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urface layers (S-layers) represent an

outstanding  self-assembly  system

based on protein subunits, which form
the crystalline outermost cell envelope of a
great variety of prokaryotic cells.! These
S-layer proteins self-assemble into mono-
molecular lattices with symmetries ranging
from p1 to p6, exhibiting defined pores and
a highly reproducible large-scale order.>™*
They have been successfully used as the
basic unit for molecular construction kits
because of their remarkable potential to
self-assemble not only in their natural en-
vironment but also in solution, on various
solid substrates and on lipids.>> A great
number of S-layer-carrying organisms
has been identified so far, whereas no
atomistic structure of a single unmodified
S-layer protein could be experimentally
determined up to now because they are
too large for NMR and they do not crystallize
into isotropic three-dimensional crystals
as required for X-ray crystallography. Re-
cently, more information on structural de-
tails and self-assembly pathways could be
gathered.®”'® However, the defined bind-
ing of molecules and nanoparticles on
S-layers requires detailed structural infor-
mation on the underlying S-layer proteins
at an amino acid level. Here we present a
combination of molecular modeling, small-
angle X-ray scattering (SAXS), and transmis-
sion electron microscopy (TEM) to reveal the
three-dimensional structure of one unit cell
of the S-layer protein SbpA from Bacillus
sphaericus CCM2177.'® SbpA consists of
1268 amino acids and self-assembles into
a square lattice structure (p4). This S-layer
protein has been extensively investigated in
order to be used for nanobiotechnological
applications at the nanoscale.'”” 2% In order
to model the structure at an amino acid
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ABSTRACT The concept of self-assembly is one of the most promising strategies for the creation

of defined nanostructures and therefore became an essential part of nanotechnology for the

controlled bottom-up design of nanoscale structures. Surface layers (S-layers), which represent the

cell envelope of a great variety of prokaryotic cells, show outstanding self-assembly features in vitro

and have been successfully used as the basic matrix for molecular construction kits. Here we present

the three-dimensional structure of an S-layer lattice based on tetrameric unit cells, which will help to

facilitate the directed binding of various molecules on the S-layer lattice, thereby creating functional

nanoarrays for applications in nanobiotechnology. Our work demonstrates the successful combina-

tion of computer simulations, electron microscopy (TEM), and small-angle X-ray scattering (SAXS) as

a tool for the investigation of the structure of self-assembling or aggregating proteins, which cannot

be determined by X-ray crystallography. To the best of our knowledge, this is the first structural

model at an amino acid level of an S-layer unit cell that exhibits p4 lattice symmetry.

KEYWORDS: self-assembly - SAXS - TEM - protein structure - computer simulations -

nanoarrays

level of one SbpA unit cell consisting of four
monomers, we combined three different
approaches. In a first step, we defined pos-
sible domains of the protein based on in-
formation on the self-assembly behavior of
truncated and modified recombinant forms
of the protein. We already successfully ap-
plied this approach to model the tertiary
structure of another S-layer protein."* We
defined seven individual domains of the
protein, and on the basis of secondary
structure predictions and structural homo-
logies, we premodeled each domain imple-
menting possible secondary structure
elements. Consequently, we equilibrated
each domain in a water sphere, joined them
together, and minimized the whole struc-
ture while keeping every domain restraint
using molecular dynamic simulations. In a
second step, a three-dimensional density
model has been calculated by performing
tilting experiments with a transmission elec-
tron microscope. In a third step, small-angle
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X-ray scattering (SAXS) experiments were performed
together with a theory of a fractal mean force potential,
which can be adequately used to describe the behavior
of S-layers in solution, as we showed in our earlier
work.'® These studies resulted in a distribution of
electron densities within an S-layer unit cell. We finally
merged these data, the model of one monomer ob-
tained by molecular dynamic simulations, and the
density profile as well as the scattering distribution of
one unit cell and modeled the three-dimensional
structure of an SbpA unit cell at an amino acid level.
The information of the location of individual amino
acids on the inner and outer surface of the lattice as
well as within the pores will facilitate the directed
modification of this S-layer protein and the directed
binding of molecules and nanoparticles on the lattice
for the application of this self-assembly system in
nanotechnology.

