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ABSTRACT

In the present studv, the applicability of

crystalline bacterial cell-surfuce lavers (5-
lavers) as novel immobilization matrices and
reaction Zones  for dipsiick-sivie
noassays was ovesiigated. For this purpose,

-

S-laver-carrving cell-wall fragments Jrom
Bacillus sphaericus CCM 2120 were de-
posited on a microporous support. and the S-
layer protein was cross-linked with gluaral-
deliyde. For developing appropriate test
systems, either human 1gG owas directly
linked to the carboxylic acid groups from the
S-layer protein or it was immobilized using
Protein A or;, afier biotinvlation, using sirep-
wavidin. A clear correlation was obtained be-
nween the amount of anti-luman 198G applied
and the absorbance values in the immunoas-
says. S-lavers with covalently bound recom-
hinant major birch pollen allergen were used

Jor quantitative and semiquantitative deter-

mination of an antibody raised against ir.
Using S-layers as an immobilization marrix
in comparison to amorphous polvmers has

advantages in that the closed monolayers of
Sunctional macromolecules on their outer-

most surface allows for strong signals in im-
munoassays, almost completely eliminates
background and prevents diffusion.

INTRODUCTION

Crystalline bacterial cell-surface lay-
ors (S-layers) represent the outermost
cell envelope component of many cu-
bacteria and are a common feature of
archaeobacteria  (2.13.16).  S-layers
completely cover the cell surface during
all stages of bacterial growth and divi-
sion, and exhibit oblique (pl and p2).
square (p4) or hexagonal (p3 and p6)
lattice symmetry. Depending on the lat-
tice type. one morphological unit is
composed of either one, two, three. four
or six identical protein or glycoprotein
subunits, with molecular weights rang-
ing from 40000 to 200 000. High-reso-
fution electron microscopic and perme-
ability studies revealed that S-layers
from Bacillaceae have a pore size of 4-
S nm (14,18). Because of the presence
of pores identical in size and morpho-
logy. and the high density und regutar
arrangement of amino and carboxylic
acid groups on the outermost surface,
isolated S-layers or S-layer-carrying
cell-wall fragments were used for the
production of the first type of isoporous
ultrafiltration membranes (14,18) and as
amatrix for covalent binding of biologi-
cally active macromolecules such as en-
zymes and ligands (15). In comparison
to conventional immobilization matri-
ces. S-layer lattices have the advantage
that a closed monolayer of biologically
active macromolecules can be built up
on their surface, thereby avoiding diffu-
ston in the membranes and preventing
unspecific adsorption (15).

In the present study. the applicabili-
ty of S-layer ultrafilration membranes

(SUMs) as novel immobilization matei-
ces and reaction zones for dipstick-
style immunoassays was investigated.
S-layer-carrying ccll walls from Bucil-
s sphacricus CCM 2120 were select-
ed for SUM production because of the
detailed knowledge acquired of their
morphological. surface and permeabil-
ity properties, as well as their great po-
tential for chemical modification (18).
Among the SUMs produced using S-
fayer-carrying cell-wall fragments from
Bacillus strains, those from B. sphaeri-
cus CCM 2120 showed the highest sto-
rage stability (at least one year at 4°C).

To obtain information on the anti-
body-binding capacity of SUMs. either
human TeG was direcdy linked 1o the
carboxylic acid groups from the S-lay-
er protein or it was immobilized using
Protein A or. after biotinylation. using
streptavidin, The three different meth-
ods for immobilizing 1¢G for im-
munoassays were compared.

