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Chapterr 4 

Summar y y 

Thee structure of the crystallization domain, SAN, of the SA-protein of Lactobacillus 

acidophilusacidophilus ATCC 4356 was analyzed by insertion mutagenesis. Mutant SA-protein 

synthesizedd in E. coli with 7-13 amino acid insertions near the N-terminus or within 

regionss of sequence variation in SAN (amino acid position 7, 45, 114, 125, 193) could 

formm crystalline sheets, whereas insertions in conserved regions or in regions with 

predictedd secondary structure elements (positions 30, 66, 88 and 156) destroyed this 

capacity.. An insertion in the cell wall binding domain (position 345) did not affect 

crystallization.. FACscan analysis of L acidophilus synthesizing three crystallizing and one 

non-crystallizingg SA-protein c-myc (19 amino acids) insertion mutant was performed with 

c-mycc antibodies. Fluorescence was most pronounced for insertions at positions 125 and 

156,, less for position 45 and severely reduced for position 7. Immunofluorescence 

microscopyy revealed a fluorescent ring in a fraction of the bacterial population, 

suggestingg that these bacteria synthesized mutant SA-protein only. The finding that the 

chromosomall s/pA gene was replaced by the mutant allele in a subset of the population 

corroboratess this conclusion. The capacity of SA-protein of L acidophilus to present 

epitopes,, up to ~ 19 amino acids in length, at the bacterial surface and the exchange of 

thee wild type by a mutant allele in vivo, makes the system, in principle, suitable for 

applicationn as an oral delivery vehicle. 
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SA-proteinn insertion mutagenesis 

Introductio n n 

Surfacee layers or S-layers have been found in up to 400 different species of Eu- and 

Archaebacteria.. They consist of one species of (glyco-)protein, the S-protein, which 

assembless into characteristic two-dimensional crystalline layers at the cell surface. This 

assemblyy is an entropy-driven process during which individual S-protein monomers form 

multiplee interactions with each other and with the under-lying cell envelope (Beveridge, 

1994;; Sleytr & Messner, 1983). Why certain bacteria possess an S-layer is not always 

knownn but they have been shown to function as molecular sieve, scaffold for extracellular 

enzymes,, protective coat or virulence factor (Egelseer et al., 1995; Noonan & Trust, 

1997;; Sara & Sleytr, 1987a). 

S-proteinn structure-function relationships remain poorly understood due to the lack of 

suitablee methods to determine S-protein structure at the atomic level. Certainly the best 

understoodd aspect of S-protein structure is the association of S-proteins with the cell 

wall.. Several cell wall associating domains have been described for S-proteins from 

Bacillus,Bacillus, Corynebacterium, Lactobacillus and Thermoanaerobacterium. Recent studies 

havee shown that many S-proteins contain one or more copies of the so-called Surface 

Layerr Homology or SLH domain for cell surface attachment (Egelseer et al., 1998; 

Lemairee er al., 1998; Mesnage et al., 1999b; Olabarria, 1996). In contrast, much less is 

knownn about the role of structural components or domains in S-protein crystal formation 

butt a few studies have shown that distinct crystallization domains exist in some S-

proteins,, possibly corresponding to the morphological domains observed in EM studies 

(Baumeisterr et al., 1989; Engelhardt & Peters, 1998; Jarosch et al., 2001; Mesnage er 

al.,al., 2000; Smit era/., 2001). 

Severall species of the genus Lactobacillus possess an S-layer. The S-layers of 

LactobacillusLactobacillus acidophilus and related species are composed of a single S-protein (SA-

protein)) of around 45 kDa (Boot er al., 1996). The SA-protein of L. acidophilus ATCC 

43566 and CbsA of L. crispatus JCM 5810 are the best studied with respect to structure 

andd function (Boot era/., 1993; Sillanpaa era/., 2000; Smit era/., 2001). The function of 

thee S-layer of these organisms is unknown but lactobacillar S-layers may be important 

forr bacterial adhesion to intestinal epithelial cells and extracellular matrix (ECM) 

componentss (Schneitz era/., 1993; Toba era/., 1995). 

SA-proteinn of L. acidophilus shows considerable similarity to the putative product of sIpB 

encodedd by a silent S-protein gene of L. acidophilus, to S-proteins from L. helveticus and 

L.L. crispatus, and to a haem-agglutinating protein (HAP50) from L. acidophilus, but not to 
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otherr S-proteins (Boot et al.f 1996; Boot et al.f 1995). Analysis of the primary amino 

acidd sequences of these proteins showed that homology between these proteins is 

highestt in the C-terminal one third of the proteins (77-99% identity) and lower in the N-

terminall two third (30-72% identity). While the N-terminal region shows a 

preponderancee of hydrophobic amino acids, the C-terminal region is mainly composed of 

hydrophilicc residues, a large fraction of which consists of basic amino acids, rendering 

thiss region highly positively charged. 

