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Chapterr 3 

Summar y y 

Thee S-layer protein of Lactobacillus acidophilus ATCC 4356 is composed of two domains, 

aa crystallization domain, SAN, comprising the first 290 amino acids of the protein, and a 

celll wall binding domain, SAC, consisting of the last 123 amino acid residues. SAC, which 

consistss of two tandemly repeated sequences, SAC1 and SAC2, represents a new 

memberr of the superfamily of ligand-binding proteins. SAC, SAC1 and SAC2, were 

efficientlyy produced in Escherichia coli, as fusions to the C-terminus of His-tagged Green 

Fluorescentt Protein (HGFP), and purified by metal-affinity chromatography. HGFP-SAC 

andd HGFP-SAC1 bound very efficiently to native L acidophilus cell wall fragments 

(CWF's),, whereas HGFP-SAC2 did not. When bound to CWF's, HGFP-SAC and HGFP-SAC1 

couldd form dimers. The binding of GFP-SAC and GFP-SAC1 was completely abolished by 

HFF treatment of CWF's, a method which extracts peptidoglycan-associated polymers. 

Nativee CWF's contained high amounts of phosphorus, indicative of the presence of 

(lipo)teichoicc acids ((L)TA's), and glucose, galactose and an unidentified sugar. The 

completee extraction of phosphorus and decrease of the galactose content of CWF's by HF 

treatmentt indicated the removal of (L)TA. Specific removal of LTA from CWF's with 

phenoll did not affect binding of SAC or SAC1. These data indicate that SAC anchors the 

SA-proteinn to a cell wall teichoic acid, possibly substituted with galactosyl residues. We 

concludeconclude that SAC1 is necessary and sufficient for cell wall binding. SAC2 probably plays 

ann accessory role in the binding process, e.g. by increasing the specificity of interaction. 
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Introductio n n 

Thee cell surface of Gram-positive bacteria is decorated with many different proteins with 

aa wide range of functions. A special category of surface proteins is formed by the so-

calledd Surface layer or S-layer proteins, which represent the most abundant cell-surface 

proteinss in many bacteria. S-layers are two-dimensional paracrystalline arrays usually 

foundd as the outermost layer of the cell envelope. They are present in most of the 

Archaea,, where they primarily serve as a shape-determinant, and in many Eubacteria, 

wheree they can serve as a molecular sieve, or a scaffold for extracellular enzymes, or can 

playy a role in bacterial adhesion and pathogenesis (Baumeister & Lembcke, 1992; 

Noonann & Trust, 1997; Sara &Sleytr, 1987a). 

S-layersS-layers are composed of a single protein or glycoprotein, which self-assembles at the 

celll surface into a paracrystalline layer with p i , p2, p3, p4 or p6 symmetry. The S-

proteinn subunits vary in size from 40 to ~200 kDa. S-layers self-assemble in an entropy-

drivenn process during which multiple, non-covalent interactions are formed between 

individuall S-protein monomers and with the underlying cell surface. In some S-proteins 

thee two types of interaction can be assigned to two separate domains (Jarosch et al., 

2000;; Smit et al., 2001). 

Whilee relatively little is known about the domains responsible for the interactions 

betweenn S-protein monomers, a wealth of information has been collected about cell wall 

bindingg domains (CWBD) of S-layer proteins. The Surface Layer Homology (SLH) domain, 

foundd in S-proteins of Bacillus, Thermophilus, Thermoanaerobacter and Clostridium 

species,, represents the most extensively studied CWBD of S-layer proteins. SLH domains 

aree also found near the N-terminal end of extracellular enzymes and in outer membrane 

proteinss of Gram-negative Bacteria. They consist of ~ 55 amino acid residues and can be 

foundd in 1 to 3 copies in different proteins (Brechtel et al., 1999; Engelhardt & Peters, 

1998;; Matuschek et al., 1996; Mesnage et al., 1997). First, thought to be a 

peptidoglycan-bindingg domain, the SLH domain is now known to bind PG-associated cell 

walll polymers. The mechanism by which B. anthracis S-layer proteins bind to the cell wall 

iss well documented and their SLH domains bind to a pyruvylated PG-associated cell wall 

polysaccharidee through a mechanism shown to be conserved among related bacteria 

(Mesnagee eta/., 2000). 

