
 

 

PROTEIN-BASED NANOARCHITECTURES: NANOBIOFABRICATION 

THROUGH MICROBIAL SURFACE LAYER (S-LAYER) BIOTEMPLATING 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

in Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

 

 

by 

Leonardo Maestri Teixeira 

February 2010 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

PROTEIN-BASED NANOARCHITECTURES: NANOBIOFABRICATION 

THROUGH MICROBIAL SURFACE LAYER (S-LAYER) BIOTEMPLATING 

Leonardo Maestri Teixeira, Ph.D. 

Cornell University 2010 

 

The ability to efficiently build and control structures at the nanometer scale 

using biomolecules is currently an area of very active research. Although natural 

systems have a vast repertoire of nanostructures able to self-assemble into complex 

systems, its adoption in industrial nanofabrication process is still a utopian idea. 

Crystalline bacterial cell surface layer (S-layer) proteins are an example of biological, 

self-assembled nanostructures that can be exploited for nanotechnology applications. 

This dissertation focuses on the self-formation of Lysinibacillus sphaericus S-layer 

(SbpA) and the exploitation of its intrinsic properties for nanobiofabrication.  

SbpA self-assembly kinetics were studied in detail, as well as, the interaction 

of SbpA with synthetic surfaces mimicking the natural substrate used as an anchor by 

SbpA on the bacterial cell surface. It was found that SbpA self-assembles in solution 

at a rate that is dependent on temperature, the concentration of SbpA, as well as the 

concentration of calcium ions, and sodium chloride. In addition, SbpA-carbohydrate 

interaction is dependent on the carbohydrate density, and the net dissociation rate 

slows with increasing association times. Surface-enhanced Raman spectroscopy 

(SERS) substrates were bionanofabricated with the aid of a recombinant SbpA, where 

sub-micromolar concentration levels of 2-mercaptopyridine could be detected, 

demonstrating the potential of the bionanofabricated SERS substrate using 

recombinant SbpA. 
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Bioinspired Nanotechnology 

The ability to build and control structures at the nanometer scale fascinates 

scientists, as the development of new and more efficient materials and devices would 

be possible. However, efficient and precise control over materials at the nanometer 

scale is still challenging. Natural systems possess several examples of nanostructures 

with intrinsic properties of self-assembly into complex systems with defined structure 

and surface functionalities. A better understanding of how nature builds nanostructures 

as the use of more efficient systems and methods for nanofabrication becomes feasible 

will open new technological frontiers by mimicking or directly using biomaterials in 

the field of nanotechnology.. Several examples of biomacromolecules, such as DNA, 

lipids, and proteins have been shown to have great potential for use in nanotechnology 

(For reviews see (1-5)). Here we will focus on the potential use of proteins as a new 

tool in the field of nanotechnology, reporting recent successful examples of feasibility 

studies and their potential use in this field.  

The deep know-how that has been accumulated over the last several years 

about the mechanisms of protein folding, protein engineering, protein-protein and 

protein-substrate interactions, and well as protein production and purification, has 

provided a collection of building blocks with great potential to be used as tools in 

nanotechnology. An important characteristic of proteins that makes them a potential 

tool in this field is their ability to self-assemble into complex supramolecules. Self-

assembly is the spontaneous association by non-covalent interaction of species under 

equilibrium conditions into a stable and structure defined aggregate. The use of self-

assembly in nanotechnology has been broadly studied as an alternative for 

conventional nanofabrication processes, in the so called bottom-up strategy.  

In this review we summarize successful examples of protein-based systems 

used in nanotechnology. Though reports showing the possible use of several protein 
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systems in nanotechnology are found in the literature, this review focuses on four 

specific examples (i.e. Ferritin, Tubulin, Amyloid fibers, and S-layers), as numerous 

groups have reported their versatility and potential exploitation for the field. Examples 

of protein use include: (i) scaffold for direct biotemplating and use in bottom-up 

nanofabrication process; (ii) biomaterials in which its nanoscale dimensions are 

explored to produce materials with functional and/or enhanced properties; and (iii) 

biosensor systems. 

 

Ferritin  

Ferritin is a ubiquitous self-assembling globular protein composed of 4 α-helix 

bundle that fold and interact through hydrophobic interactions along the α-helix 

surfaces into a hollow cage-like structure (Figure 1.1A). It is found in many organisms 

all over the plant, animal and microbial kingdoms where it is used as an iron storage 

and mineralization system. Two sizes of ferritin are more often found in nature, one 

with 24 subunits, and one with 12 subunits, named maxi- and mini-ferritin, 

respectively. The iron is stored within the protein shell as a nanoparticle with a 

structure similar to the mineral ferrihydrite. A ferritin without the iron nanoparticles 

within its core is called apoferritin. Apoferritin is a cage shaped supramolecule with 

the center and inner diameters of 12 nm and 7 nm, respectively. This supramolecule is 

one of the most studied and characterized biomolecule to be used for the synthesis of 

nanoparticles, and its use as scaffold for biotemplating of nanoparticles has also been 

reported (9, 10) 

Nanoparticle synthesis of several semiconductor, metal, metal oxide, and 

magnetic materials was reported with success into the apoferritin core, for example; 

Semiconductor nanoparticles of CdS, ZnSe, and CdSe were already synthesized using 

apoferritin. Cadmium sulfide nanoparticles were the first semiconductor nanoparticles 
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to be synthesized into the apoferritin core in 1996 (11). The strategy used in this first 

report was the sequential addition of Cd(II) followed by the addition of aqueous 

sulfide. Even though small CdS nanoparticles of 2.5 nm and 4 nm were synthesized 

using this strategy, the size could be slightly controlled by the ratio of Cd(II) ions and 

apoferritin added to the reaction. After the demonstration of the feasibility of 

synthesizing small CdS semiconductor nanoparticles into the apoferritin core, larger 

semiconductor nanoparticles of CdSe were synthesized by using a slower reaction 

method, as Cd
2+

 and Se
2-

 reacts too fast in solution, not allowing the core formation 

into the apoferritin interior. For CdSe nanoparticle synthesis into the apoferritin core 

using the slow reaction strategy, Cd
2+

 had to be stabilized by the addition of an excess 

of ammonia, and Se
2-

 was supplied from selenourea, which slowly degrades in 

aqueous solution. By using this elegant strategy to slow the reaction rate, the 

formation of a CdSe core outside the apoferritin became slower than the reaction rate 

into its cavity, allowing the growth of larger (~ 7 nm) CdSe nanoparticles (12). In a 

recent article, CdSe nanoparticles were synthesized in apoferritin with the aid of 

EDTA (13). The strategy used in this new report with the aid of EDTA resembles the 

previous one for the synthesis of CdSe, as EDTA was used to stabilize Cd
2+

 by 

forming Cd
11

-EDTA species and Se
2-

 was supplied as NaHSe. The slow release of 

Cd
2+

 and Se
2-

 from the precursors allowed its flow into the apoferritin cavity and 

formation of semiconductor CdSe nanoparticles with a mean diameter of 4.2 nm. 

Figure 1.1C illustrates the overall strategy used in this report for the slow synthesis of 

CdSe nanoparticles. The feasibility of synthesizing metal oxide nanoparticles in the 

apoferritin cavity was demonstrated for different metal complexes. Several approaches 

were used for the synthesis of the different metallic nanoparticles; however, the 

general idea shared by all approaches is that the metal ions specifically bind to specific 

domains of the protein in the apoferritin cavity, which is then reduced by a reductant 
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added to the reaction. When the metal ions are reduced they give rise to the nucleation 

and growth of the metallic nanoparticles. Even though a general approach is shared for 

the synthesis of metallic nanoparticles into the apoferritin cavity, the specific 

procedures and requirements differ for the synthesis of the different metallic 

nanoparticles. Examples of such diverse requirements include (i) synthesis of nickel 

sulfate nanoparticles into the apoferritin cavity, which requires carbonated ions in the 

reaction (14), (ii) synthesis of cobalt nanoparticles, which do not require carbonated 

ions, but the crystallinity of the synthesized nanoparticles can be controlled by simply 

adjusting the reaction’s temperature (15). 

 

Figure 1.1. (A) Graphic representation from Brucella Melitensis ferritin 

structure (B) SEM image of a gold binding peptide fused to ferritin and 

selectively adsorbed onto Au-disks patterned on a SiO2 (Modified from ref. 

18), (C) The overall strategy used for the slow fabrication of apoferritin-coated 

CdSe-QD with the aid of EDTA (Modified from ref. 13). 
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Additionally, different approaches have been optimized to explore the ferritin 

surface around the synthesized nanoparticles as anchor domains for the specific 

placement of the nanoparticles at different substrates with nanoscale control. Yamada 

and collaborators (16) were able for the first time to adsorb single ferritin molecules 

on a 15 nm pattern of 3-aminopropyltriethoxysilane (APTES) placed at intervals of 

100 nm by controlling its electrostatic interactions. In this article, the authors 

performed a numerical analysis which demonstrated that by manipulating the Debye 

length they could control the selective adsorption of single ferritin molecules onto the 

nanopatterned APTES areas, which were then demonstrated experimentally by 

varying the ionic strength of the buffer used in the adsorption experiment. Another 

strategy used to achieve the control of the adsorption and positioning of ferritin coated 

nanoparticles fuses peptides with  specific affinities to the ferritin protein surface. By 

using this approach, Yamashita and collaborators (17) genetically fused a hexapeptide 

with affinity to titanium at the N-terminus of the L-type subunit of a horse-spleen 

ferritin subunit, since the N-termini of unmodified recombinant ferritin is known to be 

located on the outer surface of the protein shell. In this experiment, ferritin with Fe 

and Co nanoparticles was selectively adsorbed onto Ti nanopatterns, previously 

formed on a SiO2 film substrate. In another article from Ishikawa and collaborators 

(18), a gold binding peptide was genetically incorporated on the N-terminus of the 

recombinant L-chain apoferritin. The specific adsorption of the recombinant ferritin 

with iron nanoparticles to a gold surface was examined using a quartz crystal 

microbalance, and also assessed by comparing the protein’s adsorption to gold 

nanopatterns previously fabricated on a SiO2 surface. Through the use of the gold 

binding peptide fused to the recombinant ferritin, the coated iron nanoparticles had its 

specific adsorption increased by three-fold, when 1% of Tween 20 – known to reduce 

nonspecific interactions - was incorporated in the experiment buffer (Figure 1.1C).  
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Tubulin 

Tubulin is a globular protein widely found in eukaryotes that performs 

essential roles in the cell’s life, e.g. maintenance of cell shape, cell motility, separation 

of chromosomes during mitosis, and organelle transport. Tubulin is the building block 

 

Figure 1.2. (A)Microtubule (MT) structure showing the 24 hollow tubes 

formed by the self-assembly of tubulins. Kinesin moves the microtubule 

with 8 nm steps along the MT surface towards the plus end (Modified 

from ref. 39), (B). Palladium nanoparticle array densely immobilized on a 

microtubule surface, with arrows and inset showing the microtubule 

helical template (Modified from ref. 27), (C) Functional properties of the 

tubulin-MWNT hybrids, where in the left is a representation of the 

microtubule gliding and biohybrids movement on kinesin coated surfaces, 

and in the right the linear motility of biohybrid gliding on a kinesin coated 

surface (Modified from ref. 53)  
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of microtubules (MTs), and each tubulin subunit is an asymmetric heterodimer 

comprised of an α and a β tubulin. Tubulin possesses the ability to self-assemble in a 

non-equilibrium way both in vivo and in vitro in a process known as dynamic 

instability (19, 20). The asymmetry of the subunits and the head-to-tail assembly in 

parallel protofilaments give MTs an overall structural polarity (Figure 1.2A). The self-

assembly of tubulin in vitro for the formation of MTs occurs at physiological 

conditions (i.e. pH, temperature, and ionic strength), and requires GTP as in vivo (21). 

The formed MTs are highly ordered α,β-tubulin heterodimers helically arranged, and 

its structure is partially stabilized by a layer of GTP tubulin at its end (22, 23). 

Depending on the self-assembly reaction conditions, tubulin can self-assemble in a 

variety of polymorphs, e.g. sheets, ribbons, rings, and spirals (24-26). 