Recently,, we demonstrated that the N-terminal and C-terminal parts of SA-protein 

constitutee different structural and functional domains. The N-terminal part of SA-protein 

(aminoo acids 1-290) constitutes the crystallization domain, SAN, and is able to form S-

layerr crystals with lattice parameters similar to those of crystals formed by intact SA-

protein.. The C-terminal part of SA-protein (amino acids 291-412), SAC, serves to attach 

thee S-layer to the cell wall (Smit et ah, 2001). 

SA-proteinn is among the smallest S-proteins known, making SA-protein an ideal candidate 

forr the study of structure-function relationship of S-proteins. Insertion mutagenesis is a 

methodd widely used to determine structure-function relationships of proteins (Bingle et 

a/.,, 1997; Norton et al., 1998; van Geest & Lolkema, 2000; Wong & Hancock, 2000). In 

thee present study we employed insertion mutagenesis and proteolytic treatment to gain 

furtherr insight into the structural organization of the L. acidophilus S-layer protein and its 

crystallizationn domain SAN in particular. Our results suggest a structural model for SA-

proteinn in which SAN is comprised of two subdomains of around 15 kDa each flanking a 

loopp region that is exposed to the environment. To present further evidence for the 

modell DNA sequences encoding the two hypothetical subdomains were expressed in E. 

colicoli and the properties of the resulting polypeptides were determined. In addition, we 

showw that functional SA-protein mutants can be used for the efficient surface exposure of 

aa selected epitope making the system, in theory, suitable for application as an oral 

vaccinationn vehicle. 

Material ss  and Method s 

Bacteria ll  strain s and growt h conditions . L. acidophilus ATCC 4356 and L casei ATCC 

3933 were cultivated anaerobically in MRS broth (Difco) at . Lactococcus (Lc.) lactis 

MG16144 was cultivated aerobically in GM17 medium at . Escherichia coli M15 

[pREP4]] (Qiagen) and E. coli DH5a (Phabagen, The Netherlands) were cultivated 

aerobicallyy in Luria Bertani (LB) broth at . When appropriate, media were 
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supplementedd with 1,5% agar, 5 ug/ml (Lc. lactis) or 7.5 ug/ml (/.. casei and L 

acidophilus)acidophilus) chloramphenicol, 100 ug/ml ampicillin and/or 25 ug/ml kanamycin (E. coli). 

Linke rr  insertio n mutagenesi s of th e L. acidophilus s/pA gene . A pET5a (Promega) 

derivedd vector, pTs/pA10 (previously named pTAlO), containing a BamHl-Hinólll PCR 

fragmentt encoding mature SA-protein (Smit et al., 2001) was used for insertion 

mutagenesis.. Double stranded DNA linkers were inserted in unique restriction sites or in 

sitess occurring twice in the sipA gene (Figure la). Linkers consisted of Ncol, Notl and 

XholXhol (NcNoX) sites flanked by restriction site-specific 5' and 3' sticky ends. Ligation 

mixturess were introduced in E. coli DH5a and clones harboring pTs/pA10 vector with the 

desiredd linker insert, were identified by colony PCR and analysed by DNA sequencing. The 

resultingg plasmids are indicated with pTs/pA followed by the mutant number as indicated 

inn Table 1 (pTs/pAll, pTs/pA12 etc). 

Functiona ll  analysi s of SA-protei n insertio n mutant s in E. coli. Mutant SA-protein 

geness were cloned in pQE30AXN as BamHl-Hindlll fragments introducing an N-terminal 

sixx histidine tag (plasmids are indicated with pHs/pA followed by mutant number). Mutant 

SA-proteinn gene expression and metal affinity purification were carried out as previously 

describedd (Smit er al., 2001). Purified mutant SA-protein (500 ug/ml) was dialysed 

exhaustivelyy against 50 mM Tris-HCI, pH 7.5 and checked for precipitation, which is 

indicativee of SA-protein crystal formation (Smit er al., 2001). Soluble and precipitated S-

proteinn fractions were separated by centrifugation and analysed by SDS-PAGE. 

Precipitatedd material was also analysed by electron microscopy (EM) (Smit er al., 2001). 

Inn three mutant plasmids pHs/pAll, pHs/pA12 and pHs/pA13 the NcNoX linker was 

removedd by Ncol and Xhol digestion and replaced by a c-myc epitope linker (/Vcol-c-

myc-XhoI).myc-XhoI). The mutant proteins were produced and analysed as described for the other 

mutants. . 

