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Abstract

Although the crystalline S-layer arrays that form the exoskeleton of many archaea and bacteria

have been studied for decades, a long-awaited crystal structure coupled with a growing

understanding of the S-layer assembly process are injecting new excitement in the field. The trend

is amplified by computational strategies that allow for in silico design of protein building blocks

capable of self-assembling into 2D lattices and other prescribed quaternary structures. We review

these and other recent developments towards achieving unparalleled control over the geometry,

chemistry and function of protein-based 2D objects from the nano- to the mesoscale.

Introduction

Biological building blocks that self-assemble into predetermined supramolecular structures

are of considerable interest in bionanotechnology where an ability to control shape, size,

geometry and surface chemistry is crucial to the production of advanced materials with

tailored properties. Predictive control of shape has been particularly effective with nucleic

acids where a variety of one, two and three-dimensional (3D) nanostructures have been

produced via strand exchange and DNA Origami technologies [1]. Peptides and peptoids

(polymers whose constituent monomers resemble amino acids but have side chains

appended to the amide nitrogen rather than to the α carbon) have also been engineered to

assemble into 2D structures [2–4]. Compared to these molecules, proteins offer a richer and

more versatile structural, chemical and functional palette that can be further expanded

through rational design, selection and directed evolution.

Two-dimensional (2D) protein arrays are of particular interest in bionanotechnology because

they allow for the high-density display of peptides and proteins in sensor, diagnostic and

vaccine applications. They also enable the periodic organization (or templating) of inorganic

particles with nanoscale control of position for plasmonic, opto-electronic, magnetic and

catalytic applications. In nature, 2D protein arrays are only found in the purple membrane
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patches of Halobacteria species [5], and the surface (S-) layer exoskeleton of nearly all

archaea and many bacteria [6]. Here we will not discuss the purple membrane – a crystalline

assembly consisting of trimers of bacteriorhodopsin tightly packed in a lipid-containing

hexagonal array – because its structure and potential for optical applications have been

reviewed elsewhere [7,8]. Instead, we focus this review on recent developments in our

understanding of S-layer structure-function relationship and on progress in the

computational design of entirely new kinds of protein arrays.

S-layer structure

S-layers are monomolecular lattices of (glyco)proteins that encapsulate certain bacteria and

archaea and connect to the cell surface through one or several N-terminal glycan-binding

domains. Their function ranges from protective coating, cell adhesion, surface recognition,

molecular sieving and ion trapping, to scaffolding for enzymes and virulence factors [6,9].

Slayers are 5-to-20 nm thick in bacteria and up to 70-nm thick in archaea. They have a

smooth, hydrophobic outer surface with net neutral charge and a corrugated inner surface

that tends to be hydrophilic and carries either a net negative or positive charge [10].

Individual S-layer proteins have molecular masses between 40 and 200-kDa and form

morphological units composed of one, two, three, four of six subunits which assemble with

oblique (p1, p2), square (p4), or hexagonal (p3, p6) 2D rotational symmetries (Fig. 1A–B)

[10]. Center-to-center unit spacing ranges between ≈ 5 and 30 nm and two or more classes

of 2-to-6 nm pores typically perforate the array.

Technological uses

Crystalline patches of S-layer proteins can be stripped from bacteria and archaea via

detergent extraction, or by using other agents that disrupt their interaction with the cell wall,

and directly used for practical applications [11]. In some cases, S-layer proteins can be

expressed in heterologous hosts such as E. coli, unfolded by GuHCl or urea treatment, and

re-assembled by dilution or dialysis [6]. Recrystallization from unfolded subunits is most

reliably performed at the air-water interface using a Langmuir-Blodgett trough, but is also

possible on the surface of zwitterionic lipids and certain technologically-relevant substrates

such as silicon, carbon and metals. Reassembled S-layers are a mosaic of well-ordered

domains that range in size from about 100 nm to 1–2 μm. However, interdomain

dislocations and gaps are not uncommon. The reassembly process is influenced by protein

concentration, buffer composition, identity of the surface or interface onto which the array is

reassembled, and nature and concentration of added divalent cations, which can induce

reassembly transitions from sheets, to cylinders, to morphologically poorly defined

structures [12].

