SCWP has been elucidated by nuclear mag-
netic resonance (NMR) analysis (11). The polymer chains con-
sist of 8 to 9 disaccharide units that are composed of N-
acetylglucosamine and N-acetyl mannosamine. Every second
N-acetyl mannosamine residue carries a pyruvate ketal, which
endows the polymer chains with a negative net charge. Most
recently, the specific interactions between SbpA and the
SCWP have been exploited for an oriented binding of the
S-layer subunits on solid supports to generate monomolecular
protein lattices (24).

Studies of the structure-function relationship of SbpA re-
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vealed that 200 C-terminal amino acids can be deleted without
interfering with the self-assembly properties or the formation
of the square lattice structure (12). Furthermore, amino acid
position 1,068 was found to be located on the outer S-layer
surface and was therefore exploited as a fusion site for the
production of chimeric S-layer proteins. So far, S-layer fusion
proteins have been constructed that comprised the sequence of
the major birch pollen allergen (12) or the sequence of a single
variable region of a heavy chain camel antibody directed
against lysozyme (24).

In the present study, an S-layer fusion protein comprising
the sequence of the Z-domain, a synthetic analogue of the
immunoglobulin G (IgG)-binding B-domain of protein A of
Staphylococcus aureus, has been constructed. Staphylococcal
protein A (SPA) consists of a cell wall binding region and five
domains, termed C, B, A, D, and E, with C next to the cell wall.
The molecular interaction of SPA with Igs is well understood,
and the binding sites on the Fc part of IgG1, -2, and -4 have
been characterized. X-ray analysis revealed that the B-domain
of SPA has two contact sites that interact with the Fc part of
IgG (9). Based on this knowledge, the synthetic Z-domain,
which consists of 58 amino acids and is capable of binding the
Fc part of IgG, has been constructed (19, 23).

To obtain an S-layer fusion protein capable of binding IgG,
the 5� end of the sequence encoding two Z-binding domains
was fused via a short linker to the 3� end of the gene encoding
the C-terminally-truncated form of the S-layer protein SbpA.
After heterologous expression, the S-layer fusion protein was
isolated from the host cells, purified, and recrystallized on solid
supports precoated with thiolated SCWP. The IgG-binding
capacity was evaluated for the native and cross-linked S-layer
fusion protein. To prepare biocompatible microparticles for
the microsphere-based detoxification system (MDS) to remove
IgG from human plasma from patients suffering from an au-
toimmune disease, the S-layer fusion protein was recrystallized
on SCWP-coated, 3-�m-diameter cellulose-based microbeads,
and the IgG binding capacity was investigated. The MDS is an
alternative approach to conventional immunoadsorption sys-
tems (1–3, 10), in which the plasma does not perfuse on an
adsorption column but is recirculated into the filtrate compart-

ment of the module (Fig. 1). The addition of microparticles to
the plasma circuit allows rapid removal of the pathogenic sub-
stances (34).

MATERIALS AND METHODS

Cloning and expression of the chimeric gene encoding the S-layer fusion
protein rSbpA31-1068/ZZ. All PCRs and isolation of DNA were performed as
described by Jarosch et al. (14). For amplification of the gene encoding rSbpA31-1068,
chromosomal DNA of B. sphaericus CCM 2177 was used as a template. The oligo-
nucleotide primers sbpA37 (5�-CGGATTCCATGGCGCAAGTAAACGACTATA
ACAAAATC-3�), which introduced the restriction site (boldface) NcoI at the 5� end
of the coding sequence, and the reverse primer sbpA41 (5�-CGCGGATCCTTCTG
AATATGCAGTAGTTGCTGC-3�), which introduced the BamHI restriction site
(boldface) at the 3� end, were constructed. Digestion of DNA with restriction
endonucleases, separation of DNA fragments by agarose gel electrophoresis, liga-
tion of DNA fragments, and transformation procedures were performed as de-
scribed in reference 25. DNA fragments were recovered from agarose gels by using
the Qiaex II gel extraction kit (Qiagen). Two Z-domains were amplified from the
pEZZ 18 protein A gene fusion vector (Amersham Pharmacia). For that purpose,
the oligonucleotide primers ZZ3forward (5�-CGCGGATCCGACAACAAATTCA
ACAAAGAACAACAAAACG-3�) and ZZ2reverse (5�-GACCGCTCGAGTTATA
CTTTCGGCGCCTGAGCATC-3�), which introduced the restriction sites BamHI
and XhoI, were used. To obtain plasmid pET28a-ZZ, the gel-purified PCR product,
encoding two repeats of the synthetic Z-domain, was ligated into the corresponding
restriction sites of plasmid pET28a, which was established in Escherichia coli TG1.
To generate the chimeric sbpA(93-3204)/ZZ gene, the gel-purified PCR product
sbpA(93-3204) was ligated into the corresponding restriction sites of plasmid pET28a-
ZZ, which was used for transformation of E. coli TG1. Growth of E. coli TG1 and
selection of transformants were accomplished according to reference 12. The plas-
mid stability test and heterologous expression of the sbpA(93-3204)/ZZ gene in E. coli
HMS174(DE3) were performed as described by Jarosch et al. (14). Samples were
taken 1 to 4 h after induction of sbpA(93-3204)/ZZ gene expression by addition of 1
mM isopropyl-�-D-thiogalactopyranoside (IPTG; GEBRU). Preparation of samples
for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
was carried out as described by Laemmli (17). Electron microscopy was performed
as described in reference 22.