Constructio nn of plasmi d pHs/pA9c . An additional insertion mutant was constructed by 

PCRR using vector pBKl (Boot era/., 1993) as template and primers 5'SLPA1 (5' GCG CGA 

ATTT CAG ATC TAT CGT GGT AAG TAA TAG GAC GTG 3') and CMYCRE (5'CAG CGA ATT 

CCTT CGA GGT TTA AAT CTT CTT CTG AAA TTA ACT TTT GTT CTG CGT TAA TAG TAG TAG 

CAGG CGC 3') yielding 5's/pA9c. This PCR product was introduced in vector pTs/pA16-3 

(containingg Sail, BamHl and Xhol sites, after amino acid 7) as Bgfll-Xhol fragment 

yieldingg pT5's/pA9c. For purification and functional analysis of the mutant SA-protein in E. 

colicoli the sip region of pT5's/pA9c was amplified using primers CEAMYC1 (5'GGG GGG ATC 

CGGG TAC CGC TAC TAC TAT TAA CGC AGA AC 3') and CEA2 (5' CCC CGG ATC CAA GCT 

TATT CGA AGT ATC AGA AGA TCC TAT T 3') and the BamHI-BsrEII fragment was 
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transferredd to pHs/pA10 yielding pHs/pA9c. Functional analysis of the purified mutant 

proteinn was performed as described above. 

Re-introduct io nn o f 5 ' slpA expressio n signal s in mutant s sIpAllc, slpA12c an d 

s/p AA 13c . A fragment including the 5' expression signals of the slpA gene (nt -190 to + 

1500 relative to the ATG), flanked by Bglll (5') and Hindlll (3') sites, was amplified from 

plasmidd pBKl (Boot et al., 1993) by PCR using primers 5'SLPAl (5' GCG CGA ATT CAG 

ATCC TAT CGT GGT AAG TAA TAG GAC GTG 3') and 5'SLPA2 (5 ' GGG GAA GCT TCA GTA 

GTGG CTA CCA GCA GCA G 3'). The PCR product was inserted in pGEM-T and after 

sequencee confirmation excised with 5coRI and Hindlll and inserted in pUC19 to give 

p5'slpA.p5'slpA. Mutant SA-protein cassettes isolated from pTslpAllc, pJslpA12c, and pTs/p413c 

ass BstEll or Pstl-Hindlll fragments were cloned in p5'slpA to yield p5'slpAllc, p5'slpA12c 

andd p5'slpA13c. Clones containing the complete sip cassettes were identified by colony 

PCRR andd restriction analysis. 

Construct io nn o f expressio n vector s fo r mutan t SA-protei n gene s in L. casei an d 

L.L. acidophilus. To achieve the synthesis of mutant SA-proteins SA9C, SA i ic , SAi2c and SA i3c 

inn L. casei and L. acidophilus, the multi-host range vector pLP601-T was used. This 

vectorr is derived from pNZ124 (Platteeuw er al., 1994) and contains the inducible 

promoterr of the L. amylovorus a-amylase gene controlling expression of the E. coli |3-

glucuronidasee (gusA) gene (Pouwels et al., 2001). The complete sip cassettes were 

isolatedd from pT5's/p>49c, p5's/p>411c, p5'slpA12c and p5's/pvU3c as Bglll-Hindlll 

fragmentss and cloned in BamHl/Hindlll digested pLP601-T (which removes gusA) to 

yieldd vectors pLPslpA9c, pl_Ps/p/Ulc, pLPs/p>412c and pl_Ps/p>413c. Ligation mixtures were 

introducedd in L lactis MG1614 by electroporation and correct clones were selected by 

colonyy PCR. Highly purified plasmid DNA isolates were prepared by cesium chloride 

(CsCI)) gradient centrifugation, digested with Notl to remove the Idh terminator, ligated 

andd introduced in L casei ATCC 393. Colony PCR was used to confirm the absence of the 

terminatorr sequence. These constructions are shown in figure l b . The terminator-less 

vectorss were prepared by CsCI gradient centrifugation and introduced in L acidophilus. 

Expressio nn analysi s o f mutan t SA -protei n gene s in L. casei an d L. acidophilus. L 

caseicasei and L acidophilus transformants harboring pLPs/p>49c, plPslpAllc, plPslpAHc and 

pLPslpA13cpLPslpA13c and untransformed L casei ATCC 393 and L acidophilus ATCC 4356 were 

inoculatedd 1:100 from ON cultures into 50 ml MRS medium and incubated for 16 h at 

.. Cells were collected by centrifugation (25 min, 3,000 x g, ) and proteins in the 

culturee supernatant were precipitated with TCA. The cell pellet was washed once with 

physiologicall salt and subjected to 1 M and 5 M LiCI extraction to remove surface 
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associatedd proteins as described previously (Smit et al., 2001). The 1 M and 5 M LiCl 

extractss were dialyzed against distilled water at . 

Expositio nn of c-my c at th e S-laye r surfac e of L. acidophilus transformants . 

Expositionn of the c-myc epitope on the S-layer surface by L. acidophilus was determined 

byy flow cytometry and immunofluorescence microscopy. Transformants containing 

pLPs/p49c,, pLPslpAllc, pLPslpA12c and pLPslpA13c and wildtype L acidophilus cells were 

harvestedd at the end of the log phase and washed once with phosphate buffered saline 

(PBS)) supplemented with 1 % (w/v) fetal calf serum (FCS). After centrifugation the cell 

pellett was resuspended in PBS-FCS supplemented with 1 % FCS containing anti-SA-

proteinn or anti-c-myc (1:5000 and 1:50 diluted, respectively) antibodies. After incubation 

withh fluorescein isothiocyanate (FITC)-labeled goat-anti-mouse antibodies, cells were 

analyzedd with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) as 

describedd (Pouwels etal., 2001), or inspected with an immunofluorescence microscope. 