Different tubulin biopolymers have been used as scaffold for the synthesis of 

different metal nanoparticles in situ, where the formed inorganic nanoparticles are 

organized in a structure that resembles the biopolymer original morphology. Different 

metallic nanoparticles were synthesized with success at the conserved surface’s 

biopolymer (27-29), and the concept of how the nanoparticles synthesis occurs is 

similar to the general approach used for the synthesis of nanoparticles in other 

biomolecules, such as ferritin that are used as scaffold for metal nanoparticles 

formation. Metal nanoparticle synthesis on biopolymers of tubulin may be controlled 

by the different reaction synthesis conditions, such as pH, temperature, metal ion 

concentration, and the different types of metal ions and reductant used. For example, it 

was found that Na2PdCl4 when reduced with trisodium citrate at 90 
o
C produces small 

Pd clusters of approximately 1.9 nm; however, when dimethylamine borane was used 

as a reducing agent instead, larger Pd nanoparticles of 3.1 nm were formed (27). 

Figure 1.2B shows a densely immobilized Pd nanoparticles on MTs surface. The 

different morphologies that tubulin is able to form when self-assembled in vitro has 
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also been explored as an alternative in bottom-up nanofabrication strategies. In one 

example, metal ring nanostructures were synthesized by the deposition of metals on 

the ring shaped tubulin assemblies. The assembly of tubulins in a ring or spiral 

structure, instead of MTs, can be accomplished by adding Ca
2+

 to the assembly 

reaction, demonstrating the simplicity and versatility of the system (30). MTs have 

also been used in conjunction with kinesin as biomolecular motors for the transport of 

nanocomposites. Kinesin are motor proteins that transport cargos unidirectionaly 

along the MTs in a cell. It is a heterotetramer protein composed of two identical 

kinesin heavy chains, and two kinesin light chains. The heavy chains or motor chains 

move along the MT in 8 nm steps by converting the energy of ATP hydrolysis into 

movement. The light chains are terminated by a binding region that is normally used 

in vivo to transport intracellular cargo. The asymmetry of the tubulin subunits and the 

head-to-toe arrangement gives the MTs a structural lattice that is recognized by 

kinesin. Kinesin moves only from the minus to the plus end of MTs, where the minus 

end is terminated with α tubulin, and the plus end, which is kinetically more dynamic, 

terminated with β-tubulin. 

Different versions of the kinesin-MT system were investigated as a way for 

transporting nano scale cargos, and the two main design strategies for this purpose 

have particular advantages and disadvantages. In one design the MTs are fixed to the 

surface, and the kinesin moves along them like in a railroad (31). In the other design 

the approach is inverted, where kinesins are the proteins immobilized on the surface 

and the microtubules are then propelled throughout the surface by the immobilized 

kinesins (Figure 1.2C) (32). The advantage of the first design is the ability of 

transporting larger objects coated with kinesin, and the advantage of the latter, also 

known as the inverted motility strategy, is that it possesses more capabilities for 

engineering of the tracks with more precise configurations, as the physical limitations 
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of immobilizing larger microtubules onto surfaces are absent. Examples of cargos that 

were successfully transported by these systems include CdSe quantum dots (32), 

fluorescent molecules (33), microspheres (34), silicon microchips (35), and DNA 

molecules (36). 

This chemomechanical mechanism creates many applied opportunities as it can 

be used to shuttle cargos, power fluids in micro and nanofluidics, sort and selectively 

deliver nanocargos, and in nanoelectromechanical systems (NEMS). One example of 

such practical use of the kinesin-MTs system is the one demonstrated by Lin and 

collaborators (33), in which a microfluidic chip was built, and a detection sensitivity 

two orders of magnitude higher than typical immunoassays, such as ELISA, was 

achieved by exploring the biomolecular motor of the Kinesin-MTs for sorting, 

transport, and concentration of the analytes. 

 

Amyloid Fibers 

Amyloid fibers are self-assembled products formed from proteins or peptides 

that suffer a structural transition from the native and soluble conformation into the 

aggregated fibrillar assemblies. They are remarkably stable and its structure is rich in 

β-sheets which stabilize the final aggregates by the hydrogen bonds between them. It 

possesses a diameter that ranges from 7 to 10 nm, and can reach up to micron sizes in 

length. Figure 1.3A illustrates the overall process employed for the formation of 

amyloid fibrils. Several diseases are caused by the formation of amyloid fibrils, such 

as type II diabetes (37, 38), Parkinson’s disease (39), prion disorders, and Alzheimer’s 

disease (40, 41). The ability to assemble at physiological conditions in vitro, in 

addition to its higher than the average protein mechanical strength, chemical, and 

physical stability, makes amyloid fibers potential building blocks for the construction 

of new biomaterials. The assembly conditions of amyloid fibers can be controlled to 
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form fibrils with different lengths and properties; for example, at high concentration of 

protein monomers and under high turbulence, short fibers with a homogeneous length 

distribution are produced. However, when a ratio of 1:64 of short fibers to protein 

monomers are used in the self-assembly reaction, fibers with several hundred 

micrometers are produced (Figure 1.3B) (42). 

 

Figure 1.3. (A) Schematic representation of the formation of amyloid fibrils, 

where a folded monomers experience a conformational transition to a beta-

sheet state that self-assemble into ladders of beta-strands that then aggregates 

into amyloid fibrils (Modified from ref. 54), (B) Formed amyloid fibers with 

the N-terminus and middle region (NM) of Sup35p, where increasing the 

soluble NM concentration over the seed concentration led to increased fiber 

lengths. At ratios of 1:16 of seed: soluble fibers with over 6 µm were formed 

(modified from ref. 42) 
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Several research groups have exploited fibrils for the synthesis of new 

nanomaterials with different properties such as nanowires (42), and as bio-scaffolds 

for inorganic materials (e.g. nanoparticles (42)) and organic materials (e.g. biotin (43) 

and cytochromes (44)). The fabrication of nanowires using amyloid fibrils was first 

accomplished using a genetically modified amyloidogenic N-terminus and the middle 

region (NM) of Sup35p from Saccharomyces cerevisiae. The protein was modified to 

add a cysteine residue that remained accessible at the surface of the fibrils after 

formation. Nanogold monomaleimide


 was then covalently linked to the fibers 

through the maleimide-thiol reaction, and this incorporation of nanoparticles to the 

fibrils affected neither its final stability nor morphology. Nanowires were then formed 

by the directional deposition and reduction of silver and gold ions using the gold 

nanoparticles as seeds. The NM fibrils, which were initially insulators without the 

metal coating became very good conductive materials after the metal 

deposition/reduction (42). In another article, an attempt to mimic natural conductive 

nanowires, amyloid fibrils were functionalized with cytochrome b allowing the 

incorporation of heme molecules on the amyloid fibril surface (44). The information 

obtained by studying how amyloid fibers are formed allowed several groups to design 

and synthesize artificial amyloid fibers, which have been shown to be of great promise 

for the rational design of new bioinspired nanomaterials (1, 45).S-layer proteins 

S-layer proteins are found as a 2-D crystalline array on the outermost envelope 

of many bacterial species and in the majority of Archaea (46). They are composed of 

identical protein or glycoprotein monomers with molecular weight ranging from 40 to 

200 kDa depending on the microorganism in which it is found. The crystalline array 

formed displays a highly repetitive structure with the center-to-center lattice ranging 

from 5 to 30 nm, and with two or more distinct classes of pores with identical 

morphology and size in the range of 2 to 8 nm. The surface topography and 
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physicochemical properties of the extracellular and intracellular sides of the protein 

array are notably different, where a ‘smoother’ surface is generally exposed to the 

external aqueous environment, and a more ‘corrugated’ surface is usually attached to 

the underlying cell wall 
[8, 9]

. Figure 1.4 shows examples of S-layers from different 

 

Figure 1.4. TEM (negative stained) of different S-layers, where SbpA is the 

S-layer from Lysinobacillus sphaericus that possess a p4 symmetry, RsaA is 

the S-layer from Caulobacter crescentus that possess p6 symmetry, SAS is 

the S-layer from Sulfolobus acidocaldarius that possess p6 symmetry, and 

HPI is the S-layer from Deinococcus radiodurans that possess p6 symmetry. 

SbpA and RsaA have the ability to self-assemble in vitro with already 

optimized procedures; however a protocol for in vitro self-assembly of SAS 

and HPI has not been made available to date. 
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microorganisms. One particular characteristic of certain types of S-layer proteins is 

their ability to self-assemble in vitro into the same array as found in vivo into 

monolayer sheets that may feature an oblique (p1, p2), square (p4) or hexagonal (p3, 

p6) lattice symmetry. In vivo, the synthesis, secretion, and self-assembly of the S-layer 

monomeric units are performed in a rate synchronized with the microorganism cell 

growth and division. The recrystallization of S-layers from different microorganisms 

has already been demonstrated in vitro in suspension, at liquid-surface interfaces, on 

lipid structures, and on solid supports. 
[6, 10-15]

. The feasibility of exploiting the 

nanoscale features of S-layers for nanotechnological applications has been 

demonstrated by several groups. Such S-layer use lends itself to various applications, 

especially its utilization as a scaffold for the organization of inorganic materials with 

nanoscale precision as an alternative in nanofabrication process (6, 47). Further, it can 

be used for the in situ synthesis of nanoparticles (48) and as crystalline protein mask in 

nanofabrication (49). S-layer may also function as a scaffold for functional 

biomolecules (50). The feasibility of using S-layers as scaffolds for the positioning of 

pre-formed nanoparticles to form arrays has been demonstrated using different S-layer 

proteins (i.e. Deinococcus radiodurans (7, 51), Sulfolobus acidocaldarius (51), and L. 

sphaericus (52)). Arrays of preformed nanoparticles of different materials, such as 

metals (6, 7, 52), and semiconductors (7) have also been biotemplated with the aid of 

S-layers. Mark, S.S. and collaborators (7) improved the patterning of inorganic 

nanoparticles (i.e. metallic and semiconductor) on both S. acidocaldarius and D. 

radiodurans S-layers by manipulating the physicochemical conditions of the 

adsorption reaction, as well as the chemical composition of the nanoparticles used. 

Arrays of different geometrical arrangements were produced through the use of the 

two S-layers tested. This study also demonstrated that the geometry of the formed 

nanoparticle arrays may be modified by using different types  of functional groups 
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reacting to the nanoparticle surface (i.e. negative- or positive-charged, and short- or 

long-chain length). In another work, Mark, S.S. and collaborators (51) demonstrated 

that by encapsulating platinum nanoparticles with dendrimers allowed the formation 

of highly periodic arrays of pre-synthesized nanoparticles using S-layer proteins as 

biotemplate. Recent studies have fused affinity tags in conjunction, or not, with 

reactive amino acids (52) in search of a way to improve the specific binding of 

functional organic or inorganic materials to the S-layer array, since stronger or 

covalent interactions can be employed, e.g. biotin-streptavidin, thiol-maleimide. The 

ability to genetically modify S-layers is of great promise, as it allows the enhancement 

of its functional and potential applied functions without compromising their intrinsic 

properties, such as the ability to self-assemble into arrays with controlled and precise 

nanoscale topography. The applicability of the nanoparticle arrays formed with the aid 

of the S-layer scaffolds were further demonstrated when nanopillars were fabricated 

using the nanoparticles in the array the seed for its growth (6). However, this first 

attempt to demonstrate the ability to further build structures in a bottom-up strategy 

using the biotemplated nanoparticles lacked the ability to maintain and translate the 

ordering of the seed array of nanoparticles to the nanopillar array formed. Yet, in 

another article,  the production of vertically oriented nanowires with high density was 

successfully accomplished by a bottom-up strategy. The strategy employed an array of 

biotemplated gold nanoparticles for the growth of Germanium nanowires (47). In this 

work, the biotemplated ordered array of the gold nanoparticles were better translated 

into the formed Germanium nanowires, and the production of vertically oriented 

nanowires with high density was successfully accomplished by this bottom-up 

strategy.  
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Conclusion 

Though several reports demonstrated the feasibility of using proteins as 

“biotools” for nanotechnological applications, it has become clear that it is indeed 

feasible to use proteins as biotools for nanotechnological applications, but industry 

still lags in adoption of these potential strategies.  However, with the significant 

developments that have been made in the specific area of biomaterials over the last 

years, as well as the protein versatility shown by the above examples, proteins will 

soon assume an important role in the field of nanobiotechnology, as new processes 

and bioinspired materials emerge. The translation of the recent findings from the field 

of protein science, in addition to the information accumulated by the pharma industry 

for its large scale production and purification, may accelerate the adoption of proteins 

for nanotechnological applications.  
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CHAPTER 2 - STUDY OF THE ENTROPICALLY DRIVEN SELF-
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INTRODUCTION 

A considerable amount of effort is being put forth to understand the molecular 

basis of molecular self-assembly, as this can be used in the development of novel 

types of supramolecular structures and engineered nanomaterials. In nature, a variety 

of biomolecules have the ability to self-assemble and form organized and defined 

structures at the molecular level and ranging from microscopic to macroscopic scales 

(1-5). S-layer proteins are one example of such a class of biomolecules which form a 

2-D crystalline array on the outermost envelope component of many bacterial species 

and in the majority of archaea (6). These crystalline arrays are composed of identical 

protein (or glycoprotein) monomers with molecular weights that can range from 40-

200 kDa depending on the microorganism species. S-layers display a highly repetitive 

surface structure with center-to-center lattice spacings of 5-30 nm. Furthermore, S-

layers typically have two or more distinct classes of pores with identical morphology 

and size in the range of 2-8 nm. A possible physiological role for S-layer proteins has 

been suggested based upon in vitro experiments which have revealed that these protein 

layers have ion specificity (7). Significantly, the surface topography and 

physicochemical properties are different between the extracellular and intracellular 

sides of S-layer proteins. Whereas a ‘smoother’ surface is generally exposed to the 

external aqueous environment, and a more ‘corrugated’ surface is usually attached to 

the underlying cell wall (8, 9). One particular characteristic of certain types of S-layer 

proteins is their ability to self-assemble either in vivo or in vitro into monolayer sheets 

featuring an oblique (p1, p2), square (p4) or hexagonal (p3, p6) lattice symmetry. 

