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Chapterr 7 

1.. Molecular biological research on S-layers 

Althoughh S-layers were discovered over forty years ago (Houwink, 1953), up to ten years 

agoo research centered mainly around the biochemistry of S-proteins and electron 

microscopicall studies on S-layer ultrastructure. One of the main factors hampering 

molecularr biological research in areas such as S-protein gene expression, regulation, 

secretionn and structure has been the lack of S-protein sequence information. Since the 

endd of the eighties however, recombinant DNA techniques have been used to clone many 

S-proteinn genes. Consequently, more profound studies on the molecular biology of S-

layerr proteins were possible. The one area that still lags behind is structural research on 

S-layerr proteins, resulting in a poor understanding of the structural-function relationships 

off S-layer proteins. This thesis aims to provide a deeper understanding of the structure-

functionn relationship of Lactobacillus S-layer proteins. The L. acidophilus SA-protein is 

takenn as a representative member of a group of S-proteins from lactobacilli related to L. 

acidophilus. acidophilus. 

Inn a recent review it was stated that application of NMR, cryo-electron microscopy and X-

rayy crystallographic techniques in combination with recombinant DNA techniques should 

alloww researchers to determine the three-dimensional structure of S-layers and S-layer 

proteinss (Engelhardt & Peters, 1998). Our work on the domain organization of the SA-

proteinn has generally proceeded along these lines. 

2.. SA-protein domains 

Alignmentt of sequences from several related proteins is always very informative since 

well-conservedd amino acids usually represent either structurally or functionally (or both) 

importantt residues. Also the analysis of the hydrophilicity / hydrophobicity profile of a 

primaryy sequence, the search for regions or positions with structural flexibility (presence 

off for example glycine residues) or constraints (proline residues) and alignment-based 

secondaryy structural predictions yield relevant structural information. These analyses 

cannott be used for most S-layer proteins since for few S-proteins enough related 

sequencess are available for comparison. The S-proteins of L acidophilus and related 

speciess however have a unique position among S-proteins because extensive amino acid 

analysess can be performed (Chapter 2 and 5). The most striking feature of these related 

S-proteinss is that all possess a highly identical C-terminal region (~120 amino acids). In 

contrast,, the N-terminal regions have a much lower level of identity, but do possess 

severall clearly conserved motifs. Whether these motifs are important for S-protein 
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structurall integrity or protein-protein interaction of the individual monomers cannot be 

deducedd from primary sequence data alone. 

Thee division of the SA-protein into two distinct regions was confirmed by proteolysis 

experiments.. The C-terminal region (SAC: SA-protein C-terminal region) proved very 

sensitivee to proteolysis while the N-terminal region (SAN: S*-protein N-terminal region) 

wass much more resistant. Based on the sequence analysis and proteolysis data we 

clonedd the N- and C-terminal regions (amino acids 1-290 and 291-413, respectively) and 

characterizedd their properties separately. The purified N-terminal region showed 

crystallizingg properties similar to SA-protein, whereas the C-terminal domain did not such 

behaviorr and was found to be soluble under native conditions. 

2.1 .. The crystallization domain. We successfully obtained and compared the two-

dimensionall reconstructions of both wild type SA-protein and the SAN domain crystals. It 

iss the first study comparing the two-dimensional structure of a wild type S-protein with 

thatt of a truncated form. Since the structural parameters of the crystals formed by the 

twoo peptides were identical and since the SAN structure can form independently from the 

SACC region we named SAN the SA-protein crystallization domain. 

Althoughh these results should be further extended with three-dimensional reconstructions 

off the crystal structures of both peptides, we suggest this strategy could already be 

appliedd to other S-proteins. Several groups did report the existence of distinct 

crystallizationn domains in other S-layer proteins such as the SbsA, SbsB, SbsC, Sap and 

Eagg S-proteins. However, the boundaries of these domains were always deduced after 

removall of conserved cell wall binding regions such as SLH domains, but the 

crystallizationn domains were never analyzed separately (Sara era/., 1998; Jarosch etal., 

2001;; Mesnage era/., 1997). 

Thee next important question was whether SAN could be subdivided into smaller, but still 

structurallyy stable and functional, units. Clues that smaller functional subunits (or 

'subdomains')) did exist came from insertion mutagenesis of the SAN domain. Insertion 

mutagenesiss was carried out with two objectives. The first was to obtain further 

structurall information about the SAN domain and the second was to use mutant SA-

proteinn to present epitopes at the cell surface in vivo (the latter will be discussed below). 