Isolation of the S-layer fusion protein from the host cells and purification.
Isolation of the S-layer fusion protein was performed as previously described by
Jarosch et al. (13), except that DNA remaining in the fraction of the S-layer
fusion protein was degraded by DNase treatment. For that purpose, the insoluble
pellet obtained by sonification of the cell suspension and centrifugation at 30,000
� g for 15 min at 4°C was treated with a DNase I (Roche) solution (1 mg/ml in
100 mM MgCl2 � 7H2O in MilliQ water). To remove residual DNase I, the pellet
was washed twice with 1% Triton X-100 in 50 mM Tris-HCl buffer (pH 7.2) and
50 mM Tris-HCl buffer (pH 7.2). Extraction of the S-layer fusion protein was
with 5 M guanidine hydrochloride (GHCl) in 50 mM Tris-HCl buffer (pH 7.2)
and purification by gel permeation chromatography (GPC) were performed as

FIG. 1. (A) Schematic drawing of the MDS, showing the primary circuit (labeled 1) containing the whole blood of the patient. The blood cells
are rejected by the plasma filter. In the second circuit (labeled 2), the plasma recirculates together with the S-layer fusion protein-coated
microbeads, on which IgG shall be bound. After passing the plasma filter again, the purified plasma is combined with blood cells, and the whole
blood is reinfused into the patient. (B) Scanning electron micrograph of the biocompatible, cellulose-based microbeads used for recrystallization
of rSbpA31-1068/ZZ. (C) Schematic drawing showing the oriented recrystallization of the S-layer fusion protein rSbpA31-1068/ZZ on microbeads
precoated with SCWP and binding of IgG to the ZZ-domains.
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described in reference 24. Immunoblotting with a polyclonal rabbit antiserum
raised against the S-layer protein of B. sphaericus CCM 2177 was carried out as
described by Egelseer et al. (8). The presence of the ZZ moiety in the S-layer
fusion protein was checked by detection of bound human IgG (Sigma I-4506) via
immunoreactivity with an antihuman-alkaline phosphatase (ALP) conjugate
(Sigma A-3187).

Investigation of the self-assembly properties of the S-layer fusion protein and
recrystallization on peptidoglycan-containing sacculi. Preparation of self-assem-
bly products and recrystallization of the S-layer fusion protein on peptidoglycan-
containing sacculi of B. sphaericus were performed as described in references 11
and 12. Peptidoglycan-containing sacculi carrying a monolayer of recrystallized
S-layer fusion protein are referred to as “recrystallization products” in all further
experiments. To obtain water-soluble S-layer fusion protein, 1 mg of the GPC-
purified and lyophilized samples was dissolved in 1 ml of 5 M GHCl in 50 mM
Tris-HCl buffer (pH 7.2), and the solution was dialyzed against aqua bidest for
18 h at 4°C. After centrifugation at 16,000 � g for 5 min at 4°C, the clear
supernatant containing nonassembled S-layer fusion protein was removed. For
recrystallization on solid supports, 1 ml of the supernatant was diluted with 9 ml
of 0.5 mM Tris-HCl buffer (pH 9.0, containing 10 mM CaCl2).

Immunodot assays for investigation of the accessibility of the fused ZZ-
domains. To investigate the accessibility of the fused ZZ-domains in the water-
soluble and recrystallized S-layer fusion protein, 5 �l of each of the respective
samples with an S-layer protein content of 1 mg/ml was dried onto a nitrocellu-
lose membrane. After blocking with 2% Top Block (Fluka) in Tris-buffered
saline (TBS) and incubation with 20 ng of human IgG (Sigma I-4506) in 20 ml of
TBS containing 2% Top-Block for 1 h at 20°C, the membrane was washed three
times with 0.5% Tween in TBS and subsequently incubated with an antihuman
IgG-ALP conjugate (Sigma A-3187, diluted 1:5,000 in blocking solution) for 1 h
at 20°C. After three further washing steps, detection was accomplished by treat-
ment with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium chlo-
ride (BCIP/NBT; Roche).