PCRR detectio n of chromosoma l sip recombinants . Genomic DNA was isolated from 

transformantss containing expression vectors pl_Ps/pi49c, pl_Ps/p>411c, pLPslpAHc and 

pLPslpA13c.pLPslpA13c. PCR was performed according to standard procedures using primer A9 

(forward,, sip promoter-specific: 5'-CTTGCTAI I I U IGAAGAG-3', position -228 to -210 

relativee to the slpA start codon) and primer CMYCINT (reverse, c-myc -insert-specific: 

5'-GCGTTTAAATCC I IC11CTGAA-3') and 15 ng of chromosomal DNA as template. To avoid 

misinterpretationn of the results due to a Polymerase Halt-mediated Linkage Of Primers or 

PHLOPP event, PCR was also performed using purified chromosomal DNA obtained from 

wildd type L. acidophilus which was mixed with purified pl_Ps/p>412c DNA at physiological 

relevantt molar ratios (chrDNA : pIDNA ratio's of 1:0.3, 1:3, 1:30 and 1:300). 

DNAA manipulation , protei n analysis . DNA manipulations and protein analysis were 

performedd following standard procedures (Laemmli, 1970; Sambrook et a/., 1989). 

Plasmidd DNA was isolated from Lactococcus/Lactobacillus according to published 

proceduress (Kok et al., 1984; Posno, 1991). Genomic DNA was isolated from lactobacilli 

usingg cetyltrimethylammonium bromide (CTAB) (Towner, 1991). Transformation of Lc. 

lactis,lactis, L casei and L acidophilus was performed following published procedures (Kok et 

al.,al., 1984; Posno, 1991; Walker et al., 1996). DNA fragments obtained after digestion of 

lambdaa DNA with PstI (fragment sizes: 11509, 5080, 4649, 4505, 2840, 2577, 2454, 

2443,, 2140, 1980, 1700, 1159, 1092, 805, 516, 467, 448, 339, 265, 247 and 210 bp) 

wass used as reference marker. Proteolytic treatment of SA-protein was performed as 

previouslyy described (Smit etal., 2001). 
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Result s s 

Insertio nn of peptid e linker s in th e SA-protei n of L. acidophilus. Our linker insertion 

mutagenesiss strategy yielded ten different slpA insertion mutants sIpAll, slpA12, slpA13, 

slpA14,slpA14, slpA15, slpA16, slpA18, slpA19, slpA20 and slpA21, possessing linker insertions 

(NcNoX;; 7 or 8 amino acids) after amino acid 45, 125, 156, 177, 30, 66, 88, 114, 193 

andd 349, respectively, of the mature SA-protein. One additional mutant, slpA9c, 

containedd a c-myc epitope insertion at amino acid 7 instead of the NcNoX linker insertion 

(figuree la). The mutant genes and un-modified slpA (sIpAlO), were transferred to 

expressionn vector pQE30AXN and the corresponding proteins SHA9o SHAII , SHAI2/ SHAI3, 

SHAI4,, SHAI5, SHAI6/ SHAI8, SHAI9, SHA2O, SHA2i and SHAIO were synthesized in E. coli and 

purifiedd by metal-affinity chromatography (Table 1). All mutant genes were expressed at 

highh levels in E. coli. SDS-PAGE analysis revealed that the gene products had the 

expectedd molecular mass (Mr) of about 46 kDa, slightly larger than wild type SA-protein 

(resultss not shown). For mutant SHAi4a truncated peptide of about 25 kDa was observed, 

thee result of a frame-shift mutation already observed during sequencing. Mutant SHA9C 

showedd a Mr of around 47 kDa due to a larger insert, the c-myc epitope. 

Functiona ll  analysi s of SA-protei n mutant s synthesize d in E. coli. Centrifugation of 

dialyzedd mutant SA-proteins allowed discrimination between crystallized and soluble SA-

protein.. Mutant proteins SHA9c, SHAii, SHAi2, SHAis, SHAi6 and SHA2o and the wild type 

proteinn SHAIO formed a precipitate, indicative of SA-protein crystallization (Smit et al., 

2001),, mutant SHA2I formed less precipitate than the previous mutants, while mutants 

SHAI3,, SHAIS, SHAI9 and the truncated SHAW did not show any precipitate formation. SDS-

PAGEE analysis of the soluble and insoluble fractions confirmed that a substantial part of 

S-proteinn was present in the pellet fractions of SHA9C, SHAIO, SHAu, SHAi2, SHA I5 , SHAi6, and 

SHA2O-- For all other mutants, SA-protein was found only in the supernatant fraction (Figure 

2).. Electron microscopical analysis of the precipitates formed by wild type (His-tagged) 

SA-proteinn (SHAIO) and the precipitating mutants showed crystalline sheets possessing 

obliquee symmetry, similar to that of SA-protein (data not shown). 