RESULTS AND DISCUSSION

The S-layer protein SbpA has aroused interest due to
the fact that this protein self-assembles into lattices
exhibiting a p4 lattice symmetry. The four monomers,
which form one unit cell of the lattice, may perfectly
serve as a matrix for the generation of functional
nanoarrays.>> The N-terminal part possesses three so-
called S-layer homologous (SLH) domains, which is a
common structural motive in this class of proteins that
is mainly made up of a-helices.?® The SLH domains are
responsible for anchoring the proteins in the under-
lying cell wall. The successful self-assembly of SbpA
demands the presence of bivalent cations,*® which
explains the structural homology of this protein to
calcium binding proteins, which could be found by
performing homology searches using various different
bioinformatic tools. Interestingly, the lattice symmetry
can be changed from p4 to p1 if 237 C-terminal amino
acids are truncated. If additionally another 113 amino
acid residues are removed, the proteins lose the ability
to self-assemble.?” Apparently a structural change of
the monomers due to a shortening of the C-terminal
domain leads to a loss of the intrinsic function. We also
performed secondary structure predictions revealing
S-layer proteins' common distribution of secondary
structure elements, a mainly o-helical N-terminal re-
gion and mainly S-sheets in the central and C-terminal
part. On the basis of all this information, we defined the
following seven domains: three SLH domains
(aa1—aa210, aa211—329, aa330—aa458), one central
domain showing structural homology to calcium bind-
ing proteins (aa459—aa639), and three C-terminal
domains showing homology to Ig-like proteins, which
are mainly made up of [-sheets (aa640—aa888,
2a889—aa1001, aa1002—aa1238). As a next step, we
used the online algorithm PHYRE to model each
domain based on fold recognition.?® Domains one,
two, and three (SLH domains) are mainly made up of
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Figure 1. Results of the molecular dynamics simulations of
the S-layer protein SbpA. The protein was first split into
structurally meaningful domains, which were premodeled
using fold recognition to obtain secondary structure ele-
ments. These domains were equilibrated in water. The
results are given in A—G. (A—C) Three SLH (S-layer
homologous) domains located at the N-terminal region of
the protein, (D) central domain showing structural homol-
ogy to Ca®"-binding proteins, (E—G) domains showing
structural homology to Ig-like domains. Without domains F
and G, the protein loses its ability to self-assemble, and
without domain G, the self-assembled products show p1
rather than p4 lattice symmetry.?” (H) Intermediate struc-
ture of the whole protein after the single domains were
joined and simulated in vacuum, where the secondary
structures were kept rigid, ions were added, and external
forces enabled. The termini are marked in red. (I) Coarse-
grained protein structure based on the atomistic structure
shown in H. Every amino acid is represented by a single
bead. Consecutive beads are linked by a harmonic
potential.

a-helices and coils as expected. Domains three, five,
and seven exhibit parallel and antiparallel (-sheets,
and domains four and six could not be modeled by fold
recognition and show a rather elongated structure.
Every premodeled domain was now equilibrated in a
water sphere using molecular dynamics simulations.
Figure 1A—G shows the results for every single domain.
The three potential SLH domains (Figure 1A—C) are
mainly made up of a-helices (especially the first SLH
domain, Figure 1A) and random coils after equilibra-
tion in water. In clear contrast to our previous work,"*
we could not equilibrate all of these domains in water.
Even after a considerable large amount of production
runs, two domains lack a sensible secondary structure
(Figure 1D,E). The central domain (Figure 1D), which
was premodeled using homologies to Ca?"-binding
proteins, is supposed to consist of mainly S-sheet
structures. -Sheets are rather complicated secondary
structure elements, which may fold due to interactions
between distant amino acid residues in the primary
structure, which is why they hardly form in the frame-
work of short molecular dynamics simulations. In con-
trast, those domains, which show homologies to Ig-like
domains, show fS-sheets, a-helices, and random coil
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structures (Figure 1E—G) as expected by the secondary
structure predictions.

All domains were now linked together, and an
inverse steered molecular dynamics simulation was
performed in vacuum. As the protein is charged, Na™
and CI™ ions were added to compensate the net
charge. Moreover, the anticipated secondary struc-
tures, the a-helices, 3-sheets, and coils, were kept rigid.
In addition, all domains were linked to one another by
an external force. This external force is physically
motivated by the force that the absent water mole-
cules would impose on the protein. We realize these
potentials by harmonic springs, which are necessary to
initiate the refolding process. However, the resulting
structure, as shown in Figure TH, represents an inter-
mediate conformation. The resulting model was con-
sequently used to reconstruct the three-dimensional
unit cell by rational design based on the density
distribution as obtained by electron microscopy
studies.

