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ABSTRACT Protein-based assemblies with ordered nanometer-scale features in
three dimensions are of interest as functional nanomaterials but are difficult to
generate. Here we report that a truncated S-layer protein assembles into stable
bilayers, which we characterized using cryogenic-electron microscopy, tomography,
and X-ray spectroscopy. We find that emergence of this supermolecular architecture is
the outcome of hierarchical processes; the proteins condense in solution to form 2-D
crystals, which then stack parallel to one another to create isotropic bilayered
assemblies. Within this bilayered structure, registry between lattices in two layers
was disclosed, whereas the intrinsic symmetry in each layer was altered. Comparison

of these data to images of wild-type ShpA layers on intact cells gave insight into the interactions responsible for bilayer formation. These results establish a

platform for engineering S-layer assemblies with 3-D architecture.
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-layer proteins form 2-D crystalline lat-

tices on the surfaces of many bacteria and

archea. Their highly regular nanometer-
scale features, which are readily reproduced
in vitro, have made S-layer assemblies attrac-
tive substrates for nanomaterial engineering.'
To date, use of S-layer-based assemblies for
this purpose has been restricted to applica-
tions of 2-D lattices on surfaces, for example,
as templates for nanoparticle deposition on
surfaces® * or as masks for nanofabrication.>®
Though in a recent study, the ability of S-layers
to assemble in 2-D on surfaces was exploited
to give silica-enhanced S-layer protein cages
built from S-layer-coated liposomes.” There is
growing interest, however, in using protein
building blocks to generate true 3-D materials
for applications as diverse as catalysis, energy
storage, and nanophotonics.®~'° In the case of
S-layers, the inherent ion-selective permeabil-
ity further underlies the interest in obtaining
3-D reconstructions of intact S-layers with
accurate measurements of lattice constants
and pore sizes and distributions.'’
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The protein nanoassemblies that have
been most widely explored for these applica-
tions are viral scaffolds."~'* Virus particles
offer highly regular nanometer-scale features
within the particles themselves but typically
form amorphous materials at micrometer
scales. In the case of rod-like viruses, the
anisotropic shape allows for formation of
3-D liquid crystalline domains, but these
domains do not maintain regular lattice
structures in 2-D. Consequently, expanding
to 3-D structures while keeping nanometer-
scale order in 2-D has been a daunting task.

Growth of S-layer assemblies in the third
dimension could, in principle, afford protein-
based materials with regular nanoporous
architectures over longer length scales, an
attractive property for numerous applica-
tions.">'® However, the fast and favorable
growth of S-layer crystals in 2-D implies that
3-D crystals are difficult to obtain, and
indeed, while stacked S-layers have been
observed to form in bacterial systems,'”'
such structures are difficult to reproduce in
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the laboratory. Furthermore, the undulations in
S-layers adsorbed on planar lipid bilayers in bulk
suspension adds complexity to the behavior of the
system."? Indeed, only recently was the 3-D growth of
an S-layer protein accomplished, and this required
alteration of its intrinsic propensity to assemble in
2-D*°

Previous works with diverse protein assemblies
have shown that novel supramolecular structures can
be formed by reprogramming interfaces between
protein subunits either directly or through ligand—
protein interactions.?’ ~2> These examples of redesign
to achieve higher-order architectures capitalized on a
wealth of high-resolution structural data on which to
base the careful tailoring of new protein—protein inter-
faces. In the case of S-layers, however, structural infor-
mation is limited to low-resolution 2-D electron density
maps at 7 A resolution®® and topographic images
derived from AFM.?” Only one high-resolution structure
is available so far,?° perhaps reflecting the difficulties
inherent to 3-D S-layer protein crystallization.

In 1973, Kellenberger and co-workers noted that,
upon limited proteolysis, the 2-D S-layer sheet derived
from the Bacillus brevis protein underwent a dramatic
long-range structural transformation, adopting a non-
native cylindrical architecture with specific chirality.?
More recently, genetic truncations of various S-layer
proteins have been shown to alter 2-D lattice param-
eters.”® These studies focused on perturbations to
S-layer 2-D structure as a consequence of protein
subunit truncation, but the possible implications for
creation of 3-D arrays were not explored.