Recrystallization of the S-layer fusion protein on gold chips and silanized
glass slides precoated with thiolated SCWP and AFM analyses. Cleaning of gold
chips (silicon �100�, coated with 1-nm diameter Ti beads and 60-nm-diameter
Au beads) with an area of 1 cm2 was performed as described before (24). Glass
slides were silanized by treatment with a solution of 3-aminopropyl-trimethox-
ysilane-HCl (10% in MilliQ water, pH 3.5), which was followed by incubation at
200°C for 18 h. SCWP was isolated from peptidoglycan-containing sacculi of B.
sphaericus CCM 2177 and purified under conditions described in reference 11.
Chemical modification of the reducing end of the polymer chains and introduc-
tion of a terminal sulfhydryl group by modification with 2-iminothiolane were
performed as described by Mader et al. (C. Mader, C. Huber, D. Moll, U. B.
Sleytr, and M. Sára, submitted for publication). Binding of thiolated SCWP to
gold chips was carried out according to the method of Pleschberger et al. (24).
For covalent binding of thiolated SCWP to silanized glass slides, m-maleimido-
benzoyl-N-hydroxysuccinimide ester (MBS; Pierce 22311) was used as a hetero-
bifunctional cross-linker. For that purpose, a solution of 10 mM MBS in dimethyl
sulfoxide (DMSO) was prepared and then diluted 1:10 with 20 mM phosphate
buffer (pH 7.2), and silanized glass slides were incubated for 1 h at 20°C. After
extensive washing with 20 mM phosphate buffer (pH 7.2) and aqua bidest, the
glass slides were put into a solution of thiolated SCWP (1-mg/ml MilliQ water)
and incubated at 20°C for 2 h. Subsequently, the glass slides were washed with
crystallization buffer. Recrystallization of the S-layer fusion protein on solid
supports and atomic force microscopy (AFM) analyses were performed as de-
scribed in reference 24.

SPR studies for investigation of the IgG-binding capacity of rSbpA31-1068/ZZ
recrystallized on gold chips precoated with thiolated SCWP. Surface plasmon
resonance (SPR) experiments were performed with a Biacore 2000 system (Bia-
core, Uppsala, Sweden). Gold chips were incubated with a solution of thiolated
SCWP (100-ng/ml MilliQ water; pH adjusted to 3.5 with 10 mM HCl) at 20°C for
1 h and washed five times with MilliQ water. For recrystallization of the S-layer
fusion protein, a solution of 100 �g of rSbpA31-1068/ZZ in crystallization buffer
was conducted over the sensor surface in flow cell 1 (FC1) at a flow rate of 2
�l/min. For reference studies, rSbpA was recrystallized in flow cell 2 (FC2) under
the same conditions. The amount of recrystallized S-layer fusion protein was
expressed in terms of resonance units (RU; 1,000 RU corresponds to approxi-
mately 1 ng/mm2). In order to introduce covalent bonds between the S-layer
subunits, 150 �l of a solution of 10 mM dimethyl pimelimidate � 2HCl (DMP,
Pierce) in 0.2 M triethanolamine buffer (pH 8.5, containing 10 mM CaCl2) was
passed over the sensor surface at a flow rate of 2 �l/min. After blocking poten-
tially reactive groups with 0.1 M ethanolamine and washing with crystallization
buffer, 200 �l of a solution of human IgG (Sigma I-4506; 100 �g/ml of crystal-
lization buffer) was injected at a flow rate of 10 �l/min. The contact and disso-

ciation time of IgG with the rSbpA31-1068/ZZ monolayer were 20 min and 800 s,
respectively. IgG-binding and elution experiments were performed with the
native and DMP-treated rSbpA31-1068/ZZ monolayer.