Inn other bacteria the mechanism by which S-proteins are anchored to the cell wall may 

bee different. The S-protein of Corynebacterium glutamicum possesses a C-terminal 

hydrophobicc anchor of ~ 79 amino acid residues, which was suggested to interact with a 
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hydrophobicc layer composed of mycolic acids present in the cell wall (Chami er a/., 

1997).. The S-layer protein of L acidophilus ATCC 4356 is anchored to the cell wall by 

meanss of a C-terminal CWBD, SAC, which consists of a tandemly repeated ~60 amino 

acidd sequence with a conserved tyrosine doublet. The doublet region showed homology 

too carbohydrate binding regions of Clostridium difficile toxins and extracellular 

glycosyltransferasess and cell wall-associated proteinases of lactic acid bacteria, 

suggestingg a mechanism of cell wall binding different from either SLH- or hydrophobic 

anchor-mediatedd cell surface attachment (Smit era/., 2001). 

Inn this study we describe the cell wall binding properties of the L. acidophilus SAC 

domainn and its two constituent repeats, SAC1 and SAC2. SAC1 binds to cell wall 

fragmentss in similar numbers as SAC, but SAC1 was more easily removed with NaCI. 

SAC22 however does not bind to the L. acidophilus cell wall. We further demonstrate that 

thee ligand for SAC is a PG-associated cell wall polymer, most likely a cell wall teichoic 

acid,, possibly substituted with galactosyl residues. 

Material ss  and Method s 

Bacteria ll  strain s and cultur e conditions . E. coli strain DH5a, used as host for the 

cloningg of DNA fragments, and strain M15 [pREP4] (Qiagen), used for synthesis of 

recombinantt SA-protein or SA-protein fragments, were cultivated in Luria (L) broth. For 

thee production of fusion proteins E. coli M15 [pREP4] was first grown to an optical 

densityy (OD69S) of 0.6 at C followed by cooling of the culture to room temperature 

(RT)) after which IPTG was added to a final concentration of 1 mM and cultivation was 

continuedd over night (ON). L. acidophilus and L. casei were cultivated anaerobically in 

MRSS broth (Difco). When necessary, media were supplemented with 100 ug/ml 

ampiciltin,, 25 ug/ml kanamycin, 10 ug/ml chloramphenicol and agar (1.5%). 

Cloning ,, synthesi s and purificatio n of HGFP-SAC, HGFP-SAC1 and HGFP-SAC2 

fusio nn proteins . The sequences encoding the two SAC domain repeats, SAC1 and SAC2 

weree amplified from plasmid pBKl (Boot era/., 1993) by PCR using oligonucleotides SP2 

(5'GATT CGG ATC CCT CGA GAT GCA CAA CGC ATA CTA CTA CGA 3') and SP3 (5' CCC 

CAAA GCT TTT ATT ATG CAG CGT TGA TGT ACT TGT C 3') for SAC1 and oligonucleotides 

SP44 (5'GGG GCT CGA GAA CAT CGA TGG TAC TAA GCG TAC 3') and SP5 (5' CCC CGG 

ATCC CAA GCT TAT CGA AGT ATC AGA AGA TCC TAT T 3') for SAC2. The PCR products 

weree cloned in pGEM-T and sequenced using universal primers. They were then 

transferredd as Xhol-Hindlll fragments to Xhol-Hindlll digested pHGFPSAC, replacing the 
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SACC fragment and yielding expression vectors pHGFPSACl and pHGFPSAC2 (figure 1). 

Purificationn of his-tagged fusion proteins was performed as described previously for 

HGFP-SACC (Smit et al., 2001). After purification, the buffer for elution of the his-tagged 

proteinss was exchanged for 50 mM Tris-HCI, pH 7.5 using PD-10 desalting columns (AP 

Biotech,, Sweden) and protein concentrations were adjusted to 1 mg/ml. 

Preparatio nn of L. acidophilus  native , HF- and pheno l extracte d cei l wal l 

fragments .. L. acidophilus and L casei were grown ON and harvested by centrifugation. 

