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ABSTRACT Two-dimensional crystalline bacterial surface layers (S-layers) are found in a broad range of bacteria and
archaea as the outermost cell envelope component. The self-assembling properties of the S-layers permit them to recrystallize
on solid substrates. Beyond their biological interest as S-layers, they are currently used in nanotechnology to build
supramolecular structures. Here, the structure of S-layers and the interactions between them are studied through surface force
techniques. Scanning force microscopy has been used to study the structure of recrystallized S-layers from Bacillus sphaericus
on mica at different 1:1 electrolyte concentrations. They give evidence of the two-dimensional organization of the proteins and
reveal small corrugations of the S-layers formed on mica. The lattice parameters of the S-layers were a ¼ b ¼ 14 nm, g ¼ 90°
and did not depend on the electrolyte concentration. The interaction forces between recrystallized S-layers on mica were
studied with the surface force apparatus as a function of electrolyte concentration. Force measurements show that electrostatic
and steric interactions are dominant at long distances. When the S-layers are compressed they exhibit elastic behavior. No
adhesion between recrystallized layers takes place. We report for the ﬁrst time, to our knowledge, the value of the
compressibility modulus of the S-layer (0.6 MPa). The compressibility modulus is independent on the electrolyte concentration,
although loads of 20 mN m1 damage the layer locally. Control experiments with denatured S-proteins show similar elastic
properties under compression but they exhibit adhesion forces between proteins, which were not observed in recrystallized
S-layers.

INTRODUCTION
Membrane interactions have been the subject of intense
research in the past decades, not only to understand membrane
adhesion or fusion, but also to control the properties of artiﬁcial membranes in relation with biomedical applications such
as drug delivery systems. Several tools exist to probe through
direct measurements the interactions either at the level of a
single molecule, such as optical tweezers (1), biomembrane
force probe (2), and atomic force microscopy (3–7), or at a
more collective level with techniques such as surface force
apparatus (SFA) (8), vesicle micromanipulation (9,10), and
the thin ﬁlm balance (11,12). The interactions of lipid layers
are now fairly well understood (13–16), at least in their main
features, which include van der Waals forces, double layer
forces, entropic (undulation and protrusion) forces, and
hydration forces. In contrast, the ones between more complex
membranes, not to mention real membranes (17), remain
insufﬁciently explored. Lipid bilayers can be decorated with
functionalized lipids or protein receptors and ligands, which
may give them various types of interactions, including forces
related to molecular recognition. The use of lipids with large
ﬂexible headgroups may give steric repulsions with a range
depending on the headgroup features (18), which can
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interestingly modulate the adhesion. Lipids functionalized
with groups, which recognize each other, produce an adhesionfree energy in good agreement with theory (19). Receptors and
ligands have, in the past decade, been the subject of numerous
studies with various techniques (20–22). Real membranes are
often covered by a very complex extracellular membrane
matrix (23) made of various proteins distributed inhomogeneously along the membrane, which makes them difﬁcult to
use in a model study. Bacterial protein layers (surface layers,
S-layers) are two-dimensional (2D) crystalline arrangements of
proteins that are composed of a single (glyco)protein and
constitute one of the most common outermost cell envelope
components of the prokaryotic organisms bacteria and archaea
(24,25). Their structure and morphology have been extensively studied (26): these proteins recrystallize through a selfassembly process on a wide range of substrates and exhibit
oblique (p2), square (p4), or hexagonal (p3, p6) lattice
symmetry, the center-to-center spacing between the morphological units ranging 3–30 nm (27). They have a typical
thickness of 5–10 nm.
Fine control and characterization of the crystal structure
is crucial to anchor molecular functional units such as
streptavidin or antibodies in a regular array (28). This is the
basis of multifunctional biological chips that can be used in
the future as model systems to investigate in detail molecular
interactions (29–31). The S-layers as the main part of the
bacterial cell envelope play a role in the protection of the
doi: 10.1529/biophysj.105.067041
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organism against hostile environmental conditions. They are
of major importance for cell-cell interaction and cell growth
and division and should withstand expansion to keep the
cell shape in archaea (25,32,33). In this work, recrystallized
bacterial S-layers are used as a model system to investigate
the relation between structure, stability, and interaction
forces between cell walls. This is studied with the scanning
force microscope and the SFA. Recently, the correlation
between these techniques has been successfully used to study
the stability of supported lipid bilayers (7). As a consequence,
the application of both techniques to measure physicochemical properties of bacterial S-layers such as thickness,
elasticity, charge density, thermal stability, and interaction
forces contribute to understand the behavior of these biological systems. We report the timescale of the recrystallization process of the S-protein SbpA on mica, investigated
with scanning force microscopy (SFM). The morphology of
the S-layer in water at different electrolyte concentrations of
KNO3 was also studied via SFM. We have found that the 2D
crystalline structure of the S-layer is independent of the
electrolyte concentration. The thickness of the recrystallized
S-layer was obtained with the SFM and found to be 13.5 nm,
which corresponds to a protein bilayer (34). The interaction
force between two S-layer surfaces studied by SFA in water
under the same electrolyte conditions is repulsive. At separation distances between 30 and 100 nm, the interaction
depends on the electrolyte concentration. Below 30 nm, the
repulsive force does not depend on electrolyte concentration
and the S-layers exhibit elastic behavior. No adhesion takes
place between recrystallized S-layers. The mean value of the
compressibility modulus of the S-layers is ;0.6 MPa.
Experiments with denatured S-layers show another repulsion
regime, similar compressibility modulus, and the appearance
of adhesion forces between them.
MATERIALS AND METHODS
S-layers
The bacterial cell surface layer protein SbpA used in this study was isolated
from Bacillus sphaericus CCM 2177. Growth in continuous culture, cell
wall preparation, extraction of S-layer protein with guanidine chloride
(GHCl), dyalization, and further centrifugation was done according to Sleytr
et al. (35). The concentration of SbpA was adjusted with Milli-Q water
(Millipore, Bedford, MA) to 1 mg mL1. This solution was used for all
recrystallization experiments.