Threee insertion mutants, sIpAll, sIpAll, and sIpAlZ, were selected for replacement of 

thee NcNoX linker by a c-myc epitope linker. This yielded mutant proteins SHAHC/ SHAI2C 

andd SHAI3C with an insert of 19 amino acids and an Mr of around 47 kDa (Table 1). 

Introductionn of the larger insert did not alter the properties of the mutant proteins. SHAUC 

andd SHAI2C could still form S-layer crystals whereas mutant SHAi3c was unable to form 

crystalss as determined by EM (data not shown). 
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Figur ee 1 . (Previou s page) . (A) Linker insertion mutagenesis and E. coli expression vector constructions. Sites 
chosenn for linker insertion are indicated by solid vertical arrows. For details on linker insertion positions the 
readerr is referred to table 1. (B) Lactobacillus vector constructions. Promoter sequences are indicated by an 
arroww pointing to the right and a stem-loop indicates the presence of a transcription terminator sequence. Black 
barr indicates the slpA sequence encoding mature SA-protein and gray bars the signal sequence. Restriction sites 
aree abbreviated as follows: B, BamHI; K, Kpnl; P, Pstl; Bs, SsrEII; H, Hindlll, Nc, «col; N, Notl; X, Xhol, S, 
Sail;Sail; Bg, Bglll; E, EcoRI. 

Tabl ee 1. Properties of SA-protein insertion mutants. 

Mutan t t Site/typ e e 

modificatio n n 

Position 1 1 AAA composition 2 Sizee Crystal s 

(AA ) ) 

10 0 

11 1 

12 2 

13 3 

14* * 

15 5 

16 6 

I S S 

19 9 

20 0 

21 1 

9c c 

l i e e 

12c c 

13c c 

66 Histag 3 

SsrEII I 

Agel Agel 

Muni Muni 

Spel Spel 

Clal Clal 

Pstl Pstl 

AlwNl AlwNl 

Pstl Pstl 

Styl Styl 

Styl Styl 

c-myc c 

c-myc c 

c-myc c 

c-myc c 

0 0 

45 5 

125 5 

156 6 

177 7 

349 9 

30 0 

67 7 

88 8 

114 4 

193 3 

7 7 

45 5 

125 5 

156 6 

-- RG S H6G 5 G T - ATTIN 

AIAGNN - A M A A A R G I M - LTGTI 

VKFTGG - A M A A A RAG - TNSDN 

TNVSII - T M A AA RG I - ANVYA 

YDVTSS - A M A A A RAS - GATVT 

NAANII - V A M A A A RG - DGTKR 

PSVSAA - S M A A A R G A - VAANT 

LKADTT - M A A A R N T - ENATI 

AELAAA - S M A A A R G A - GVAYT 

KTVTL-AMM A A A R G L - GSAIMS 

NADNOO - A M A A A R G Q - VNVAN 

TTINA-- E Q K L I S E E D L N L E - SSSAI 

- A M V N E Q K L I S E E D L N A R G N --

- A M V N E Q K L I S E E D L N A R A G --

- T M V N E Q K L I S E E D L N A R G I --

13 3 ++ + + 

++ + + 

++ + + 

13 3 

19 9 

19 9 

19 9 

+++ + 
++ + + 

++ + + 

--

(1)) Amino acid (AA) positions relative to the start of the mature SA-protein; (2) Original SA-protein sequences 
aree underlined; (3) This His-tag is present at the N-terminus of all mutants listed; (4) Insertion of 23 bp 
insteadd of 24 bp resulted in a frame-shift mutation and truncation of the protein. 

10 0 
TT P S 

11 1 
TT P S 

12 2 
TT P S 

13 3 
TT P S 

15 5 
TT P S 

16 6 
TT P 

18 8 
TT P S 

19 9 
TT P S 

20 0 
TT P 

21 1 
TT P S 

9c c 
PP S 

Figur ee 2. SDS-PAGE analysis of SA-protein mutants purified from E. coll. Total (T), pellet (P) and supernatant 
(S)) fractions obtained by dialysis and centrifugation. The numbers above each panel represent mutant 
numbers. . 
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Constructio nn of expressio n vector s fo r Lactobacillus and synthesi s of SA-protei n 

wit hh a c-my c insertio n in L. casei and L. acidophilus. To determine whether the c-

mycc epitope in mutants SHA9C/ SHAIICF SHAI2C and SHAI3C is buried in the SA-protein interior 

orr is exposed on the S-layer surface, mutant SA-proteins were co-expressed with wild 

typee SA-protein in L. acidophilus. For the expression of mutant S-protein genes in 

LactobacillusLactobacillus new vectors were constructed in which the slpA9c, sIpAllc, slpA12c and 

slpA13cslpA13c genes were combined with the original slpA expression signals (the 5' leader 

sequencee for mRNA stabilization, ribosome binding site (RBS), start codon and secretion 

signal)) (Figure lb) . The complete sip cassettes were then transferred to the E. coli-

LactobacillusLactobacillus shuttle vector pLP601-T, introduced in Lc. lactis MG1614 (has a higher 

transformationn efficiency than L casei ATCC 393, so it is more suitable for the 

introductionn of ligation mixtures). After isolation and identification of vectors containing 

thee different sip cassettes these were introduced into L. casei ATCC 393. 