Here we report that a truncated form of the S-layer
protein derived from Lysinibacillus sphaericus, termed
SbpA, reproducibly assembles into two types of bilayer
structures, providing a first step toward generating 3-D
structures. We characterized these bilayers as well
as monolayers derived from the same SbpA variant
using cryogenic-electron microscopy and tomography
(cryo-EM; cryo-ET), producing the highest-resolution
3-D structures of pure S-layers reported to date.
Comparison of these data to cryo-ET images of wild-
type SbpA crystalline layers on intact cells revealed the
molecular orientation of S-layer subunits with respect
to the cell surface and gave insight into the interac-
tions responsible for bilayer formation. These results
establish a platform for further engineering of S-layer
assemblies with 3-D architecture.

RESULTS AND DISCUSSION

Wild-type SbpA naturally forms a 2-D crystalline cell
envelope with p4 symmetry.2® In vitro reconstitution of
disassembled S-layer monomers in the presence of Ca*"
ions leads to suspended 2-D crystals with long-range
order. Previous work has shown that SbpA, normally a
1268-residue protein, can tolerate C-terminal truncations
of up to 200 residues without significant perturbation
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to its in vitro 2-D lattice parameters.' SbpA mutants that
are further truncated form 2-D lattices with fundamen-
tally altered symmetry or unstructured aggregates.®®
These observations indicate that the 200 C-terminal
residues do not critically participate in 2-D lattice inter-
actions. We decided to investigate how the altered
chemical nature of the S-layer surface after removal of
these residues might change the bulk behavior of these
SbpA mutant lattices.

We expressed in E. coli a recombinant SbpA variant
that substituted the 200 C-terminal residues with a
16-residue epitope tag (termed rSbpA; see Supporting
Information for details). The crystallization behavior of
the purified rSbpA protein was characterized along-
side that of the wild-type (wt) protein isolated from
cultured L. sphaericus using published protocols.?® As
expected,®? wt SbpA formed free-standing 2-D crystals
(average dimension 1—2 um) during overnight incu-
bation in 10 mM Tris-HC| pH 7.2 with 50 mM Ca*" at
purified protein concentrations of ~1.0 mg/mL (Figure
S1). Under the same condition, rSbpA formed small 2-D
crystals (~100 nm) with the same symmetry (~13.5 nm
lattice constant) but on a much slower time scale
(several months) (Figure S1). However, we discovered
that the 2-D crystallization process could be dramati-
cally accelerated by centrifugation (4000g) of the
protein solution with or without Ca" ions. In less than
30 min, a precipitate formed that light microscopy
analysis revealed to be macroscopic protein films
(Figure 1a). Atomic force microscopy analysis of this
material deposited on a silicon wafer indicated that the
film possessed a polycrystalline surface with p4 lattice
symmetry (Figure S2).

To gain insight into the 3-D structure of the new
S-layer material, we performed cryo-EM and cryo-ET
analysis of vitreous ice cryo-samples generated by
freezing the resuspended rSbpA precipitate as well
as intact L. sphaericus wt cells (Figure 1b, Supporting
Information Figures S1—S3, and movies S1 and 52).3
We confirmed that the new material comprised a
collection of 2-D crystals with lattice parameters
matching the canonical SbpA S-layer. In cryo-ET recon-
structions (supporting movie S1) of sufficiently thick
regions (200—500 nm), we found mixtures of mono-
layers and two types of bilayers, often in discotic
nematic-like parallel planes (Figure 1c). The bilayers
had characteristic intermonolayer distances of either
~13 or ~25 nm (Figure S4). The monolayers compris-
ing the bilayer structures possessed a discrete registry
(Figure 1d). Notably, wt SbpA did not form registered
bilayers under the same conditions. While the wt
protein formed macroscopic films upon centrifugation
(in a Ca*™-independent manner), cryo-ET and X-ray
scattering analyses revealed these films to comprise
randomly stacked 2-D crystals (Figure S5).