Determination of the IgG-binding capacity of recrystallization products ob-
tained with rSbpA31-1068/ZZ. For determination of the IgG-binding capacity of
recrystallization products prepared with the S-layer fusion protein, 50-mg wet
pellets obtained by centrifugation at 16,000 � g for 15 min at 4°C were incubated
with 2 ml of a solution of human IgG (Sigma I-4506) at a concentration of
1mg/ml of Tris-HCl buffer (50 mM, pH 7.2) for 1 h at 20°C. Unbound IgG was
removed by centrifugation of the suspensions at 16,000 � g for 15 min at 4°C and
three washing steps with 50 mM Tris-HCl buffer (pH 7.2). Human IgG that had
bound to the recrystallization products was recovered by treatment of the pellets
with 0.1 M glycine-HCl buffer (pH 2.5). For comparative studies, recrystallization
products prepared with rSbpA were used. The amount of human IgG in the
supernatants was determined by the bicinchoninic acid (BCA) method (33) in
Tris-HCl buffer and by the method of Lowry et al. (20) in glycine-HCl buffer.

Biocompatibility tests for investigation of LAL reactivity and cytotoxicity of
recrystallization products prepared with rSbpA31-1068/ZZ. Recrystallization
products of the S-layer fusion protein were washed four times with NaCl solution
(0.9% in MilliQ water). Subsequently, 10 mg of wet pellet was resuspended in
100 ml of NaCl solution. After incubation at 37°C for 20 h, the suspensions were
centrifuged at 16,000 � g for 15 min at 4°C. The supernatants were passed
through a 0.2-�m-pore-diameter microfilter (Nalgene) and tested for Limulus
amebocyte lysate (LAL) reactivity and cytotoxicity, by using either a kinetic test
system (Charles River Endosafe; CoaChrom Diagnostica, Austria), or the MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) test (EZ4U; Bio-
medica, Vienna, Austria).

Recrystallization of the S-layer fusion protein on biocompatible microbeads
precoated with thiolated SCWP. Cellulose-based microbeads used for recrystal-
lization of the S-layer fusion protein were produced at the Fraunhofer Institute
for Applied Polymer Research (Golm, Germany). Such microbeads exhibited a
positively charged surface with free amine groups and had a mean diameter of 3
�m.

For covalent binding of thiolated SCWP, 100 mg of wet pellet of the mi-
crobeads was resuspended in 3 ml of 20 mM phosphate buffer (pH 7.2), and 300
�l of 10 mM MBS in dimethyl sulfoxide (DMSO) was added. The suspension was
stirred for 1 h at 20°C. Then the microbeads were sedimented by centrifugation
at 6,000 � g for 5 min at 4°C and washed six times with 20 mM phosphate buffer
(pH 7.2) containing 10% DMSO and three times with MilliQ water. Subse-
quently, MBS-modified microbeads were resuspended in 2 ml of a solution
containing 2 mg of thiolated SCWP per ml of MilliQ water. The suspension was
stirred at 20°C overnight. After that, the microbeads were washed with crystal-
lization buffer. For recrystallization of the S-layer fusion protein, 50 mg of
SCWP-coated microbeads was suspended in 1 ml of a solution of rSbpA31-1068/
ZZ, and the suspension was stirred at 20°C for 18 h.

The amount of S-layer fusion protein that had bound to the microbeads was
determined as described in references 35 and 36. Cross-linking of the S-layer
fusion protein with DMP and washing and saturation of potentially reactive
groups were done as described above. IgG-binding experiments were performed
with native and DMP-treated microbeads. For that purpose, 50-mg wet pellets of
microbeads were incubated in 1.5 ml of a solution of human IgG (Sigma I-4506)
at a concentration of 1 mg/ml of 50 mM Tris-HCl buffer (pH 7.2) for 1 h at 20°C.
After sedimentation of the microbeads at 6,000 � g for 5 min at 4°C, excess
human IgG was removed by three washing steps with 50 mM Tris-HCl buffer (pH
7.2). IgG that remained bound to the microbeads was eluted with 0.1 M glycine-
HCl buffer (pH 2.5). After washing with crystallization buffer, the incubation and
elution steps with IgG were repeated once. Samples of each supernatant and of
the microbeads were prepared for SDS-PAGE analysis.

RESULTS

Cloning and expression of the chimeric gene encoding the
S-layer fusion protein rSbpA31-1068/ZZ. A PCR product encod-
ing two repeats of the synthetic Z-domain based on the IgG
binding B-domain of SPA was derived from PCR amplification
by using the primers ZZ3forward and ZZ2reverse and ligated
into the pET28a vector. After cloning in E. coli TG1, amplifi-
cation, and isolation of the plasmid pET28a-ZZ, the gene
encoding the truncated form of the S-layer protein SbpA,
which was obtained by PCR using the primers sbpA37 and
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sbpA41, was ligated via the corresponding restriction sites into
this plasmid. The resulting vector, pET28a-ZZ/sbpA(93-3204),
was first cloned in E. coli TG1 and then established in E. coli
HMS174(DE3). After induction of expression by the addition
of IPTG, biomass samples were harvested at various points of
time and subjected to SDS-PAGE analysis and ultrathin sec-
tioning. In comparison to E. coli HMS174(DE3) cells har-
vested before the addition of IPTG (Fig. 2a, lane 1), an addi-
tional high-molecular-mass protein band was observed on SDS
gels in samples from E. coli HMS174(DE3) cultures induced to
express the chimeric sbpA(93-3204)/ZZ gene (Fig. 2a, lanes 2 and
3). This additional protein band had an apparent molecular
mass of 123,000 Da, which corresponded to the theoretical