The transmission electron microscope offers a great
possibility to determine the density distribution and
thereby a three-dimensional reconstruction of an
S-layer unit cell by performing tilting studies with a
negatively stained self-assembly product due to the
symmetry of the S-layer lattice. This method is based
on the projection theorem, which states that the two-
dimensional Fourier transform of a plane projection of
a three-dimensional density distribution is identical to
the corresponding central section of the three-dimen-
sional transform normal to the direction of view. There-
fore, the three-dimensional transform can be built up
section by section and consequently reconstructed by
inverse Fourier transform.?® The phases of the diffrac-
tion pattern are directly accessible from an image.
Figure 2 shows the results of a tilting series with an
SbpA self-assembly product, where the single sections
used for the density reconstruction are shown. On the
basis of these sections, a density model of the unit cell
can be rebuilt, as shown in Figure 2B. This three-
dimensional model was consequently used to fit the
structural model of one SbpA monomer into the unit
cell. Therefore, four monomers are arranged in a way to
cover the entire unit cell, where overlaps are avoided.
As this arrangement is based on an intermediate
structural model, the reconstructed unit cell has to be
equilibrated, which demands a coarse-graining of the
whole structure (Figure 11). Each amino acid is repre-
sented by a single bead. We introduce three different
potentials. First, all consecutive beads are linked by a
harmonic potential. As all seven domains but the outer
five amino acids of each are kept rigid, the harmonic
potential is of minor relevance. The interactions of the
amino acids are controlled by two types of pair—pair
potentials: an attractive screened Coulomb potential
and an associative Gaussian potential. While the first
potential type is a consequence of electrostatic forces,
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Figure 2. Reconstruction of the three-dimensional density
distribution of one SbpA unit cell calculated by inverse
Fourier transform of single sections of SbpA self-assembly
products. A transmission electron microscope was used to
obtain sections of the unit cell by performing tilting mea-
surements. (A) Single sections of an SbpA unit cell. In the top
left corner, an electron micrograph of a whole unit cell is
shown. The density boundaries are systematically increased
(starting in the top left corner). The sections provide the
basis for the unit cell density distribution, which is shown by
the colored squares. Every color reflects one single section
of the unit cell in two dimensions. A superposition of all
sections results in the three-dimensional unit cell as shown
in B. (B) Three-dimensional density distribution as used for
the reconstruction of the unit cell based on the coarse-
grained model obtained from molecular dynamics
simulations.

the second, in principle, should enable the formation of
particular secondary structures. The coarse-grained
model is consequently used to model a coarse-grained
unit cell. The unit cell is periodic in plane with a period
of 13.0 nm, while the periodicity out of plane is 6.0 nm.
The amino acids are given appropriate masses, and the
entire system is initially kept at 300 K and then cooled
to 30 K'in order to solidify the lattice.

This final structural model is used to reconstruct the
entire small-angle X-ray scattering signal. The whole
reconstruction procedure is based on a method pre-
sented in our earlier work, where we describe the
S-layer system by a fractal mean potential."