SbpA recrystallization
Recrystallization experiments were carried out in mini petri dishes (30 mm
diameter, 5 mL volume). Mica slides of ;1 cm2 area were immersed and
kept for at least 1 h in buffer solution containing protein monomers (the
minimum incubation time has been found to be 30 min, see Results). The
protein/buffer volume ratio was 0.1:1 for every sample. The buffer consisted
of 0.5 mM Tris-HCl buffer, pH 9, with added 10 mM CaCl2. The samples
with recrystallized protein were washed with Milli-Q water before starting
the experiments. KNO3 (Merck suprapure) was the electrolyte used in the
experiments. The water used had a speciﬁc resistivity of 18.2 MV cm1
Biophysical Journal 90(5) 1821–1829
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(Elgastat Maxima for HPLC unit). The mica used was high quality Ruby
Muscovite. Aqueous solutions adjusted to pH 3 were prepared with
Millipore water, citric acid-monohydrate (Merck, Darmstadt, Germany), and
hydrochloric acid (Sigma-Aldrich, St. Louis, MO) indistinctively.

Scanning force microscopy
SFM images have been recorded in contact mode in water, 10 mM and
100 mM KNO3 at room temperature using a Nanoscope III multimode
(Veeco Instruments, Santa Barbara, CA). The multimode was equipped with
a 12 3 12 mm2 scanner. Silicon nitride (Si3N4) cantilevers (NP-S, Veeco
Instruments) with a spring constant of 0.1 N m1 were used. The spring
constants of the cantilevers were calculated using the thermal method (36) in
water. The scan rate for imaging was ;5 Hz (5 mm s1 for a 500 3 500 nm2
scan area) under a constant force of 0.2–2.5 nN. The imaging force for
protein resolution depends on the chosen medium: in water, forces of 1.5–
2.5 nN allowed protein resolution; meanwhile for 10 mM and 100 mM
KNO3, lower forces of 0.2–1 nN were necessary to get the crystalline
structure of the ﬁlm. The thickness of the studied S-layers was obtained
using the ‘‘scratching’’ method. Scratching of the S-layer was carried out by
applying a scanning force of 10–20 nN at 5 mm s1 over a 250 3 250 nm2
area. Then, a larger region containing the damaged area was scanned under
the nonwearing imaging conditions (see above). Thickness of the S-layer
was computed by surface proﬁle analysis on different positions and samples.