Ass was shown by a group working on the Caulobacter crescentus S-layer protein, 

insertionn mutagenesis can be a powerful tool for obtaining functional information about 

specificc S-protein regions (Bingle etal., 1997). Unfortunately, this group only determined 
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thee effect of insertions on the secretion and cell wall attachment of the S-protein and did 

nott extend their work to crystallization properties of the protein. We applied this strategy 

specificallyy to gain more insight in the functional characteristics of specific SAN domain 

regionss (chapter 4). In general, we found that insertions in or close to one of the 

detectedd SAN motifs resulted in crystallization-compromised mutants, while insertions in 

thee intermittent regions were usually accepted. Especially, the central region of the SAN 

domainn accepted insertions at various positions and of various sizes. This suggested the 

presencee of a flexible loop region and subsequent analysis of in vivo expressed insertion 

mutantss showed that the inserted amino acids are exposed on the S-layer surface. The 

surfacee exposed flexible region is located more or less in the center of the SAN domain 

andd we thought it could be a loop separating the upstream region from the downstream 

region.. This question we aimed to answer with the deletion analysis described below. 

Usingg available proteolysis data and the results obtained from the insertion mutagenesis 

off the SAN domain we designed, purified and analyzed a set of SAN N- and C-terminally 

deletedd peptides (chapter 5). Neither of the peptides formed large assembly products so 

thatt EM could not be performed and so functional analysis consisted of SDS-PAGE 

followedd by western analysis. We used this simple method as a functional assay because 

wee previously observed that dimeric and trimeric assembly products of SA-protein and 

SANN could be detected in this way. The observation of these assembly products even 

afterr boiling in 1 % SDS indicates that the interactions between monomers are strong 

andd suggests that hydrophobic rather that electrostatic interaction plays an important 

rolee in the association process (SDS interferes with protein-protein interactions and 

proteinn structure primarily by disrupting electrostatic interactions (Creighton, 1993)). 

Fromm the fact that we could detect dimeric forms of four of the peptides we concluded 

thatt they are functional units. Furthermore, because they are functional units this must 

meann that they also fold into a native structure. Two of the three N-terminally truncated 

peptidess proved to be unstable when produced in E. coii (sensitive to E. cofi proteases) 

indicatingg that these were probably not folded properly. Finally, we conclude that SAN 

consistss of two functional subunits or subdomains, residues 1 to ~113 and ~114 to 290 

respectively,, which are connected by a surface exposed loop roughly consisting of 

residuess 114 to 140. Further refinement of the deletion analysis is needed to better 

definee these boundaries, but these results nevertheless represent the first evidence of 

dimerizationn or oligomerization of defined S-protein domains or subdomains. 

Furtherr support for the importance of hydrophobic interactions for S-protein assembly 

camee from the work described in chapter 6. There we describe the capacity of purified 

SA-proteinn to irreversibly bind to a moderately hydrophobic gold surface as determined 
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byy SPR. We obtained results strongly suggesting that the SA-protein assembles on the 

goldd surface into a highly ordered, most likely crystalline layer, after prolonged (90 min) 

incubationn with the gold surface. Chemical modification of either carboxyl or amino 

groupss prior to incubation did not affect this assembly. From these observations we 

concludee that hydrophobic forces play a significant role in both the SA-protein-gold 

interactionss and SA-protein-SA-protein interactions, but that electrostatic forces and 

hydrogenn bridging cannot be excluded. More extensive chemical modification studies are 

neededd and could be combined with time-course experiments, which would give insight 

intoo the process of S-protein assembly and the role of specific S-protein functional 

groups. . 

2.2.. The cell wall binding domain. As mentioned above, the SA-protein contained a 

highlyy conserved C-terminal region (SAC) that was found to be highly protease-sensitive 

(Chapterr 2 and 3). Hydrophilicity analysis of the SA-protein showed that the C-terminal 

regionn is very hydrophilic and can be clearly distinguished from the N-terminal region due 

too the presence of a large number of basic amino acid residues (mostly lysine and some 

arginine).. Cloning of this region was successful as a fusion with GFP and we used the 

fusionn protein in cell wall binding assays. The surplus of positive charges in SAC was an 

indicationn that it could have a role in binding the bacterial cell wall which usually have an 

anionicc character. Using either whole cells from which the S-layer had been stripped or 

purifiedd cell wall fragments, we showed that SAC indeed interacts very well with the L 

acidophilusacidophilus cell wall and is the SA-protein cell wall binding domain. The interaction of SAC 

withh the cell wall occurs primarily via electrostatic interaction since bound GFP-SAC was 

easilyy removed with NaCI. In addition, SAC also bound to the L. helveticus and L 

crispatuscrispatus cell wall indicating that the S-proteins of these bacteria also attach to the cell 

walll via their C-terminal domain. 