In Figure 3B, we give the background-corrected
scattering contrasts for the monomeric and the self-
assembled samples, where the scattering intensity is
shown as a function of the scattering vector Q. Black
open circles give the scattering contrast of a predomi-
nantly monomeric solution, while blue open circles
represent the scattering contrast of self-assembled
structures. Obviously the monomeric solution lacks
any corrugation—all characteristic Bragg peaks are
missing. We take this as a clear indication that,
although secondary structure elements are formed,
the tertiary structure of the protein remains non-native
at this stage, suggesting that in their monomeric state
the proteins adapt a different conformation than as
part of a tetramer. This hypothesis that the proteins
first condense into an amorphous cluster in an ex-
tended conformation before they restructure to form a
crystal of folded tetramers has been recently proposed
by Chung et al.'®> However, the slope of the scattering
intensity is linear for small Q values and thus indicates a
self-similar system. The fractal dimension of the
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Figure 3. SAXS. (A) Distribution of scattering clusters (red beads) of one SbpA monomer (blue). The scattering sites represent
high electron density contrast as determined by small-angle X-ray scattering (SAXS) and a Monte Carlo algorithm. (B)
Intensities /(Q) as a function of the scattering vector Q of the monomeric solution and the sample containing self-assemblies
are given by black and blue open circles. The slope for the fractal dimension D = 2.4 is inserted as a dark blue line. The red line
gives the numerical reconstruction using a Monte Carlo algorithm generalized to fractal dimensions and based on the coarse-
grained monomer model. The yellow line gives the analytical fit of the monomer data. The reconstruction procedure is based
on our previous work."” (C) Open circles give scattering intensities divided by the form factor /(Q)/P(Q). The red line is the fit
curve from eq 1, which includes the contribution to the scattering signal of the S-layer self-assemblies in solution. On the basis
of this fit, the height H = 5.6 nm, the radius R = 7.2 nm, and the radius of the self-assemblies R = 72 nm can be calculated.
Vertical lines indicate Bragg reflections, where strong peaks are indicated by gray lines and weak peaks by red lines. Strong
peaks indicate an arrangement of the tetramers in a cubic lattice with a = 13.0 & 0.1 nm, where weak peaks arise due to the
arrangement of the proteins in the tetramer. These weak reflections indicate a 2D monoclinic sublattice with unit cell
dimensions of a=13.0 + 0.1 nm,c=10.5 £ 0.1 nm, and y =80 + 1 (a detailed view of the Bragg reflections is given in Figure S1
in the Supporting Information). A corresponding schematic drawing illustrates the arrangement of the lattice and sublattice.

monomers and self-assemblies is D = 2.4 (Figure 3B
dark blue), which would be consistent with the forma-
tion of layers with a dimension between a two-dimen-
sional plate and a three-dimensional solid. The entire
signal with the exception of peaks originating from the
structure factor is reconstructed from the baseline, that
is, the minima of the scattering curve, by the analytical
function 1(Q) o< Kpr—1(Qi)/(Qk)®?™ ", where K is a
Bessel-K function, Q the scattering vector, D the fractal
dimension, and « a characteristic magnitude of the
unfolded monomer (Figure 3B yellow line). The details
of the reconstruction procedure of a SAXS signal
produced by S-layers in solution have been given
previously."”” The scattering contrast of the self-
assembled S-layers is fitted numerically on the basis of
the coarse-grained model (Figure 11) and is shown as a
red line in Figure 3B. The details of the numerical fitting
procedure were given previously." On the basis of the
coarse-grained model, it is possible to numerically fit the
minima of the Bragg peaks (the red line in Figure 3B
follows the pattern of the Bragg peaks in a defined way),
which indicates that the proteins only exhibit their
tertiary structure when assembled into the lattice struc-
ture. However, the fact that we can perfectly fit the

HOREJS ET AL.

scattering contrast of the self-assembled layers using
the coarse-grained monomeric model substantiates
the presented calculated tertiary structure of the pro-
tein, at least on a coarse-grained level.

In a second step, we refine the simulated coarse-
grained monomer model (Figure 11) on the basis of the
SAXS data. A reverse Monte Carlo algorithm was
applied'” to reconstruct scattering sites, visible as red
beads in Figure 3A. The set of identified clusters
corresponds to secondary structure elements at these
locations. The scattering intensity arises in particular
from those regions with a high electron density con-
trast: it is visible in Figure 3A that this electron density
contrast is concentrated at the terminal domains of the
monomer, whereas those parts of the structure, where
overlapping takes place to result in the final tetramer,
are exhibiting less contrast. This decrease of electron
density contrast as a consequence of the formation of
bonds supports the presented structural model of the
S-layer tetramer.

For the reconstruction of the whole scattering signal
of S-layer self-assemblies, we divide the signal by the
form factor and thus obtain contributions of the self-
assembled monomolecular sheets. The reconstruction
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as shown in Figure 3C s calculated using eq 1 (we give
the detailed deduction of eq 1 in the Methods section).
If the self-assembled monomolecular layers in solution
adapt a particular orientation with respect to the
scattering vector, the contribution to the scattering
contrast is supposed to be dominant over all other
orientations. This is in line with the results we observed
in our previous work,'> where another S-layer protein
was analyzed in solution by means of SAXS. In that
case, we described the self-assembled layers as nano-
disks, which were oriented parallel to each other and
thereby formed some kind of nematic liquid. Here we
refine this theory, as we anticipate that parallel orien-
tated nanodisks contribute most to the SAXS signal.