Surface force apparatus
Interactions between S-layers have been measured with a homemade SFA.
This technique uses cleaved mica sheets (1–4 mm thick), with back surfaces
silvered, which are glued to cylindrical glass lenses with curvature radius R
(2 cm in this case). The two surfaces are in a crossed-cylinder geometry and
they can be moved toward or away from each other by a micrometer shaft
and a differential spring system. SFA measures the force F between the
mica surfaces as a function of the actual distance D between them. Here,
a leaf spring is used to measure the force with an uncertainty of 107 N,
whereas the distance is obtained by white light multiple beam interferometry
with Angstrom resolution. For a complete description of this technique, see
Israelachvili and Adams (8).
The force at a particular distance between the surfaces is measured once
thermal equilibrium is attained. Then, the surfaces are brought closer to each
other and the procedure is repeated at the new distance. The experiment is
completed when the load force between the surfaces in contact reaches a
certain value (i.e., maximum load).
The distance between the S-protein layers was computed using the
contact between the bare mica substrates as reference (i.e., zero distance).
Two more parameters are important in this type of experiment: the delay
time between two consecutive force measurements and an adequate maximum
load. The former is determined by the time needed for equilibration of the SFA
system at a particular distance, which is ;45 s. Accordingly, intervals of 60 s
were chosen for all experiments. To check whether the compression of
S-layers can result in irreversible changes in their structure, various SFA
experiments with different maximum loads (expressed as Fmax/R) were
performed. The experimental protocol was the following: i), the surfaces were
approached and pressed until Fmax/R ¼ 2 mN m1 before separation, ii), the
same procedure was performed with an Fmax/R ¼ 20 mN m1, and iii), step i
was repeated for comparison. The measurements in steps i and ii were carried
out twice to check reproducibility. This protocol was performed on at least two
different locations within the S-layers to check their homogeneity. The
experiments were repeated on different samples and done in pure water
(pH ﬃ 5.5) and in aqueous solutions of KNO3 (10 mM and 100 mM).

RESULTS
Recrystallization and structure of an S-layer studied by
SFM S-layer recrystallization on freshly cleaved mica was
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monitored online using contact SFM. The SFM tip was
mounted in the enclosed liquid cell on the bare mica
substrate, and the cell was ﬁlled with protein solution. After
stabilization, the tip was continuously scanning the same
area (2 mm2) on the mica substrate and images of the scanned
surface were sequentially recorded. Fig. 1 shows the height
images of the recrystallizing S-layer recorded at different
times. Although after 4 min the mica seems to have some
S-proteins on the surface, it is after 7 min when the ﬁrst
S-layer domains of size between 40 and 120 nm are clearly
distinguished. The recrystallization process takes places
continuously with time, and after 32 min the S-proteins cover
the scanned area forming the S-layer. From this time on, the
roughness (root mean square (RMS), Rq) of the S-layer
remains approximately equal to 1 nm. No noticeable
difference in the protein layer structure can be seen at longer
times.
Fig. 2 shows 500 3 500 nm2 height images obtained with
SFM in contact mode of S-protein layers crystallized on mica
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in water, 10 mM and 100 mM KNO3 aqueous solutions,
respectively. Two main features can be seen: the typical
crystalline structure of the SbpA layer, the p4 square lattice
(26), and the different crystalline domains extending over
areas of 50 3 50 – 150 3 150 nm2. This is typically seen
when simultaneous nucleation points are formed in the early
stages of the S-protein recrystallization on hydrophilic substrates (37). Fig. 3 shows deﬂection SFM images corresponding
to the height images shown in Fig. 2, respectively, together with
the 2D Fourier transforms on depicted regions of different areas
within the images (white frame rectangles). The square lattice
parameters obtained by 2D Fourier transformation on the
periodical structures of at least two different domains within the
scanned area are a ¼ 14 6 1 nm, b ¼ 14 6 2 nm for Fig. 3 a,
a ¼ 14 6 2 nm, b ¼ 14 6 2 nm for Fig. 3 b, and a ¼ 14 6
1 nm, b ¼ 14 6 1 nm for Fig. 3 c. Within the experimental
error, these values agree with those obtained for S-layers on
bacteria (26). These values also show that the 2D crystalline
structure of the S-layer does not depend on the electrolyte, i.e.,