Aboutt 5 g (wet weight) cells were washed once with a physiological salt solution and 

resuspendedd in 30 ml of 1 % SDS. Cells were broken by ultrasonic treatment (ten 30 s 

pulses,, the temperature was kept below C via intermittent cooling at ) using a 

Bransonn sonifier (New Brunschwick Scientific). Cell wall fragments (CWF's) were collected 

byy centrifugation (20 min, 20.000 x g, , resuspended in 1 % SDS and incubated at 

CC for 30 min. This was repeated three times followed by extensive washing with 

distilledd water (AD). The removal of cell wall-associated proteins was checked by SDS-

PAGEE and silver staining. CWF's were then resuspended in 30 ml of 20 mM Tris-HCI (pH 

8)) containing 2 mM MgCI2, 25 ug/ml RNaseA (Sigma), 25 ug/ml DNAsel (Sigma) and 

incubatedd for 30 min at . RNase and DNase were removed by 1% SDS treatment as 

describedd above. Finally, CWF's were washed five times with AD and lyophilized. The 

CWFF preparation obtained at this point will be referred to as native CWF's. To remove 

peptidoglycann (PG)-associated cell wall components L acidophilus CWF's (100 mg dry 

weight)) were treated with 40 % (wt/vol) aqueous hydrofluoric acid (HF) for 96 h at . 

Afterr collecting the CWF's by centrifugation (20 min, 20.000 x g, ) the pellets were 

washedd once with 40% HF, washed five times with AD and lyophilized. The preparations 

obtainedd are referred to as HF-CWF's. Native CWF's were also treated with aqueous 

phenoll (80%, , 1 h) to specifically extract lipoteichoic acid (LTA) (Fischer er a/., 

1983).. After centrifugation (20 min, 20.000 x g, ) CWF's were removed from the 

phenol-waterr interface and washed once with chloroform/water (1:1, v/v) to remove 

remainingg phenol. After extensive washing with AD CWF's were lyophilized. These CWF's 

aree referred to as phenol-CWF's. 

Bindin gg of HGFP-SAC, HGFP-SAC1 and HGFP-SAC2 to L. acidophilus  and L. casei 

cel ll  wal l fragments . Fusion proteins HGFP-SAC, HGFP-SAC1 and HGFP-SAC2 (~50 ug) 

weree incubated with ~50 ug of L acidophilus native-, HF- or phenol-CWF's or native L. 

caseicasei CWF's in 100 ul binding buffer for 1 h at 37 . After incubation, CWF's with bound 

proteinss were collected by centrifugation to separate them from soluble, non-bound, 

protein.. The pellet and supernatant fractions were saved for further treatment. The 

pelletedd CWF's were washed three times with incubation buffer and suspended in SDS 
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samplee buffer. Non-bound protein was precipitated from the supernatant with 3 volumes 

off 100 % (w/v) ammonium sulfate for 30 min at , centrifuged (15 min 20.000 x g, 

)) and dissolved in SDS sample buffer. Non-bound and bound protein fractions were 

assessedd by SDS-PAGE. In initial binding experiments the NaCI concentration of the 

bufferr was varied to determine the optimal buffer composition for binding. A Standard 

Incubationn Buffer (SIB) containing 50 mM Tris-HCI, pH 7.5 and 150 mM NaCI was chosen 

andd used in all subsequent binding experiments. SIB was supplemented with 

monosaccharidess and detergents to determine their effect on binding. Galactose, glucose 

andd N-acetylglucosamine were added at concentrations up to 500 mM and non-ionic 

detergentss Tween-20, Tween-80 or Triton X-100 up to 1% (w/v). Binding to CWF's was 

performedd as described above. 

Compositiona ll  analysi s of native , HF- and phenol-extracte d cel l wal l fragments , 

andd HF extracte d secondar y cel l wal l component . The phosphorus content of 

native,, HF- and phenol-extracted CWF's as well as HF-solubilized low molecular weight 

materiall was determined according to Chen (Chen et at., 1956). The monosaccharide 

compositionn of native and HF-CWF's was determined by acid hydrolysis (2N H2S04, 

,, 1 h) followed by Dionex anion-exchange chromatography using glucose, 

galactose,, mannose and N-acetyl-glucosamine as standards. 