Interestingly,, further sequence analysis of SAC revealed that it actually consists of a 

tandemlyy repeated sequence (SAC1 and SAC2) and alignment revealed a core region 

withh several conserved basic and aromatic residues (chapter 2 and 3). This conserved 

regionn possessed a striking similarity to repetitive carbohydrate-binding domains of 

variouss other bacterial proteins, such as clostridial toxins and extracellular 

glycosyltransferases.. These types of amino acids are also conserved in carbohydrate-

bindingg proteins, or lectins, of both prokaryotic and eukaryotic origin, where they serve 

too correctly coordinate the carbohydrate in the binding pocket via hydrophobic interaction 

withh the planar side of the sugar molecule and by hydrogen bonding with the hydroxyl 

sidee chains. Analysis of the cell wall binding properties of GFP-SAC1 and GFP-SAC2 

fusionss was determined and to our surprise showed that SAC1 bound as well as SAC, 
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SAC22 did not bind at all. This was surprising given that SAC1 and SAC2 are possess the 

samee conserved amino acids. Thus the difference in cell wall binding of the repeats must 

liee in differences in primary structure probably resulting in a different structure of SAC2. 

Wee have observed that SAC1 is more easily extracted from cell wall fragments with NaCI 

thann SAC indicating that SAC2 at least has a role in strengthening the electrostatic 

interactionn with the cell wall. 

Takenn together these experimental data and sequence characteristics suggest that the 

SACC domain interacts with an anionic cell wall component that may also contain specific 

carbohydratee residues. To test this we extracted cell wall associated polymers from cell 

walll fragments with hydrofluoric acid, a method that yields essentially pure 

peptidoglycan.. Binding of SAC was completely abolished by this treatment, which 

coincidedd with the loss of all cell wall-associated phosphorus and in a lowering of the 

galactosee content. Specific extraction of cell wall-associated lipoteichoic acid or LTA (a 

glycerophosphatee or ribitolphosphate polymer non-covalently associated with the cell 

wall)) by hot phenol treatment lowered the phosphorus content, but did not affect the 

bindingg of SAC. These results indicate the role of a phosphorus-containing cell wall 

polymerr in the binding of SAC. Since specific extraction of LTA from cell wall fragments 

didd not affect binding of SAC covalently-associated cell wall teichoic acid (TA) is the most 

likelyy cell wall receptor. Free glucose galactose or N-acetyl glucosamine did not affect the 

SACC cell wall interaction but this does not mean that carbohydrates are not involved. 

Carbohydrate-bindingg can be very specific for a certain conformation of the sugar ligand, 

whichh is not found in the free form. Thus the involvement of carbohydrates in SAC cell 

walll binding cannot be excluded (especially with the above-mentioned sequence 

similaritiess in mind). One way to further analyze the interaction between SAC and anionic 

celll wall polymers could be to obtain purified polymers. This may be done by digesting 

thee peptidoglycan with cell wall lytic enzymes followed by anion-exchange 

chromatographyy purification of the polymers. An important additional advantage of this 

methodd is that acid-induced modifications of the polymer or of the peptidoglycan are 

avoided. . 

Finally,, our data combined allows us to construct a structural model of the SA-protein and 

howw individual monomers interact with neighboring monomers to form the 

macromolecularr S-layer lattice (figure 1). 
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Figuree 1. Schematic overview of the domain and subdomain organization of the L. acidophilus SA-protein. (A) 
showss a SAN monomer with the putative N- (SAN-N, black) and C-terminal (SAN-C, shaded) subdomains and 
thee possible contact points with neighboring subunits (arrows). The putative subdomain boundary is indicated 
withh a dashed line. (B) shows the organization of a small section of a SAN two-dimensional crystal. A SAN 
monomerr is indicated in gray and SAN-N and SAN-C as in (A). (C) shows the domain/subdomain organization 
off a SA-protein monomer in cross-section. (D) shows the putative structural organization of the L. acidophilus 
celll envelop in cross-section and how the SA-protein monomers are organized at the cell surface in an S-layer 
lattice.. The different domains are indicated as in (C). The cytoplasmic membrane (CM), peptidoglycan (PG, 
horizontall lines with vertical connections), teichoic acid (black chains) and lipoteichoic acid (gray chains) are 
indicated. . 