FIGURE 1 (a–f) SFM height images obtained in contact
mode on S-protein layers recrystallized on mica recorded
at different self-assembling times: (a) mica, after 4 min; (b)
after 7 min; (c) after 11 min; (d) after 21 min; (e) after 21
min; and (f) after 32 min. The S-layer covers the whole area
after 32 min, and no signiﬁcant differences between the
images can be observed at later times.
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FIGURE 2 (a–c) SFM height images
obtained in contact mode on S-protein
layers crystallized on mica. (a) pure
water; (b) KNO3 10 mM; and (c) KNO3
100 mM. The vertical scale is 3 nm
from black to white. The images show
different positions of the same sample.

the S-protein layer crystals are not altered by the presence of
electrolyte concentration.
The RMS roughness (Rq) of the protein layer was found to
be within a range from 0.3 nm to 0.6 nm over different samples
and positions (see Table 1). S-layers were scratched with an
SFM tip and subsequently imaged over a larger area to obtain
the layer thickness. Care was taken to scratch with a force high
enough to remove the soft S-layer without damaging the mica
substrate underneath. Wear studies on bare mica show that
mica is damaged by the SFM tip when the scratch force is at
least 90 nN (wear is visible, with a step height of 0.3 nm in Fig.
4 b). The mechanical properties of the mica do not depend on
the electrolyte.

We have found that a shear force of 10 nN is enough to
remove the S-layer from the mica substrate, and the obtained
S-layer thickness does not show signiﬁcant differences when
the shear force is increased to 20 nN. Fig. 4 a shows the
scratched area and the corresponding surface proﬁle along
the depicted line. It can be seen that crystalline structure is
absent within the scratched area, whereas it is present
in the remaining, nonscratched region. The step height of
13.3 6 0.1 nm shows the ﬁgure corresponds, therefore, to the
thickness of the S-layer. Averaging over surface proﬁles
along different lines, different scratching areas, and different
S-layer samples gives a value of 13.5 6 0.9 nm. This value
corresponds to one protein bilayer, and it is in agreement

FIGURE 3 (a–c) SFM deﬂection
images obtained in contact mode on
S-protein layers crystallized on mica.
(a) pure water; (b) KNO3 10 mM; and
(c) KNO3 100 mM. The vertical scale
is 1 nm from dark brown to white. In
lower panels, the 2D Fourier transformation corresponds to each domain
within each image. Note the halo corresponding to the network periodicity.
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TABLE 1 RMS roughness (Rq) of S-layers as a function
of the KNO3 concentration obtained from SFM images;
the values are averages from three different samples
KNO3 concentration/M

Rq (RMS)/nm

Milli-Q water
0.01
0.1

0.29 6 0.05
0.6 6 0.3
0.6 6 0.3

with the thickness of recrystallized SbpA on hydrophilic Si
wafers (37) and on polyelectrolyte supports (34).

Forces between two S-layers studied by SFA in
aqueous media
Forces between S-layers in water measured with the SFA are
shown in Fig. 5. As can be seen, the interactions between the
S-layers are similar after they have been pressed against each
other with a load of 20 mN m1. This shows that the layers
are not damaged by the strongest applied compression. Upon
separation, no adhesive force is measured and no hysteresis
in the force is observed. Therefore, only approaching curves
are shown. Another remarkable feature of these curves is the
existence of several regimes as a function of the separation
distance (D). At D . 100 nm, the force is zero. For distances
in the interval 40 nm , D , 100 nm, the force varies
exponentially with distance with a decay length of lW1 ; 22
6 2 nm. Finally, the last regime of interaction observed
appears at distances 20 nm , D , 40 nm, where the curves
also show an exponential decreasing behavior but with a
decay length smaller than that of the previous regime (lW2 ¼
5.5 6 0.4 nm).