DNAA and protei n techniques . DNA isolation, restriction, agarose gel electrophoresis, 

ligationn and introduction of DNA into E. coli by electroporation were performed according 

too standard procedures (Sambrook et al.f 1989). PCR and DNA sequence analysis were 

performedd according to standard procedures. Sodium dodecyl sulfate polyacrylamide gel 

electrophoresiss (SDS-PAGE) was performed according to Laemmli (Laemmli, 1970) using 

thee Miniprotean™ system (BioRad). Protein concentrations were measured according to 

Lowryy (Lowry et at., 1951). Blotting of proteins to nitrocellulose membranes and Western 

blott analysis were performed according to standard procedures. Alkaline phosphatase 

chromogenicc substrates NBT and BCIP were obtained from Sigma. 

Results s 

Productio nn and purificatio n of HGFP-SAC, HGFP-SAC1 and HGFP-SAC2. E. coli 

transformantss harboring pHGFP-SACl, pHGFP-SAC2 or pHGFP-SAC were used for the 

synthesiss of the corresponding fusion proteins HGFP-SAC, HGFP-SAC1 and HGFP-SAC2. 

Highh yields were obtained for all three peptides, which were of the expected Mr 43 kDa 

(HGFP-SAC),, 37 kDa (HGFP-SAC1) and 37 kDa (HGFP-SAC2), respectively. The inset in 
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figuree 1 shows the purified HGFP-SAC, HGFP-SAC1 and HGFP-SAC2 preparations. Several 

C-terminall deletion products were co-purified with each peptide probably due to E. coli 

proteases.. Two major degradation products were co-purified with HGFP-SAC with a Mr of 

~~ 37 kDa (corresponding to HGFP-SAC1) and ~ 30 kDa (consisting of only GFP). A 

peptidee corresponding to GFP was also co-purified with HGFP-SAC2. Interestingly, HGFP-

SAC11 was much less sensitive to proteolytic degradation than HGFP-SAC2. 
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Figuree 1 . Construction of vectors for the production of the HGFP-SAC1 and HGFP-SAC2 fusion proteins. The 
s/pAA gene with the signal sequence (S) and functional domains SAN and SAC is shown. PCR fragments (based 
onn primers SP2, SP3, SP4 and SP5) encoding SAC1 and SAC2 were substituted for SAC in expression plasmid 
pHGFP-SAC.. The black square indicates the 6 histidine tag included for purification purposes. X: Xhol; H: 
Hinólll;Hinólll; PTS: hybrid inducible phage T5 promoter; T: transcription terminator. The inset shows purified 
preparationss of HGFP-SAC (lane 1), HGFP-SAC1 (2) and HGFP-SAC2 (3). The top arrow indicates the position of 
HGFP-SAC,, the bottom one that of HGFP-SAC1 and HGFP-SAC2. Mr's in kDa of reference proteins are indicated 
inn the left margin. 

Interactio nn of HGFP-SAC, HGFP-SAC1 and HGFP-SAC2 wit h nativ e L. acidophilus 

andd  L. casei  cel l wal l fragments . In our previous work we demonstrated the capacity 

off HGFP-SAC to bind to L. acidophilus cells from which the S-layer had been stripped. 

Thee binding conditions were further optimized using purified CWF's. A-specific binding of 

E.E. coli proteins was minimized by the inclusion of NaCI in the binding buffer (50 mM Tris-

HCI,, pH7.5). Up to 250 mM NaCI could be used without affecting the binding of HGFP-

SAC.. We chose 50 mM Tris-HCI, pH 7.5, 150 mM NaCI as standard incubation buffer 

(SIB)) for all further binding experiments. Figure 2 shows that HGFP-SAC and HGFP-SAC1 

boundd quite well to L. acidophilus CWF's, but HGFP-SAC2 did not bind. At NaCI 

concentrationss higher than 150 mM binding of HGFP-SAC1 was severely reduced, while 

61 1 



Chapterr 3 

att NaCI concentrations higher than 250 mM binding of HGFP-SAC was reduced (not 

shown).. None of the peptides bound to purified L. casei CWF's, as was previously shown 

forr HGFP-SAC (not shown). To further analyze the interaction of HGFP-SAC and HGFP-

SAC11 with native CWF's we bound them to CWF's in SIB and re-extracted both peptides 

withh buffers containing increasing concentrations of NaCI. We found that HGFP-SAC could 

bee removed from the CWF's with NaCI concentrations above 250 mM, while for HGFP-

SAC11 concentrations higher than 150 mM were enough to remove the peptide (figure 3). 