S-layers have been evaluated for a myriad of applications including: ultrafiltration

membranes; drug delivery systems; scaffolds for immunogen displays; and substrates for the

spatial organization of functional molecules, metals, and semiconducting nanoparticles (for

recent reviews, see references [13•] [9,11]). Because they have a large void content (30–

70% porosity), S-layers can also be used to template the synthesis of inorganic structures

conformational to the geometry of the pores. Examples include the precipitation of CdS
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nanoparticles within the pores of the B. stearothermophilus S-layer via solution chemistry

[14] and work from our own laboratories showing that the D. radiodurans and S. ureae S-

layers can be used as a resist to template the electrodeposition of a broad range of materials

including Pt, Ni, Co and Cu2O (Fig. 1C–E) [15,16].

Although such inorganic nanostructures hold promise for catalysis and opto-electronics

applications, they are difficult to produce at large scales with the current S-layer “patch”

technology. Furthermore, the presence of two or more types of pores in an array means that

structures of distinct size and shape are also generated. This could be an enormous

advantage if one could fill them with two separate materials. However, achieving this –let

alone mineralizing crystalline materials within the confined environment provided by the

pores– has so far proven elusive. Other S-layer idiosyncrasies, (e.g., the fact that inner and

outer faces have different topography and chemistry) may complicate the control of surface

interactions and interfere with in-registry stacking, thus making the production of 3D

structures challenging.

Insights from the SbsB crystal structure

Although Baumeister and coworkers produced outstanding low-resolution TEM

reconstructions of S-layers in the mid-eighties [17,18], X-ray crystallography attempts have

long been thwarted by the difficulty of obtaining 3D crystals from proteins that evolved to

self-assemble into 2D lattices [19••]. As a result, topological information has been obtained

the hard way. For instance, in a bid to identify surface-exposed amino acids in the 98-kDa

Geobacillus stearothermophilus SbsB protein, Howorka and coworkers created 75 cysteine

substitution mutants and screened the solvent accessibility of these residues in both the

monomeric, dimeric and assembled forms of the protein [20,21]. This heroic effort

established that amongst 23 residues that were highly accessible in the monomer, 8 were

interfacial, 10 were located on the inner face of the S-layer and 5 were on its outer face.

The long-awaited crystal structure of an S-layer protein (Geobacillus stearothermophilus

SbsB) has validated this work and provided major insights on the mechanism by which S-

layers form [19••]. SbsB consists of an unresolved cell-wall-attachment domain followed by

six immunoglobulin-like domains organized into a disk shaped like the Greek letter ϕ [19••].

Four Ca2+ ions stabilize inter- and intra-domain contacts and are critical for quaternary

structure acquisition (Fig. 2A). Indeed, unfolded SbsB only reassembles into an array if the

buffer is supplemented with calcium and, while individual domains retain secondary

structure upon EDTA treatment, all quaternary structure is lost [19••]. In short, Ca2+ binding

induces a structural transition that alters the conformation of SbsB monomers from extended

to a ϕ-shaped structure that is assembly-competent. The main contacts stabilizing the

oblique (p1) lattice are between domains IV and VII and domains II and IV of neighboring

subunits and they bury comparable surface area (450 Å2 and 490 Å2, respectively; Fig. 2A).