For a more specitic test system with
cconomic relevance, the recomhinant
major birch pollen allergen r Bet v 1a
(4) was covalently bound to the S-layer
lattice. In northern and central Europe.
at least 15% of the population is affect-
ed by atopic allergy caused by the
potlen of birch (4). Whole birch pollen
extracts are used for immobitization in
all test systems available on the market:
This frequently leads 1o undesired side
reactions. In the present study. the im-
mobilization of recombinant birch pol-
len allergen to SUMs, which was used
for quantification of the monaoclonal

antibody BIP 1 (8). is described for the

first time.
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MATERIALS AND METHODS

Organism, Growth Conditions,
Cell-Wall Preparation, Production
of S-Layer Ultrafiltration Mem-
branes (SUMs) and Preparation of
S-Layer Microparticles (SMP)

B. sphaericus CCM 2120 was
grown as described in a previous article
(18). Cell-wall preparation was per-
formed according to the procedure de-
scribed in Reference 12, in which cells
were disrupted by ultrasonication. The
purity of the cell-wall fragments was
cheched on negatively stained and ul-
trathin-sectioned preparations by elec-
tron microscopy (12) and by sodium
dodecyl sulfate  polyacrylamide  gel
electrophoresis (SDS-PAGE). The S-
layer protein content of the cell-wall
fraginents was  determined by the
method of Lowry et al. (11). For pro-
duction of  SUMs,  S-layer-catrying
cell-wall fragments [rom B. sphacricies
CCM 2120 were deposited on nylon
microfiltration membranes in a pres-
sure-dependent procedure. After cross-
linking the S-layer lattice with glu-
taraldehyde, Schift bases were reduced
with sodium borohydride (18). For the
preparation of SMP, 100 mg of wet pel-
lets ol S-layer-carrying cell-wall frag-
ments were suspended in 100 mE 0.1
M phosphate buffer (pH 7.2, 20°C).
During stirring the suspension at 500
rpm. 1ok of glutaraldehyde (50%
vol/val in distitled water) was added to
achieve a final concentration of 0.5%
vol/vol. After 30 min. the suspension
was centrifuged for 20 min at 50000x g
al 4°C’. the pellets were repeatedly
washed with distilled water and Schitf
bases were finally reduced with sodium
borohvdride (18). S-layer-carrying cell-
wall tragments in which the S-layer
protein was fixed with glutaraldehyde
are referred to as S-layer microparticles

(SMP).

Immaobilization of Protein A, Human
2G and Recombinant Birch Pollen
Allergen r Bet v 1a to SMP

In all immobilization studics. SMPs

Were used for exact quantification of

the amonng of covalently bound macro-
Molecules. For immobilization of Pro-

,b tein A from Staphylococcus anreus
- (Pharniacia Biotech. Uppsala, Swe-
© den), himan IeG (Sigma-Aldrich Che-

mie, Deisenhofen, Germany) and r Bet
v lato SMP from B. sphaericus CCM
2120, the carboxylic acid groups from
the S-layer protein were activated with
I-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDC) as described in Refer-
ence |8. Immobilization of proteins
was done by resuspending 100 mg of
wet pellets from EDC-activated SMP in
2 mL. of distilied water (pH adjusted to
9.0 with 0.1 N NaOH) containing either
4.5 mg human 1gG. 1.0 mg r Betv laor
3.5 mg Protein A. After incubation for
I8 h at 4°C. unbound protein was re-
moved by centrifugation of the suspen-
sions at S0000x g for 20 min at 4°C.
The amount of r Bet v la, human IgG
and Protein A covalently bound to SMP
was calculated by subtracting  the
amount of the respective proteins (de-
tected in the collected supernatants ac-
cording to Reterence 17) from the total-
1y applied amount. The introduction of
covalent bonds between the S-layer lat-
tice and the protein was controlled by
SDS-PAGE ol SDS extracts from SMP,