AA small fraction of both HGFP-SAC and HGFP-SAC1 remained bound even after extraction 

withh 2 M NaCI. The binding of HGFP-SAC and HGFP-SAC1 was not affected by the 

presencee of monosaccharides (galactose, glucose or N-acetylglucosamine) or non-ionic 

detergentss (results not shown). 

Boundd Not Bound 

M 1 22 3 4 M 5 6 7 M 

Figur ee 2. SDS-PAGE of HGFP-SAC (lane 2 
andd 5), HGFP-SAC1 (lane 3 and 6) and 
HGFP-SAC22 (lane 4 and 7) interacting with 
purifiedd native L acidophilus CWF's. lane 1, 
nativee CWF's only; lane 2 to 4, CWF-bound 
material;; lanes 5 to 7, remaining non-bound 
material.. M: low Mr reference proteins in 
kDa.. Arrows indicate dimers of HGFP-SAC 
andd HGFP-SAC1. 

Bindin gg o f HGFP-SAC an d HGFP-SAC1 t o L. acidophilus  HF- an d phenol- t reate d 

CWF's .. L. acidophilus CWF's were subjected to HF extraction to determine whether SAC 

bindss to the peptidoglycan, the main constituent of bacterial cell walls or to PG-

associatedd cell wall components. HF treatment of CWF's resulted in the complete absence 

off binding by HGFP-SAC and HGFP-SAC1 (figure 4A). Phenol treatment of CWF's, which 

extractss LTA from cell wall fragments of various Gram-positive bacteria (Fischer er a/., 

1983),, did not affect binding of either HGFP-SAC or HGFP-SAC1 (figure 4B). 

Chemica ll  composit io n o f nat ive , HF- an d phenol-extracte d L. acidophilus  cel l 

wa l ll  f ragment s an d mater ia l extracte d by HF t rea tmen t . Treatment of native L. 

acidophilusacidophilus CWF's with HF resulted in a loss in mass of about 16%. Only a small fraction 

off the solubilized material could be recovered by ethanol precipitation. Subsequently, the 

monosaccharidee composition and phosphorus content was determined for several CWF 

samples.. The monosaccharide composition as determined by of native and HF-extracted 

CWF'ss showed the presence of glucose and galactose as well as an unidentified 
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carbohydrate.. The amount of galactose in the HF-extracted CWF's was about one third of 

thatt of native CWF's. The amounts of glucose and unidentified sugar were not changed, 

comparedd to native CWF's. Analysis of the phosphorus content revealed large differences. 

Nativee CWF's contained 1.12 umol of phosphorus per mg dry weight while in the HF-

CWF'ss only 0.01 umol was detected. The phosphorus was recovered in the non-

precipitablee fraction of the HF extract. Phenol treatment of CWF's resulted in a lowering 

off the phosphorus content from 1.12 to 0.71 umol /mg. 

94 4 

66 6 
45 5 

30 0 

Bound d 

MM  NaCI 

--

--

TT _ ' 

'été&-'été&-

^ww ^p *dr 

* -* :: w 

Nott  Bound 

MM  M 

—II  — — 1 

* * 

^ f cc ^ i ; ^ £ . j ^ ^ ^ ^ ^ ^ 
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Figur ee 3. Interaction of HGFP-SAC (top panel), HGFP-SAC1 (bottom) with native L. acidophilus CWF's and re-
extractionn using NaCI. Peptides were bound to CWF's in SIB and re-extracted with 50 mM Tris-HCI, pH7.5 
containingg 0.15, 0.25, 0.5, 0.75, 1.0 and 2.0 M NaCI (increasing from left to right). M/s of reference proteins 
(laness indicated with M) are given in the left margin. The black triangles indicate purified HGFP-SAC and HGFP-
SAC1.. The arrows indicate the position of dimers of HGFP-SAC and HGFP-SAC1. 
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Figuree 4. SDS-PAGE of HGFP-SAC and HGFP-SAC1 interacting with (A) L. acidophilus native and HF-CWF's or 
(B)) native and phenol-CWF's. (A) native and HF-CWF's, (B) native and phenol-CWF's. In each panel the left 
lanee shows GFP-SAC and the right lane GFP-SAC1. 
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Discussio n n 