Indeed, isolated subunits of S-layers from a number of bacteria have the capability to 

recrystallize in suspension, at liquid- surface interfaces, on lipid structures, and on 

solid supports (6, 10-15). 
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As demonstrated through a number of recent reports, S-layers from 

Bacillaceae species have great promise for use in nanotechnological applications (11, 

16-20). Bacillaceae S-layers have an N-terminal region named the S-layer homology 

(SLH) domain that is responsible for anchoring the protein subunits to secondary cell 

wall polymers (SCWPs) in the underlying rigid cell envelope layer (21). SLH domains 

are one of only a few common structural components that are known to exist in S-

layer proteins of selected microorganism species (11, 22-25). S-layers from 

Lysinibacillus sphaericus (SbpA) – previous known as Bacillus sphaericus -  show a 

square symmetry, with a center-to-center spacing of the morphological units of 13.1 

nm, composed of protein monomers with 129 kDa. Several works have shown that 

truncated and fused recombinant SbpA protein retain their ability to self-assemble in 

vitro, thus confirming their potential technological usefulness (11, 18, 19, and 26). 

While notable progress has been made in assessing the technological potential 

of S-layers (27-30), there is currently no high-resolution structural data of a full 

protein available for members of this class of proteins (31-33). Because of this lack of 

structural information, recently cysteine residues were incorporated by point mutations 

on the S-layer protein from Geobacillus stearothermophilus PV72/p2 to be used to 

map the location of those individual residues in the protein surface (34). Furthermore, 

although self-assembly is one of the most distinctive characteristics of S-layers, only a 

limited number of studies have been carried out to understand this mechanism. To our 

knowledge, the only relative in-depth investigation of the in vitro self-assembly 

process of S-layers was reported more than 20 years ago by Jaenicke and collaborators 

using the S-layer protein from Bacillus stearothermophilus (35). 

The objective of this paper is to understand how SbpA monomers alone drive 

the self-assembly reaction, and how the different environmental conditions influence 

this reaction, which was accomplished by isolating the protein-protein interaction 
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performing the experiments in solution. In particular, such fundamental knowledge 

will ultimately enable the rational design of long-range ordered single-crystal protein 

arrays, which will be essential for fully exploiting the functional utility of S-layer 

components in nanobiotechnology-based applications such as miniaturized 

nanoelectronics (36), and ultra-fast quantum computing (37). With the objective 

described above in mind, we followed the in vitro self-assembly kinetics of SbpA in 

real time under different solution conditions by dynamic light scattering (DLS) and 

absorption spectrophotometry techniques. The results obtained here indicated that the 

SbpA self-assembly process driven by the protein monomers is sensitive to different 

physical and chemical conditions, and its rational manipulation in vitro was feasible 

with a deeper understanding of the parameters that influenced it. It’s not the scope of 

this paper to have all the answers on how SbpA self-assemble in the surface of the 

bacterial cell after protein secretion. We are aware of the complexity of the system, 

and the limitations of analyzing SbpA self-assembly in solution, as the interactions of 

SbpA with the SCWP in the bacterial surface are not being considered in the present 

study.  

 

MATERIAL AND METHODS 

Reagents and other chemicals 

All aqueous solutions were prepared using reagent grade (18 MΩ cm 

resistivity) deionized water (DI H2O) purchased from Stephens Scientific Co. 

(Riverdale, NJ). Unless stated otherwise, all other reagents and chemicals (ACS grade 

or better) were purchased either from Aldrich Chemical Co. (Milwaukee, WI) or from 

Sigma Chemical Co. (St. Louis, MO) and were used as received. 
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Purification of SbpA 

The bacterial cell surface layer protein (SbpA) was isolated from 

Lysinibacillus sphaericus (American Type Culture Collection No. 4525). L. 

sphaericus was grown at 30 
o
C in nutrient broth containing 11.1 mM glucose, 7.46 

mM K2HPO4, and 0.4 mM MgSO4. Upon reaching an optical density between 0.5 and 

0.6 at 600 nm, the cells were then harvested by centrifugation at 16,000 x g for 20 min 

at 4
 o

C. After the first centrifugation step, the cells were washed three times by 

repeated resuspension/centrifugation at 16,000 x g in 50 mM sodium phosphate buffer 

(pH 7.4). After the washing steps, the pellet was resuspended in a 10-fold volume of 

Buffer A (50 mM Tris-Cl pH 7.2, 5 M guanidine hydrochloride), stirred for 20 min at 

room temperature, and centrifuged at 40,000 x g for 30 min at 10 
o
C. The supernatant 

containing the SbpA monomeric subunits was collected and centrifuged again at 

40,000 x g for 30 min at 10 
o
C (2 times). The cleared supernatant containing the SbpA 

monomers was subjected to size exclusion chromatography using a Superdex 200 

Column (GE Healthcare) equilibrated with Buffer A. Fractions containing SbpA were 

pooled and dialyzed against Buffer B (50 mM Tris pH 7.8, 1mM EDTA). Finally, the 

solution of purified SbpA was adjusted to give a protein stock concentration of ~ 5 

µM in Buffer B, and stored at 4 
o
C. 1 mM EDTA was shown to increase the stability 

of the protein stock, when checked by DLS for the presence of aggregates. Protein 

purity was assessed by SDS-PAGE, stained with SimplyBlue
TM

 Safestain from 

Invitrogen
TM

 (Carlsbad, CA) following the manufacturer’s instructions.  

All buffer stock solutions were filtered through a nylon membrane (0.22 µm) 

after preparation and stored at 10 
o
C. Samples for the protein self-assembly reactions 

were prepared by diluting a desired amount of protein stock solution (5 µM SbpA) to a 

volume of 100 µL with buffer B (50 mM Tris pH 7.8, 1 mM EDTA). Calcium chloride 

was added at the desired concentration for the assembly reaction initiation from a 1 M 
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stock solution, right after the volume was adjusted with DI H2O to reach 300 µL total 

final volume when Calcium chloride was added.  

The self-assembly of SbpA in solution was primarily monitored in real-time by 

dynamic light scattering (DLS) measurements immediately after the mixture of the 

reagents. The DLS measurements were carried out using a Zetasizer Nano ZS 

instrument (Malvern Instruments, UK). The Z-average (cumulants mean) diameter 

was used for all DLS kinetic analyses, where each reported diameter value is averaged 

over 10 measurements (with a 10-second acquisition time for each measurement). The 

reported Z-average values used for the kinetic analysis are the average of two 

independent measurements. The Z-average diameter and the calculated diameter of the 

molecules expressed by the number of molecules present in solution were calculated 

using the Dispersion Technology software version 5.1 (Malvern Instruments, UK). To 

determine the monomer diameter, the protein stock solution was diluted to 2324.1 nM 

in buffer B to a volume of 100 µL, and the final volume adjusted to 300 µL with DI 

H20. The results were expressed by the percentage of populations present by number 

in the sample, and were calculated using the Dispersion Technology software version 

5.1. 

The self-assembly of SbpA was also monitored in real-time by taking optical 

density (absorbance) measurements at 380 nm wavelength using a Molecular Devices 

(Sunnyvale, CA) Spectramax Plus
384

 spectrophotometer plate reader instrument. 

Optical density (O.D.) measurements were recorded by the spectrophotometer 

software every minute for ~ 4 h. Before each reading, the sample was automatically 

agitated for 5 seconds by the equipment. The reported O.D. values used for the kinetic 

analysis are the average of three measurements. 

The rate constants for the first 20 minutes, expressed as k, was determined 

from the slopes of linear fits calculated using OriginPro 7.5. The first 20 minutes of 
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data were empirically chosen for calculating the rate constant because of the low 

degree of scatter observed during the initial phase of the self-assembly reaction when 

compared to the latter phases. The Arrhenius plot, and the thermodynamic parameters 

were calculated from the slopes of the temperature dependence on the assembly 

kinetics as described by Wilson & Benight (38). 

Electron Microscopy 

The self-assembled protein samples were visualized using a Morgagni 268 

transmission electron microscope (Philips/FEI Company, Hillsboro, OR) operated at 

an accelerating voltage of 80 kV. After four hours of in vitro reassembly at the same 

conditions used for the kinetic analysis, droplets of the samples were placed into Petri 

dish, and 200-mesh carbon-coated Formvar copper TEM grids from Electron 

Microscopy Sciences (Hatfield, PA) were put in contact with the sample for 30 

minutes for adsorption. Prior to imaging, the samples were negatively stained for 30 

seconds with a methylamine tungstate stain from Nanoprobes (Yaphank, NY), and 

rinsed twice in a droplet of DI H2O. 

Fourier Transform Analysis. 

To facilitate qualitative examinations of the assembled products, , TEM 

micrographs (512 × 512 pixels) were processed using the 2-D fast Fourier transform 

(FFT) algorithm (39) in the Digital Micrograph software program (Gatan, CA). In this 

procedure, masking pattern (with edges smoothed over 5 pixel units) was applied on 

the intense spots of the FFT power spectrum. An enhanced, noise-filtered image was 

subsequently obtained by performing an inverse FFT operation (40) on the masked 

power spectrum.  
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RESULTS AND DISCUSSION 

 The purity of the protein used in the kinetic studies was checked by SDS-

PAGE (Inset Figure 2.1). The initial protein solution was also checked by DLS. Figure 

2.1 shows the average diameter distribution by the percentage of the number of 

molecules present. As shown in Figure 2.1, the main population of SbpA molecules in 

solution has a diameter close to 9.0 nm. This diameter is approximately the expected 

diameter of a globular protein of 129 kDa, 9.5 nm, which is the molecular weight of 

SbpA. This result demonstrated that the initial preparation of purified SbpA solution 

used in this study was mainly composed of monomers. This initial characterization by 

DLS was used for the optimization of SbpA purification, and was routinely used to 

check every new purified SbpA sample prior to each experiment. We could observe 

the formation of aggregates when the protein was stored for more than three weeks 

when EDTA was absent in the stock solution. However, when 1 mM of EDTA was 

added to the protein stock, SbpA monomers remained stable for longer periods, and 

small protein aggregates were not observed until after two months of storage at 4 °C.  

The influence of protein concentration on SbpA self-assembly was investigated by 

DLS in the presence of 45 mM CaCl2. Each data point shown on Figure 2.2a 

corresponds to the Z-average diameter obtained from the DLS measurements and is 

plotted as a function of time. The Z-average diameter is defined as the intensity 

weighted mean average for the ensemble collection of particles in the sample derived 

from the slope of the linearized form of the correlation function. As the light scattering 

signal intensity is proportional to the square of the molecular weight, it is very 

sensitive to subtle changes in the oligomeric state of the protein.  

 Even though monomers are the majority of the molecules initially present in 

solution, as observed in the plot with the average diameter by the percentage of the 

different molecule populations (Figure 2.1), the initial Z-average diameter of ~ 75 nm 
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reflects the sensitivity of the Z-average for the presence of oligomeric states of SbpA 

in solution. This diameter was not even observed when the result was expressed by 

percentage of number of molecules as seen in Figure 2.1.  