Immobilization of Protein A, Human
IgG, r Bet v la and Streptavidin to
SUMs

When SUMs were used as matrices
for immobilization of macromolecules.
activation of carboxylic acid groups of
the S-fayer protein and the immobiliza-
tion procedure were carried out in a
Model 202 chamber from Amicon
(Beverly, MA, USA), into which SUM
disks with a diameter of 62 mm could
be inserted. Since only the SUM
surface was  exposed, diffusion  of
macromolecules into the microfiltra-
tion membrane was prevented. For im-
mobilization of Protein A, human [gG
and r Bet v a, carboxylic acid groups
from the S-layer protein were activated
with EDC at pH 4.75 for 60 min at
20°C. Subsequently, the SUMs were
washed with ice-cold distilled water
and incubated with 10 mL of the re-
spective protein solution (1 mg/62-mm-
diameter SUM in distilled water, pH
adjusted to 9.0 with 0.1 N NaOH) for
18 h at 4°C. Unbound protein was re-
moved by washing the SUM surface
with 50 mM phosphate bufter contain-
ing 140 mM NaCl (phosphate-buffered
safine [PBS]) and 0.1% Triton® X-100.
SUMs with immobilized Protein A
were subsequently incubated with hu-

man [gG (1 mg/62-mm-diameter SUM
in 10 mL 0.1 M glycine-NaOH buffer,
pH 9.0) for 18 h at 4°C.

For immobilization of biotin, free
carboxylic acid groups from the acidic
amino acids of the S-layer protein were
first converted into amino groups. This
was done by binding ethylenediamine
to  EDC-activated carboxylic acid
groups under conditions given in Refer-
ence 8. Biotinylation of SUMs with
{ree amino groups was carried out ac-
cording to the procedure given by
Pierce (Rockford, 1L.. USA) by using
ImmunoPure® Sulfo-NHS-Biotin. For
the removal of unbound biotin, SUMs
were washed at least three times with
50 mM PBS containing 0.1% Triton X-
HO0. Subsequently, 10 mL 0.1 M gly-
cine=NaOH buffer (pH 7.0) containing
I mg streptavidin (Promega, Madison,
WI. USA) were put into the chamber
loaded with SUM, After incubation for
18 hat 4°C, streptavidin-SUMs were
used for binding of biotinylated human
IeG (1.5 mg/62-mm-diameter SUM in
10 mL 0.1 M glycine-NaOH buffer, pH
9.0) for 4 h at 4°C. Biotinylation of hu-
man lgG with Sulfo-NHS-Biotin. de-
termination of the protein content (Pro-
tein Assay Kit; Bio-Rad, Hercules, CA,
USA) and calculation of the molar ratio
of biotin to IgG in the conjugate were
performed according to the procedures
given by the manufacturers and by ap-
plying the HABA test (7).

For semiquantitative determination
of the amount of streptavidin, of human
[¢G bound to Protein A-SUMs and of
biotinylated human 1gG adsorbed to the
streptavidin-SUM. disks with a diame-
ter of 4 mm were cut into small pieces
(ca. | mm) and extracted with 200 uL
2% SDS solution. Subsequently. S pl.
of these extracts were applied to SDS
gels. A series of human IgG and strep-
tavidin standards allowed the semi-
quantitative determination of bound
proteins.

Studies on the Applicability of SUMs
as Matrices for Imnmunoassays and
Dipsticks

For comparing the three different
methods of immobilizing human IgG,
disks with a diameter of 14 mm were
punched out from the SUMs (62-mm
diameter) obtained according the pro-
cedures described above and were fixed
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density of human IgG, either directly
bound to carboxylic acid groups from
the S-layer protein or to streptavi-
din-SUM after biotinylation, compara-
ble absorbance values were observed
by applying the same concentrations of
anti-human IgG (Figure 3). This phe-
nomenon can be explained primarily by
the different methods used for LG im-
mobilization. It can be assumed that,
duc 10 the high density of the carbox-
ylic acid groups in the S-layer lattice,
multipoint attachment of the directly
immobilized TgG molecules had oc-
curred. This is known 1o lead to struc-
tural distortions and to conformational
changes, which can therefore influence
the hiological recognition process (6).
In the case of biotinylated TgG. six bi-
otin molecules were attached per mole-
cule. which could anchor the 1G (o the
streptavidin-SUM (Figure 2). With all
three matrices, very low unspecitic ad-
sorption could be observed (Figure 3).
Recombinant Bet v 1a was immo-
bilized directly to the EDC-activated
carboxylic acid groups on the S-layer