T(pE)NQl/p" Q) =
1
- / d(cos H)f(cos )9, (QR cos 6)
0

3, (H?Q cos )6, (QR= cos 6) (1

Therein H represents the height of the layer, R is the
in-plane radius of the protein, and R a multiple of R
(i.e., the layer size).

On the basis of eq 1, we can reconstruct the entire
structure factor and deduce a possible characteristic
height H=5.6 nm, radius R = 7.2 nm, and nanodisk size
Rs= = 72 nm. This size, obtained from the model
reconstruction, which takes into account the whole

scattering curve, is completely consistent with the size
obtained from the identified Bragg reflections
(Figure 3C vertical gray lines). They indicate an arrange-
ment of the tetramers in a cubic lattice witha=13.0 =
0.1 nm. An additional substructure is visible by a
number of weaker reflections (Figure 3C vertical red
lines). They are attributed to the slightly oblique ar-
rangement of the monomers along the main axes of
the cubic lattice and are thus described by a 2D
monoclinic sublattice with unit cell dimensions of a =
130+ 0.1 nm,c=10.5+0.Tnm,and y =80 £ 1° (a
detailed view of the Bragg reflections is given in Figure
S1 in the Supporting Information).

The resulting structural model of one SbpA unit cell
is shown in Figure 4. In the tetramer, the monomers are
interlocked into one another, where both termini are
accessible at either surface. The N-termini are located
at the inner surface of the tetramer, which is anchored
on the cell surface via SLH domains (Figure 4B),
whereas the C-termini are accessible at the outer sur-
face of the S-layer unit cell (Figure 4C). Figure 4D,E
shows the scattering clusters reconstructed from the
SAXS curves as red beads of one monomer in the unit
cell. Apparently, the electron density contrast is higher
in those domains that are not part of direct overlaps in
the lattice. These tetramers build up the S-layer lattice
(Figure 4A), leading to the formation of defined pores
between the single unit cells. These pores exhibit a

7

Figure 4. Structure of the resulting SbpA unit cell. (A) Comparison of the calculated structure with an electron micrograph
showing an SbpA lattice. (B—E) Every monomer in the tetramer is illustrated in a different color. The proteins are interlocked
into each other. (B) Inner surface of the tetramer, which anchors the protein on the cell surface. The N-termini are represented
by magnified beads and are accessible on the surface. (C) Outer surface of the tetramer, which is exposed to the surroundings
of the cell. The C-termini are also accessible and marked as magnified beads. (D,E) Red beads represent scattering clusters of
one monomer of the tetramer as shown in Figure 3A. The overlapping or interacting parts do not show high electron density

contrast.
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Figure 5. Enlarged view of the central region of one tetra-
mer: (A) inner surface, which is mainly positively charged in
the central region; (B) outer surface exhibiting mainly
negatively charged amino acids. Pink beads, positively
charged amino acids; blue beads, negatively charged amino
acids.

very regular cubic arrangement (with a pore-to-pore
distance of 13.0 nm) and lead to the strong Bragg
peaks in the scattering curve in the high Q regime (see
Figure 3Cand Figure S1 in the Supporting Information).
In the center of the unit cells, there is a clear anistropic
charge distribution at the outer and inner surface,
where at the inner surface the center is surrounded
by positively charged residues and at the outer surface
by negatively charged residues, as shown in detail in
Figure 5A,B. The accessibility of the respective termini
and the different charge distribution of the outer and
the inner central region of the unit cell have already
been demonstrated experimentally.'®?'?>3° Various
S-layer fusion proteins have been experimentally in-
vestigated, where truncated forms of the protein were
used.?>?%3132 Figure 6 shows the correspondent trun-
cated forms using the structural model of the unit cell.
The deletion of 237 C-terminal amino acids leads to
the change of the lattice symmetry from p4 to p1.2’
Figure 6A,B shows the unit cell, where the deleted amino
acids are colored blue. If the C-terminus is shortened by
another consecutive 113 amino acids, the proteins are
not capable of self-assembling anymore. These residues
are shown in Figure 6C,D. Figure 6E,F shows the corre-
sponding monomers, where it becomes clear that the
main part of the C-terminal domain, which can be
deleted without any loss of functionality, is located
outside of the lattice plane and is not part of any
distinct overlaps. However, the deletion of this

HOREJS ET AL.

