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Summary y 

Thee S-layer protein, SA/ consists of a ~15 kDa cell wall binding domain (SAC, 123 amino 

acids)) and a 30 kDa crystallization domain (SAN, 290 amino acids). We have previously 

shownn that SAN forms two-dimensional crystals identical to those formed by the SA-

protein.. We have also shown that SAN contains a central region, exposed on the surface 

off the native S-layer, which could be used to insert a 19 amino acid epitope. In the 

presentt paper we describe a more detailed structural analysis of the SAN domain. The 

centrall surface-exposed region showed sensitivity to trypsin and chymotrypsin as was 

determinedd by N-terminal sequencing of several 14-18 kDa tryptic and chymotryptic 

peptides.. Based on these results we constructed and functionally analyzed a set of N- and 

C-terminall truncated SAN peptides. Truncation of SAN by up to 177 C-terminal amino 

acidss yielded a stable peptide. Only 113 N-terminal amino acids could be removed to 

producee a stable peptide. Removal of more residues resulted in unstable peptides that 

couldd not be purified. None of the purified peptides was able to form crystalline arrays but 

inn Western blot analysis peptides SAN2 (131), SAN4 (141), SAN6 (177 C-terminal 

residuess removed), SAN7 (113 N-terminal residues removed) and SAN were able to form 

aggregationn products that were stable in 1 % SDS even at . Dimeric products were 

observedd for all peptides, while a trimeric form was also observed for SAN. Further 

Westernn blot analysis with S-layer-surface-specific antibodies showed that the surface-

exposedd epitopes of SAN are mainly located between residues 149 and 159, which 

coincidess with the region of the SA-protein in which inserted epitopes were surface 

exposed.. These data led us to conclude that SA-protein consists of two separate 

subdomains,, one of around 113 amino acids (N-domain) and one of 139 to 177 amino 

acidss (C-domain) that are connected by a surface-exposed region. We show for the first 

timee that an S-protein contains functional subdomains responsible for protein-protein 

interaction. . 
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Introduction n 

Surfacee layer or S-layer proteins occur as the most abundant protein at the cell surface 

off many Gram-positive Eubacteria and also of the Archaea. They are almost universally 

presentt in Archaea as an important shape-determining cell envelope component, and in 

manyy Eubacteria, where they can serve as molecular sieve, scaffold for extracellular 

enzymess or can play a role in bacterial adhesion and pathogenesis (Baumeister & 

Lembcke,, 1992; Egelseer et al., 1995; Noonan & Trust, 1997; Sara & Sleytr, 1987a). S-

layerss usually consist of only one type of protein or glyco-protein monomer arranged in a 

two-dimensionall crystalline monolayer possessing either oblique (p i , p2), square (p4) or 

hexagonall (p3 or p6) lattice symmetry (Sara & Sleytr, 2000). 

Structurall studies employing electron-crystallography in combination with computer-

aidedd image analysis have provided morphological information about many S-layers but 

havee not yielded structural information at the atomic level such as can be obtained with 

X-rayy crystallography or NMR. This is due to intrinsic properties of S-layer proteins such 

ass low solubility in aqueous solution and a preference for the formation of two-

dimensionall but not three-dimensional crystals. As a consequence the structure-function 

relationshipp of S-layer proteins and the structural principles underlying S-layer formation 

aree poorly understood. 

Inn recent years many S-protein encoding genes have been cloned and sequenced which 

allowedd extensive analysis and comparison of different S-protein sequences. Strikingly 

though,, S-protein primary structures proved to be very different and few homologous 

regionss were found. The first, and up to the present only, domain found to be conserved 

amongg S-proteins from different species is the Surface-Layer Homology (SLH) domain 

(Lupas,, 1996a; Lupas et at., 1994). SLH domains are found in many S-proteins but also 

inn non-S-layer cell surface proteins. This domain has been characterized in detail and was 

recentlyy shown to anchor S-proteins to peptidoglycan- (PG) associated receptors 

(Mesnagee et al., 2000; Sara, 2001). Other S-proteins such as those of Lactobacillus 

acidophilusacidophilus and related species share a homologous cell wall binding domain (CWBD) 

withh several lactobacillar extracellular proteinases (Siezen, 1999; Smit et al., 2001; 

Yamamotoo et al., 1999). The S-proteins SbsA and SbsC of Bacillus stearothermophilus 

possesss yet another type of CWBD, but this domain and the CWBD from Lactobacillus 

seemm to occur in one or a few species only. 