 As shown in Figure 2.2c, the self-assembly reaction rate is dependent on the 

protein concentration present in the reaction. The rates of assembly were estimated as 

the slope of the Z-average diameter increase over the first 20 minutes of reaction. A 

lag phase was not observed or was too short to be detected in the assembly reaction by 

the parameters used in the DLS experiment at lower protein concentrations, up to 2324 

nM. At a protein concentration of 3098 nM and above, a lag phase was observed, and 

the kinetic profile changed from a sigmoidal to an exponential profile as seen in 

Figure 2.2a. At 3873 nM, a lag phase of approximately 30 minutes is observed in the 

self-assembly process, and much shorter at 3098 nM. The lag phase observed at this 

high SbpA concentration may be due to the formation of a kinetic trap by 

 

Figure 2.1. Size distribution of SbpA calculated by DLS. Results expressed 

by percentage of the number of molecules. Inset: SDS-PAGE of SbpA. Lane 

A, MultiMark


 Multi-Colored Standard; Lane B, 5 µL SbpA sample. 
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accumulation of an excess number of self-assembly nucleation sites. This phenomenon 

would be expected to delay the growth and formation of large-size crystals, which 

would have a correspondingly large Z-average diameter. During the lag phase 

observed at 3873 nM, the polydispersity index had an obvious increase reaching 

values as high as 0.6 (data not shown), even though the resulting Z-average diameter 

did not change. By the end of the lag phase, the polydispersity index had a steep 

decrease, reaching the levels, lower than 0.1, observed for the self-assembly 

experiments at lower protein concentrations (data not shown). The high polydispersity 

index exclusively observed may reflect the different populations of sizes present 

during the lag phase, as during this phase populations of monomers, nucleation sites of 

different sizes, as well as associated nucleation sites and larger polymers could be 

present and in formation in solution. However, the steep drop in the polydispersity 

index previous to substantial increase in the Z-average diameter possibly indicates that 

larger polymers were not very abundant in the reaction, and that the initial increase in 

the polydispersity index be due mainly by the presence of monomers and nucleation 

sites being formed. If larger polymers were present during the lag phase, when the 

polydispersity index had the decrease to levels in which the DLS data is more trustful, 

this would have a direct impact in the final Z-average diameter, what was not 

observed. A polycrystalline array was observed by TEM when the assembly was 

performed at high protein concentrations, Figure 2.3b and 2.3c, and a monocrystalline 

array when the assembly was performed at 2324 nM SbpA Figure 2.3a. The 

polycrystalline array observed corroborates with the kinetic trap observed by the 

formation of an excess of nucleation sites. At a protein concentration of 3098 nM, the 

assembly rate observed was approximately 2-fold lower than the rate obtained in the 

presence of 3873 nM SbpA. Similar examples of kinetic traps in protein self-assembly 

reactions at high protein concentrations were also observed in other systems (41-43). 
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Figure 2.2. (a) Kinetics of SbpA self-assembly monitored by DLS under 

different protein concentrations (387.3 nM -3873.5 nM), and at a constant 

calcium concentration of 45 mM. (b) Kinetics of SbpA self-assembly 

monitored by DLS under different calcium concentrations (15-120 mM), and at 

a constant protein concentration of 2324 nM. All the self-assembly reactions 

were performed at 35 
o
C. Dependence of protein concentration ([SbpA] - nM), 

(c), and calcium chloride concentration ([CaCl2] – mM (d) on the assembly 

rate k of the kinetics of SbpA self-assembly. The assembly rate was calculated 

from the slope of a linear fit from the first 20 minutes of the kinetics of SbpA 

Self-assembly from (a) and (b) for the effect of protein and calcium 

concentration respectively using OriginPro 7.5. 
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 The possible kinetic trap observed at high protein concentrations is normally 

caused by the formation of a vast number of multiple nucleation points for self-

assembly, and consequently the formation of S-layer recrystallized products that are 

ultimately polycrystalline in nature rather than single-crystalline, as confirmed by 

transmission electron microscopy (Figure 2.3a-c). Polycrystalline S-layers form 

because the assembly of the monomers at each nucleation site proceeds until it 

randomly meets the boundary of another crystalline domain. When the boundaries of 

two or more growing crystalline domains come into contact, the adjacent sites for the 

incorporation of new monomers become buried, and further assembly at those points 

ceases. Although polycrystalline types of S-layer matrices provides a configuration 

with a minimum free energy condition, they are generally not viewed as being ideal 

for certain nanobiotechnological applications (27-29) in which a monocrystalline 

domain would be more beneficial (e.g., the creation of long-range ordered periodic 

arrays of nanoparticles for studying the collective optoelectronic effects of nanoscale 

ordering). 

Previous studies conducted by Pum and Sleytr have suggested that calcium 

ions are essential for the self-assembly of SbpA, and that the concentration of this ion 

is a critical parameter that determines the shape and size of the recrystallized S-layer 

lattices (44). However, although calcium appeared to be essential for the self-assembly 

of SbpA as well as for many other S-layers, there is currently no data showing how 

calcium ions specifically affect SbpA assembly kinetics. In general, metal ions can 

potentially play multiple roles in protein self-assembly. For example, the weak 

association of calcium ion(s) with SbpA might be directly involved in its assembly 

mechanism via one or more of the following mechanisms: (1) calcium may bind to a 

specific site of the protein, thereby modifying the structure and consequently exposing 

one or more protein domain(s) required for the assembly process; (2) calcium may be 
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involved in the formation of calcium-mediated interactions between the protein 

subunits; and/or (3) calcium may function to neutralize negative charges within 

domains involved in the assembly reaction, thereby facilitating the self-assembly 

process. The influence of calcium on the kinetics of SbpA self-assembly was 

investigated here in greater detail by DLS. Figure 2.2b shows the assembly of SbpA 

over a time course of ~ 4.0 h under different concentrations of CaCl2. The data shown 

clearly demonstrate that SbpA undergoes self-assembly at a rate that is dependent on 

calcium concentration. Over the range of calcium concentrations investigated here 

(15-120 mM CaCl2), SbpA self-assembly showed the same sigmoidal kinetic profile 

as the one observed at lower protein concentration. Similarly, no detectable lag phase 

was observed on the time scale of the experiment and an apparent increase in the Z-

average diameter could be detected immediately after the addition of calcium chloride 

to the reaction. Figure 2.2c and 2.2d show the effect of protein concentration and the 

effect of calcium concentration respectively on the rate of SbpA self-assembly in vitro. 

Figure 2.2c shows that when the concentration levels of protein are < 2324 nM, k 

changes only slightly even with a 4-fold increase in protein concentration. In contrast, 

k is quite sensitive to changes in calcium concentration (Figure 2.2d), whereas a 5-fold 

increase in k is observed with a 4-fold increase in calcium concentration (from 15-60 

mM CaCl2). A maximum value of k is attained at 60 mM CaCl2 under the protein 

concentration used (i.e., 2324 nM SbpA), and undergoes a marked reduction upon 

increasing the calcium concentration above 60 mM. When the calcium concentration 

approaches 120 mM, k is reduced to values similar to the ones observed at 15 mM 

CaCl2. At 15 mM, and 120 mM of Calcium chloride in the reaction, just small patches 

of assembled product could be observed in the sample when checked by TEM (Data 

not shown). The observed decrease in the assembly rate above 60 mM of CaCl2 may 

be caused by one or more of the following reasons: 1) calcium ions are bound to every 
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available binding site on each monomeric unit of SbpA, and therefore the formation of 

calcium-mediated interactions between the protein subunits is prevented; or 2) the 

calcium ions cause the charge density distribution around the protein monomers to 

increase to a level at which the subunits repel each other, and therefore the rate of self-

assembly is reduced or the process is prevented from occurring altogether.  

In order to obtain information about the thermodynamics of S-layer 

recrystallization, the effect of temperature on the self-assembly of SbpA was also 

analyzed. Figure 2.4a shows the dependence of SbpA self-assembly reaction on 

temperature. The kinetic profile observed for the temperature range tested here was 

similar to the ones observed at low protein concentration and at different calcium 

chloride concentrations. By observing the assembly rate for the first 20 minutes of 

reaction (Figure 2.4b), it is clear that k initially increases with a rise in temperature, 

reaching a maximum value at around 45 
o
C, but then a further increase in temperature 

caused a decrease in the assembly rate. The increase in the assembly rate as a function 

of temperature demonstrates that SbpA self-assembly is an entropy-driven process 

determined solely by its amino acid sequence, in agreement with the results observed 

previously by Jaenicke and co-workers for the S-layer protein of B. 

stearothermophilus (35).  

For a quantitative evaluation of the activation thermodynamics, an Arrhenius 

plot (Figure 2.4c) was calculated using the data from Figure 2.4b. The obtained value 

of the activation energy (81.6 kj mol
-1

) reflects the high degree of sensitivity of SbpA 

self-assembly to temperature. A loss of linearity in the Arrhenius plot for temperatures 

of 35 
o
C and higher is observed. This loss of linearity could be caused by a 

modification in the monomers to a state that is unfavorable for polymerization. This 

observation is similar to those reported for other protein self-assembly systems (38, 

45), and is also in agreement with the results obtained for the B. stearothermophilus S-
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layer (35), wherein nonspecific aggregation of denatured protein was observed at 

temperatures above 35 
o
C.  

 

Figure 2.3. Noise-filtered inverse FFT Brightfield TEM (negative-stain) 

images of native self-assembled SbpA. (a) 2324.1 nM SbpA and 45 mM 

CaCl2, (b) 3098.8 nM SbpA and 45 mM CaCl2, and (c) 3873.5 nm SbpA and 

45 mM CaCl2. The self-assembly reactions were performed at 35 
O
C. Scale 

bar = 100 nm. For easier visualization, a few single crystals, and its adjoining 

parts were manually marked in red in (b), and in (c). 
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Here, although the maximum observed rate of assembly of SbpA as determined by 

DLS occurs at 45
 o

C, the apparent rate at this temperature may be associated with 

nonspecific aggregation of denatured SbpA monomers. To reinforce this idea, 

assembled products could be observed at 35 
o
C by TEM, and clear assembled product 

could not be observed when the self-assembly reaction was performed at 45 
o
C and 

above (Data not shown). Unfortunately, DLS does not permit the discrimination 

between self-assembled recrystallization products and nonspecific aggregation 

products; it only measures the size/diameter of whatever component species may be 

present in a given system, which makes essential for each experiment the observation 

of the final assembled product by TEM. In any case, the observed temperature 

dependence demonstrates that SbpA self-assembly is an endothermic process that is 

highly sensitive to temperature.  

A plausible explanation for the observed increase in the SbpA self-assembly 

rate with increasing temperature is that entropically favorable hydrophobic 

interactions probably play an important role in mediating the protein-protein 

interactions necessary for self-assembly. The high value for the activation entropy 

calculated from the Arrhenius plot (129.34 J mol
-1

 K
−1

) supports this possibility.  

When the temperature is increased, the SbpA monomers interact with each other by 

hydrophobic surfaces interactions to form the S-layer array. These interactions happen 

with the simultaneous release of entropically disfavored water molecules of the 

hydration layer surrounding the hydrophobic domains in the protein. These solvating 

water molecules which are released during protein self-assembly provide the increase 

in entropy necessary to drive the self-assembly process forward. Even though SbpA 

self-assembly occurs with the resultant formation of a highly regular structure, thus 

causing a local decrease in entropy, the net entropy of the system is ultimately 

increased as a result of the increased degrees of freedom experienced by the large 
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number of water molecules released from the hydration shell formed on the surface of 

the hydrophobic domains of the interacting protein molecules. A similar behavior is 

also observed in other entropy-driven biological self-assembly systems (46-49). 

The overall entropy change during SbpA assembly can be partitioned into two 

components, namely, the protein entropy and the water entropy. Whereas the water 

entropy corresponds to the entropy change due to water release from the protein 

interface during the assembly process, the protein entropy is the change associated 

with the incorporation of protein molecules into the S-layer lattice. The value of the 

protein entropy is typically much smaller in magnitude when compared to the water 

entropy. Therefore, the large positive value of the activation entropy (129.34 J mol
-1

 

K
-1

) calculated for the self-assembly of SbpA is mainly due to the entropy gain arising 

from the release of a large number of water molecules associated with the SbpA 

monomers prior to the assembly process minus the protein loss of entropy. The 

positive calculated activation enthalpy (120.81 kJ mol
-1

) for SbpA self-assembly also 

provides supporting evidence that the assembly process is accompanied by a net loss 

of hydrophobic surfaces, as positive values of entropy and enthalpy are characteristic 

of reactions in which a net loss of hydrophobic surfaces is observed (46). 