molecular mass calculated for the S-layer fusion protein of
123,057 Da.

Isolation of the S-layer fusion protein from the host cells
and purification. As derived from SDS-PAGE analysis of sam-
ples collected during the isolation procedure, rSbpA31-1068/ZZ
had accumulated in the insoluble fraction of the lysed E. coli
HMS174(DE3) cells (data not shown). To isolate the S-layer
fusion protein, the insoluble fraction was extracted with 5 M
GHCl. After purification by GPC, only a single protein band
with an apparent molecular mass of 123,000 Da was detected
on SDS gels (Fig. 2a, lane 4). The presence of the SbpA-
specific part in the S-layer fusion protein was confirmed by
immunoblotting with the polyclonal rabbit antiserum raised
against the S-layer protein of B. sphaericus CCM 2177 (Fig. 2a,
lane 5). The presence and functionality of the ZZ-domains
were proved via the ability to bind human IgG, which was
finally detected with an antihuman-ALP conjugate (Fig. 2a,
lane 6). The purified chimeric S-layer protein rSbpA31-1068/ZZ
synthesized in E. coli HMS174(DE3) was subjected to N-ter-
minal sequencing, showing that the N terminus (AQVND) was
identical to that of the mature S-layer protein of B. sphaericus
CCM 2177.

Investigation of the self-assembly properties of the S-layer
fusion protein and recrystallization on peptidoglycan-contain-
ing sacculi. As shown by negative staining, the S-layer fusion
protein reassembled into flat double or multilayer sheets,
which exhibited the square lattice structure typical of the S-
layer protein SbpA. The S-layer fusion protein recognized pep-
tidoglycan-containing sacculi of B. sphaericus CCM 2177 as a
binding site and was recrystallized into the square lattice (Fig.
3).

Immunodot assays for investigation of the accessibility of
the fused ZZ-domains. Assuming identical functionalities of
the ZZ moiety for both samples, the intensities of the dots
indicated that in comparison to the water-soluble S-layer fu-
sion protein, the accessibility of the fused ZZ-domains for
human IgG was only slightly reduced in recrystallization prod-
ucts (Fig. 2b).

FIG. 2. (a) SDS-PAGE pattern of SDS extracts of whole cells of E.
coli HMS174(DE3) containing pET28a carrying the chimeric gene
encoding rSbpA31-1068/ZZ before (lane 1) and 1 (lane 2) and 4 (lane 3)
h after induction of expression by the addition of IPTG. Lane 4,
SDS-PAGE analysis of rSbpA31-1068/ZZ after purification by GPC.
Lanes 5 and 6, immunoblot analysis of SDS extracts of purified
rSbpA31-1068/ZZ, using polyclonal rabbit antiserum raised against the
S-layer protein of B. sphaericus CCM 2177 (lane 5) or antihuman-ALP
for detection of bound human IgG (lane 6). (b) Dot blot assays indi-
cating the accessibility of the fused ZZ-domains to human IgG of the
water-soluble (S) or the recrystallized S-layer fusion protein (RP).
Water-soluble rSbpA was used as a blank (B).

FIG. 3. Electron micrographs of negatively stained preparations showing the square lattice formed by rSbpA31-1068/ZZ in self-assembly
products (left) or on recrystallization products (right). Bars, 200 nm.
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Recrystallization of the S-layer fusion protein on gold chips
and glass slides precoated with thiolated SCWP and AFM
analysis. As shown by AFM analysis, the S-layer fusion protein
recrystallized into a monolayer on gold chips and silanized glas
slides precoated with thiolated SCWP. The monolayers con-
sisted of numerous randomly oriented patches with an average
size of 200 nm. All patches exhibited the square lattice struc-
ture with a center-to-center spacing of the morphological units
of 13.1 nm (Fig. 4).