We performed high-resolution cryo-ET analysis of
rSbpA monolayers by subvolumetric averaging of our

VOL.7 = NO.6 = 4946-4953 = 2013 F@L@Mi{\)

WWwWW.acsnano.org

4947



Figure 1. Multiscale assembly of rSbpA leads to crystalline
films. (a) Light microscopic image. Crystalline films exhibited
various sizes, and large ones tend to wrap around them-
selves. (b) Slice from a cryo-ET reconstruction of self-
assembled films in solution (3 voxels thick average). Black
arrows indicate out-of-plane areas of the film, which has
smooth undulations when embedded in ice (consistent with
observed undulations by Hirn et al.’). (c) Model represent-
ing the 3-D distribution and topology of 2-D crystals within
instantly frozen amorphous ice. Each lattice subunit was
identified by visual inspection and marked as a sphere, with
a different color for each plane. The image shown is a typical
example of routinely observed large clusters: (i) side view; (ii)
top view. (d) Magnified view of a slice from a 3-D reconstruction
subvolume (3 voxels thick average) with in-plane registered
lattices: (i) orthogonal slice to (ii) showing the two parallel
lattices with a separation of ~13 nm; only one row of lattice
subunits is in-plane; see below. The black arrow in (i) points
to an area undergoing an onset of disorder and loss of
register as the distance between layers increases (i.e., the
lattice goes out-of-plane) (scale bar 50 nm).

best data sets (details in Supporting Information).>*
The averaged volume contained a patch of monolayer
crystal encompassing nine subunits and provided a
detailed view of its lattice and subunit structure
(Figure 2 and Figure S6). The overall structure (lattice
constant ~13.5 nm) we observed was consistent with
Norville and co-workers' previously reported 7 A 2-D
projection map of the wt SbpA S-layer®® (Figures S6
and S7 for a comparative 2-D projection derived from
our data). In addition, our 3-D structure provided new
insight into the overall thickness (~18 nm), domain
architecture, shape, and orientation of the lattice unit.
We identified electron density corresponding to the
major (M), minor (m), and arm (A) domains previously
identified and named based on their appearance in the
2-D projection.?®3? Qur structure further revealed that
the A domain actually reflects two distinct regions,
which we term the hook (h) and loop (I) domains; these
collapse into overlapping contours in a 2-D electron
density map. As Figure 2b shows, all the intersubunit
connections within the lattice occur on one face of the
S-layer through the m, h, and | domains. The four M
domains (Figure 2a) of each tetramer create a barrel-
like structure that extends to the opposite face of the
S-layer. Notably, the rSbpA monolayer structure was
highly porous, with the protein occupying only ~18%
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of each subunit's volume. This suggests a high degree
of porosity, which is likely vital for analyte transport in
native S-layers and also attractive from the perspective
of nanomaterial design.