Interestingly, domain II, which orients the cell wall-binding domain I towards the cell side,

appears to be able to adopt multiple conformations in order to better handle topological

defects on the cell surface. Overall, the SbsB structure provides a good explanation for the

essential role of calcium in the S-layer assembly process and valuable insights for S-layer

engineering.
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Reassembly at surfaces

Recent in situ AFM imaging studies of the assembly of Lysinibacillus sphaericus SbpA at

interfaces [22••] [23] have provided complementary insights on the mechanism by which

Slayers nucleate and grow. SbpA is a 132-kDa protein that readily self-assembles into

lattices exhibiting square (p4) symmetry and composed of tetrameric morphological units.

As with SbsB, there is evidence that SbpA protomers have different conformations in

monomeric and tetrameric states [24] and lattice self-assembly depends upon calcium

addition. The assembly of SbpA on supported lipid bilayers is schematically depicted in Fig.

2B and involves the following steps: (i) adsorption of monomers in an extended

conformation from the bulk solution and onto the surface (step 1); (ii) nucleation of

amorphous clusters that are uniform in height in a process that is slow because it requires

significant adsorbed protein surface coverage (step 2); (iii) comparably rapid (5–10 min)

rearrangement into more compact crystalline clusters composed of SbsB tetramers (step 3);

and (iv) extension of the clusters in all directions of the plane by addition of tetramers at

crystalline cluster edges with a preference for sites that have a large number of nearest

neighbors (steps 3 to 5) [22••]. Of particular interest, new tetramers were only detected at

the perimeter of growing clusters. This suggests that interactions with the crystalline phase

converts vicinal monomers and/or loosely folded oligomers (dimers and tetramers?) into

compact tetramers that can be incorporated into the growing lattice. In a separate study of

the reassembly of the same protein on mica [23], De Yoreo and coworkers were able to

detect kinetically trapped clusters that are crystalline in nature but more loosely packed than

the lower energy compact arrays that they eventually transform into (Fig. 1B, steps 3′ to 5)

[23]. While these studies tell us little about the process of S-layer formation in vivo, they

have strong practical implications. Indeed, understanding the mechanics of the

crystallization process and how it is influenced by the interface will be key to the production

of uniform structures exhibiting nanoscale periodicity and very long-range order.

S-layer protein engineering

Because no crystal structure of a S-layer protein was available until recently [19••], most

protein engineering efforts have been conducted by trial and error and have focused on a

limited number of candidates [13•]. A fragment identified by deletion analysis and spanning

the first 1037 amino acids of mature L. sphaericus SbpA (SbpA31–1068) [25], has been

especially useful as an N-terminal fusion partner because it remains capable of self-

assembling in a crystalline lattice of p4 symmetry when various peptides and proteins are

fused to it [13•]. This has been exploited to build immobilization platforms, sensor heads

and immunogens in which the fused detection moiety, ligand, enzyme or antigen/allergen is

displayed with high density and, in a repetitive geometry on the reconstituted crystal [13•].

Interestingly, a fusion protein between SbpA31–1068 and a short tag of sequence

GSLCTPSRLEHHHHHH was recently reported to form bilayers of stacked monolayers

[26]. When considering this result with the fact that truncation of 150 additional residues

from the SbpA31–1068 C-terminus converts the lattice space group symmetry from square to

oblique [25], it becomes clear that modifications at the C-terminus can have quite

unexpected consequences on quaternary structure.
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Beyond S-layers: artificial 2D protein arrays

Although the development of protein building blocks that self-assemble into well-defined

architectures lags behind DNA nanotechnology, progress in the computational design of

protein-protein interfaces has accelerated over the past few years [27,28]. For example,

interfacial metal coordination [29,30], disulfide bonds [31], novel α-helical coiled-coil [32–

34] and β-strands [35], and fusions between domains derived from distinct oligomeric

proteins [36–38] have all been exploited to create new quaternary structures. Even more

exciting is the recent success in using computational approaches to design entirely new

interfaces and orthogonal protein pairs in which weak interactions collectively drive higher

order structure formation with the possibility of exquisite control over position and

orientation [39–41] [42••].