Figure 6. Analysis of the resulting structural model of the
SbpA unit cell. The tetramer is compared to experimentally
investigated truncated recombinant forms of the protein.
(A,B) Blue beads represent the last 237 C-terminal amino
acids. The deletion of the blue part leads to a change of the
lattice symmetry from p4 to p1.?” (E) Corresponding
monomer. (C,D) Further deletion of 113 amino acids (blue
part) leads to a loss of functionality. The proteins are not
able to self-assemble anymore. (F) Corresponding mono-
mer. The tetrameric structure shows clearly that the
C-terminal part that is not located in the plane of the lattice
can be deleted without any loss of function. If additional
parts in the plane of the unit cell are deleted, the monomers
are not able to form the tetramer. (G,H) Unit cell made up of
a recombinant form of the monomer that lacks the last 170
amino acids (rSbpA1068). This form of the protein has been
extensively studied for applications as fusion partner for
various molecules. It was reported that this recombinant
form is better accessible than other truncated for-
ms.'”2°72231 The cartoons clearly show that the C-terminal
part, which is located out of the plane of the unit cell, is
deleted, which smoothes the surface and makes the tetra-
mer better accessible.

separate domain leads to a clear change in the mono-
mer structure, which might very well explain the
change in lattice symmetry, where a p4 symmetry
demands a more complicated and flexible monomeric
structure than a p1 symmetry. Apparently, the further
truncation of parts of the protein, which are located
inside the plane, leads to a loss of functionality. Inter-
estingly, the electron density contrast, as determined
by SAXS (Figure 4D,E), gives very low scattering sites at
exactly these locations, which leads to the hypothesis
that this part is involved in essential interactions in the
tetramer. The most investigated and successfully used
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S-layer fusion protein contains a C-terminally truncated
form, which maintained the residues 1—1068, where it
was reported that this recombinant protein provides a
highly accessible fusion partner.'”2°~223! Figure 6G,H
shows this recombinant protein as part of a unit cell,
where the blue part represents the truncated domain.
The better accessibility of the fused molecule might be
explained by the smoothening of the outer surface
through deletion of the C-terminal part, which is
located outside of the lattice plane and therefore
sticking out of the unit cell.

CONCLUSIONS

In summary, we have demonstrated the successful
combination of in silico and experimental methods to
calculate the three-dimensional structure of an S-layer
lattice, which will pave the way for the directed bot-
tom-up design of nanoscale structures based on
S-layer proteins. On the basis of an atomistic model
calculated using molecular dynamics simulations and
molecular modeling, the unit cell was modeled by
combining the monomer structure and three-dimen-
sional density distribution data as obtained from tilting
studies using electron microscopy. The resulting unit
cell was equilibrated again by molecular dynamics
simulations and subsequently used to fit small-angle
X-ray scattering intensity data of self-assemblies and
monomers in solution. Interestingly, the calculated
scattering clusters, which represent high electron den-
sity contrasts, are located at domains of the monomer
that are not part of significant interactions in the
tetrameric model, which shows that electron density
contrasts are diminished—at least at a resolution
achieved by SAXS—if interactions take place. This
consistency between the SAXS results and the simu-

METHODS

Protein Preparation. The S-layer protein SbpA from Bacillus
sphaericus CCM2177 was isolated by default as previously
described.®® After the cell wall preparation, the proteins were
extracted with 5 M guanidine hydrochloride (pH 7.2) at room
temperature for 30 min. Afterward, the cell wall fragments were
removed by centrifugation (30000 rpm, 60 min, 8°C). The
supernatant containing the proteins was dialyzed against
10 mM CaCl, for 2 h at pH 5.9. The dialyzed sample, which
contains self-assemblies of SbpA, was used for the SAXS mea-
surements. For the TEM measurements, one drop of the protein
sample was adsorbed on a grid and negatively stained as
previously described.>* A monomer solution was obtained by
centrifuging for 30 min at 8 °C and 30000 rpm.