SPR studies for investigation of the IgG-binding capacity of
rSbpA31-1068/ZZ recrystallized on gold chips precoated with
thiolated SCWP. To investigate the binding capacity of the
rSbpA31-1068/ZZ monolayer generated by oriented recrystalli-
zation of the S-layer fusion protein on gold chips precoated
with thiolated SCWP for human IgG, SPR studies were per-
formed. Recrystallization of the S-layer fusion protein led to
an increase of 5,266 RU for the native monolayer or 5,254 RU
for the cross-linked monolayer, which both corresponded to
4.3 � 10�5 nM/mm2. According to the molecular mass of the
S-layer fusion protein and the area occupied by one morpho-
logical unit, the theoretical value for a monolayer lies at 3.9 �
10�5 nM/mm2, which is in good accordance with the data of 4.3
� 10�5 nM/mm2. When a solution of IgG at a concentration of
100 �g/ml was conducted over the native and the DMP-cross-
linked rSbpA31-1068/ZZ monolayer, specific IgG binding was
observed in both cases. On the contrary, the rSbpA monolayer
used as a reference did not bind IgG at all. In the case of the
native monolayer, IgG corresponding to 4,367 RU was bound,
whereas an increase of 4,126 RU was observed for the DMP-
cross-linked monolayer (Fig. 5). These values corresponded to
either 2.9 � 10�5 nM IgG/mm2 or 2.8 � 10�5 nM IgG per
mm2, respectively. Considering that 4.3 � 10�5 nM native
S-layer fusion protein per mm2 sensor surface could bind 2.9 �
10�5 nM IgG per mm2, it can be calculated that, on average,

2.7 IgG molecules had attached per morphological unit of the
square S-layer lattice consisting of four subunits (Table 1). In
the case of the DMP-cross-linked rSbpA31-1068/ZZ monolayer,
the IgG-binding capacity was slightly reduced, since on aver-
age, 2.6 IgG molecules were bound per morphological unit.

Determination of the IgG-binding capacity of recrystalliza-
tion products prepared with rSbpA31-1068/ZZ. The binding ca-
pacity of recrystallization products prepared with the S-layer
fusion protein for human IgG was determined by batch ad-
sorption experiments and was found to lie at 35 mg of human

FIG. 4. AFM images of rSbpA31-1068/ZZ recrystallized on gold chips (a) and a silanized glass slide precoated with SCWP (b). Bars, 100 nm.

FIG. 5. Sensorgram of SPR studies for investigation of the IgG-
binding capacity of the native and DMP-cross-linked rSbpA31-1068/ZZ
monolayer obtained by recrystallization of the S-layer fusion protein
on gold chips precoated with thiolated SCWP. The native monolayer
bound an amount of IgG corresponding to 4,367 RU, whereas a
slightly reduced binding capacity of 4,126 RU was observed for the
DMP-cross-linked monolayer. A monolayer of rSbpA was used as a
blank. The signal obtained for each monolayer was set to zero before
the injection of IgG-containing solutions.
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IgG per g of wet pellet. This value was comparable to the
IgG-binding capacity of affinity microparticles prepared by
linking SPA to cyanamide-activated, glutaraldehyde-treated S-
layer-carrying cell wall fragments of Thermoanaerobacter ther-
mohydrosulfuricus L111-69, which showed a binding capacity of
40 mg of human IgG per g of wet pellet (35). Bound IgG could
be eluted from recrystallization products by treatment with
glycine-HCl buffer (pH 2.5). When the extract was analyzed by
SDS-PAGE, only IgG but no S-layer fusion protein could be
detected.

Biocompatibility of recrystallization products prepared with
rSbpA31-1068/ZZ. Supernatants from recrystallization products
were tested for LAL reactivity and cytotoxicity. The samples
exhibited an endotoxin contamination of �1.2 EU/ml and no
cytotoxicity towards eukaryotic cells.

Recrystallization of the S-layer fusion protein on cellulose-
based microbeads precoated with thiolated SCWP and deter-
mination of the IgG-binding capacity. Celloluse-based mi-
crobeads carrying free amine groups on their surface were
preactivated with MBS to bind thiolated SCWP. Subsequently,
the S-layer fusion protein rSbpA31-1068/ZZ was recrystallized,
and the amount of bound S-layer fusion protein was calculated
and compared with the theoretical value for microbeads with a
diameter of 3 �m. Instead of the theoretical value of 860 �g of
S-layer fusion protein per mg of microbead dry weight, 620 �g
of rSbpA31-1068/ZZ was actually bound, which corresponded to
72% coverage. Microbeads coated with the native S-layer fu-
sion protein were capable of binding 660 �g of IgG per mg of
microbead dry weight, which corresponded to 1,065 �g of IgG
per mg of S-layer fusion protein, or 3.5 IgG molecules per
morphological unit of the square S-layer lattice (Table 1). In
the case of the DMP-cross-linked S-layer fusion protein, a
binding capacity of 540 �g of IgG per mg of microbead dry
weight, or 870 �g of IgG per mg of S-layer fusion protein, was

obtained. This value corresponded to a binding density of 2.9
IgG molecules per morphological unit (Table 1).