An attractive alternative to the engineering of natural S-layer proteins is, therefore, to

computationally design protein building blocks that self-assemble into extended periodic

arrays. One approach to do so is inspired builds on early work by the Yeates lab [37] and

relies on the construction of genetic fusions between peptide chains derived from separate

oligomeric proteins that exhibit rotational symmetry axes of equal order [43]. As an

example, Sinclair et al. [38•] fused the Streptag octopeptide to the C-terminus of E. coli

aminolevulinic acid dehydrogenase (ALAD; a tetrameric protein) and added Streptavidin to

the purified protein to “stitch” a 2D lattice (Fig. 3A). The same group fused the Lac

Repressor-derived Lac21E and Lac21K peptides [44] to ALAD and exploited the formation

of coiled-coils to assemble a 2D lattice (Fig. 3B). These groundbreaking results were

mitigated by the fact that the resulting structures lacked long-range order and were as small

as a few hundred nanometers for the Lac21 fusions and at most a few micrometers for

Strepavidin-assembled lattices. Furthermore, the material produced was reportedly sensitive

to heat and small molecule inhibitors.

An alternative pioneered by the Tezcan group relies on engineering metal coordination sites

at the surface of proteins for cation-driven assembly of multidimensional structures [30].

Recently, Brodin and coworkers [29•] computationally redesigned the surface of

cytochrome cb562 (cyt cb562, a four-helix bundle heme protein) to allow for the formation of

C2-symmetric dimers through a high affinity Zn2+-binding site, while simultaneously

allowing for dimer self-assembly in two perpendicular directions via a low affinity Zn2+-

binding site (Fig. 3C). By controlling the Zn2+ to protein ratio and the protonation state of

the zinc-coordinating histidine residues, the team showed that it was possible to form 2D

nanoplates under conditions of slow nucleation (low pH and/or zinc) or helical nanotubes

under conditions favoring fast nucleation events (high pH or low pH and high zinc

concentration). Protein sheets were observed upon reordering of precipitates after 5 to 7

days of incubation. These sheets consisted of non-perforated squares or rectangles with

characteristic dimensions varying between 5 and 10 μm. Whether this engineered protein

(called RIDC3) can be further manipulated to incorporate guest peptides or fusion partners

without losing its ability to assemble remains unclear, as is the robustness and scalability of

the self-assembly process.
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Conclusion and the road ahead

The availability of an S-layer protein crystal structure combined with recent advances in

computational structural biology has opened the door to a two-pronged approach for the

production of next generation 2D protein arrays. More than four decades of S-layer work by

Uwe Sleytr and other laboratories all but guarantees that the SbsB structure (and hopefully

that of other S-layer proteins) will be exploited to optimize the location of fusion joints and

help fine-tune existing designs for robustness and usefulness in real world settings.

However, an incomplete understanding of the protomer folding and assembly pathway

might frustrate complex redesign attempts.

Computationally designed protein arrays remain in their infancy but they offer tremendous

opportunities for engineering any and all desirable features on a nearly blank slate. These

include lattice periodicity and symmetry; location of insertion and fusion joints; number,

size, shape and chemistry of the pores; and corrugation, composition and electrostatics of

“top” and “bottom” surfaces. Exciting short-term prospects include the redesign of protein

interfacial contacts to produce building blocks that self-assemble via collective interactions

and with atomic-level accuracy, the design of lattices that exhibit arbitrarily specified

properties with nanoscale periodicity through the use of multiple such blocks, and the

construction of 3D structures made up of stacked 2D arrays.

With artificial arrays, it should also be possible to take full advantage of the promise of solid

binding peptides (SBPs), which are short sequences of amino acids that have been selected

by combinatorial display for an ability to bind to inorganic or synthetic materials [45,46].