Inn contrast to CWBD's, S-protein domains necessary for crystallization have not been 

investigatedd very intensively. Such domains responsible for crystal formation could be 
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detectedd in a number of S-proteins and some have been cloned and analyzed. Extensive 

sequencee comparisons have not revealed any conserved motifs in these domains 

(Jaroschh era/., 2000; Kuen era/., 1997) Interestingly, even crystallization domains from 

S-proteinss of closely related species did not yield such motifs. An exception are the S-

proteinss from L acidophilus and related species since in these proteins several conserved 

motifss have been found (Sillanpaa era/., 2000; Smit et al., 2001). Whether such motifs 

aree important in determining the structure of a single monomer or for S-layer formation, 

orr both, is not known. 

Ourr previous studies have shown that the S-layer protein, SA, of L. acidophilus ATCC 

43566 contains a cell wall binding domain (SAC) and a separate crystallization domain 

(SAN)) (Smit et a/., 2001). The present work extends the structural analysis of the SAN 

domain.. Here we provide evidence for dimerisation of two subdomains from the L 

acidophilusacidophilus SA-protein. We present a structural model for the SAN domain and for the 

formationn of S-protein/SAN oligomers by dimerisation of subdomains. 

Materialss and Methods 

Bacteriall strains and growth conditions. Escherichia coli M15 [pREP4] (Qiagen) and 

E.E. coli DH5a (Phabagen, The Netherlands) were cultivated aerobically in Luria Bertani 

(LB)) medium at . For overproduction of peptides E. coli M15 [pREP4] harboring the 

appropriatee expression vector was cultivated in LB medium at C to an optical density 

att 695 nm (A695) of 0.6. After cooling of the culture to room temperature (RT) IPTG was 

addedd to a final concentration of 1 mM and incubation was continued overnight. When 

appropriate,, media were supplemented with 1,5% agar, 100 ug/ml ampicillin and/or 25 

ug/mll kanamycin. 

DNAA and protein techniques. Plasmid DNA was isolated using Tip-20 or Tip-100 

columnss (Qiagen) according to the instructions of the supplier. DNA restriction, ligation 

andd introduction in E. coli were performed according to standard procedures (Sambrook 

err a/., 1989). DNA fragments were amplified by PCR using SuperTaq DNA polymerase 

andd products were cloned in pGEM-T (Promega). All cloned fragments were sequenced 

usingg universal primers. SA-protein was digested with trypsin and chymotrypsin as 

describedd previously (Smit et al., 2001). Peptides were separated by SDS-PAGE and 

blottedd to Immobilon-P membranes (AP Biotech, Sweden) in CAPS/NaOH buffer and 

thosee in the range of 14 to 18 kDa were excised from the membrane and subjected to N-

terminall sequencing. SDS-PAGE and Western blotting were performed according to 
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standardd procedures using the BioRad Miniprotean™ system (Laemmli, 1970; Sambrook 

era/.,, 1989). 

Constructionn of expression vectors. DNA fragments encoding three C-terminally and 

threee N-terminally truncated SAN peptides were amplified by PCR using pBKl (Boot er 

a/.,, 1993) as template. Primer CEA1 (5'-GGG GGG ATC CGG TAC CGC TAC TAC TAT TAA 

CGCC AAG TTC -3 ' , forward) was used in combination with primer SANA1 (5'-CCC CGA 

ATTT CAA GCT TTT ATT AGT ATA CGT TTG CAA TTG AAA CAT TAG-3', reverse) to amplify 

peptidee SAN2, SANA2 (5'-CCC CAA GCT TTT ATT ATG AAG CAA CAC CGT TTT GGT C-3', 

reverse)) for peptide SAN4 and with SANA3 (5'-CCC CAA GCT TTT ATT AAC CAA GGG TAA 

CAGG TCT TAC C-3', reverse) for peptide SAN6. Fragments encoding three N-terminally 

truncatedd peptides were amplified using primer and SANB1 (5'-GGG GGG ATC CGG TAC 