Gkl microfiltration ' Protein A
mbrane

me)

" S-layer subunit Yamibod)

L W streptavidin

? biotin

Figure 2. Schematic drawing illustrating im-
mobilization of human IgG covalently bound
to carbodiimide-activated carboxylic  acid
groups from the S-layer lattice (a), to immobi-
lized Protein A (b), after biotinylation to strep-
tavidin (c).
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protein of SUMs. The suitability of this
matrix for immunoassays and dipsticks
was proven by incubation with different
concentrations of BIP I. The resulting
curve, when using pNPP as a soluble
substrate, demonstrated satisfactory re-
cognition of r Bet v la by BIP { over a
wide concentration range (Figure 4).
For visual detection of BIP 1 and semi-
quantitative determination relevant to
dipstick-style immunoassays. BCIP/
NBT was chosen as a substrate, leading
to insoluble products. The intensity of
the precipitate formed on the SUM sur-
face correlated well with the BIP | con-
centrations applied. The SUMs with im-
mobilized v Bet v Fa showed absolutely
no background reactions (Figure 5).

DISCUSSION

The square S-layer lattice from &.
sphacricus CCM 2120 was used as
model system for investigating (he ap-
plicability of using SUM as an immobi-
lization matrix and a reaction zone for
dipstick-style immunoassays. S-layer-
carrying cell wall fragments, which re-
vealed a complete outer and inner S-
layer (Figure 1), were used for either
the preparation of SMP or for the pro-

duction of SUMs. Since in both cases
the S-layer surface was exposed, stud-
ies on the binding capacity of SMp
could be related dircctly to the binding
capacity of SUMs. Because of the pos-
sibility of exact quantification, opti-
mization of the immobilization proce-
dures was done with SMP.

The binding capacity of the square
S-layer lattice from B. sphaericus CCM
2120 for Protein A correlated well with
data obtained in a previous study using
the hexagonally ordered S-layer lattice
from Thermoanaerobacter thermohy-
drosulfuricus LL111-69 (19). On both S-
layer lattices, the Protein A molecules
were shown to be preferentially ar-
ranged with their longitudinal axis per-
pendicularly to the S-layer lattice. Oth-
crwise, a binding capacity 3-4 times
higher than the arca theorctically re-
quired fora dense Protein A monolayer
based on a Stoke’s radius of 5 nm
would never have been achieved. As-
suming that a Protein A monolayer was
generated on the S-layer lattice, the ac-
tual radius of the elongated molecules
was calealated wo be in the range of 2.5
w3 nm.

The binding of human I1gG (o Pro-
tein A=SUM led to the formation of a
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closed monoiayer of densely packed
IgG molecules (Figure 2). Because the
anti-human 1gG used in the present
study was raised against the whole mol-
ecule, the uniform alignment of the 1gG
molecules cannot be responsible for the
higher absorbance values determined
for Protein A—-SUM in the immunoas-
say (Figure 3) but would be advanta-
geous for antigen recognition. Since
ster 1sons can be excluded. the high
absorbunce values achieved with Pro-
tein A-SUM were attributed (o the
higher packing density of the 1gG mol-
ecules in comparison to that of strepta-
vidin-SUM (Figure 2) or the covalently
bound human IgG. On the other hand.
the existence of a closed monolayer of

uniformly oriented IgG molecules ex-
cludes any enhancing effect by the en-
zyme-antibody conjugate applied in
the last step. By immobilizing Protein
A to SUMSs, a matrix with high affinity
to human IgG or rabbit IgG was gener-
ated. However. Protein A~-SUM cannot
be used for the binding of immuno-
globulins with low affinity to Protein A
such as mouse [gG or goat IgG (10). In
this case. direct covalent binding of the
antibodies to the S-layer lattice or bind-
ing of biotinylated antibodies to a strep-
tavidin-SUM is preferred.