Inn the present study we determined the properties of the cell wall binding domain, SAC 

off the L acidophilus S-protein and it's constituent repeats SAC1 and SAC2. Analysis of 

bindingg of HGFP-SAC, HGFP-SAC1 and HGFP-SAC2 to native CWF's revealed that equal 

amountss of HGFP-SAC and HGFP-SAC1 bound to CWF's, while HGFP-SAC2 did not bind at 

all,, implying that SAC1 is necessary and sufficient for binding in vitro. Re-extraction 

experimentss showed that the binding of SAC with native CWF's through electrostatic 

interactionn is stronger than for SAC1 since more NaCI is needed to remove SAC. These 

dataa suggest a co-operative role for SAC2 in cell wall binding. 

Ourr analyses also revealed that CWF-bound SAC and SAC1 formed dimers, stable even 

afterr boiling in 1% SDS, suggesting that the association between the monomers is quite 

strong.. Apparently, SAC1 is necessary and sufficient for dimerization of the cell wall 

bindingg domain. Dimerization of SAC is probably needed to enhance effective interaction 

withh the cell wall. It has been suggested that oligomeric SLH structures represent the 

apparentt functional unit in vivo rather than the monomer (Engelhardt & Peters, 1998). 

SLHH domain-containing molecules were indeed found to form dimers (and trimers) that 

resistt boiling in 1% SDS (Brechtel & Bahl, 1999). Dimerization of SAC and SAC1 was 

observedd for bound peptides but not for the fusion peptides without CWF or for purified 

HGFP.. An explanation, as to why dimers are only observed in CWF-bound preparations 

andd not in solution, could be that only upon binding monomers come in sufficiently close 

contact.. Another possibility is that a conformational change in SAC or SAC1 during the 

bindingg process promotes dimer formation. 

Too identify the cell wall receptor for SAC, chemical extraction experiments of native L. 

acidophilusacidophilus CWF's were performed. HF extraction of CWF removes PG-associated 

polymerss like lipoteichoic, teichoic acids (LTA or TA) and polysaccharides (PS) by 

hydrolyzingg phosphodiester bonds. LTA and TA, polymers of glycerol-phosphate or ribitol-

phosphate,, are degraded into phosphate, glycerol and monosaccharides by HF, while PS's 

attachedd to PG by phosphodiester bonds are removed intact (Ekwunife et al., 1991; 

Fischerr et al., 1983). The SAC/SAC1 receptor was removed by this treatment, which 

indicatess that a PG-associated polymer, and not PG itself, is responsible for binding of 

SACC and SAC1. 

Thee finding that hardly any HF-extracted material could be recovered as ethanol 

precipitablee material indicated that the PG-associated polymer was degraded. This 

suggestss that acid-labile compounds such as LTA or TA rather than PS or teichuronic 
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acid,, which are all removed by HF treatment, are involved in the binding process (Fischer 

etet al., 1983). The presence of teichoic acids in native CWF's and their subsequent 

removall by HF was confirmed by a high level of phosphorus in native CWF's and its 

absencee in HF-CWF's. To discriminate between LTA and TA, we treated native CWF's with 

hott aqueous phenol, an effective method to specifically extract LTA from CWF's (Fischer 

etet al., 1983). Binding of SAC and SAC1 was not influenced by this treatment, although it 

resultedd in the removal of about one third of cell wall associated phosphorus. Thus we 

concludee that PG-associated TA is the cell wall receptor for SAC. 