Insertion of SBPs at computationally defined, solvent-exposed locations should provide

unparalleled control over array immobilization, orientation, and conceivably actuation, on

virtually any surface(s) or interface(s) of technological interest. Because certain SBPs have

the ability to promote inorganic mineralization [47], their incorporation within the

architecture of custom-designed pores could be used to manufacture inorganic

nanostructures of predictable size, shape, composition, and perhaps crystallinity over

extended distances. Finally, it should be easier to access orthogonal chemistries for array

derivatization by encoding non-natural amino acids in computationally designed protomers.

(Although this could also be done with recombinant Slayer proteins, and especially when

using new expression hosts [48], genetic instability and low-level expression issues might

complicate the prospect).

Whether based on S-layers or computationally designed, 2D protein arrays face similar

challenges. To make a technological difference, it will be necessary to reduce expression

and purification costs and to develop robust technologies for the assembly and manipulation

of very large lattices that retain order at the nanoscale. The size needed will of course

depend on the application For instance, whereas mosaicity should be acceptable in the case

of catalytic and structural nanoarrays, long-range order in the hundreds of micrometers to

millimeters might be desirable for photonic, plasmonic and magnetic applications. The

production of such defect-free crystals will likely require a detailed understanding of how

environmental and process conditions influence assembly and growth. It will also be

important to identify application spaces where protein-based 2D structures offer unique
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advantages over those fabricated by chemical self-assembly and top-down writing and

patterning processes. It will be even more interesting to integrate these technologies in the

pursuit of disruptive materials, systems and devices [49].
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Highlights

• S-layer structure, engineering and technological use are briefly reviewed

• New developments in S-layer protein structure and assembly are presented

• Computational approaches to 2D protein array design are described

• Forthcoming developments are discussed
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Fig. 1.
TEM images of negatively stained D. radiodurans (A) and S ureae (B) S-layers and of the

corresponding electrodeposited Cu2O films (C,D). (E) TEM-based 3D reconstruction of

nanostructured Cu2O (red). Four different angles are shown along with a protein unit cell

(right). Panel E is reprinted with permission from reference [15].
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Fig. 2.
Building S-layers. (A) Schematic structure and assembly pathway of the G.

stearothermophilus SbsB S-layer protein. The cell-wall attachment domain (light green) and

six consecutive immunoglobulin-like domains (shades of blue) are schematically depicted in

the extended monomer structure (left). The four calcium ions stabilizing intra- and inter-

domain contacts are shown as red spheres in the assembly-competent monomer (middle).

The cell-wall attachment domain is not resolved in the crystal structure and thus not shown.

Structure of the oblique array formed upon assembly of compact monomers viewed from the

outside of the cell (right). All drawings are based on reference [19••]. (B) Growth of L.

sphaericus SbpA at interfaces. Monomers are believed to consist of three cell wall

anchoring domains (green) followed by a calcium binding domain and three C-terminal

immunoglobulin-like domains (shades of blue) [24]. Steps involved in S-layer crystallization

on supported lipid bilayers are indicated with solid arrows and labeled 1 to 5. S-layers are

viewed from their external side. Mica can stabilize a subpopulation of less compact but yet

crystalline clusters (3′ and 4′) that eventually convert to the compact and lower energy form

(step 5). All drawings based on references [22••] and [23].
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Fig. 3.
Schematic representation of 2D lattices generated by (A) fusing a Streptag to ALAD (green)

and using Streptavidin (yellow) to stitch the structure; or (B) ALAD-Lac21E and ALAD-

Lac21K fusions to assemble the array via coiled-coil interactions. Adapted from reference

[38•] with permission. (C) Molecular arrangement of 2D sheets obtained with the RIDC3

derivative of cyt cb562 in the presence of zinc. The shaded green box contains a single C2-

dimer. Three Zn coordination environments enable 2D self assembly. The Zn1 (blue) and

Zn2 (orange) sites are formed by the high-affinity coordination motif and the Zn3 site (red)

by the low-affinity coordination motif. Adapted from reference [29•] with permission.
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