FIGURE 5 SFA interaction measurements between two S-layers in
aqueous media as a function of the separation distance D for two values
of Fmax/R and different approaches. The force/distance proﬁles are reproducible even after the S-layers were brought to a force F/R of 20 mN m1.
The error of the measurement is 0.05 mN m1, no error bars have been
plotted to make the graph clearer.

Fig. 6 shows the interaction curves in the presence of 10
mM KNO3 aqueous solution. The force is zero for D . 75
nm. Below this distance, the interaction force is repulsive
showing a decay length of 9 6 1 nm. Below 40 nm, a second
exponential regime sets in. This regime is similar to the one
observed in pure water, i.e., an exponential repulsion with a
decay length of 5.5 nm. In the curves shown in Fig. 6 (10
mM KNO3) only the last one is shifted toward larger
distances, indicating that the layer has been affected by the
compression at 20 mN m1 in contrast with S-layers in pure
water. Like the results obtained in pure water, no adhesive

FIGURE 4 (a) Height SFM images in contact
mode of scratched S-protein layers crystallized on
mica (applied shear force, 10 nN). The scratched
area is 250 3 250 nm2. The surface proﬁle below
corresponds to the depicted line on the image. A
step height of 13.3 6 0.1 nm is obtained from the
proﬁle. The vertical scale from black to white is
5 nm. (b) Height SFM image in contact mode of
a bare mica surface, showing the scratched region
when the shear force is 90 nN (almost an order
of magnitude larger than the force necessary to
scratch the S-layer). The step height between a
worn and a nonworn mica region is 0.3 nm.
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32 nm is of longer range. Contrarily, the short-range
repulsion at distances shorter than 32 nm is not affected.
As in the preceding cases, no adhesion is observed upon
separation.
Control experiments with denatured S-layers were carried
out. Table 2 shows the decay length of the repulsive force and
the calculated elastic modulus when the denatured S-layers
are approached and compressed, respectively. Fig. 8 shows
the interaction between two denatured S-layer surfaces in
100 mM KNO3. It can be seen that after compression the
denatured protein layers show adhesion forces, which could
not be measured for recrystallized S-layers.

DISCUSSION
FIGURE 6 SFA interaction measurements between two S-layers in 10
mM KNO3 solution as a function of the separation distance D for two values
of Fmax/R and different approaches. After the S-layers were brought to a
force F/R of 20 mN m1, the long-range force regime is different (error bar,
0.05 mN m1).

force is measured upon separation of the surfaces and no
hysteresis is observed. Fig. 7 shows the interaction between
S-layers in 100 mM KNO3 aqueous solution. When the
layers have not been subjected to a strong compression, a
ﬁrst exponential force regime sets in within the range 32 nm
, D , 40 nm and a decay length of lw3 ; 1.7 6 0.3 nm. At
smaller distances, the same force regime is observed as found
in 10 mM electrolyte and in water. Fig. 7 also shows that
there are signiﬁcant differences in the curves obtained after
the layers have been subjected to a strong compression. This
shows that compression at high electrolyte concentrations
produces irreversible changes in the protein layer structure.
As a result the repulsive interaction at distances higher than

S-proteins recrystallize on mica, forming a protein bilayer
with crystal domains of 50 3 50 – 150 3 150 nm2 in size and
an RMS roughness of ;1 nm. The Rq values are small
relative to the variation of the forces with distance shown in
Figs. 5–7, and they should not have any effect on these
forces. The interaction between S-layers in water and in 1:1
electrolyte aqueous solution is characterized by two force
regimes. At distances .32 nm, the repulsive force depends
on electrolyte concentration, whereas at smaller distances, no
inﬂuence of the electrolyte could be detected. At 100 mM
KNO3, the protein layers appear to be modiﬁed after being
pressed with a maximum load of 20 mN m1.
At 10 mM KNO3 or in pure water, the protein layer is not
affected by the stronger compression. In all cases, there is no
adhesion. This is consistent with the SFM observation that
once a bilayer is adsorbed, no more protein adsorbs on it.
Repulsive forces between recrystallized S-layers start at
distances of 100 nm, 60 nm, and 40 nm in pure water, 10 mM
electrolyte, and 100 mM electrolyte, respectively. The
shorter range of the forces when electrolyte is present is
consistent with the lower force needed in SFM to image
the structure of the protein layer, in contrast with the force
needed to image the S-layers in pure water. In the longdistance regime, the force is repulsive, with an exponential
decay length that decreases when the electrolyte concentration is increased. One is, therefore, tempted to attribute this
force to an electrostatic double-layer interaction. However,
the decay lengths are not close to the values expected from a
purely electrostatic interaction: in water, the decay length is
TABLE 2 Decay length and compressibility modulus for
denatured S-layers