3.. S-layers, cell surface enzymes and enzymatic protein assemblies 

Ass mentioned in chapter 5 the L. helveticus cell-surface proteinase PrtY, similar in size to 

LactobacillusLactobacillus S-layer proteins, possessed the same conserved sequence motifs detected 

inn SA and related S-proteins. This observation supports our previous conclusion that the 

motifss are important for protein structural integrity and not protein-protein interaction, 

sincee the PrtY protein did not show crystallizing properties. I t further suggests that the 

SA-proteinn may be evolutionary related to this extracellular enzyme. The conserved 

activee site residues of the proteinase are not found at corresponding position in SA-

proteinn for which, not surprisingly, we were not able to detect proteolytic activity (as 

determinedd by milk overlay assays). Nothing is known about the abundance of the PrtY 
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proteinn at the L helveticus cell surface but one could speculate that the L acidophilus SA-

proteinn is a highly abundant cell-surface proteinase that at some stage during evolution 

lostt its enzymatic property. One could as easily suppose however, that the PrtY 

proteinasee is an S-protein that at some stage during evolution acquired a catalytic 

property. . 

Thee existence of an S-protein with an enzymatic function was recently reported for an S-

layerr proteins from Clostridium difficile. This bacterium has a double S-layer structure 

andd amidase activity was detected for the outermost S-layer component (Cerquetti er al.f 

2000).. This is the first report describing an S-layer protein with an enzymatic function 

andd one could speculate that other bacteria with a double S-layer structure (for example 

BrevibacillusBrevibacillus brevis) could represent a similar case, although enzymatic studies have not 

beenn published. One could wonder whether the outer S-layer is a highly abundant cell-

surfacee enzyme using the inner S-layer as scaffolding to present itself to the 

environment.. That S-layers can function as attachment sites for enzymes was 

demonstratedd for the S-layer of Bacillus stearothermophilus DSM 2358, which bound a 

high-molecularr weight amylase (Egelseer er al., 1995). Other S-layer-carrying bacteria, 

includingg L. acidophilus, possess additional cell surface proteins besides the S-layer 

proteinn and these may use the S-layer as an attachment site. Carrying out interaction 

studiess for several S-layer systems may show that S-layers have an important general 

functionn in attachment of other cell surface proteins. As such S-layer may mediate 

adhesionn by binding adhesins or in acquiring nutrients by binding extracellular enzymes 

orr enzymatic complexes. 

Withh respect to S-proteins and extracellular enzymatic complexes cellulosomes must be 

mentioned.. Cellulosomes are multi-subunit enzymatic complexes digesting exogenous 

cellulosee and are found in Clostridia and related bacteria. Many cellulosomal subunits 

havee been identified and shown to possess the same cell wall anchoring domains as 

manyy S-proteins, i.e. S-layer Homology (SLH) domains. This establishes yet another 

connectionn between S-proteins and other cell surface-associated molecules. 

4.. Application potential of Lactobacillus S-layer proteins 

Partt of the work described in chapters 4 and 6 was aimed at exploring the possibilities for 

biotechnologicall application of Lactobacillus S-proteins. The applications that we focused 

onn were (1) the use of live lactobacilli for presentation of epitopes or antigens at the cell 
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surfacee using the S-layer and (2) the use of purified SA~protein as a surface coating in 

biosensorr technology. 

Ass GRAS organisms lactobacilli have been the subject of applied research for many years. 

Onee of the main interests today is the application of lactobacilli as probiotics for man and 

animal.. Lactobacilli possess health-promoting properties that beneficially affect the 

microbiall balance in the gastrointestinal tract (GIT), can survive passage through the GIT 

andd many strains are able to colonize the gastrointestinal environment. These traits are 

off special interest to researchers that study the potential of lactobacilli as mucosal 

vaccinee delivery vehicles. 