Incubation of the microbeads with glycine-HCl buffer (pH
2.5) revealed that 80 to 90% of the bound IgG could be eluted
in a single step. SDS-PAGE analysis showed that only IgG and
no S-layer fusion protein was extracted under these conditions.
After a further elution step, no IgG remained bound to the
microbeads. The binding capacity of the microbeads for human
IgG in the second incubation step was comparable to the
amount of IgG bound in the first incubation step. Further-
more, elution of IgG by treatment with glycine-HCl buffer (pH
2.5) revealed data similar to those after the first incubation
step. When rSbpA was used for recrystallization on microbeads
precoated with thiolated SCWP, no IgG binding was observed
at all.

DISCUSSION

In the present study, an S-layer fusion protein was con-
structed that comprised the SCWP-binding region and the
self-assembly domain of the S-layer protein SbpA and two
copies of the Fc-binding Z-domain. The latter is a synthetic
analogue of the B-domain of SPA, capable of binding the Fc
part of IgGs (19, 23). By exploiting the specific interactions
between the N-terminal part and the SCWP, the S-layer fusion
protein was used for coating of biocompatible, cellulose-based
microbeads to generate specific adsorbents, which should find
clinical application in the treatment of various autoimmune
diseases.

For the construction of the S-layer fusion protein rSbpA31-1068/
ZZ, a C-terminally-truncated form of the S-layer protein SbpA of
B. sphaericus CCM 2177 was selected. As shown in a previous
study, the deletion of 200 C-terminal amino acids led to a signif-
icant increase in the accessibility of the C terminus, while retain-

TABLE 1. IgG-binding capacity of native and DMP-cross-linked monolayers, obtained by oriented recrystallization of S-layer fusion protein
rSbpA31-1068/ZZ on SCWP-coated SPR gold chips or SCWP-coated cellulose-based microbeadsa

Parameter

Result for:

SPR Microbeads

Native DMP-treated Native DMP-treated

Bound S-layer fusion protein 4.3 � 10�5 nM/mm2b 4.3 � 10�5 nM/mm2b 620 �g/mg of
microbead dry wt

620 �g/mg of
microbead dry
wt

Bound IgG 2.9 � 10�5 nM/mm2b 2.8 � 10�5 nM/mm2b 1,065 �g of IgG/mg
of S-layer fusion
protein

870 �g of IgG/mg
of S-layer
fusion protein

nmol of IgG/nmol of S-layer
fusion protein

2.9/4.3 2.8/4.3 7.1/8.1 5.8/8.1

Molar ratio (IgG/S-layer
subunit)

0.67 0.65 0.88 0.72

No. of IgG molecules
attached/morphological
unit

2.7 2.6 3.5 2.9

nmol of IgG/mm2 2.9 � 10�5 2.8 � 10�5 3.4 � 10�5 2.8 � 10�5

ng of IgG/mm2 4.35 4.20 5.10 4.20
% of theoretical saturation

capacity (6.5 ng/mm2)
67 65 78 65

a According to the center to center spacing of the morphological units of 13.1 nm, the area occupied by 1 cell unit is 171.61 nm2. Derived from this value and the
molecular mass of the S-layer fusion protein of 123,000 Da, 1 mg (8.1 nmol) covers an area of 2.1 � 1017 nm2.