The binding density determined for
the covalently bound IgG and for the
biotinylated TgG indicated a random
orientation of the molecules on the S-
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Figure 4. Absorbance values at 405 nm for different concentrations of BIP 1 applied to a SUMan
which r Bet v 1a was covalently bound 10 carboxylic acid groups from the S-layer protein.

a b c d e f §
. N o peaction
Figure 5. SUM discs with covalently bound r Bet v 1a demonstrating their applicability as reaction -

zone for dipsticks. By using BCIP/NBT substrate, the intensity of the precipitate formed on the SUM 4

N . . . - ffer-
surtace correlated well with the different concentrations of BIP 1 applied. (a—t) cosrespond o the T?c: ;
entconcentrations of BIP 1 applied in the immunoassay in Figure 4. (a = 0 pg/ml: b =0.143 pg/mli €=

0.287 pg/ml:d = 0.575 pg/miie = 115 pg/ml: £=2.3 pg/mb).

]

layer lattice (Figure 2, a and ¢). Al-
though the IgG binding capacity of
streptavidin-SUM (150 ng IgG per cm?
membrane area) was lower than the
amount that could be bound covalently
(375 ng per cm? membrane area), the
absorbance values measured in the im-
munoassay were rather similar (Figure
3). These results indicated that, in com-
parison to the biotinylated I1¢G, recog-
nition of the covalently bound human
TeGi by anti-human IgG was clearly re-
duced. However, all three methods for
immobilizing human IgG on S-layer
latices led to reproducible results con-
cerning the binding capacity. The cor-
relation between increasing concentra-
tions of anti-human 1gG and increasing
absorbance  values  confirmed  that
SUMs are well-suited as matrix for im-
munoassays (Figure 3). Nonspecific
adsorption and background reactions
were generally very low and in most
cases negligible.

I SUMs were used as matrices for
immobilization and reaction zones f.:
dipstick-style immunoassays. diffusion
of antibodies or antibody—enzyme con-
jugates into the highly adsorptive mi-
crofiltration membrane supporting the
S-layer-carrying  cell-wall fragments
had 10 be prevented. Currently. SUMs
used for preparation of dipsticks are ei-
ther 2iued together with the two micro-
filtration membranes fucing each other
or witached to polymer filus (Mader.
unpublished observation). Contrary to
conventionally  used  microfiltration
memibranes, which can adsorb up 10
milligrams of proteins per em? mem-
branc area (1.5). the surface of SUMs
fevealed extremely low nonspecific ad-
sorption and nearly no - background
Wwithout blocking steps in immunologi-
€al reactions. The main reason for this
Advantage is seen in the well-defined

*, Physicochemical und morphological
:Properties of S-layer lattices composed

oofidentical protein subunits.

“ In summary, crystalline bacterial
sCellsurface layers represent unigue
sMatrices for a controlled immobili
tion of monomolecular layers of mac-
fomolecules. Because of their crys-
blline structure, along with the regular
& drangement and well-defined oricntu-
Yons of functional groups down to the
f“bnanumcter range, S-layer lattices
fa" predetermine the orientation of im-

mobilized macromolecules, as shown
for Protein A. Moreover, the presence
of surface-Jocated functional groups in
high density on the S-layer laltice fur-
ther allows for the application of a
broad spectrum of chemical modifica-
tion and coupling procedures for gener-
ating an immobilization matrix even for
very specific demands (18). Since
reproducible  amounts of functional
macromolecules. such as antibodies,
enzymes and allergens, can be immobi-
lized, SUMs provide a new type of
reaction zone for quantitative and semi-
quantitative immunoassays and  dip-
stick test systems with constant signals.
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