CAAA AGT TAA GTT AGA CCA AAA CGG TG-3', forward) for peptide SAN3, SANB2 (5'-GGG 

GGGG ATC CGG TAC CCT TAC TAA TGT TTC AAT TGC AAA CG-3', forward) for peptide 

SAN55 and SANB3 (5'-GGG GGG ATC CGG TAC CTC AGC TAA CTC AAA TGT AAA ATT-3', 

forward)) for peptide SAN7 in combination with primer SAN1 (5'-CCC CGA ATT CAA GCT 

TTTT ATT AAA TTC TCT TGC TTA GCT GGG CTA C-3', reverse, reverse) and pBKl as 

template.. PCR products were cloned in pGEM-T (Promega) and sequenced. Fragments 

encodingg SAN2, SAN3, SAN4, SAN5, SAN6 and SAN7 were excised as BamHI-tf/ndlll 

fragmentss and introduced in Bam Hi/Hind Ill-digested vector pQE30AXN (Smit er al., 

2001)) introducing an N-terminal six histidine tag. This strategy yielded expression 

vectorss pHSAN2 to pHSAN7. 

Purificationn and functional analysis of truncated SAN peptides. C-terminally 

truncatedd peptides SAN2, SAN4, and SAN6, and N-terminally truncated peptides SAN3, 

SAN55 and SAN7 were synthesized in E. coli M15 [pREP4] harboring the appropriate 

vectorr and purified in the presence of 6 M guanidinium hydrochloride (GHCI) as 

previouslyy described for SAN (Smit er af., 2001). Functional analysis consisted of dialysis 

off purified peptides (500 ug/ml) against several changes of 50 mM Tris-HCI, pH 7.5 at 

CC followed by SDS-PAGE and Western blot analysis. 

Purificationn of an L. acidophilus S-layer surface-specific antibody fraction. L 

acidophilusacidophilus cells were inoculated 1:100 into 10 ml pre-warmed MRS and cultured till an 

OD6955 of 0.35 was reached. Cells were collected by centrifugation (3000 x g, 15 min, 

)) and washed three times with phosphate-buffered saline (PBS) (the last wash 

containingg 0,01 % NaN3). 40 pi polyclonal anti-SA-protein antibodies was mixed with 960 

pii PBS (0,01 % NaN3) and the diluted antibody solution was used to resuspended the L 

acidophilusacidophilus cell pellet. The suspension was then incubated at C for 1 hour. After 
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incubationn the cells were pelleted by centrifugation (3000 x g, 15 min, ) and washed 

withh PBS. Cell-bound antibodies were extracted by resuspending the cells in 500 pi 0.1 M 

glycine,, pH 2.5. The suspension we centrifuged directly (3.000 x g, 15 min, , the 

supernatantt collected and centrifuged again (10.000 x g , 2 min, room temperature). 

Afterr the second centrifugation the supernatant was directly neutralized by the addition 

off 200 pi 0.5 M Na2HP04, pH 7. The S-layer surface-specific (SS) antibodies purified in 

thiss manner were stored in 100 pi at - 20 C and used for western blots 1:500 diluted 

(comparedd to 1:20.000 for the polyclonal serum). 

Proteinn primary structure analysis. Alignments of protein sequences were generated 

withh DNAMAN 4.1 (Lynnon Biosoft). The deduced amino acid sequences of following S-

proteinn genes were used: L. acidophilus ATCC4356 slpA and sIpB (accession number: 

X714122 and X89376); L helveticus CNRZ 892 sIpH (X91199); L crispatus LMG 9749 

sIpTAsIpTA and sIpTB (B. Martinez, personal communication); L crispatus LMG 12003 sIpNA 

andd sIpNB (AF253043/AF253044); L crispatus JCM 5810 cbsA and cbsB proteins 

(AF001313/AF079365);; L. crispatus M247 s-layer protein gene (AJ007839); L crispatus 

NCFB55 S-layer protein gene (L. Morelli, unpublished). Protein sequence alignments were 

submittedd to the PredictProtein server (http:Wwww.embl-heidelberg.de/predictprotein) 

forr secondary structure, accessible surface area (ASA), coiled coil and signal sequence 

cleavagee site prediction (Lupas, 1996b; Nielsen etal., 1997; Rost, 1996). 