 To obtain more detailed mechanistic information about how SbpA S-layers 

undergo self-assembly in vitro, the ionic strength effect on SbpA self-assembly was 

tested by performing the self-assembly reaction in the presence of different 

concentrations of sodium chloride. The self-assembly process was monitored by 

measuring the increase in optical density at 380 nm, which was chosen based on 

empirical wavelength scans of free SbpA monomers as compared to 2D S-layer 

assemblies.  
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Figure 2.4. (a) Kinetics of SbpA self-assembly monitored by DLS under 

different temperatures (10 – 55 
O
C). For all curves, the calcium concentration is 

45 mM, and the protein concentration is 2324.1 nM. (b) Temperature 

dependence of the rate of the kinetics of SbpA self-assembly. (c) Arrhenius plot 

for the kinetic rate of SbpA self-assembly calculated from the data shown in 

(b). The Arrhenius plot was calculated using the method described by Wilson & 

Benight.
[38]
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From the wavelength scan results, it was found that at 380 nm SbpA monomer 

absorption is negligible and for newly formed 2D assemblies not. The assembly 

kinetics rate, k, was also calculated from the slopes of a linear fit of the first 20 

minutes of the kinetic assembly curves shown in Figure 5a The measured k at NaCl 

concentration levels <10 mM remained approximately constant, as seen in Figure 5b. 

A 50 % decrease in the assembly rate, however, was observed when the NaCl 

concentration was increased from 10 mM to 20 mM; and a further 30 % decrease in 

the assembly rate was observed with a subsequent increase in NaCl levels to 40 mM. 

The decreasing trend in k with increasing ionic strength is different from the increase 

in the assembly reaction of some virus capsid, in which repulsive Coulomb 

interactions between the coat proteins resulting from the presence of a net electrical 

charge on them are at certain level neutralized (50). A plausible reason for the 

decreasing trend observed for SbpA self-assembly may be caused by a decrease in the 

interaction of calcium (which has been shown here to be an essential component in the 

assembly process) with the SbpA monomers when in the presence of a high ionic 

strength. Alternatively, this monotonic decrease in the rate of SbpA self-assembly with 

increasing buffer ionic strength could also be due to a decrease in electrostatic 

interactions that could be also a contributing factor in the self-assembly process. 

 By studying the SbpA self-assembly mechanism under different conditions in 

solution, it was shown that SbpA undergoes self-assembly at a rate that is dependent 

on the protein concentration, temperature, and different environmental conditions (i.e., 

presence/concentration of, calcium, and NaCl). By varying the protein concentration, 

we could control the formation of polycrystalline versus larger monocrystalline arrays 

of SbpA in solution.  
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Figure 2.5. (a) Kinetics of SbpA self-assembly monitored by absorption 

spectrophotometry at 380 nm under different sodium chloride concentrations (5 

-40 mM). For all curves, the self-assembly was performed at 35 
O
C, the 

calcium concentration is 45 mM, and the protein concentration is 2324.1 nM. 

(b) Calcium chloride dependence of the rate (k) of the kinetics of SbpA self-

assembly. 
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The formation of polycrystalline arrays was generally favored in the presence of high 

protein concentrations. The data from the kinetics of SbpA self-assembly under the 

influence of different temperatures implies that this process is entropically driven, and 

that a net loss of hydrophobic surfaces likely occurs when the SbpA monomeric units 

are incorporated into the S-layer array. We have also shown that the presence of 

calcium is necessary for the assembly process; however at high calcium 

concentrations, the self-assembly rate is dramatically reduced and just small patches of 

assembled product could be observed by TEM, indicating a deleterious effect of 

calcium chloride at this levels. This study helps to understand the influence of the 

different parameters tested here on the interaction of SbpA monomers during SbpA 

self-assembly, and these finding can thereby facilitate the rational manipulation and 

optimization of this process for future nanobiotechnological applications. 
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CHAPTER 3 - THE ROLE OF LIGAND DENSITY IN THE BINDING OF 

Lysinibacillus sphaericus S-LAYER (SbpA) PROTEINS TO 

CARBOHYDRATES PRESENTED ON SELF-ASSEMBLED MONOLAYERS. 
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INTRODUCTION 

 The surface of many Archaea and Bacteria are decorated with a paracrystalline 

surface layer protein array (referred to as S-layers) formed from self-assembled 

monomeric proteins or glycoproteins with molecular weights that can range from 40-

200 kDa. These 2-D biological nanostructures exhibit a diverse set of symmetries 

including oblique (p1, p2), hexagonal (p3, p6) and square symmetry (p4) (1). During 

microorganism growth, formation of S-layers onto the cell surface is guided by 

monomer synthesis and secretion, followed by the entropic assembly of the monomers 

into the S-layer lattice, a process that is synchronized with cell growth and division. 

Since the discovery of S-layer protein arrays, the fundamental understanding of the 

mechanism of S-layer assembly has led to many studies aimed at exploiting this 

process in vitro.  Isolated S-layer protein monomers of different microorganisms have 

been shown to self-assemble into molecular arrays in vitro on solid substrates (2), 

liposomes (3), at air-water interface (4), and on lipid films.(4) S-layer proteins 

maintenance of the ability to self-assemble in vitro, in addition to the precise 

physicochemical and topological characteristics of the formed molecular array, signals 

the potential use of these nanostructured systems for  a number of applications in 

nanotechnology (5-9).  

 In Gram-positive bacteria, S-layer proteins are non-covalently linked to the cell 

surface by specific interactions with the secondary cell wall polymers (SCWP), which 

are attached to the peptidoglycan layer. During the assembly process, after synthesis 

and secretion of the S-layer, monomers or small crystalline patches move along the 

cell surface until they reach a minimum free energy by interacting with the growing S-

layer crystals neighboring the mobile monomers. This process is achieved through 

fine-tuned interactions between the protein monomers and the protein-SCWP surface 

interactions – where the protein-protein interactions normally need to be stronger than 
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the protein-cell surface interactions.  Bacillaceae S-layer protein subunits anchor to 

the SCWP in the underlying rigid cell envelope layer of the bacteria using its N-

terminal region, which has a domain named the S-layer like homology (SLH) (10). 

The SLH domain is one of only a few common structural components that are known 

to exist between the S-layers of various microorganism species, and is normally 

composed of 55 amino acid residues, of which 10-15 are conserved residues (11-13).  

 S-layer from Lysinibacillus sphaericus (SbpA) – previously known as Bacillus 

sphaericus - forms an array with square symmetry (p4), with a center-to-center 

spacing of the morphological units of 13.1 nm. The mature protein is processed from a 

1268 amino acid precursor by cleavage of a 30 amino acid long signal peptide from its 

N-terminus (14). It has been demonstrated that SbpA recognizes the SCWP of L. 

sphaericus as an anchor site, which is known to be covalently linked to the 

peptidoglycan backbone (15). Surface Plasmon Resonance (SPR) data revealed the 

existence of three different binding sites in the SLH with different affinity levels to the 

SCWP. In addition to the three SLH motifs in the N-terminal part of SbpA, analysis of 

the SbpA sequence revealed a SLH-like motif composed of 58 amino acids that are 

required for reconstitution of the binding domain (16).  

 Several groups exploring the properties of different S-layers for technological 

applications have self-assembled them onto a solid substrate with immobilized SCWP. 

Typical solid substrates are gold surfaces that have been covalently linked to 

chemically modified SCWP containing thiol groups for gold binding (17).  

Functionalizing solid substrates with SCWP effectively mimics the bacterial cell 

surface, and depending on the specific microorganism, different s-layers can be 

assembled on the surfaces with various levels of specificity between the SCWP-S-

layer pair (16). For example, the chemical composition and structure of different 

Bacillaceae SCWP have been elucidated, and a great diversity in structure is observed. 
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These chemical and structural differences are likely related to the range in binding 

affinities observed for various SCWP-S-layer pairs (for a review of Gram-positive 

SCWP, see Schaffer & Messner (10)). One example of SCWP which had its 

composition and structure determined is the one from L. sphaericus, that is composed 

of a linear chain of eight to nine repeats of a backbone disaccharide motif of N-acetyl-

Mannosamine (ManNAc) and N-acetyl-Glucosamine (GlcNAc), with the ManNAc 

group modified with a pyruvic acid (10, 15). 

 Though solid substrates functionalized with SCWP can be used to mimic the 

S-layer anchoring mechanism of the bacterial cell surface, this strategy may not be 

appropriate for nanotechnological applications, where precise control over substrate 

homogeneity and surface topology are ideal. Toca-Herrera and collaborators (18, 19) 

tried to mimic the bacterial surface using different synthetic polyelectrolyte surfaces as 

substrate for the assembly of SbpA. In their article, SbpA recrystallized better on 

negatively charged polyelectrolyte multilayers than on those with positive charge, 

which is presumably a suitable model for the negative charges on the SCWP. The 

importance of mimicking the bacterial surface for the self-assembly and structural 

stability of SbpA was further demonstrated, as recrystallized SbpA on SCWP was 

shown to be more resistant to chemical denaturation (e.g., strong ethanol and acidic 

conditions) than SbpA on hydrophilic silicon supports (19). 

 Considering the need for more chemical and structurally homogeneous 

samples for nanotechnological applications and the observed results showing that solid 

substrates mimicking the natural SCWPs are more appropriate for SbpA 

recrystallization, here we report the synthesis and characterization of a new synthetic 

self-assembled monolayer (SAM). The synthesized SAMs contained different 

densities of a GlcNAc derivative mimicking the SCWP. The different densities of the 

carbohydrate were formed by the aid of a polyethyleneglycol (PEG)-terminated spacer 
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molecule to give mixed SAMs. The binding of SbpA to the different mixed SAMs was 

assessed in real time by surface plasmon resonance (SPR), and the dependence of 

carbohydrate density on the binding affinity of SbpA to the different SAMs was 

assessed. 

 

MATERIALS AND METHODS 

Reagents and other chemicals 

 All aqueous solutions were prepared using reagent grade (18 MΩ cm 

resistivity) deionized water (DI H2O) purchased from Stephens Scientific Co. 

(Riverdale, NJ). Unless stated otherwise, all other reagents and chemicals (ACS grade 

or better) were purchased either from Aldrich Chemical Co. (Milwaukee, WI) or from 

Sigma Chemical Co. (St. Louis, MO). 

 

Synthesis of Compound 1, 2, and 3 

 Synthetic methodologies used for the Compounds 1, 2, and 3 are illustrated in 

Figure 3.1. Compound 1 was synthesized in four steps using a published procedure 

(20). Compound 2 was synthesized in six steps using a similar approach from the 

known compound, 11-mercaptoundecyl-tri(ethylene glycol). The other half of the 

asymmetric compound 2 was prepared using well-established chemistry. Initially, 

hexaethylene glycol was converted to a monotosylate derivative using a silver(I) oxide 

mediated process (21). This was followed by the addition of sodium azide to furnish 

monoazide (4). Addition of 4 to 11-bromoundecene under basic conditions, followed 

by standard chemistry provided the azido-thiol compound 5. Conversion of 11-

mercaptoundecyl-tri(ethylene glycol) into pyridyl disulfide (6) was accomplished by 

treatment with aldrithiol-2, and finally the displacement of the corresponding 
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thiolpyridyl group was done with azido-thiol (5) forming the final unsymmetrical 

disulfide (2). 

 For the synthesis of compound 3 N-acetylglucosamine was converted to 

oxazoline (7) using a published procedure (22). 

 

Purification of SbpA 

 The bacterial cell surface layer protein (SbpA) was isolated from 

Lysinibacillus sphaericus (American Type Culture Collection No. 4525). L. 

sphaericus was grown at 30 
o
C in nutrient broth containing 11.1 mM glucose, 7.46 

mM K2HPO4, and 0.4 mM MgSO4. Upon reaching an optical density (OD) at 600 nm 

between 0.5 and 0.6, the cells were harvested by centrifugation at 16,000 x g for 20 

min at 4 
o
C. After the first centrifugation step, the cells were washed three times by 

repeated resuspension/centrifugation steps 16,000 x g in 50 mM sodium phosphate 

buffer (pH 7.4). After the washing steps, the pellet was resuspended in a 10-fold 

volume of 50 mM Tris-Cl pH 7.2, 5 M guanidine hydrochloride, mixed for 20 min at 

room temperature, and centrifuged at 40,000 x g for 30 min at 10 
o
C. The supernatant 

containing the SbpA monomeric subunits was collected and centrifuged an additional 

two times at 40,000 x g for 30 min at 10 
o
C. The cleared supernatant containing the 

SbpA monomers was subjected to size exclusion chromatography using a Superdex 

200 Column (GE Healthcare) equilibrated with 50 mM Tris-Cl pH 7.2, 3 M guanidine 

hydrochloride. Fractions containing SbpA were pooled and dialyzed against DI H2O. 