With an overall structure of the rSbpA S-layer in
hand, we sought to further define the regions of the
monomer protein that correspond to each face of the
2-D crystal. Such information could provide insight into
those forces that promote bilayer formation among
rSbpA but not wt SbpA subunits. Previous studies of
SbpA S-layers on intact cells have suggested an orien-
tation in which SbpA's C-terminus is exposed on the
extracellular face of the 2-D crystal while the N-terminal
region of the protein is directly bound to the under-
lying cell surface.>'*>3¢ We therefore analyzed intact
L. sphaericus cells by cryo-ET with the goal of compar-
ing the native cell-bound S-layer structure to the
structure of the rSbpA 2-D crystal shown in Figure 2.
Among cells frozen in vitreous ice, we selected
those that were oriented approximately parallel to
the microscope axis of rotation, far from the cryo-EM
grid support film, for imaging analysis. These cells were
positioned for cryo-ET reconstructions of their poles,
a region where the cell's thickness (~500 and 750 nm)
is somewhat lower than its diameter elsewhere
(~750 nm to 1 um). We were able to obtain a low-
resolution reconstruction of the S-layer and underlying
cell wall covering the poles of the cells, wherein the
SbpA lattices were clearly distinguished (Figure 3a and
supporting movie S2). The distance from the cytoplas-
mic membrane to the outer surface of the S-layer was
measured to be ~66 nm, while the cell membrane
was ~7 nm and the S-layer ~15 nm thick (Figure S3).
Interestingly, no periodic arrays were observed in the
apex of the cell pole (arrow in Figure 3a). Hundreds of
images of S-layer lattices were cropped manually and
aligned to define the cubical subvolume of the lattice
(Figure 3b). Three orthogonal slices of the averaged
reconstruction of the S-layer subunits confirmed both
its p4 symmetry with a ~13 nm lattice constant and its
continuous density through the intersubunit space on
the extracellular side (Figure 3c). Four repeating homo-
tetrameric units or “barrels” spanning the S-layer tetra-
gonal lattice were rendered from the selected volume
in Figure 3c, corroborating that the cell-bound S-layer
structure was clearly related to the rSbpA S-layer
structure; they possessed the same lattice parameters,
overall subunit shape, and thickness (Figure 3d). The
comparison allowed us to assign the orientation of the
rSbpA monomers with respect to the overall 2-D crystal
lattice. The C-terminal portion of the protein monomer
is oriented toward the same face as the m, h, and |
domains, while the N-terminal region of the monomer
is likely oriented toward the base of the central barrel.
Our results also partially confirm, and add mole-
cular details to, previous work by Lepault et al.>? by
TEM of negatively stained samples on flat support.
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Figure 2. Cryo-ET subtomographic averaged lattice structure reveals anisotropic faces and a porous protein network. (a)
Isosurface rendering of the cryo-ET averaged “patch”. Boxes in blue define a lattice unit centered on the homotetrameric
subunit. (b) Isosurface rendering of the p4-symmetric homotetrameric lattice subunit. Four major (M) domains comprise a
main body that occupies most of a lattice unit. The hook (h) domain arises from the lower part of the M domain and makes a
connection to the loop (I) domain that orients away from the minor (m) domain. The region of contact between the “I” domain
and the “m” domain is on the opposite side of the tetramer from | domain. In the z-section image, two narrow, inverted conical
channels are connected with angles of 41 and 80° in the middle of the tetramer where a pore of ~2.5 nm diameter is located.
The tetrameric protein occupies only ~18% of the subunit volume in these isosurface renderings (see also Supporting

Information and Figure S6). Scale: distance between the centers of repeating units is ~13.5 nm.

These include better resolved and accurate 3-D topo-
logical relationship between domains, the presence
of a central pore in the repeating unit which was
uncertain in their work, and the correct height of the
near-intact, hydrated S-layers of ~14.6 nm while they
reported ~8—9 nm. This is to be expected since
negatively stained preparations of macromolecules
have consistently shown compression, flattening upon
the grid plane, an effect which also changes the spatial
relationships between macromolecular domains.>”
Next, we analyzed the registered bilayers formed
during in vitro assembly of rSbpA S-layers and con-
firmed that each monolayer component still maintains
its highly ordered architecture, but one is displaced
relative to the other (Figure 4a). The bilayers exhibit
two characteristic distances between the single layers
that were in registry. These distances correspond to
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two distinct types of contacts between the layers re-
vealed by subtomographic averaging of bilayer patches:
the “N-terminus” contact (N—N, (i) of Figure 4b) with a
~13.5 nm distance, and the “C-terminus” contact (C—C,
(ii) of Figure 4b) with an average distance of ~25 nm.
The direction of the displacement within the crystal
plane was very similar in both cases and was aligned
with a line connecting the m domains diagonally,
although the magnitude of the shift was different in
the C—C and N—N bilayer: ~2.2 and ~4.9 nm, respec-
tively (Figure 4b,c). The tetramer “barrel” in the N—N
bilayer slopes down toward the m domain at an angle
of ~11°, whereas the tetramer in the C—C bilayer slopes
down at a steeper angle. As a result, in each layer in the
bilayer structure, the rotational symmetry around the z-axis
was altered to p1 due to the tilt of the homotetramer
relative to the normal of the lattice plane (Figure 4b).
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Figure 3. Three-dimensional architecture of the intact cell-
bound S-layer (wt SbpA) covering the surface of Lysiniba-
cillus sphaericus by cryo-TE. (a) Three-dimensional cryo-EM
reconstructions of intact cells. The main panel is a 1 voxel
thick curved surface, or shell, that cuts the S-layer ortho-
gonally to its normal at each point. The inset is a section of a
1 voxel thick slice through the cryo-ET reconstruction of a
whole cell, parallel to the main axis. The arrow indicates
a region, at the apex of the cell pole, in which the S-layer
appears to have no periodic array (in all reconstructions).
Scale bar: 100 nm. (b) Manually selected points on the
S-layer lattice. (c) Three orthogonal slices through the
averaged reconstruction of the S-layer units segmented as
outlined in (b). (d) Homotetramer of the S-layer which form
the p4 lattice, connected through a continuous density “on
the outside” of the cell wall (the sheet-like appearance is
only due to isosurface rendering constraints: a single con-
trast value has been chosen; see Figure 2). Between the
peptidoglycan (gray arrow) and the S-layer lattice, there is a
“gap” of low electron density. We see no order within the
layer under the S-layer using the cryo-EM technique.