Results s 

Identificationn of a major protease-sensitive region in the SAN domain 

Wee previously reported that trypsin and chymotrypsin digestion of SA-protein yielded a 

rangee of degradation products, varying in size from 30 to 14 kDa. These fragments were 

shownn to represent intact SAN and degradation products of SAN (Smit et ai., 2001). We 

noww subjected the smallest fragments (14-18 kDa) to N-terminal sequencing. The 

excisedd peptide bands yielded in most cases mixtures of two sequences. The N-termini of 

thee tryptic peptides were either ATTIN (SA-protein residues 1 to 5) or VKLDQ (residues 

1400 to 144), while those of chymotryptic peptides were either ATTIN (residues 1 to 5) or 

AINTTT (residues 160-164). Apparently, only sites in the central region of SAN are 

susceptiblesusceptible to proteolytic attack despite the presence of many other potential cleavage 

sitess in SAN. 
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Figuree 1. Properties of SAN and SAN truncated peptides. The position and size of the truncated peptides are 
indicatedd as well as their Mr (kDa), resistance to E. coli proteases and ability to form dimers. * : for SAN trimers 
weree also observed. All peptides possess an N-terminal 6 histidine tag which is not shown. Nd: not determined. 

Productionn and purification of truncated SAN peptides. We designed a series of six 

differentt truncated SAN peptides (figure 1) and produced them in E. coli. Figure 2 shows 

thee E. coli expression levels and the yields obtained for the C-terminally truncated 

peptidess SAN2, SAN4 and SAN6 and the N-terminally truncated peptides SAN5, SAN6 

andd SAN7. SAN2, SAN4, SAN6 and SAN7 were produced well and could be easily purified 

whilee SAN3 and SAN5 were produced at very low levels and could not be purified in large 

amounts.. Purified SAN3 and SAN5 also proved highly sensitive to proteolysis upon 

storage. . 

SAN22 SA N 4  SA N 6 
TT P  T  P  T  P  M 

SAN55 SAN3 SAN7 
TT P  T  P  T  P VI I 

Figuree 2. Production of N-and C-terminally truncated SAN peptides in E. coli and purification from lysates. 
Truncatedd peptide numbers are indicated, t: total cell lysate, p: purified preparation. The arrows indicate the 
positionss of purified SAN5 and SAN3. M: reference proteins, Mr's indicated in the right margins in kDa. 
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Figuree 3. Western blot detection of 
dimericc and oligomeric aggregates of 
SANN and truncated SAN peptides. 
Truncatedd peptide numbers are 
indicatedd and SAN by S. The arrows 
indicatee dimeric and trimeric peptide 
forms.. The Mr's of the reference 
proteinss are indicated in the right 
marginn in kDa. 

Detectionn of aggregated forms of SAN and truncated peptides. Purified wild type 

SA-proteinn was previously shown to precipitate during removal of the denaturing agent 

usedd for extraction (5 M LiCI; Smit et al., 2001). This precipitate was shown to consist of 

crystallinee sheets and stacked sheets by electron microscopical (EM) analysis. Since we 

didd not observe precipitate formation of any of the truncated SAN peptides (they are 

unablee to form high molecular weight assembly products)we did not perform EM analysis. 

Forr this we the method described below to determine whether the truncated peptides had 

retainedd the capacity to form low molecular weight assembly products. In the Western 

blott analysis with polyclonal anti-SA antibodies we detected several lower mobilities bands 

forr SAN, SAN2 and SAN7, suggestive of the presence of aggregated forms of these 

peptides.. Further analysis with monoclonal anti-RGS-His6 antibodies showed that such 

bandss could also be detected for SAN, SAN2, SAN4, SAN6 and SAN7 (figure 3), but not 

forr SAN3 and SAN5 (not shown). For SAN at least two additional bands were observed 

withh estimated Mr's of around 70 kDa and 100 kDa, for SAN2 one of around 40 kDa, for 

SAN44 one of 38 kDa, for SAN6 one of 32 kDa and for SAN7 one of 48 kDa. The absence 

off such bands for SAN3 and SAN5 could be due to the small amount of peptide that was 

usedd in SDS-PAGE analysis. 