FIGURE 7 SFA interaction measurements between two S-layers in 100
mM KNO3 solution as a function of the separation distance for several
values of Fmax/R and different approaches. After the S-layers were brought
to a force F/R of 20 mN m1, the forces are of longer range. However, the
short-range regime is not affected (error bar, 0.05 mN m1).
Biophysical Journal 90(5) 1821–1829

l1 (nm)
l2 (nm)
k (Mpa)

Water

10 mM

100 mM

20 6 4
5.7 6 0.6
0.60 6 0.06

6.0 6 1.6
6.0 6 1.6
0.64 6 0.15

6.2 6 1.4
6.2 6 1.4
0.7 6 0.2

The value of the modulus is similar to the value obtained for recrystallized
S-layers. Conversely, the decay lengths in the presence of KNO3 denote
only one repulsive regime.
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FIGURE 8 SFA interaction measurement between two denatured S-layer
surfaces. The decay of the repulsive force is different than for recrystallized
S-layers. The main result is the appearance of adhesion forces, which are not
detected when the protein layer is crystalline.

22 nm, much lower than the expected value of 170 nm; in 10
mM KNO3, one would expect 3 nm, but the experimental
value is 9 nm; only in the case of 100 mM KNO3 is the decay
length (1.7 nm) not far from the expected value (0.96 nm).
This leads to the conclusion that in addition to electrostatic
double-layer forces, there should be other forces contributing
to the interaction.
One possible origin could be that after the layers are
formed from a solution composed of 0.5 mM Tris-HCl and
10 mM CaCl2 and the surfaces transferred into the SFA,
some CaCl2 would also be transferred in the apparatus.
However, this is unlikely because the surfaces are ﬁrst
transferred from a 5 mL beaker into a 2 L beaker of ultrapure
water to wash away the excess of proteins and ions of the
solution before being mounted in the SFA. Dissimilarities
between the decay length obtained experimentally and the
Debye length in pure water have been previously found in
other SFA experiments (38). Another possible origin of these
small forces could be steric forces coming from a small
quantity of polypeptide chains sticking out from the proteins
of the S-layer. In fact, in our case, steric and double-layer
interactions seem to act over the same distance range and are,
therefore, mixed. These are generally called electrosteric
interaction (39). The short-range force regime is the same in
the three electrolyte concentrations studied. At distances
,32 nm, the proteins are pressed against each other and the
measured forces are likely to be the elastic response of the
S-layers.
One can therefore conclude that the elastic compression
of S-layers is a purely reversible and reproducible process
within these experimental conditions. In the three electrolyte
concentrations studied, the compression regime starts around
32 nm. This distance is close to two recrystallized S-layers
on mica and is fairly consistent with the thickness (13.5 nm)

1827

measured by SFM. The compressibility of the S-layers can
be quantiﬁed through the elastic modulus, k, which characterizes the deformation of a material (DD) when it is subjected
to a change of pressure DP perpendicular to the surface: k ¼ D
dP/dD. The pressure P is obtained from Derjaguin’s approximation (40), which relates the force F(D) between two curved
surfaces of radius R to the energy per unit area E(D) between
ﬂat surfaces: F(D) ¼ 2pRE(D). Taking the derivative relative to D of each member leads to the pressure P ¼
(2pR)1dF/dD. Therefore, from the values of F/R and D, one
can calculate P versus D. The value of the compressibility
modulus of the S-layers is given by the slope in the graph
of Fig. 9 b. In this way, a value of k at the onset of the
compression can be deduced from the points between the two
dotted vertical lines in Fig. 9 a. This value, 0.6 6 0.2 MPa,
obtained for water, 10 mM, and 100 mM, is independent of
electrolyte concentration. The same calculation has been
carried out for the denatured S-protein layer (see Table 2),
obtaining the same value within experimental error. This