Analysiss of mutant sip gene expression revealed that in both Lc. lactis and L. casei all 

transformantss produced mutant SA-protein irrespective of whether the Idh terminator 

sequencee between the promoter and mutant sip gene was present or not (results not 

shown).. Mutant SA-protein production in L. casei under inducing conditions from vectors 

withoutt the terminator was only marginally increased compared to that from vectors with 

thee transcription terminator. The constitutive production of mutant SA-protein in Lc. lactis 

andd L. casei under non-inducing conditions from vectors with the Idh transcription 

terminator,, suggests the presence of a previously undetected promoter sequence in the 

5'' region of the sip fragments that is active in both Lc. lactis and L. casei. In further 

experimentss we used this promoter activity for constitutive mutant SA-protein production 

inn L. casei and L. acidophilus. After confirmation of the synthesis and secretion by L. 

caseicasei of the mutant SA-proteins, of their correct relative molecular mass and the 

presencee of the c-myc epitope by SDS-PAGE and Western blot analysis (data not shown), 

CsCII purified vector DNA (without Idh terminator) obtained from L. casei was introduced 

inn L acidophilus ATCC 4356. L. acidophilus transformants produced less mutant SA-

proteinn compared to L. casei. From L. acidophilus transformants producing SA9cr SAnc, 

SAi2cc and SAi3c mutant protein as well as the wild type strain SA-protein could be 

completelyy removed by 5 M LiCI extraction, indicating that the bacteria contain a mosaic 

S-layerr comprised of wild type and mutant protein. Mutant proteins were not detected in 

thee culture medium. Using SDS-PAGE and Western blot analysis c-myc-containing SA-

proteinn mutants were detected in the 5 M LiCI extract of the four L acidophilus 

transformants. . 
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Figur ee 3. SDS-PAGE and Western blot analysis 
off surface protein extracts obtained from wild 
typee L acidophilus (lane 1) and transformants 
producingg mutant SA-proteins SA9C, SAnc, SAI2C 
andd SAi3c (lanes 2 to 5). The top panel shows a 
Coomassiee stained SDS-PAGE gel, the middle 
panell a Western blot analysis with anti-SA-protein 
andd the lower panel a Western blot analysis with 
anti-c-myc.. The arrow indicates SA-protein (43 
kDa)) and the Mr's (kDa) of the reference proteins 
aree given in the left margin. 

Wildd type SA-protein did not, confirming the presence of the c-myc epitope (results not 

shown).. I t was also observed that mutants SA9C and SAnc were produced at equal levels, 

whilee the SAi2c production level was lower and that of SA13c even more so (Figure 3). 

SDS-PAGEE analysis of soluble and precipitated SA-protein fractions obtained by dialysis 

andd centrifugation of the 5 M LiCI extracts revealed that all four SA-protein mutants 

associatedd with both pellet and supernatant fractions, a behavior typically observed for 

fullyy functional wild type SA-protein. We did not observe a preferential association of the 

non-crystallizingg mutant SA i3c with the dialysate supernatant fraction although this was 

observedd for the SAi3C-protein purified from E. coli (data not shown). 

Expositio nn o f th e c-my c epi top e a t th e cel l surfac e o f L. acidophilus. Surface 

presentationn of the c-myc epitope was analyzed by flow cytometry and 

immunofluorescencee microscopy. FACScan analysis with c-myc antibodies yielded a 

signall for each of the L. acidophilus transformants although important differences were 

observed.. The detected fluorescent signal increased in the following order: SA9c, SA i ic , 

SAi3cc SAi2c (Figure 4). Interestingly, the cytometry signals were not proportional to the 

mutantt protein production levels, which were lowest for the mutants with the highest 

fluorescentt signals (SA i2c and SAi3c). The flow cytometry experiments also showed, 

especiallyy for mutants SAi2c and SA i3c, a large heterogeneity in fluorescence intensity. 

Usingg immunofluorescence microscopy two types of fluorescent cells were observed, one 

withh diffuse fluorescent spots randomly distributed on the cells and another with an 

intensee fluorescent ring completely surrounding the cell (data not shown). 
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Figur ee 4. Detection of c-myc at the cell surface of L acidophilus transformants using flow cytometry. Cells 
weree coated with mouse monoclonal anti-c-myc antibodies followed by fluorescent labeling with goat-anti-
mousee FITC-conjugated antibodies. Fluorograms of L. acidophilus producing SA9C, SAUC, SAOC and SAi3c are 
indicatedd with 9c, l i e 12c and 13c, respectively. The inset shows the negative control (wild type L. 
acidophilus).acidophilus). The y-axis shows counts x 103. Fluorescence intensity as detected by the FL1 detector is shown 
onn the x-axis on a logarithmic scale. 