Detectionn of surface located regions in the S-protein. To determine the presence 

andd location of S-layer surface-specific epitopes in the different peptides we separated 

themm by SDS-PAGE and subjected them to Western blot analysis with anti-SA-protein 

(SP)) antibodies or SA-protein surface-specific (SS) antibodies (figure 4). Both antibody 

preparationss bound equally well to SAN and SAN2, while binding of SAN4, SAN5, SAN3 

andd SAN7 by SS antibodies was clearly reduced compared to the binding by SP 

antibodies.. SAN6, although present in similar amounts as SAN2 or SAN, bound no SS 

antibodiess at all. 

SANN SAN2 SAN4 SAN6 SAN7 
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CBB B 
Westernn blot 

M S 2 4 6 55 3 7 anti-SA-protein anti-S-layer  surface 

Figuree 4. SDS-PAGE and Western blot analysis of purified SAN and truncated SAN peptides. The left panel 
showss the coomassie (CBB) stained gel. The middle and right panel show Western blot analyses with unpurified 
(SP)) and S-layer surface-specific antibodies, respectively. Truncated peptide are indicated by numbers and SAN 
byy S. M: reference proteins, the Mr's are indicated in the left margin in kDa. 

Analysiss of SAN primary and secondary structure. Secondary structure prediction of 

fourr aligned Lactobacillus deduced S-protein amino acid sequences has previously shown 

thatt the SAN domain almost exclusively consists of S-strands and only two a-helices, 

predictedd in the C-terminal half (Smit ef al., 2001). In addition, several high-identity 

regionss were observed representing conserved S-protein motifs. 

Figuree 5 shows an extended alignment of SAN with the corresponding regions from ten 

otherr related S-proteins. Regions in which conserved amino acid residues are clustered 

couldd be easily identified and these clusters mostly corresponded to the S-protein motifs 

definedd previously (Sillanpaa et al., 2000; Smit et ah, 2001). Table 1 lists the motifs as 

wee find them in the present alignment. Although within motif 4 there are sections of 

relativelyy low homology (such as amino acids 147 to 168 of SAN), we have included it in 

thee list since all eleven sequences are well-aligned in this region and possesses a well-

predictedd secondary structure (see below). 

Moti f f 
1 1 
2 2 
3 3 
4 4 
5 5 

Sequenc ee (AA ) 
VDVTPSVS S 
GNLTGTISASYNGKTYTANL L 
AGVAYTVTNDVSFNFGSENAGKTVTL L 
TLKVKLDD - > INSKYFAAQ 
KAALKDQQ - > TVASVSKRI 

Positio nn (AA ) 
21-2 8 8 
43-6 2 2 
87-11 3 3 
137-21 2 2 
230-29 0 0 

Tablee 1. Conserved amino acid motifs 
observedd in the SAN domain of L. 
acidophilusacidophilus SA-protein and the 
correspondingg domains from related S-
proteins.. Motifs are numbered according 
too their position in the SAN sequence. 
Seee also figure 5: black underlined 
residues. . 
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Figuree 5 (continued next page). 
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Figuree 5 (Previous pages). Alignment, secondary structure and accessible surface area prediction of the 
deducedd amino acid sequences of SAN and corresponding regions of ten other Lactobacillus S-proteins. SA/SB: 
LL acidophilus ATCC 4356 SA-protein/SB-protein; SH: L. hetveticus CNRZ 892 SH-protein; TA/TB: L crispatus 
LMGG 9749 STA-protein/STB-protein; NA/NB: L crispatus LMG 12003 SNA-protein/SN8-protein; CA/CB : L. crispatus 
JCMM 5810 CbsA/CbsB proteins; 247: L. crispatus M247 S-layer protein; FB5: L. crispatus NCFB5 S-layer 
protein.. For proteins with suffix A and B: A indicates expressed gene and B non-expressed gene. Identical 
residuess are shown in black, >75% conserved residues in dark gray and 75% - 50% conserved residues in light 
grayy shading. Consensus sequence (> 50% conserved) is given below the alignment in lower case character. 
Beloww the consensus the alignment based predicted secondary structure is indicated. E: B-strand and H: o-
helix.. Below the secondary structure prediction the predicted solvent accessibility (Ace) per amino acid residue 
iss given. B indicates a buried residue. Insertion mutant positions are indicated with mutant number and V 
(fromm table 1, chapter 4). Conserved S-protein motifs are underlined by a black bar (see also table 1). 