Molecular Modeling. The S-layer protein SbpA was modeled
using different bioinformatics tools and molecular dynamics
simulations. Sequence homology searches were performed
using BLAST*® at www.ncbi.nlm.nih.gov/BLAST, where homo-
logies could be found to other S-layer proteins, especially
regarding the S-layer homology domains (SLH domains at the
N-terminus). Additionally, we found homologies to RTX toxins
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lated unit cell structure regarding overlapping parts
strongly substantiates the structural model of the unit
cell. Furthermore, the SAXS results of the monomeric
sample indicate that the proteins are not fully struc-
tured in their monomeric state. The hypothesis of the
importance of conformational transformations guiding
the S-layer self-assembly has been also recently pro-
posed by Chung et al.'? and legitimizes our approach
to base the calculation of the tetrameric unit cell on an
intermediate monometric structure. The resulting struc-
tural model shows an anisotropy regarding the charge
distribution in the center of the tetramer, which has
been seen experimentally before. We explained the
structure of a tetramer based on truncated recombi-
nant forms of the S-layer protein that have been
investigated experimentally and used for nanobiotech-
nological applications to better understand the beha-
vior of these forms when assembled into S-layer
lattices. The presented structure of an S-layer unit cell
can serve as a basis for the specific and directed
binding of various molecules. So far, the usage of
S-layers as building blocks was somehow based on a
trial and error approach due to the lack of structural
details. The exact location of N- and C-terminal do-
mains in the unit cell, the charge distribution on the
inner and outer central region of the S-layer lattice, as
well as the altered surface architecture due to the
truncation of monomers will help to better understand
the behavior of nanostructures based on S-layers and
to specifically alter certain parts of the S-layer lattice for
the production of nanostructures with different beha-
vior and various architectures. Together with already
available experimental data of S-layer proteins, this
approach opens the path to determining locations,
type, and distribution of amino acids in the S-layer
lattice.

and related Ca?"-binding proteins. The S-layer protein SbpA
needs bivalent cations to self-assemble in solution into the
typical two-dimensional sheets, which might explain structural
homologies to Ca®"-binding proteins. We also found homo-
logies to Ig-like proteins, which characteristically contain (-
sheet structures and to fibronectin type Il domains. A compar-
ison of the SbpA sequence with these structural homologues
resulted in 26% identity to the S-layer protein SbsB, which has
been modeled in our previous work,'* 34% identity to an Ig-like
protein, 25% to RTX toxins and the related Ca*"-binding
protein, 32% to a fibronectin type Il domain, and 42% identity
to the SLH domain of the S-layer protein of Bacillus cereus.
Secondary structure predictions were made using PSIPRED>®
available at www.psipred.net/psiform.html, DOMPRED*’ at
http://bioinfadmin.cs.ucl.ac.uk/dompred, and GOR4*® at
http://pbil.ibcp.fr/htm/index.php. All three algorithms predict
mainly a-helices for the N-terminal region and $-sheets for the
rest of the protein, which is a common structural motive for
S-layer proteins. Finally, we performed domain predictions
using CDART*® available at www.ncbi.nlm.nih.gov/Structure/
lexington/lexington.cgi and Pfam®° at http://pfam.sanger.ac.uk.

VOL.5 = NO.3 = 2288-2297 = 2011 ASJ\M%N@
www.acsnano.org

2294



Both algorithms predicted three SLH domains at the N-termi-
nus of the protein. Pfam additionally predicted two Ig-like
domains and CDART two fibronectin type Ill domains. On the
basis of all these predictions and the information of the self-
assembly behavior of truncated forms of the protein, we
defined seven structurally meaningful domains: three SLH
domains, one Ca“»binding domain, three Ig-like or fibronec-
tin type Ill domains. The molecular dynamic simulations were
performed using LAMMPS,*" which is distributed by the Sandia
National Laboratories and free to download at http://lammps.
sandia.gov. All simulations were computed at the SUN cluster
Phoenix at phoenix.zserv.tuwien.ac.at. Visualizations were done
using the PyMOL Molecular Graphics System, Version 1.2r3pre,
Schrodinger, LLC.

Transmission Electron Microscopy. Tilt series were performed
using a Philips transmission electron microscope CM12 oper-
ated at 80 kV. The tilt range was +60°. For the three-dimensional
image reconstruction, we used a software package from
Caldiris: CRISP 2.1.a (to edit tilted electron micrographs and
perform FFT (fast Fourier transformation)), TriMerge 1.6.a (to
reconstruct the three-dimensional density based on Fourier
transforms of electron micrographs and to perform the inverse
Fourier transform?°), and TriView 1.3 (to visualize three-dimen-
sional density data). All in all, we performed six tilt series in 5 and
10° steps at a magnification of 37 000.