FIGURE 9 (a) Effect of the electrolyte concentration in the interaction
forces between S-layers. (b) Rescaled graph showing the elastic compression
of the S-layer calculated using Derjaguin’s approximation. The points
between the two dotted lines are used to calculate the elastic modulus of the
S-layers from the equation dP/dD ¼ k/D.
Biophysical Journal 90(5) 1821–1829
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could be explained by considering that the denaturation
process does not lead to protein desorption from the mica
surface (41), leading to the compression of the same amount
of polymer for a constant volume. However, the important
feature of the control experiments with denatured proteins is
the existence of adhesion forces. These results show that
recrystallized S-layers avoids cell wall-cell wall fusion,
meaning that another component of the bacterial cell wall
should be responsible for such biological phenomenon. Even
though Table 2 shows the decay of the repulsive force
between denatured S-layers, no real output of the repulsive
regime can be asserted. This is due to the fact that there are
several ways of denaturating the S-layer leading to different
surface topology (41) and therefore to a variety of force
regimes. Mechanical properties of other bacterial surfaces
have been reported in the literature. Thus the B. subtilis
envelope was found to have a compressibility of 107 Pa (42),
and the turgor pressure of the M. gryphiswaldense envelope
was 105 Pa (43). A compressibility modulus of 2.5 3 107 Pa
was reported for gram negative Murein sacculi (44).
CONCLUSIONS
The recrystallization of the S-layer protein SbpA on mica has
been monitored online with a scanning force microscope.
The self-assembly process led to single crystal domains of
areas ranging from 50 3 50 nm2 to 150 3 150 nm2 after
approximately half an hour. The calculated lattice parameters
on single crystal domains, a ¼ b ¼ 14 nm, g ¼ 90°, are in
agreement with values obtained for bacteria. Neither the
lattice parameters nor the RMS roughness of the protein
layer showed any dependence on the used KNO3 concentrations. The threshold shear force necessary to disrupt the
recrystallized SbpA protein layer on mica was 10 nN. A
thickness of the adsorbed protein layer of 13.5 nm, which
corresponds to a protein bilayer, was determined by the
scratching method. This value is in agreement with the
distance measured interferometrically with the SFA when
two S-protein layers are brought into contact. The interaction
forces between two S-layers in aqueous media are repulsive.
The surfaces have been found to be nonadherent for recrystallized S-layers. Conversely, denaturation of the protein
layer leads to adhesion behavior. These results show that
recrystallized SbpA proteins do not promote cell-cell
adhesion. The repulsive interaction between recrystallized
S-layers follows two regimes. The long-range regime is
exponential with a decay length that changes with ionic
strength. However, electrostatic double-layer forces are not
enough to explain the experimental results, and the effect
of steric interactions cannot be ruled out. At high ionic
strength and after the S-layers have been compressed, the
interaction range changes, indicating that the surface of the
protein layers has been modiﬁed. At smaller distances,
below 40 nm, a short-range regime is observed, which does
not depend strongly on the ionic strength. The exponential
Biophysical Journal 90(5) 1821–1829
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decay length is ;5 nm. This force regime is not altered after
applying a high load (20 mN m1) upon the surfaces, in
contrast to what was observed at longer distances illustrating the stability of the protein conformation. In this regime,
the compression of the S-layer takes place. Although the
core of the protein layer was damaged locally after several
compression cycles at 20 mN m1, a value of 0.6 Mpa of
the compressibility modulus of the recrystallized S-layer
could be obtained.
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43. Arnoldi, M., M. Fritz, E. Bäuerlein, M. Radmacher, E. Sackmann, and
A. Boulbitch. 2000. Bacterial turgor pressure can be measured by
atomic force microscopy. Phys. Rev. E. 62:1034–1044.
44. Dufrene, Y. F. 2002. Atomic force microscopy, a powerful tool in
microbiology. J. Bacteriol. 184:5205–5213.

Biophysical Journal 90(5) 1821–1829