Secondaryy structure and per residue accessible surface area (ASA; see next paragraph) 

weree predicted based on the new alignment. The secondary structure analysis showed 

sixteenn p-strands (of more than three residues) and two a-helices. The predicted p-

strandss and a-helices are indicated in the alignment and were found to largely coincide 

withh well-aligned and conserved regions. The region containing the two a-helices (amino 

acidss 198 to 235 of SAN) was analyzed for the presence of a coiled-coil forming sequence 

patternn (a known motif responsible for dimerization and oligomerization of proteins, 

(Lupas,, 1996b)) but such a structure was not observed. 

ASAA analysis based on a set of related protein sequences can give a reliable prediction, 

whichh amino acids are likely to be buried in the protein interior. Analyzing the present 

alignmentt showed that overall buried residues were associated with the predicted p-

strandss and a-helices. Most of the buried residues corresponded to well-conserved 

hydrophobicc residues and some polar amino acid residues. Especially the last two p-

strandss and segments of several others also show an alternating pattern of exposed and 

buriedd amino acids suggestive of amphipathic p-strands, which are likely to form a beta-

sheet. . 
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Inn our previous work we observed a high level of homology between the C-terminal 

regionss of the S-proteins and those of several extracellular proteinases (Smit et al., 

2001).. Recently, the sequence of a new small extracellular proteinase, PrtY, was 

described,, which not only possesses a C-terminal region homologous to SAC (Yamamoto 

etet aL, 1999), but also an N-terminal region that showed strong homology (35% identical 

residues)) to the SAN domain. Alignment of the N-terminal sequences of SAN and the PrtY 

proteinasee showed several regions of high homology that correspond to the conserved 

motifss observed in the S-protein alignment, but which did not include the active site 

residuess of the proteinase (6 figure; table 1). 

SANN S | A I N T N T N ^ * * M V S A V ^ N T A N N T P ^ | 41 
PrtYY  B§VTTJTTTNKPTVT)I|GA^ ^ \ 45 
Consensu ss  at t  s  s  k  v  vtp s  Ta 
SANN A G ^ I | T | S B WKT«NLKADTENMMAA G »TA\ |P 82 
PrtYY P A T J J S | E B I H T S V M D V A D V 7 V K D ^ 95 
Consensu ss  1  g  i  a s n g t a T  t  t  t  k 
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PrtYY  SDVÏJD]JP^LS(JG|SHI^ B 1 43 

Consensu ss  a g y t  t  v  f  f g nagk t  t  ^ ^  d 
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PrtYY  H | I 9 | Y | N V | G L K F V | S F | I ( Y D S A N T N 4 S H A V L V 4

 1 87 

Consensu ss  k v ld q g  s  i  v  a  v  fy d s g t 
SANN ^VSv l *E | 'C§Q\ *A I - ^ / ^ *« i - * ^YAKKI i #RT*EAA] t 230 
PrtYY r jsYMnVE| . |N l |DMjLE| l | r ^ ^ 236 
Consensu ss  g  a  n  g  n v a  n  k y a  q  d  t  n t  d  k 
SANN | A | K D Q K | l ^ S V G Y i A } a H N V l # l l N l ^ K s l l ^ H | B V A E 280 
PrtYY plEKAGl^frjA^^fEBn^BTLÏ'tiD'^^B^HB^^B'-^^ S 2 86 

Consensuss a 1 i v f ap t f t v a s ngk a lpwvtvp n 
SANN P T | A | v »| 290 
PrtYY TVfP iq» 1! 2 9 6 

Consensuss v s sk i 

Figuree 6. Alignment of deduced amino acid sequences of SAN and the N-terminal region of 
thee L. helveticus CP790 extracellular proteinase PrtY. Identical residues are shown in gray 
shading.. PrtY putative active site residues serine (S) and aspartic acid (D) are indicated by 
arrows. . 

Discussion n 

Inn the present work we analyzed the products that are formed by proteolytic treatment 

off SA-protein to obtain structural information of the crystallization domain, SAN. In 

addition,, we determined the presence of surface-exposed regions and the subdomain 

organizationn of SAN, by the production and characterization of N- and C-terminally 

truncatedd peptides. The design of the truncated peptides was primarily based on S-

proteinn sequence comparisons and results from our SAN insertion mutagenesis study 

(presentt work; Smit et at., 2001). Functional analysis of the purified peptides consisted 
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off the formation of crystalline structures or oligomeric forms after removal of the 

chaotropicc agent. 