Finally, the solution of purified SbpA was adjusted to give a protein stock 

concentration of approximately 0.5 µM and stored at 4 
o
C. Protein purity was assessed 

by SDS-PAGE. 
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Preparation of mixed SAMs. 

 Stock solutions of compounds 1 and 2 in ethanol were combined at different 

ratios to give a final total concentration of 1 mM in ethanol (adsorption solution). The 

gold surface of the SPR sensor chip (Nomadics, Oklahoma City, OK) was rinsed with 

ethanol, and immersed in the adsorption solution for 14-16 h. After the adsorption 

period, the chips were rinsed with ethanol, dried with nitrogen gas, and kept at 4 
o
C for 

further use. The SPR chip containing the SAMs were then mounted into the SPR unit 

and the N-acetylglucosamine derivative (compound 3; carbohydrate) was conjugated 

in situ to the SAM at the azide residue in compound 2 using standard click chemistry 

conditions (23).  Briefly, an aqueous mixture of the carbohydrate (10 mM), L-ascorbic 

acid (0.15 mM) and CuSO4 (0.01 mM) was pumped over the SPR chip for 4 hrs. at a 

flow rate of 10 µL/min.  The reaction of the carbohydrate with the azide in compound 

2 was performed in one of the chambers of the chip. The second chamber, in which 

the sugar was not incorporated, was used as a reference surface, and its SPR signal 

subtracted from the protein-sugar interaction response of the sugar-functionalized 

chamber. 

 

SPR Measurements 

 A SensiQ Instrument (Nomadics, Oklahoma City, OK) was used to measure 

the binding of SbpA to the surfaces containing different densities of carbohydrate. The 

stock solution of SbpA in DI H2O was centrifuged at 16 000 x g for 10 minutes for 

removal of assembled products.  The solution containing SbpA monomers was then 

diluted in DI H2O and a 10X concentrated solution of the running buffer [150 mM 

NaCl, 10 mM HEPES, 3 mM EDTA, 0.005 % Tween 20, and 5 % Glycerol, pH 7.2) 

resulting in the desired final protein concentrations. Running buffer was used as a 

negative control, and its SPR signal subtracted from the protein-sugar interaction 
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response. All SPR experiments were performed at a constant flow rate of 10 µL/min 

with a solution of the running buffer containing the desired amount of SbpA. The 

association and dissociation times were equivalent for all parameters tested. For 

assessment of the SAM integrity, SPR experiment to measure the association of 

Bandeiraea simplicifolia BS-II lectin to the SAMs was measured and compared before 

and at the end of each set of SPR experiments. 

 

RESULTS 

Preparation of Mixed SAMs 

 

 Compounds 1 and 2 were diluted and mixed at different molar ratios of the 

carbohydrate binding molecule (compound 2). The gold substrates of the SPR chips 

were then submersed in the solution containing the mixture of alkanethiol-terminated 

molecules. Coupling the alkyne region of compound 3 to the azide group present in 

compound 2 of the mixed SAM was performed in the SPR instrument. After 4 hrs of 

reaction, the coupling of the carbohydrate was detected by a shift in the SPR profile of 

DI H2O (Figure 3.3). The SPR profile of DI H2O to demonstrate the carbohydrate 

coupling shown in Figure 3.3 was obtained after 10 minutes of constant flow over the 

sensor region of the chip, before and after the sugar coupling reaction. The SPR 

profile of DI H2O at the reference chamber is also shown in Figure 3.3. The shift of 

the SPR profile observed after carbohydrate coupling demonstrates the successful 

formation of the mixed monolayer on the gold substrate. The magnitude of the shift is 

linearly dependent on the change in the refractive index in the interfacial region of the 

substrate, and consequently, in this case to the mass and amount of carbohydrate 

present on the substrate.  
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The coupling of the carbohydrate to the preformed mixed self-assembled 

monolayers was also characterized by Fourier transform infrared spectroscopy (FTIR); 

however, the various vibrational modes of each compound present on the SAMs could 

just be observed when higher carbohydrate densities were present, above 25%. At 

those levels, the progress of the click chemistry reaction on the mixed SAM to give 

the carbohydrate functionality could be monitored by the loss in the azide stretching 

mode at 2106 cm
-1

 (Data not shown). 

 

Figure 3.1. Synthesis strategies for disulfides 1 and 2, and for alkynyl 

saccharide 3. Compounds 1, 2 and 3 courtesy of Aaron Strickland 

(Department of Food Science, Cornell University) 
 



  58

 

 

 

 

Figure 3.2. (a)Chemical structures of compound 1, compound 2, and 

compound 3 (b) Coupling reaction of compound 2 and compound 3 by a 

Azide-Alkyne Huisgen Cycloaddition reaction – or Click chemistry. 



  59

Measurement of Protein-carbohydrate Interactions at Different Ligand Densities 

 

 Prior to start the SPR experiments for measuring the binding of SbpA to the 

different densities of carbohydrate on the SAMs, the optimal conditions for the SPR 

experiments were determined (i.e. flow rate, association time, and surface regeneration 

conditions). After testing the critical parameters, the following conditions were used 

for all of the SPR measurements; flow rate of 10 µL/min, association time of 240 

seconds, and regeneration of the surface performed by flowing 300 µL of 6 M 

guanidine hydrochloride at a flow rate of 50 µL/min. During the optimization steps, 

the association time results showed a time dependence of SbpA: carbohydrate binding 

strength, as shown by the amount of protein that remained bounded to the SAMs 

surface, where longer times of association reaction caused a stabilization of the 

 

FIGURE 3.3. SPR profile of water. All the reflectance values are expressed 

relatively to their corresponding values in air. After carbohydrate coupling (-), 

reference chamber (•••), and before carbohydrate coupling (--) 
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complex SbpA-carbohydrate, consequently increasing the amount of protein that 

remained bounded to the SAM surface. A decrease of just 20% in the SPR resonance 

units (RU) was observed when buffer without SbpA was injected after 360 s of 

association reaction. However, a decrease of almost 90% in the SPR RU was observed 

when buffer without SbpA was injected after 120 s of association reaction, and a 

decrease of around 70% RU when 240 s of association reaction was used (Figure 3.4). 

 The calculated dissociation rate for the three times of association reaction 

remained approximately constant, 2.28 +/- 0.9 s-
1
. Normally, when reactions are 

independent and all the binding sites present saturated, the dissociation curves should 

be identical and independent of the association time. However, the change in stability 

of the complex protein-carbohydrate observed over time possibly indicates the 

presence of a linked reaction, where a two state reaction may be happening. 

 

Figure. 3.4. Overlay of Normalized dissociation curves with different association 

times ((▲) 360s, (■) 240s, and (♦) 120s) (Ta) of a sample with 564 nM of SbpA. 
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 Figure 3.5 shows an example of SPR curves for SbpA binding to mixed SAMs 

containing a sugar molar ratio of 0.67 %. The dependence of carbohydrate density on 

the binding of SbpA to the mixed SAMs can be seen on Figure 3.6A. It shows a 

schematic representation of carbohydrate density effect on SbpA binding, where a 

higher carbohydrate density caused a decrease on protein binding. Figure 3.6B shows 

the relative SPR response of SbpA binding to three different carbohydrate densities, 

where a density of 0.67 % of carbohydrate in the SAM had higher response levels 

when compared to the other densities of carbohydrate tested, with a maximum SPR 

response of 260 SPR resonance units (RU). The maximum responses observed for 

both 1.72 % and 3.57% were 98.54 R.U. and 123 R.U, respectively, which are SPR 

responses values less than half of the ones obtained for the carbohydrate density of 

 

Figure 3.5. Overlaid sensograms recorded for binding of different 

concentrations of SbpA ; (Black) 5.64 nM, (Red) 56.4 nM, (Yellow) 141 nM, 

(Green) 282 nM, (Blue) 564 nM to a SAM containing 0.67 % of sugar.  
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0.67%. Considering one RU corresponding to approximately 1 pg mm-
2
, and the 

Molecular weight of SbpA equals to 129 kDa, we estimated that with a signal of 260 

RUs, 12000 SbpA molecules are immobilized on an area of 1 µm
2
 of the SPR chip. If 

we consider the hydrodynamic diameter of SbpA to be approximately 9.5 nm, the total 

area occupied by all the monomers immobilized on an area of 1 µm
2
 of the gold chip 

is equal to 0.85 µm
2
, or 85% total coverage, if the protein monomers are well 

distributed on the surface and not stacked. With the maximum SPR response observed 

for the higher densities of carbohydrate on the SAMs being around 40% of the signal 

observed for 0.67%, this means that the estimated total protein immobilized on the 

SAMs of the gold chip at those density levels covers less than 50% of the surface.  

 

DISCUSSION 

Mixed SAMs containing carbohydrates were used in an attempt to mimic the 

components used by many Bacillaceae to anchor S-layers to their cell surface. The 

model system used here was able to answer some fundamental questions related to the 

binding events between SbpA and the SCWP on the bacterial cell surface. For 

example, in Figure 3.4 we could observe an increase in the amount of protein that 

remained bound to the SAMs with increasing association times. This result reflects the 

time dependence of the binding strength of SbpA to the carbohydrate used. This 

association may be caused by a conformational change of the protein upon binding to 

the carbohydrate, thus creating a stronger and more stable interaction, or the presence 

of linked interactions. The increase in the binding strength of SbpA to carbohydrate on 

a surface over time, as demonstrated by the increase in the amount of protein that 

remained bound to the SAMs with increasing association times may be an important 

feature for keeping the self-assembly and structure of the S-layer array on the bacterial 

cell surface synchronized with the cell growth and division.  
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If we take in consideration the amount of monomers that are necessary to cover 

the entire surface of an average-sized rod-shaped bacteria to be approximately 5x10
5
 

monomers, and a bacteria generation time of 20 minutes, 500 molecules of S-layer 

would need to be synthesized and secreted per second to completely cover the 

bacterial cell surface (24). The slower affinity between the protein monomers and the 

carbohydrates of the SCWP during the first moments after protein secretion adds 

another level of regulation to keep the synthesis, secretion, and self-assembly 

synchronized. An initial weaker interaction between the protein subunits and its 

anchor on the bacterial cell surface would favor its mobility for reaching its low free 

energy arrangement when in the protein array, where the increased binding strength 

observed afterwards would allow the S-layer to function as a protective coat to the 

cell.  

Figure 3.5 shows an example of the overlaid sensograms recorded from the 

binding of different protein concentrations to a mixed SAM that has a carbohydrate 

density of 0.67 %. Similar sets of experiments were carried out to investigate the 

influence of carbohydrate surface densities on SbpA binding. These experiments 

demonstrated that the binding is highly dependent on carbohydrate density (Figure 

3.6). Although the interaction of proteins to monosaccharides is considered weak, KD 

in the 0.1-1 mM range, monosaccharide-protein interaction can show exceptionally 

efficient binding due to multivalent binding effect, also known as avidity binding (25).  
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The avidity binding has been demonstrated to increase the protein-

carbohydrate binding affinity, as well as its specificity (25). Normally, the 

carbohydrate density that shows the highest interaction response between the protein 

 

Figure 3.6. Dependence of the density of GlcNAc on the binding of SbpA to 

the SAMs formed on the sensor surface. (A) Schematic representation of the 

carbohydrate density effect on SbpA binding. (B) SPR relative binding 

responses measured after 240 s of injection of a solution containing 282 nM 

of SbpA. (+) 0.67 % of GlcNAc, (x) 1.72 % GlcNAc, (*) 3.57 % of GlcNAc. 