We further analyzed solutions of the bilayers by
synchrotron small-angle X-ray scattering (SAXS) to
confirm that the structures determined by cryo-EM
were not an artifact of their trapping in vitreous ice.
The SAXS spectrum of rSbpA assemblies indicated that
the same bilayer structures we observed by cryo-EM
were also present in solution (Figure 5a). A comparison
of SAXS spectra of rSbpA “S-bilayers” and wt S-layers
showed that both proteins form assemblies with the
same symmetry and major Bragg peak. However, the
spectrum of the rSbpA bilayers possessed a unit cell
vector of a = (12.9, 0, 0) nm, b = (0, 12.9, 0) nm, and
¢=(-5.0,3.0,17.5) nm (inset in Figure 5a), whereas the
Bragg peaks of the wt S-layer assembly only showed
periodicity in-plane (Figure S8). This discrepancy in the
Bragg peaks strongly corroborates the formation of a
bilayer structure where one layer is shifted with respect
to the other in a specific direction (Figure 5b), as
hypothesized by Gyérvary et al. in 200338

In summary, we identified a truncated form of SbpA
that forms S-bilayer structures, a starting point for 3-D
growth of S-layer crystals. As well, we used cryo-EM and
SAXS to define the bilayer structures and also deter-
mined the 3-D structure of wt SbpA S-layers on cells.