b The binding capacity of the gold chip for the S-layer fusion protein and of the rSbpA31-1068/ZZ monolayer for human IgG was derived from RU values obtained
by SPR measurements.
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ing the functionality of the S-layer protein moiety (12). The S-
layer fusion protein rSbpA31-1068/ZZ could self-assemble in
suspension and recrystallize on peptidoglycan-containing sacculi
and on solid supports precoated with thiolated SCWP. The for-
mation of the square lattice structure was observed on self-assem-
bly and recrystallization products and on monolayers formed on
solid supports. Due to the specific interactions between the SLH
domain located on the N-terminal part and the SCWP (11), the
S-layer fusion protein attached with the inner surface to the
SCWP-coated supports, thereby leaving the fused ZZ-domains
exposed to the ambient environment. This was demonstrated by
the intensities of immunodot assays, in which the water-soluble
S-layer fusion protein showed only a slightly stronger reaction
than the S-layer fusion protein recrystallized on peptidoglycan-
containing sacculi. The binding capacity of the monolayer ob-
tained by oriented recrystallization of the S-layer fusion protein
on supports precoated with SCWP for human IgG was deter-
mined in its native state and after cross-linking with DMP. Fur-
thermore, the IgG binding capacity was investigated in a real-time
biosensor (SPR) as a dynamic system and in batch adsorption
experiments using recrystallization products, which despite the
different experimental conditions led to similar results (Table 1).
In both systems, the IgG binding capacity of the DMP-cross-
linked monolayer was slightly reduced in comparison to that of
the native monolayer. Although the native monolayer was resis-
tant to treatment with glycine-HCl buffer (pH 2.5), which is a
necessary condition to elute IgG from the Z-domain, cross-link-
ing of the S-layer lattice is considered essential for all applications,
in which the S-layer fusion protein is brought in contact with
human plasma, like in immunoadsorption. The potential use of
the S-layer fusion protein to bind human IgG from plasma of
patients suffering from autoimmune disease was also the reason
why contamination with endotoxin or the cytotoxicity for eukary-
otic cells was investigated. Recrystallization products prepared
with the S-layer fusion protein did not show any cytotoxicity, and
the endotoxin content was very low, but to guarantee the com-
plete absence of lipopolysaccharides, expression in a gram-posi-
tive organism is strongly demanded.

Igs are spheroid lens-shaped molecules, so the theoretical
saturation capacity of a planar surface depends on whether the
molecules are immobilized lying down or in an upright posi-
tion. If IgG is bound via SPA or the Z-domain, all molecules
should be aligned in an upright position. Assuming that the
Fab regions are in the condensed state, the maximum binding
capacity (theoretical saturation capacity) of a planar surface
lies at 6.5 ng/mm2 (15). On microbeads covered with native
S-layer fusion protein, 5.1 ng of IgG/mm2 (corresponding to
78% of the theoretical saturation capacity) was bound. After
cross-linking with DMP, the binding capacity decreased to 4.4
ng of IgG/mm2, which still represented 65% of the maximum
packing density (Table 1).

For comparative studies with affinity microparticles (5, 35,
36), recrystallization products were prepared with the S-layer
fusion protein. Affinity microparticles are obtained by cross-
linking S-layer carrying cell wall fragments with glutaralde-
hyde, activating free carboxylic acid groups with cyanamide
and covalent binding of SPA. In previous studies, it was dem-
onstrated that immobilization of SPA led to a dense monolayer
of the ligand on the S-layer surface of affinity microparticles
from T. thermohydrosulfuricus L111-69 or B. sphaericus CCM

2120, which were capable of binding 40 �g of human IgG/mg
of wet pellet (35, 36). This binding capacity was rather similar
to that of recrystallization products prepared with the S-layer
fusion protein, but significantly higher than those of commer-
cially available immunoadsorbents, which were �10 �g/mg of
wet pellet (35). The clearly higher IgG-binding capacity of
affinity microparticles was attributed to the high density and
regular arrangement of functional groups on the outer surface
of the S-layer lattice to which SPA was covalently linked (36).
The regular arrangement of functional groups in the S-layer
lattice is in contrast to the structure of conventional affinity
matrices, which are composed of networks of polymers, and
this feature was even improved with the S-layer fusion protein.
In this case, each S-layer subunit carried exactly two ZZ-do-
mains and thus two binding sites for IgG, but due to sterical
reasons and the size of the IgG molecules, only one Z-domain
could be exploited for IgG binding. The Z-domain nearest to
the S-layer protein should function as a spacer and guarantee
an optimal accessibility for the large IgG molecules to the
second Z-domain. Since DMP-treated microbeads had a dry
weight of 34.4%, about 186 �g of IgG/mg of wet pellet was
bound, which was at least 20 times higher than the IgG-binding
capacity of commercial immunoadsorbent particles. In addi-
tion to the high binding capacity, a further advantage in com-
parison to commercial adsorbents can be seen in the fact that
the ZZ-domains are exposed on the outermost surface of the
microbeads, so that diffusion-limited binding events can be
excluded.

The use of biocompatible cellulose-based microbeads as a
carrier for the S-layer fusion protein rSbpA31-1068/ZZ, the pos-
sibility to cross-link the S-layer lattice with DMP, the high
levels of IgG that were still bound after cross-linking, and the
possibility to elute IgG and regenerate the microbeads without
loss of the binding capacity are extremely promising for their
application as immunoadsorbents in the MDS.
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