100% of the relative response is equal to a SPR response of approximately 

260 R.U. 
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and the carbohydrates on a surface is known as the critical carbohydrate density, 

which may reflects a dominance of polyvalent interactions. From the carbohydrate 

densities tested in this study, the one with the stronger binding affinity was found to be 

0.67 %. At the higher carbohydrate densities tested ( i.e. 1.72 %, and 3.57 %), a 

weaker affinity between SbpA and the mixed SAMs was observed. The average 

distance between the carbohydrates on the mixed SAMs were calculated as previously 

described (28). It was found that in average the lingands would be 36.1 nm apart on 

the 0.033% carbohydrate density SAMs, 8.02 nm apart on the 0.64% carbohydrate 

density SAMs, 5 nm apart on the 1.72 % carbohydrate density SAMs, and 3.47 nm 

apart on the 3.57 % carbohydrate density SAMs. Interestingly, the higher response 

was observed when the carbohydrates were in average 8.02 nm apart. The distance is 

very close to the calculated hydrodynamic diameter of SbpA, approximately 9.5 nm, 

which infers that 1:1 protein-carbohydrate interactions would be predominant. This 

higher response observed at this level, contradicts the increase in bind affinity 

normally observed by other protein-carbohydrate systems when polyvalent 

interactions are predominant. The decrease in binding response observed at the higher 

densities tested may be caused by a decrease in the physical availability of the 

carbohydrate within the mixed SAMs for the protein binding, which may be attributed 

to a steric effect that shields the protein carbohydrate binding motifs from the 

carbohydrates and consequently compromises the protein-carbohydrate interactions 

(25-27). With a carbohydrate density of 0.033 %, the binding of SbpA was similar to 

the binding of SbpA to the reference SPR chamber (data not shown). This decrease 

may be attributed to the large distances between the ligands at this density level, which 

were estimated to be in average 36.13 nm apart from each other. The carbohydrate 

density effect on the binding of SbpA suggests that this dependence may also be an 

important feature for keeping the self-assembly and structure of the S-layer array on 
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the bacterial cell surface synchronized with the cell growth and division. For example, 

the different carbohydrate densities could be involved in the regulation of SbpA 

affinity to the bacterial surface by allowing an easier migration of protein monomers 

or small SbpA nucleation sites at lower densities over the surface during bacterial cell 

growth and division. In addition, the increase in density could also allow the 

stabilization of the protein array. Alternatively, carbohydrate densities could also help 

in the establishment of SbpA-SbpA interactions during the self-assembly process by 

physically positioning the monomers closer together.  

The real time SPR analysis of the interaction of SbpA to mixed SAMs 

containing the carbohydrate GlcNAc allowed us to study the influence that different 

carbohydrate surface densities have on SbpA binding. This is the first report that 

shows this influence, and the results obtained here have direct practical implications, 

as they demonstrate the importance of analyzing the ligand density on a surface a 

priori if the same is intended to be used as substrate for SbpA binding. Additionally, 

the versatility of the SAM compounds synthesized here allows the study of SbpA 

interaction with mixed SAMs containing other carbohydrates, such as derivatives of 

ManNAc, which is also present in the SCWP, or even derivatives of the disaccharide 

GlcNAc-ManNAc that could be used for better mimicking the SCWP. For 

incorporation of other carbohydrates on the SAMs, the carbohydrates derivatives 

would need to be synthesized with an alkyne group for coupling with the azide group 

present in the SAM. Our results also suggest possible routes of regulation that could 

be used by the bacteria to coordinate the cell wall synthesis and integrity during its 

growth and division.  
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CHAPTER 4 - NANOBIOFABRICATION OF SURFACE-ENHANCED 

RAMAN SPECTROSCOPY (SERS) SUBSTRATES USING BACTERIAL 

SURFACE LAYER PROTEINS 
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Surface-enhanced Raman scattering (SERS) has demonstrated extreme 

potential to be used for chemical and biomolecular sensing and characterization due to 

its high level of precision and sensitivity (1-4). The magnitude of the enhancement 

depends on the chemical nature of a molecule adsorbed to a SERS active metallic 

surface – greatest for silver, gold, and copper. The structure of the metallic material 

plays an essential role for the SERS phenomenon, in which rougher surfaces are 

required. Larger SERS effects have been observed for highly ordered metallic 

nanoparticles with nanoscale gaps between adjacent particles, where signal 

enhancement factors as large as 10
12

 have been obtained (5). The SERS enhancement 

has been attributed to both electromagnetic and chemical mechanisms. The 

electromagnetic mechanism is mainly related to the optical properties of the metallic 

materials and the large local fields, caused by plasmon resonances that occurs just a 

few nanometers above the metal surface, resulting in increased Raman scattering. The 

chemical effect involves the scattering caused by the interaction of the molecule and 

the metal surface (5). The design of optimized SERS substrates for practical 

applications remains a challenging process due to the limitations imposed by 

conventional nano- and micro-fabrication strategies, normally based on “top-down” 

strategies that are slow and expensive at sub-100 nm scales. Alternatively, several 

groups have explored bottom-up or self-assembly strategies for the fabrication of 

SERS substrates with partial success (6, 7), however, the rational design of optimized 

SERS substrates remains a challenge.  

The ability to self-assemble molecules into complex and larger structures is a 

common manufacturing strategy used by natural systems. Within the last years, great 

attention has been given to the use of biotemplated nanostructured materials with the 

so-called “bottom-up” nano- and micro-fabrication strategy as an alternative to 

conventional nanofabrication strategies (For reviews see (8-11)). Even though the idea 



  72

of using biomaterials for nanofabrication appears to be of great potential, a better 

understanding of these systems and the ability to modify and build custom “biotools” 

with broader applicability is essential for its full adoption and exploitation.  

Bacterial cell surface layer (S-layers) proteins are a great candidate to be used 

for this purpose. These proteins are found as the outermost structural component in 

most prokaryotic microorganisms, and the purified monomers possess the ability to 

reassemble in vitro to its original configuration at different physicochemical 

conditions (e.g. solid substrates, air-water interfaces, liposomes, and lipid films) (12, 

13). These crystalline arrays are composed of identical monomeric protein (or 

glycoprotein) with molecular weights that can range from 40-200 kDa depending on 

the microorganism origin. S-layers display a highly repetitive surface structure with 

center-to-center lattice spacings of 5-30 nm, and two or more distinct classes of pores 

with identical morphology and size in the range of 2-8 nm. Here we describe the 

bionanofabrication of a SERS substrate with the aid of a recombinant variant of the S-

layer protein from Lysinibacillus sphaericus (SbpA). This approach turned out to be 

relatively simple and convenient, and potential for future improvement and rational 

design of new SERS substrates.  

Lysinibacillus sphaericus S-layer (SbpA) has been studied in great detail at 

different levels. SbpA possesses three S-layer homology motifs located in the N-

terminal region of the protein that is responsible for anchoring the protein subunits to 

the secondary cell wall polymers (SCWPs) onto the bacterial cell surface (14). Its 

crystalline lattice shows a square symmetry, with a center-to-center spacing of the 

morphological units of 13.1 nm, and the monomers have a molecular weight of 129 

kDa. Several works have shown that truncated and fused recombinant SbpA retain 

their ability to self-assemble in vitro.  
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In this work we have truncated SbpA by 203 amino acids from the C-terminus 

of the protein, and a cysteine residue was incorporated as the last residue of the 

recombinant protein. It was then cloned and overexpressed in Escherichia coli and 

 
Figure 4.1. (A) Simplified Illustration of the Biotemplating strategy used for 

the fabrication of SERS substrates, where: 1. SbpA and rSbpA were self-

assembled in solution; 2. The assembled products were adsorbed to Silicon 

chips coated with Poly-lysine; 3. Au NP of 5 nm were adsorbed onto the 

protein arrays; 4. Non-adsorbed Au NP were rinsed out; 5. Biotemplated Au 

NP array was enhanced for 5 minutes. (B) TEM images of self-assembled wild 

type (wt SbpA), and recombinant SbpA (rSbpA31-A1065C). (i) Pure protein 

adsorbed to the grids and negative-stained. Scale bar = 500 nm. (ii) 

Biotemplated 5 nm Au NP. Scale bar = 100 nm. (iii) Au NP enhanced for 5 

minutes. Scale bar = 500 nm. Inset Scale bar = 25 nm. 
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subsequently purified. rSbpA purity levels higher than 99% were obtained by the 

protocol established herein, and Ellman’s reagent was used to confirm the presence of 

a single cysteine residue per protein. The SERS substrate bionanofabrication approach 

used here is briefly illustrated in Figure 1A (for details, see the Supporting 

information). rSbpA was self-assembled in solution and then adsorbed onto clean 

Silicon chips pre-coated with poly-Lysine, and subsequently biotemplated with 5 nm 

pre-synthesized AuNP. After adsorption of the 5 nm AuNP onto the recombinant 

protein array (mediated by the Au-S interaction between the cysteine residue and 

AuNP), the samples were extensively rinsed for removal of excess of physisorbed 

AuNP. The biotemplated AuNPs were then used as catalysts to reduce gold ions onto 

the individual NPs surface, and consequently enlarging the particles diameter. For 

direct visualization and analysis of the samples, similar procedures were used on 

carbon Formvar TEM grids, and the samples observed by TEM. Figure 4.1B shows 

TEM images of the self-assembled protein (i), the biotemplated Au NP array (ii), and 

the enhanced biotemplated AuNP (iii). Wild type SbpA was used as control for all the 

experiments following the same procedures. 
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rSbpA retained the ability to self-assemble and the truncation of 200 amino 

acids did not interfere with the self-assembly of SbpA as previously shown elsewhere 

(15). However, we had difficulties obtaining crystals as large as the ones obtained 

using the same protocol as the one established for the wild type SbpA (Figure 4.1B(i)). 

Nonetheless, the small crystalline arrays were able to form several small arrays of pre-

 
Figure 4.2. (A) Raman spectra of 30 µL of different concentrations (500 nM-

100µM) of 2-MP adsorbed on SERS substrates prepared using rSbpA31-A1065C 

(Solid lines), and WtSbpA (Dashed lines). * denotes a Silica background Raman 

mode, and Peaks 1-7 denotes 2-MP Raman modes, where peak 1 is 1003 cm
-1

 

mode, peak 2 is 1052 cm
-1 

mode, peak 3 is 1082 cm
-1 

mode, peak 4 is 1122 cm
-1

 

mode, peak 5 is 1162 cm
-1

 mode, peak 6 is 1235 cm
-1

 mode, and peak 7 is 1273 

cm
-1

. (B) Raman response intensity from the SERS substrate produced using the 

recombinant SbpA containing 100 µM, 50 µM, 1 µM, and 0.5 µM.  All spectra 

were acquired with a long-range 50× objective, 10 s integration, and 10% laser 

power (785 nm excitation; 8 mW at 100%). For each parameter tested, 3 spectra 

were acquired, and their averages shown here. 
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synthesized 5 nm AuNP over the entire surface by biotemplating. No apparent AuNP 

array was observed in the wild-type sample, where just random AuNP aggregates 

could be seen. Our results are supported by a recent article in which it was shown that 

the free thiol group of the cysteine residue incorporated at the C-terminus of SbpA 

was necessary for AuNP biotemplating (15). Interestingly, the small AuNP 

biotemplated arrays formed onto the rSbpA were not disturbed after the gold 

enhancement reaction, where AuNP of approximately 20 nm could be obtained (inset 

in Figure 4.1B(iii) rSbpA31-A1065C). In contrast, large amorphous gold structures were 

predominantly found in the wild type SbpA samples. Those structures were possibly 

formed due to the gold enhancement of the random AuNP aggregates present in the 

samples, which consequently formed single amorphous gold structures per aggregated 

product. 

The performance of the SERS substrates were evaluated by comparing the 

Raman signal of the adsorbed 2-mercaptopyridine (2-MP) using a Renishaw InVia 

micro-Raman spectrometer with a long-range 50× objective, with 10 s of integration, 

and 10 % laser power (785 nm excitation; 8 mW at 100%). An aliquot of 30 µL of 

different concentrations of 2-MP was added to the SERS substrates and left to dry. 

Figure 4.2 shows the Raman spectra of 2-MP at concentrations from 0.5 µM to 100 

µM. The importance of the AuNP arrays for a high SERS activity was demonstrated, 

as a difference in the Raman signal between the SERS substrate prepared with the 

wtSbpA and the rSbpA31-A1065C was observed. The size of the AuNP in the array is 

also known to be a critical component for SERS activity (16), where larger AuNP 

resulted in larger enhancement factors. Interestingly, when arrays of 170 nm AuNP 

were used as SERS substrate in this article, the appearance of new peaks by SERS was 

observed. Here, SERS activity was not obtained without enhancing the biotemplated 5 

nm AuNP; however after the AuNP were enhanced to approximately 20 nm in 
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diameter, SERS activity was observed. The SERS activity observed with the wt-SERS 

was probably caused by the rough surface of the amorphous aggregates formed after 

the gold enhancement (Figure 4.1b (iii)). At 1 µM of 2-MP, no SERS spectra of 2-MP 

was observed with the wt-SERS. However, SERS spectra of 30 µL of 500 nM 2-MP 

could be observed for the substrate prepared with the r-SbpA. At 100 µM the Stokes 

intensity of the r-SERS was increased to over 120,000 counts for the mode 1003 cm
-1

, 

which corresponds to the 2-MP ring breathing. An exponential decrease in the Stokes 

intensity for the ring breathing mode was observed with decreasing concentrations of 

2-MP, reaching the minimum of 3900 counts at 500 nM (Figure 4.2B).  