Thee SLH domain-containing S-protein of B. anthracis binds to a pyruvylated (thus 

anionic)) PG-associated polysaccharide, while the SLH-containing SbsB protein of B. 

stearothermophilusstearothermophilus binds to a different PG-associated anionic polymer (Mesnage et al., 

2000;; Sara et al., 1998). The B. stearothermophilus S-layer proteins SbsA and SbsC, 

whichh do not possess SLH domains, bind to teichuronic acid (Sara, 2001). It appears that 

anionicc PG-associated cell wall polymers like teichuronic acids, teichoic acids and 

polysaccharidess are important S-protein receptors in many Gram-positive bacteria. 

Carbohydratee analysis of native and HF-CWF's revealed that the galactose but not the 

glucosee or unidentified sugar content of HF-treated CWF's was lowered by one third the 

levell of native CWF's. This could suggest that the material removed by HF treatment (i.e. 

TA)) contains galactose. A possible role for galactose in binding of SAC is not unexpected 

consideringg that Clostridium difficile toxin A, which showed the strongest homology with 

SAC,, binds a galactose-containing oligosaccharide (Chaves-Olarte et al., 1997). Our 

findingg that galactose had no effect on binding of SAC to CWF's seems not at variance 

withh this conclusion since carbohydrate recognition often requires a specific structure of 

thee carbohydrate iigand that is absent in a monosaccharide (Weis, 1997). 

LTAA was shown to be important for the surface association of cell wall lytic enzymes and 

invasion-mediatingg proteins (Jonquieres et al., 1999; Yother & White, 1994). These 

proteinss belong to the family of choline-binding proteins and possess repetitive domains 

responsiblee for attachment. This well-studied category of proteins include the 

streptococcall proteins LytA and PspA that specifically bind the choline moiety of LTA 

(Garciaa et al., 1998). Thus it seems that not the LTA backbone but substitutions such as 

cholinee could confer protein binding specificity. Considering that TA's may be substituted 

withh glycosyl groups (for example galactosyl, glucosyl or N-acetylglucosamine) (Fischer, 

1990;; Ward, 1981; Yasui & Yoda, 1997) these groups could be responsible for the 

specificc binding of SAC. 
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Amongg animal lectins, plant lectins or lectins of bacterial origin little if any primary 

sequencee identity exists, but some striking similarities can be noted. Most lectins consist 

exclusivelyy of beta-sheets and possess conserved aromatic residues important for ligand 

binding.. They also tend to form dimers or tetramers (Barondes et al., 1994). Since SAC 

sharess all these properties we suggest that SAC constitutes a lectin-like domain. Also the 

SLHH domain and the CWBD's of SbsA and SbsC were suggested to be lectin-like 

(Engelhardtt & Peters, 1998; Jarosch et al.f 2000). SLH domains show little resemblance 

too the SAC domain except that they consist of similarly sized repeats. The primary amino 

acidd sequences of the SAC and SLH domains do not show any homology and SAC has an 

all-betaa predicted secondary structure compared to a predicted helix-loop-helix motif for 

SLH.. Interestingly, SLH domain-containing proteins showed strongly diminished cell wall 

bindingg properties and increased proteolytic sensitivity when one or two copies of the 

SLHH domain were C-terminally deleted, indicating that three SLH repeats probably 

representt the functional domain (Brechtel & Bahl, 1999; Mesnage era/., 1999a). 

Multiplee repeats are also required for binding of the streptococcal proteins PspA and LytA, 

butt not for the lactococcal autolysin AcmA. AcmA possesses three repeats of which only 

onee is needed for cell wall binding (Buist, 1997; Yother &. White, 1994). Our studies show 

thatt the C-terminal repeat of SAC can be deleted without compromising cell wall binding 

capacityy or proteolytic resistance. This indicates that SAC1 is both a structural and a 

functionall unit. 

Inn conclusion, we have demonstrated that the SAC domain, found in the S-layer protein 

off L. acidophilus, in S-proteins of related species and in other surface associated proteins 

off Lactobacillus, represents a novel type of CWBD. It consists of a tandemly repeated 

sequence,, the C-terminal repeat of which can be deleted without compromising binding 

capacity.. This repeat could provide specificity to the cell wall interaction of SAC without 

possessingg a direct binding capacity itself. We further suggest that SAC is a lectin-like 

domainn interacting with a cell wall-associated teichoic acid substituted with galactosyl 

residues. . 
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