CONCLUSION

Using whole cell tomograms and 3-D lattice units from
in vitro rSbpA assemblies, we identified two types of
face-to-face interactions originating from the anisotropic
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Figure 4. S-bilayers with broken symmetry. (a) Cryo-ET
reconstruction of the N—N bilayer. Two false-colored slices
through araw (no averages) 3-D reconstruction with the top
and bottom lattices forming the bilayer in-plane with the
yellow and blue slicing planes, respectively. (i) Tilted view of
the two slices, with an isosurface rendered subtomographic
averaged bilayer patch in the center (see full methods in the
Supporting Information). The top, yellow slice was cut for
visual clarity. (ii) Side view of (i). (b) Orthogonal slice
through the bilayer averaged patch. (i) Barrel-like subunits
face each other at their N-termini. The dense middle of the
N—N bilayer encompassing the barrels is only 24 nm thick.
The rotational symmetry around the z-axis is broken. The
upper layer slides to the orthogonal direction by 4.9 nm,
with the tetramer tilted 11° toward the sliding direction.
(ii) Orthogonal slice through the bilayer averaged patch
of a C—C bilayer crystal. Top layer slides to the orthogonal
direction by 2.2 nm, with the tetramer tilted ~15°. (c)
Isosurface rendering of the subtomographic averaged
patch. Left, isosurface rendering of a bilayer row, from the
subtomographic averaged patch in (a). Right, a tilted view
(~45°) of an isosurface rendered subtomographic averaged
patch from the C—C bilayer.
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Figure 5. Synchrotron small X-ray scattering spectrum of
the rSbpA assembly in solution. (a) Spectrum of the rSbpA
sample as a function of the scattering intensity, /(Q). Q is the
scattering vector obtained by an equation, (2/1) x sin(6/2),
where 1 is the wavelength of incident X-rays and 6 is the
scattering angle. The orange line indicates the slope, from
which the fractal dimension of the system is estimated to be
D = 1.9 (see Supporting Information). The red line gives the
best fit. In the inset, the vertical lines in red indicate Bragg
peaks that can be attributed to the periodicity in-plane, while
gray vertical lines indicate Bragg peaks that can be attributed
to contributions perpendicular to the plane. (b) Model of a
unit cell in the bilayer structure. Each cylinder represents a
tetramer whose different colors show two registered layers.
The arrows are vectors that define a unit cell; a = (12.9,
0,0) nm, b= (0, 12.9, 0) nm, c = (—5.0, 3.0, 17.5) nm.
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faces of the crystal; these interactions are absent in wt
SbpA S-layers. In the S-bilayers, both the broken sym-
metry and the direction of monolayer displacement
strongly suggest that the C-terminus contributes to the
association of four m domains and its truncation in rSbpA
destabilizes their interaction. The propensity of rSbpA to
form bilayers may reflect altered C-terminal topography
and charge distribution that promote stability of the 3-D
structure.

The stable formation of S-bilayer structures suggests
the potential for utilizing S-layer proteins as building
blocks in hierarchical 3-D nanostructure assembly.

METHODS

Cryo-TEM Samples. For cryo-TEM, aliquots of 5 uL were taken
directly either from fresh cell cultures or in vitro assembled
samples, placed onto lacey carbon grids (Ted Pella, INC, #01881),
and cryo-plunged. Images were acquired on a JEOL-3100 FFC
electron microscope equipped with a field emission gun (FEG)
electron source operating at 300 kV, an Omega energy filter,
and a cryo-transfer stage. Images were recorded on a Gatan
795 2K x 2K CCD camera or on a Gatan 795 4k x 4k CCD camera
mounted at the exit of an electron decelerator operated at
248 kV, resulting in images formed by a 52 kV electron beam at
the CCD (see also Supporting Information). For data acquisition,
the program Serial-EM (http://bio3d.colorado.edu/) adapted to
JEOL microscopes was used, and reconstructions were obtained
with the program Imod (http://bio3d.colorado.eduy/).

Cryo-TEM Data. For final analysis and presentation, we chose
two cryo-ET reconstructions of intact Lysinibacillus sphaericus
cells and seven of the in vitro reconstituted samples, obtained
using the 2K x 2K camera with sampling 1.2 and 0.68 nm/pixel
and defocus ~12.0 and ~6.4 um, respectively. For the final
highly resolved reconstructions, we selected four data sets of
the in vitro system obtained with a decelerator-coupled 4k x 4k
CCD, using a defocus of ~3.4 um and with pixel size 3.75 A
(details in Supporting Information).

Image Processing and Analyses. All tomographic reconstructions
were obtained with the program Imod (http://bio3d.colorado.
edu/). The program ImageJ (NIH, http://rsb.info.nih.gov/ij/) was
used for analysis of the 2-D image projections. Volume rendering
and image analysis of tomographic reconstructions were per-
formed using the program Paraview (http://www.paraview.org)
and Chimera (http://www.cgl.ucsf.edu/chimera/). All movies
were generated with the package ffmpeg (www.ffmpeg.org).
Cell surfaces containing the S-layer lattice were segmented by
hand with Imod. Then these segmented surface models were
converted to a smooth triangular mesh in The Visualization
Toolkit (VTK, www.vtk.org) by a custom-built code. The final
gray scale values on the curved surface display (Figure 3a and
supporting movie 2) were obtained by computing, at each point,
the average of five gray scale values along the normal to the
surface: two below, two above the surface, and one on the
surface. These intact cell surfaces were used as visual aids for
the hand selection of S-layer units using imod; see below.