Detectio nn of recombinat io n at th e chromosoma l slpA locus . The S-layer of cells 

possessingg a surrounding fluorescent ring possibly consists solely of mutant SA-protein 

sincee a similar intense ring was observed using wild type cells and anti-SA-protein serum 

(Boot,, 1996). To determine whether the chromosomal copy slpA copy, normally 

downstreamm of the sip promoter, had been replaced in these cells by the mutant slpA 

genee carried by the expression vector, a PCR strategy was applied. Using genomic DNA 

preparationss isolated from L acidophilus transformants harboring pLPs/pA9c, pLPs/pAl lc, 

pLPs/pA12c,, and pLPs/pA13c we were able to amplify recombination-specific fragments 

forr all four transformants with expected sizes, indicating that the chromosomal slpA gene 

hadd been replaced by the mutant allele (figure 5). In a parallel control experiment, using 

wildd type L. acidophilus genomic DNA mixed with purified pLPs/pA12c as template, we did 

nott find any PCR product (figure 5). 
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Figur ee 5. (A) Detection of mutant slpA chromosomal integration by PCR analysis using a chromosomal 
integration-specificc primer set (A9 forward primer, sip promoter-specific and cmycint reverse primer, c-
mycc insert-specific). Chromosomal DNA template was isolated from L. acidophilus transformants harboring 
expressionn vectors pLPs/pA9c, pLPs/pAllc, pLPs/pA12c, and pLPs/pA13c and the PCR products obtained are 
shownn in lanes 5 to 8. Lanes 1 to 4 show controls in which L. acidophilus wild type chromosomal DNA was 
mixedd with purified pLPslpAHc DNA at molar ratio's of 1:0.3, 1:3, 1:30 and 1:300, respectively. Lane M: 
DNAA reference marker (lambda DNA digested with PstI). (B) Schematic overview of the PCR strategy. SlpA 
mutantt genes are represented by a white bar (position of the c-myc insertions indicated by * ) . Gray bars 
representt the integration-specific PCR products of which the calculated theoretical sizes are given on the 
right.. The slpA promoter is indicated with Pap. 

Discussio n n 

Traditionally,, S-layers are studied by electron microscopical techniques and as a result 

muchh is known about their ultrastructure. Little is known, however, about S-protein 

structure-functionn relationships. In recent years, with the advent of versatile recombinant 

DNAA technologies, valuable new clues to the structural organization of S-proteins have 

beenn obtained. Methods like deletion analysis, sub-cloning of domains, linker 

mutagenesiss and "cysteine-scanning" mutagenesis have been used for this purpose 

(Jaroschh e ra / . , 2001 ; Mesnage er a/., 1999b; Smit e ta / . , 2001). 

Inn the present study we applied linker insertion to clarify the structural organization of 

thee crystallization domain, SAN, of the L. acidophilus SA-protein. Our analysis comprised 

insertionn of seven to thirteen amino-acid residues at eleven positions randomly 

distributedd throughout the SA-protein, ten of which were located in SAN. All mutant 

proteinss contained an additional N-terminal His-tag (13 amino acids), which did not 

interferee with SA-protein crystallization as was previously confirmed by electron 

microscopy. . 

Introductionn of insertions at positions 30, 66, 88, and 156 of SA-protein (SHA i3 , SHA i6, 

SHAiss and SHAi9) resulted in complete abolishment of the capacity to form crystals in vitro. 

82 2 



SA-proteinn insertion mutagenesis 

Mutantss with insertions after amino acids 7, 45, 125, 114 (SHA9C, SHAU, SHAI2, and SHA2o) 

formedd crystals similar to those formed by the His-tagged wild type protein (Smit et al., 

2001),, while an insertion at position 193 (SHA2i) resulted in a partially functional mutant 

SA-protein.. An insertion in the cell wall binding domain (SHAIS) had no effect on assembly, 

ass expected. 

Forr the interpretation of these results multiple S-protein sequence alignments and 

predictedd S-protein sequence motifs (Sillanpaa et al., 2000; Chapter 5) were used. The 

dataa obtained from these analyses showed that the SAN domain of SA-protein consists of 

regionss with high variability in composition and length (gap regions) alternating with 

regionss that show considerably less variation. It was proposed that the regions of higher 

conservationn are important for domain structure-function (responsible either for intra- or 

intermolecularr interactions) (Sillanpaa et al., 2000; Smit et al., 2001). Disruption of 

thesee regions may result in loss of domain function, while regions of variable length and 

compositionn are more likely to represent protein surface regions or loops (Miyazawa & 

Jernigan,, 2000) and may accept the insertion of additional amino acid residues. Based on 

thee Lactobacillus S-protein and SA-protein-PrtY alignments presented in chapter 5 we 

concludedd that the conserved N-terminal motifs are important for S-protein monomer 

integrity,, whereas the various loop regions could be involved in protein-protein 

interaction. . 