N-terminall sequencing of 14-18 kDa peptides obtained after mild tryptic and 

chymotrypticc digestion of SA-protetn revealed that SAN contains protease-accessible 

peptidee bonds in the central region (residues Ki39 and Y159). These residues are located 

quitee close to a large variable region just upstream, including residues 114 to 136, that 

wass previously identified in Lactobacillus S-layer protein sequence alignments. In chapter 

44 we report that small inserts (up to 19 amino acid residues) in this region do not affect 

SA-proteinn crystal formation in vitro and are S-layer-surface exposed in vivo. Based on 

thesee data and our new observations we conclude that the SA-protein central region, 

encompassingg at least residues 114 to 159 is a flexible and surface-exposed region not 

directlyy involved in either S-protein monomer structural integrity or S-protein-S-protein 

interaction.. This conclusion is in agreement with surface exposure of epitopes inserted at 

positionss 125 and 156 (mutant 12 and 13, chapter 4). 

Basedd on the assumption that the central region of SA-protein is surface-exposed we 

designed,, produced and purified several truncated SAN peptides to determine whether 

SANN can be divided into subdomains. During the production in E. coli and purification 

fromm cell lysates large differences in stability were observed between these peptides. 

Deletionn of residues 114 to 290, 150 to 290 or 160 to 290 resulted in stable peptides 

(SAN6,, SAN4 and SAN2, respectively) that could be produced in large amounts and 

purifiedd easily. 

Peptidess with deletions of residues 1 to 149 and 1 to 139 (SAN5, and SAN3), however, 

weree produced at low levels and purified with low yields, in contrast to a peptide with a 

deletionn of residues 1 to 113 only, which was produced and purified in large amounts 

(SAN7).. Purified SAN5 and SAN3 proved highly unstable upon storage and during 

analyses,, which was not the case for SAN7. Thus the regions covering amino acid 

residuess 1 to 113 and 114 to 290 could represent two structured subdomains of SAN. 

Thee issue whether the truncated SAN peptides are functional entities was analyzed by 

measuringg the ability of the peptides to form oligomeric or possibly multimeric forms. SA-

proteinn and SAN formed multimers (i.e. two-dimensional crystals) in the absence of 

chaotropicc agents. Such multimers could be easily identified by their insolubility in water 

andd their structure by EM analysis (Smit et al., 2001). In this study we observed dimeric 

andd oligomeric forms for SA-protein and SAN after SDS-PAGE and Western blot analysis. 

Thuss SA-protein and SAN remain associated even after boiling in sample buffer ( 1 % 

SDS).. For the peptides SAN2, SAN4, SAN6 and SAN7 we also detected dimeric forms, but 
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noo higher Mr forms, after similar treatment. Thus we conclude that the four peptides all 

representt functional SAN fragments. The observation that boiling in 1 % SDS does not 

completelyy disrupt the interactions between SA-protein or SAN monomers as well as 

dimerss of truncated peptides SAN2, SAN4, SAN6 and SAN7 indicates that strong 

interactionss exist between monomers and also between these peptides. 

Thee results of SDS-PAGE and Western blot analysis, in combination with our observations 

concerningg the stability of truncated peptides produced in E. coli, indicate that the N-

terminall 113 amino acid residues and the C-terminal 177 amino acids constitute 

structurall and functional subunits and thus represent SAN subdomains (N- and C-

subdomain,, respectively). The C-terminal boundary of the N subdomain probably lies not 

tooo far upstream from residue 113, since the best conserved SAN motif is located directly 

upstream.. The N-terminal boundary of the C domain is at present less well defined, but 

liess between residues 114 and 140, since the transition from stable to unstable peptide 

occurredd upon deletion of these residues. The N- and C subdomains with probable Mr's of 

~~ 11 kDa and ~ 18 kDa, respectively, could correspond to the two morphological 

domainss observed in our previous EM studies (Smit et al., 2001). Since we found that the 

truncatedd peptides could form dimers, we conclude that the N subdomain and C 

subdomainn both contain intact protein-protein interaction site(s). 

Wee determined the distribution of surface-exposed residues in SAN and in the truncated 

peptidess using anti-SA-protein antibodies and purified S-layer surface-specific antibodies. 