(lassification, Alignment, and Averaging of Subtomographic Volumes.
S-layers on whole cells, in vitro reconstituted monolayers, and
bilayer crystals were used for testing, trouble-shooting, and
improving the development of an algorithm for the alignment
and averaging of cryo-ET subvolumes: thresholded constrained
cross-correlation (TCCC)  (http://www-vlsi.stanford.edu/TEM/
software.html).>* For more details on cryo-ET missing wedge
and subvolumetric averaging, see Amat et al.'’** and refer-
ences therein. All classification, alignment, and averaging of
subtomographic volumes were done with TCCC and with Bsoft
(NIH, http://Isbr.niams.nih.gov/bsoft/) for comparison.

Whole cell reconstructions were surveyed with Imod, and
the locations of 640 S-layer lattice units were manually chosen
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It may be possible to further engineer these proteins
to achieve more extended arrays with order in the
third dimension. One might also be able to build new
structures directly from S-bilayer intermediates. The
structural information we acquired in this work may
also facilitate genetic engineering of new S-layer protein
interactions because we now have a more clear under-
standing of the 3-D positioning of the SbpA protein
domains. More detailed structural information would be
required to guide high-precision genetic engineering of
new S-layer architectures, but the findings reported here
represent a critical first step toward achieving this goal.

and stored in a segmented model (Figure 3b). Cubical subvo-
lumes, with assigned normals pointing outward from the cell
surface, were cropped. The side of the cubical volume was
about twice the lattice constant and contained a centered
repeating unit. The center of each repeating unit in the sub-
volume was aligned for averaging 3-D S-layer lattices. This
process allowed computation of the center of mass of each
cropped subvolume and use of a cell surface normal at each
point for rotational alignment of all subvolumes. In whole cell
data, the normal defines the outside of the bacterium and
allows the merging of data from different cryo-tomograms. The
large defocus value used for whole cell data (~12 um) was
consistent with the sampling resolution limit imposed by large
cell sizes, but these factors limit our analysis.

All volumes were cropped by direct visual inspection with
Bsoft (NIH, http://Isbr.niams.nih.gov/bsoft/) and TCCC3* in 3-D
boxes more than twice the size of the S-layer tetramers (~37 nm
by side). In the self-assembled in vitro samples, the normal to
the surface defined the two sides of the lattices: C-terminus or
N-terminus.

Preliminary 3-D alignment and averaging of S-layer sub-
volumes were performed with four data sets that were obtained
from the in vitro samples (2K x 2K camera), and these data sets
were also used to analyze the bilayer structures. First, approxi-
mately 2100 boxes (61 voxels or ~41 nm by side) with oriented
normal centered by the homotetramer were manually chosen
using Imod from these cryo-ET 3-D reconstructions. From se-
lected regions of the same data, within the correlated C—C bilayer
lattices, 553 boxes (119 voxels or ~81 nm by side) centered on
pairs of in-register subunits (octamers: dimers of homotetramer)
were also chosen manually using Imod (Figure S4). For the N—N
bilayer lattices, three additional data sets were used, from which
approximately 406 boxes (119 voxels or ~81 nm by side) were
centered by pairs of registered subunits and were chosen for final
alignment and averaging from regions of correlated bilayer
lattices. Each bilayer lattice structure is not uniform due to a
variable distance between each layer (Figure S4). The distances in
the C—C bilayer are more variable than those in the N—N bilayer.
The final reconstruction of an N—N bilayer “patch” shown in
Figure 4c was computed using a subset of 346 subvolumes. The
averaged reconstructions of the monolayer lattices were used as
initial models to perform the iterative classification, alignment,
and averaging for higher-resolution data. In a second step,
approximately 3100 3-D particles or boxes (119 voxels or
~44.6 nm, by side) were hand selected and cropped from four
reconstructions obtained with the 4k x 4k decelerator-coupled
CCD as described above. All alignments and averages were done
using TCCG;** part of the data was processed using the various
programs within Bsoft for control purposes.
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