The ability of sensing 500 nM of 2-MP throughout the bionanofabricated 

SERS substrate was possible even at sub-optimal conditions. To the best of our 

knowledge, this is the first example of a protein bioinspired SERS active surface using 

biotemplated AuNP arrays. Nonetheless, the bionanofabrication strategy used here can 

be significantly improved, as the biotemplated AuNP arrays formed were not large and 

did not entirely cover the SERS surface with single crystalline arrays (Figure 4.1b 

(iii)). For the Self-assembly optimization of the r-SbpA, a strategy similar to the one 

used in Chapter 2 could be used. In addition, the protein self-assembly could be done 

on a substrate that mimics the bacterial cell surface, which would then allow the 

formation of larger protein monocrystalline arrays in the correct orientation on a solid 

substrate: C-terminus exposed to the surface. Our group has shown the potential to 

mimic the natural SbpA anchor by using self-assembled monolayers (SAMs) 

containing synthetic carbohydrates (data shown in Chapter 3). Unfortunately, the 

surfaces with the SAMs that contain carbohydrates mimicking the SbpA natural 

anchor could not be used in this study, as they are formed on gold substrates, and this 

surface would interfere with the AuNP enhancing step used here. Another step in 

which could optimize the homogeneity of the AuNP array is the stringency of rinsing 
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the non-specific adsorbed AuNP in the biotemplating step. In this step, non-specific 

adsorption of AuNP on the protein array could be also minimized by using one of the 

strategies developed by Mark and collaborators (17, 18). Finally, the enhancement of 

the AuNP could be optimized in a way for reaching the ideal NP size and consequent 

gap between the NP of the array. 

In summary, we have demonstrated the feasibility of bionanofabricating AuNP 

arrays using recombinant S-layer proteins, which showed SERS activity. Although 

concentrations of 2-MP as low as 500 nM could be detected by the SERS, we foresee 

that a lower limit of detection with the same accuracy will be possible with minor 

optimizations of the bionanofabrication steps employed here.  

 

SUPPORTING INFORMATION 

 

Experimental Methods 

Reagents and other chemicals 

All aqueous solutions were prepared using reagent grade (18 MΩ cm 

resistivity) deionized water (DI H2O) purchased from Stephens Scientific Co. 

(Riverdale, NJ). Unless stated otherwise, all other reagents and chemicals (ACS grade 

or better) were purchased either from Aldrich Chemical Co. (Milwaukee, WI) or from 

Sigma Chemical Co. (St. Louis, MO). 

 

Cloning of Recombinant SbpA (rSbpA-31-A1065C) 

DNA manipulations and plasmid constructions were performed according
 
to 

standard techniques (19). PCR was applied to the genomic DNA from Lysinibacillus 

sphaericus (American type culture collection No. 4525) using High-fidelity DNA 

polymerase (Invitrogen, Carlsbad, CA) for amplification of rSbpA31-A1065C, and the 
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oligonucleotides SbpAF31 (GGGCCCCCATGGCGCAAGTAAACGACTATAA 

CAAAATCTCTGGATA) and SbpAR_A65C (GGCCGGGGTACCTTAGC 

AAGTAGTTGCTGCCGCATTGTA), which introduced the 5’ NcoI, and 3’ KpnI 

restriction sites, respectively. Six random nucleotides were added at the 5’ end of both 

oligonucleotides to allow direct digestion of the PCR product, which was then cloned 

into the previously linearized plasmid pBAD/Myc-HisA (Invitrogen, Carlsbad, CA). 

The plasmid was previously double digested with KpnI and NcoI, and treated with 

Shrimp Alkaline Phosphatase (SAP) (Promega, Madison, WI) following the 

manufacturer’s protocol. After ligation for 10 minutes using T4 DNA ligase (New 

England Biolabs, Ipswich, MA), competent Escherichia coli TOP10 cells (Invitrogen, 

Carlsbad, CA) were transformed with the recombinant plasmid, and incubated 

overnight. Positive clones were selected and the plasmids purified and sequenced for 

confirmation of the correct insert. 

 

Expression and Purification of rSbpA31-A1065C and wild type 

rSbpA31-A1065C was expressed in E. coli TOP10 using 1.5 L Erlenmeyer flasks 

containing 1 L of Luria-Bertani (LB) media supplemented with 50 µg/mL ampicillin. 

The cells were initially incubated at 37 
o
C with constant agitation. Upon reaching an 

optical density at 600 nm of approximately 0.6, arabinose was added to a final 

concentration of 0.02% (v/v). After arabinose addition the flask was transferred to 

another shaker incubator at 30 
o
C and kept for an additional 5 hours with constant 

agitation. The cells were then collected by centrifugation, and rSbpA31-A1065C purified. 

Essentially the purification consisted in collecting the insoluble fraction containing 

rSbpA31-A1065C that was resuspended with 5 M guanidine hydrochloride, 50 mM Tris-

HCl pH 7.2, and the recombinant protein separated from the cell debris by 

centrifugation 40,000 x g for 30 min at 10 
o
C. The cleared supernatant containing 
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rSbpA31-A1065C monomers was collected and centrifuged again for 2 additional times at 

40,000 x g for 30 min at 10 
o
C. At the end of the centrifugation steps, the clear 

supernatant was filtered and subjected to size exclusion chromatography using a 

Superdex 200 Column (GE Healthcare) equilibrated with 3 M guanidine 

hydrochloride, 50 mM Tris-HCl pH 7.2. Fractions containing the recombinant protein 

were pooled and dialyzed against DI H2O. Finally, the solution of purified rSbpA was 

adjusted to give a protein stock concentration of approximately 0.5 µM and stored at 4 

o
C in the presence of 1 mM EDTA. Protein purity was assessed by Coomassie-stained 

SDS-PAGE. 

 

Self-assembly of rSbpA31-A1065C and SbpA 

All buffer stock solutions were filtered through a nylon membrane (0.22 µm) 

after preparation and stored at 4 
o
C. Samples for the protein self-assembly reactions 

were prepared by diluting a desired amount of protein stock solution (5 µM SbpA) to a 

volume of 100 µL with 50 mM Tris pH 9, and 20 mM calcium chloride was added 

from a 1 M stock solution. The self-assembly reaction was maintained for 

approximately 5 hrs at RT.  

SERS Substrate preparation 

Silicon chips were sonicated in acetone, isopropanol, ethanol, and DI water (3 

minutes each) for cleaning. Ultra-violet (UV) ozone was used as an additional 

cleaning step for 1 min. After the cleaning steps, the chips were left in contact with 

poly-Lysine for 10 min, and subsequently dried with a filter paper. The chips coated 

with poly-lysine were put in contact with individual droplets of assembled S-layer 

protein, and left for adsorption for 1 hr. After S-layer adsorption the chips were rinsed 

with DI water by serial submersions, and then 20 µL of preformed commercial citrate 

capped 5 nm AuNP (Ted Pella, Inc.) were dropped onto the functionalized substrates 
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and left for AuNP adsorption for an additional 30 min. Finally the substrates were 

rinsed, and the adsorbed AuNP were enhanced using the Gold Enhancement kit 

(Nanoprobes, Inc) for 5 min. following the manufacturer’s protocol. After 

enhancement, the sample was rinsed with DI water and blown dry with N2, and used 

as SERS substrates. 

 

Electron Microscopy 

The self-assembled protein samples and the biotemplated AuNP were 

visualized using a Morgagni 268 transmission electron microscope (Philips/FEI 

Company, Hillsboro, OR) operated at an accelerating voltage of 80 kV. After five 

hours reassembly in the presence of 50 mM Tris pH 9 and 20 mM calcium chloride 

droplets of the samples were placed into Petri dish, and 200-mesh carbon-coated 

Formvar copper TEM grids from Electron Microscopy Sciences (Hatfield, PA), 

previously coated with 1% poly-Lysine were put in contact with the sample for 1 hr 

for adsorption. After protein adsorption, the samples were dried with a paper filter. For 

protein visualization, the samples were negatively stained for 30 seconds with a 

methylamine tungstate stain from Nanoprobes (Yaphank, NY), and rinsed twice in a 

droplet of DI H2O. For biotemplating, the TEM grids with the adsorbed protein were 

put in contact with droplets of a solution of preformed commercial citrate capped 5 nm 

AuNP (Ted Pella, Inc.) and left for AuNP adsorption for an additional 30 min. Finally 

the grids were rinsed, and the adsorbed AuNP were enhanced using the Gold 

Enhancement kit (Nanoprobes, Yaphank, NY) for 5 min following the manufacturer’s 

protocol. After enhancement, the sample was rinsed with DI water and visualized by 

TEM. 
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CHAPTER 5 – CONCLUSIONS AND FUTURE DIRECTIONS 
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 In this dissertation we split the work in two main parts, the first dealing 

fundamental questions which results are reported in Chapter 2 and Chapter 3, and the 

other area dealing with more applied research, in which the potential use of S-layers 

for nanobiotechnological applications is reported in Chapter 4. To address the 

fundamental characteristics that makes SbpA a great candidate to be used in 

nanobiotechnological applications, on chapter 2 the self-assembly of SbpA was 

studied with great detail, and on chapter 3 the study of the interaction of SbpA with 

self-assembled monolayers containing different densities of a synthetic carbohydrate 

was performed. Finally, on chapter 4, the bionanofabrication of a SERS substrate by 

the aid of a recombinant SbpA was demonstrated. 

By studying the SbpA self-assembly mechanism under different conditions in 

solution, we found that SbpA undergoes self-assembly at a rate that is dependent on 

the protein concentration, temperature, and different environmental conditions (i.e., 

presence/concentration of, calcium, and NaCl). By varying the protein concentration, 

we could control the formation of polycrystalline versus larger monocrystalline arrays 

of SbpA in solution. The formation of polycrystalline arrays was generally favored in 

the presence of high protein concentrations. The data from the kinetics of SbpA self-

assembly under the influence of different temperatures implies that this process is 

entropically driven, and that a net loss of hydrophobic surfaces likely occurs when the 

SbpA monomeric units are incorporated into the S-layer array. We have also shown 

that the presence of calcium is necessary for the assembly process; however, at high 

calcium concentrations the self-assembly rate is dramatically reduced and just small 

patches of assembled product could be observed by TEM, indicating a deleterious 

effect of calcium chloride at these levels.  

The real time SPR analysis of the interaction of SbpA to mixed SAMs 

containing the carbohydrate GlcNAc allowed us to study the influence that different 
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carbohydrate surface densities have on SbpA binding. The critical carbohydrate 

density was found to be 0.67%, and SAMs containing higher densities of 

carbohydrates had a negative effect on SbpA binding. 

 A SERS substrate was produced by biotemplating AuNP with the aid of a 

recombinant SbpA. Using the bionanofabricated SERS substrate 500 nM of 2-MP by 

Raman spectroscopy was possible demonstrating the potential of the employed 

bionanofabrication strategy. 

In this dissertation we were able to answer some fundamental questions for the 

adoption of SbpA in nanotechnological applications. We also demonstrated the 

flexibility and potential of SbpA for nanofabrication by using a recombinant SbpA for 

nanofabricating a SERS substrate. However, because of the limitations imposed by the 

specificity of the SAM to gold surfaces (Chapter 3), and the need for enhancing the 

AuNP for the SERS substrate (Chapter 4) the full exploitation of the information that 

we obtained remains restricted. The incompatibility of the system did not allow the 

use of SAMs containing the critical density of GlcNAc for obtaining larger 

monocrystalline S-layer arrays and consequently the potential of producing better and 

more homogeneous SERS substrates. 

For future work, because of the flexibility of the synthesized SAM precursors 

demonstrated here, the interaction of SbpA to other carbohydrates could be studied 

and then the specificity and characteristic of SbpA-carbohydrate interactions better 

understood. Additionally, compounds for the formation of SAMs on silicon substrates 

(e.g. silanes) analogous to the ones used here could be synthesized and substrates 

mimicking the bacterial surface formed on silicon substrates for the fabrication of the 

SERS substrates. 