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) was performed with Cu Ko radiation from a rotating
anode generator (Nanostar, BRUKER AXS, Karlsruhe, Germany)
equipped with a pinhole camera and an area detector (VANTEC
2000 from BRUKER AXS). The sample containing self-assembled
SbpA proteins was put into capillaries with 1 mm diameter and
10 um wall thickness (from Hilgenberg) and then sealed with
polymeric caps, as the whole equipment operates in vacuum.
The SAXS intensity patterns were taken at a sample to detector
distance of 109 cm for 6 h. They were corrected for background
scattering and then radially averaged to obtain the function /(g),
where g = (4/A)sin 0 is the scattering vector, 26 the angle
between incident and diffracted beam, and 4 = 0.1542 nm the
X-ray wavelength. The scattering intensities were normalized to
each other in the g range between 2 and 2.5 nm™ . In this
region, the scattering intensity is flat and dominated mainly by
fluid scattering and an additional smaller contribution from the
glass capillary. The scattering intensity from the solution with-
out protein was then subtracted from the solution with protein.
We cross-checked that this is consistent with the measured
transmission of each sample.

For the analysis of the scattering data, /(Q), we adapt our
theory that we have recently formulated to access protein self-
assemblies.'® We follow the Green's approach and give the local
density distribution of all proteins in solution by

T (@Al = Q) = 7( / < / G(u'—u")p“’(u”)du">
R R

(1 —pBw(E— u'))du'> [Ql (2

For the Green's function, we assume G(u' — u"") = o(u" — u”),
where this gives a possible solution of the wave equation.
Therein the local density distribution of a single protein is given
by p"(&), where protein—protein interactions are approxi-
mated by (1—pw({ — u')). This approximation is exact for
hard-core potentials. In reciprocal space, the complex convolu-
tion given in eq 2 simplifies to /(Q) = G(QwW(Q)™"(Q). Conse-
quently, we calculate the structure factor of the entire system
based on the form factor of the protein p'"(Q), which represents
the intramean potential of one monomer."”

We anticipate that the proteins self-assemble in a nanodisk-
like manner.'® Furthermore, we assume that the nanodisks
interact only by hard-core potentials. Then w(g) = o0& — HHO(E
—R) = [A(R)I(E> — HAO(E — R)dR;, with H being the disk height
and R the disk radius. In contrast to our previous work,'> we
introduce a radial distribution function 7z(R)). If there is no disk
radius favored over the other, this probability function may be
set to 1. However, we now assume that large disks, that is, disks
of aradius R contribute most. Thus we set 7z(R;) = 3( — Rs.) and
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give the protein structure factor by
1 ~
FPENQ/p"Q = — / d(cos O)F(cos )3, (QR cos 0)
Jo

3, (HQ sin 6)d, (QRs cos 6) 3)

Therein d.)(.) = Jpujip1(.) (.)PY727" indicates the fractal
Fourier transform of the respective d, functions.

We emphasize that f(cos 6) may be argued as a summation
of all possible orientations of the nanodisk with respect to the
scattering vector. We now introduce a partition function in
terms of the system's mean potential w(,{'), with the system
coordinates ¢ and an arbitrary linear reaction coordinate
{4274 The partition function may be given by II({) =
(exp(—pw((,Z)))e. An equivalent formulation is

-0
ATl = — 5*1< /7 d¢'s, (w@, i/)exp(*ﬂW(C,C/))> @)

¢

with 3 = 1/kgT. In the literature, this approach is described as 1-
integration*>*> or mean force method.*® To change the inte-
gration boundaries, we introduce a coordinate transformation
& = exp(—A) and rewrite eq 4 by

1
Al = *ﬂ’1< /O dﬂaiexp(fﬁ(w(gz)fﬂ‘1lnwlll))> (5)
¢

The Jacobi determinant is essential for the calculation of the
mean force,** and here it is exp(A). If we compare eq 2 and eq 5,
it is straightforward that f(cos 6), which equals —0,s gw(cos 6),
is rather a mean force than a distribution of the orientation of
the nanodisks, given by cos 6. If we aim for the particular
distribution function, we have to calculate the Boltzmann
weighted mean potential: Azz(cos 0) = exp(—pw(cos ).

We now simplify eq 5 taking into account tan 6 = H/Q:

1
T(eONQl/pMQ = / d(cos 6)(8cos gw(cos 6) — 1)
0

3(QR cos 6)d, (H? cos 0)d; (QRs cos 6) (6)

Finally do note that the term R.. cos & may as well be
interpreted as particular distances £ that the proteins comprise
when forming self-assemblies.
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