Bindingg of the two antibody preparations was identical for SAN and SAN2, but binding of 

SAN4,, SAN6, SAN5, SAN3 and SAN7 by the S-layer surface-specific antibodies was 

significantlyy reduced compared to binding by the non-purified antibodies. The observation 

thatt SAN2 bound surface-specific antibodies as well as SAN, shows that major surface-

exposedd epitopes are included in the SAN2 peptide. Since deletion of residues 149-159 

resultedd in a significant reduction of antibody binding, we conclude that major surface 

exposedd epitopes are located in this region. This is in agreement with the results of 

proteolysiss experiments (this chapter and chapter 2) and surface exposure of an epitope 

insertedd at position 156 (mutant 13, chapter 4). Interestingly, SAN3 and SAN7, which 

havee an overlap with the SAN2 peptide that includes the 149-159 region, did not show 

highh reactivity. This leads us to conclude that the epitopes are either conformational or 

discontinuouss and require residues upstream of position 114 for antibody recognition. 

Wee also re-analyzed the sequences of SAN and those from corresponding regions of ten 

otherr S-proteins for conserved sequence motifs and secondary structure elements. Since 

wee included eleven instead of four sequences with varying levels of sequence identity, 
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thee results of the present analysis will be more accurate than before (Rost & Sander, 

1994).. In our present analysis we excluded both the N-terminal signal sequence and the 

highlyy conserved C-terminal sequences (SAC) since these are of great influence on the 

results,, especially in the border regions. Generally, we observed that conserved 

sequencess were included in predicted secondary structure elements. In the present 

analysiss one additional short sequence motif (residues 21 to 30), included in a predicted 

3-strand,, was identified in the N-terminal region. The N-terminal regions of all SAN 

domainss up to this first motif are highly variable. The data presented here confirm an 

extendd those observed by Sillanpaa et al. (2000) and Smit er al. (2001). The S-protein 

motifss represent the best conserved sequences, but conservation also extends beyond 

thesee regions. At present we define five conserved regions and four highly variable gap 

regionss (figure 5). Since the best conserved residues in an alignment usually constitute 

aminoo acids that are crucial for proper protein folding and function (Ladunga & Smith, 

1997),, we suggest that these motifs play an important role in the structural integrity of 

thee SAN subdomains. The variable regions most likely correspond to surface exposed 

sequences.. Prediction of the residue accessible surface area (ASA) of SAN indeed showed 

thatt most of the amino acids classified as buried correspond to wel I-conserved 

hydrophobicc residues included in the conserved regions. This further supports our 

suggestionn that these conserved residues may be involved in packing of structure 

elementss in the subdomain interior and may be important for structural integrity. 

Thee homologous sequences of the SAN domain and the PrtY proteinase include all the S-

proteinn sequence motifs previously described, while the regions that include the active 

sitee residues of the proteinase are markedly different from the corresponding SAN 

sequences.. The presence of S-protein motifs in PrtY suggests that this proteinase 

possessess a similar structure as the S-protein. Since the proteinase does not form a 

crystallinee structure (N. Yamamoto, personal communication), the motifs must be 

importantt for S-protein and proteinase structural integrity rather than monomer-

monomerr interactions, in full agreement with the conclusion based on our secondary 

structuree analysis of S-proteins. Which region(s) in S-protein differing from those in the 

proteinasee are essential for the capacity to form oligomers remains to be determined. 

Thee observation that introduction of an insertion at position 67 in the large loop region in 

thee SAN N-terminal subdomain (residues 64 and 86) resulted in a non-aggregating S-

proteinn (Chapter 4) might suggest that this region plays role in monomer-monomer 

interaction. . 

Inn conclusion, we here provide new insights into the structure and properties of the SA-

proteinn crystallization domain and thereby into the SA-protein crystallization process. We 

102 2 



SANN deletion mutagenesis 

showw that SAN forms dimers and trimers as stable assembly products. We further show 

thatt SAN consists of two separate subdomains linked by an S-layer surface-exposed 

region.. Since these subdomains are able to form strongly associated dimers, we suggest 

thatt the first step in SA-protein crystallization, the formation of oligomeric assembly 

productss (Sleytr eta/., 1996), is initiated by dimerization of the subdomains. 
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