Ourr present results indicate that, generally, insertions in regions that were well aligned in 

SA-proteinn alignments or contained predicted secondary structure elements were not 

allowed.. This in contrast to insertions in variable, non-conserved regions without any 

predictedd secondary structure elements, which were accepted without disrupting S-layer 

formation.. We highlight several mutated regions. 

Firstt the N-terminal region of the SA-protein. The N-terminus itself is flexible and does 

nott directly play a role in SA-protein crystallization since it accepts an extension of 13 

aminoo acids without loss of domain function (Smit et al., 2001). Insertion of additional 

aminoo acids at position 7 (SHA9c) was probably accepted because of the proximity to the 

SA-proteinn N-terminus. If the insertion was made further away from the N-terminus 

(aminoo acid 30; SHAIÖ) then protein function was compromised, possibly due to improper 

foldingg of the region or to interruption of protein-protein interactions between SA-protein 

monomers.. The region seems to be important for SA-protein crystallization. 

Thee second region in which mutations 12 and 20 were made (positions 125 and 114, 

respectively),, is interesting because of its location in the center of the SAN domain where 

83 3 



Chapterr 4 

insertionss of up to 19 amino acids did not affect SA-protein crystallization. This central 

regionn is one of the largest variable region observed in alignments and is the only region 

inn SAN containing sites that are accessible to trypsin and chymotrypsin. Finally, insertion 

mutantt 18 (position 67) showed an important atypical behavior i.e. it produced a non-

functionall S-protein despite its location in a large loop region. This may signify the 

importancee of some loop regions in protein-protein interaction of SAN. 

Floww cytometric and immunofluorescence analysis of mutant SA-protein-producing L. 

acidophilusacidophilus showed that the regions near amino acids 125 and 156 (SAi2c and SAi3c) were 

stronglyy reacting with anti-c-myc antibodies, whereas those near amino acids 9 and 45 

(SA9cc or SAiic) were not. From these results we conclude that the former regions are 

facingg the environment, while the N-terminal region is poorly accessible to antibodies and 

thuss is either buried within SAN or is facing the S-layer pore or cell wall. 

Interestingly,, mutant SA13c , although non-functional in in vitro analyses, forms an 

integrall part of the S-layer in vivo, since the mutant protein could be extracted from L 

acidophiluss transformants by 5M LiCI. Moreover, a strong positive signal was observed in 

thee FACS analysis implying that c-myc in SAi3c is located at the bacterial surface. Since 

thee S-layer of the transformants is comprised of wild type and mutant SA-protein, we 

concludee that SA13ccan functionally interact with wild type SA-protein. 

Thee difference in distribution of the flow cytometry signals, most clearly detectable for L. 

acidophilusacidophilus transformants producing SA12c or SAi3c, suggested a difference in mutant 

proteinn production levels within the population of bacteria which was confirmed by 

immunofluorescencee microscopy. As to why some cells produce much more of the mutant 

proteinn than other could be explained by the occurrence of an integration event resulting 

inn placement of the mutant sip cassette directly downstream of the sip promoter. PCR 

experimentss with an integration-specific primer set indeed showed this was the case. We 

didd not determine whether the whole expression plasmid integrated at the sip locus or 

thatt the wild type and mutant sip cassettes were exchanged only. In the case of a single 

cross-overr event the chromosome contains the complete vector sequence with the 

mutantt sip cassette under control of the strong sip promoter and the wild type copy 

underr control of the unidentified, but weaker, promoter resulting in the production of a 

mixedd SA-protein population. The amount of mutant SA-protein will be higher than that of 

thee wild type because of the stronger promoter directing transcription of the mutant gene 

andd this could explain why such a strong fluorescent signal was detected by 

immunofluorescencee microscopy. This signal could also be generated by an S-layer 

exclusivelyy consisting of mutant S-protein (when wild type slpA has been replaced by a 
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doublee cross-over event), but immunofluorescence cannot discriminate between these 

twoo situations. 

Finally,, we have demonstrated the possibility to surface-expose epitopes on the S-layer 

off L acidophilus. Based on this finding we suggest that the presentation of antigens on 

thee surface of lactobacilli using the S-layer may be useful for the development of oral or 

nasall vaccines. Lactobacilli possess several additional properties that make them highly 

suitablee for such applications, i.e. their GRAS (generally regarded as safe) status, their 

immuno-modulatingg properties and their capacity to evoke mucosal and systemic 

immunee responses against associated antigens (Maassen er a/., 1999; Shaw et al., 

2000).. The observation that mutant S-layer genes spontaneously integrate into the 

chromosomee resulting in a high mutant SA-protein production, further adds to the 

applicationn potential of genetically engineered Lactobacillus S-proteins. 
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