Presentationn of antigens from bacterial pathogens to the mucosal immune system can 

elicitt both mucosal and systemic immune responses. This is the way in which the body 

defendss itself against infections via mucosal surfaces. Traditionally, immunizations are 

carriedd out with either attenuated non-virulent, or killed pathogens, but the risk of the 

subjectt getting ill, due to pathogens reverted to a virulant form or to incomplete killing, 

remains.. The use of harmless or even beneficial bacteria for the presentation of antigens 

derivedd from these pathogens may eliminate the risks of using attenuated or killed 

pathogens.. Such vaccines also eliminate the need for invasive administration methods, 

whichh is another advantage. Furthermore, lactobacilli have also been shown to possess 

immuno-modulatingg properties that may stimulate the response to an antigen (Matsuzaki 

&Chin,, 2000). 

Antigenss may be produced in lactobacilli in cytoplasmic, cell-surface anchored or secreted 

formm and application of the bacteria to mucosal sites has shown that both mucosal and 

systemicc immune response can be elicited (Pouwels et at., 2001; Shaw et a/., 2000; 

Grangettee et at., 2001). The use of the S-layer of a Lactobacillus provides an alternative 

forr the already available cell-surface anchored presentation of antigens. The advantage 

off using an S-layer is the high number of protein subunits that is present at the cell 

surfacee (~ 10s molecules per cell) which exceeds the number of molecules that can be 

anchoredd using other methods such as covalent anchoring with the PrtP cell wall anchor 

(maxx 104 molecules per cell). Thus the use of wS-layer presentation" could allow the 

administrationn of a higher antigen dose which in turn may have a strong effect on the 

potencyy of the immune response. Our SA-protein insertion mutagenesis has yielded 

mutantss that were not affected by the insertion of 20 amino acid epitopes and thus will 

mostt likely form an S-layer when produced in vivo. Production of several mutants in L. 

acidophilusacidophilus showed that an epitope insertion in the central loop region of the SAN domain 
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wass exposed at the surface of the S-layer, while an insertion at the extreme N-terminus 

wass buried in the S-layer. 

Finally,, the results described in chapter 6 show that the SA-protein can be irreversibly 

andd stably immobilized on a commonly used gold biosensor surface. The intrinsic 

propertyy of SA-protein to form assembly products, consisting of multiple subunits that 

interactt with both the gold surface and each other, is the basis of this phenomenon. 

Furthermore,, standard chemical modifications can be used without affecting 

immobilization.. We demonstrate that a sensitive biosensor for the detection of fungal 

toxinss (mycotoxins) can be constructed quickly and easily without the need for complex 

multi-stepp sensor constructions. 

5.. Conclusions and future prospects 

Ass mentioned earlier, the integration of traditional electron microscopical (EM) techniques 

withh the new possibilities offered by recombinant DNA technology should provide new 

insightss into the structure-function relationship of bacterial S-layer proteins. In our work 

wee have indeed shown the potential of this integration. We have performed studies that 

mayy provide new impulses to the field of S-layer structural research. The following 

resultss have using novel combinations of existing methodologies: 

(1)) comparative EM studies of wild type SA-protein with a truncated form, resulting in the 

definitionn of a distinct crystallization domain and distinct cell wall binding domain, 

(2)) insertion mutagenesis of the crystallization domain providing important evidence for 

thee existence of subdomains, while also yielding several soluble mutant SA-proteins, 

(3)) N- and C-terminal deletion mutagenesis confirming the existence of dimerizing 

subdomains,, the building blocks of the crystallization domain. 

Thesee three methodologies have provided insights to a level of structural and functional 

detaill not reached previously for S-proteins, and may help in devising ways to solve the 

atomicc structure of an S-protein or S-protein domain by NMR or X-ray crystallography. 

Sincee the actual realization of these methodologies may be some way off yet, more 

advancedd or even new EM techniques may make the 'dissection' of S-proteins into 

smallerr and smaller sections unnecessary, thus avoiding the risk that structures of such 

sectionn do not represent the structure in the native S-layer. Such advances could lie in 

thee development of more sensitive technologies and powerful image processing software, 
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butt also in the discovery of methods for obtaining proper three-dimensional crystals of S-

layerr proteins. 

Alreadyy today, mutagenesis strategies such as the construction of N- and C-terminal 

fusionss could be used for structural studies in combination with existing EM techniques. 

Forr example, the N-and C-termini could be localized by constructing fusions and 

renderingg them visible in two- and three-dimensional reconstructions. Small N-terminal 

extensionss such as purification tags are probably too small to be visible in a 

reconstructionn (an N-terminal six histidine-tag was not visible in the SAN two-

dimensionall structure). Other larger fusion partners could probably be visualized in this 

wayy as long as they do not interfere with crystal formation. 
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